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Abstract The intriguing properties of two-dimensional transition metal dichalco-
genides (2D TMDs) have led to the rapid development of research on these emerg-
ing 2D inorganic graphene-like nanomaterials in various fields, such as electronic
devices, sensors, catalysis, and energy storage. Recently, 2D TMDs exhibit great
potentials and advantages in biological systemsdue to their tunable optical properties,
tailorable electronic characteristics, ultrahigh surface area, versatile surface chem-
istry, and good biocompatibility. In this chapter, we summarize the latest progress of
the use of 2D TMDs for biological applications, ranging from bioanalysis, antibac-
terial and wound repair, bioimaging, drug delivery, and cancer therapy to tissue engi-
neering and medical devices. Specifically, the nanotoxicology and biosafety profiles
of TMDs are reviewed to meet the concern of nanomedicine from the public and
scientific community. Moreover, the current challenges and future perspectives on
the development of 2D TMDs for biomedical applications are also outlined. It is
expected that these promising 2D TMDs will have a great practical foundation and
play an important role in next-generation biomedicine.
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2D TMDs Two-dimensional transition metal dichalcogenides
·O2− Superoxide radical
·OH Hydroxyl radical
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1O2 Singlet oxygen
BBB Blood–brain barrier
BMSCs Bone marrow mesenchymal stem cells
BP Black phosphorus
BSA Bovine serum albumin
CCK-8 Cell counting kit-8
Ce6 Chlorin e6
CpG Cytosine-phosphate-guanine
CS Chitosan
CT Computed tomography
CurvIS Curved image sensor
CVD Chemical vapor deposition
DHE Dihydroethidine
DOX Doxorubicin
ECM-like Extracellular matrix-like
EMT Epithelial-mesenchymal transition
EPR Enhanced permeability and retention
FA Folic acid
FL Fluorescent imaging
GO Graphene oxide
GSH Glutathione
GT Gene therapy
HA Hyaluronic acid
HELFs Human embryonic lung fibroblasts
HSPs Heat shock proteins
HU Hounsfield units
i.t. Intratumorally
i.v. Intravenously
ICG Indocyanine green
MB Methylene blue
MRI Magnetic resonance imaging
MTT Methylthiazolyldiphenyltetrazolium bromide
MWT Microwave thermal therapy
NFs Nanoflowers
NIR Near-infrared
NMP N-methylpyrrolidone
NSC Neural stem cell
PANI Polyaniline
PAT Photoacoustic tomography
PDA Polydopamine
PEG Polyethylene glycol
PEI Polyetherimide
PET Positron emission tomography
PLGA Poly(lactic-co-glycolic acid)
PS Photosensitizer
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PTT Photothermal therapy
PVP Polyvinylpyrrolidone
QDs Quantum dots
RES Reticuloendothelial system
rGO Reduced graphene oxide
ROS Reactive oxygen species
RSV Resveratrol
SH Sulfhydryl
SPECT Single-photon emission computed tomography
TBO Toluidine blue O
Tf-SH Thiol-functionalized transferrin

8.1 Introduction

Two-dimensional transition metal dichalcogenides (2D TMDs) with unique planar
topography and versatile physicochemical properties have attracted great attention
and become the hot spot of fundamental research and technological applications in
recent years [1–4]. 2D TMDs consist of transition metal atoms (M) and chalcogen
atoms (X) with a MX2 stoichiometry, where M ranges from Group IVB to Group
VIII (e.g., Ti, V, Mo, Ta, W, and Re), and X stands for the chalcogen (S, Se, and Te)
[1, 5]. The special layered structure and various combinations of transition metals
and chalcogens endow 2D TMDs with versatile properties, such as ultrahigh surface
area, versatile surface chemistry, unique electronic characteristics, tunable optical
properties, and good biocompatibility, all of which make these materials suitable for
applications in various fields including electronic devices, sensors, catalysis, energy
storage, and biomedicine [6].

The increasing demand for biomedicine and rapid growth of nanobiotechnology
have catalyzed and promoted the expansion of multifunctional TMDs nanosheets in
the field of biomedical application [7–13]. One of the advantages of 2D TMDs for
biomedical uses may be ascribed to their easy and feasible preparation methods. To
date, both top-down (e.g., mechanical exfoliation, liquid exfoliation, lithium interca-
lation, chemical exfoliation) and bottom-up approaches (e.g., chemical vapor depo-
sition (CVD), hydro/solvothermal methods) have been applied to prepare almost all
2DTMDs [14–16]. Then, their ultrahigh surface area and versatile surface chemistry,
such as surface atomic vacancy and surface charge, enable them to linkwith polymers
and target molecules, and/or deliver imaging agents, drugs, genes, and photosensi-
tizers for cancer diagnosis and therapy [17, 18]. The large surface area is propitious
to decorate with biocompatible polymers and further reduce the cytotoxicity and
improve the dispersibility and biocompatibility of TMDs [17, 19].Moreover, the spe-
cific surface chemistry also helps to interactwith surrounding biologicalmolecules or
cellular components for the application of antibacterial strips [20] and wound repair
[21]. TMDs can act as reinforcing agents within biopolymers or scaffolds for con-
structing extracellular matrix-like (ECM-like) materials for tissue engineering [22]
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and bone regeneration [23]. Ultrathin-layered TMDswith the super photo-absorption
coefficient have been developed for the soft bio-optoelectronic device in ophthalmol-
ogy [24]. Also, most of the TMDs possess high photothermal conversion efficiency
in the near-infrared (NIR) region and have the potential to be a novel photothermal
agent for photoacoustic tomography (PAT) imaging and phototherapy [25–27]. Some
TMDs (e.g.,MoS2,WS2, TaS2, ReS2)with high atomic number have been reported to
be suitable for X-ray-computed tomography (CT) contrast agents [28] and radiosen-
sitizers [29] due to their strong X-ray attenuation performance. More importantly,
the toxicity and safety profiles are the first factors of concern when applying TMDs
in biological applications. Researches on the toxicity profile of TMDs nanosheets
show that this newly developed 2D material exhibits lower cytotoxicity than many
other nanostructures [9, 10], ensuring their further applications for the direction of
nanomedicine.

Here, we will summarize the latest progress of the utilization of 2D TMDs for
biomedical field, ranging from bioanalysis, antibacterial and wound repair, bioimag-
ing, diagnosis, drug delivery, and cancer therapy to tissue engineering and med-
ical devices. Specifically, the nanotoxicology and biosafety profiles of TMDs are
reviewed to meet the concern of nanomedicine from the public and scientific com-
munity.Moreover, the current challenges and future perspectives on the development
of 2D TMDs for biomedical applications are also outlined.

8.2 Bioanalysis and Disease Diagnosis

Development of techniques for early and effective diagnosis of diseases is of highly
desired and paramount importance. The last decade has witnessed the rapid growth
of the application of TMDs in bioanalysis and disease diagnosis [30]. Owing to
the versatile physiochemical properties, such as easy preparation, layered structure,
large surface area, desirable optical properties, tunable electric properties, favorable
catalytic properties, and good biocompatibility, TMDs nanosheets have been widely
developed as fluorescent biosensors, electrochemical biosensors, photoelectrochem-
ical biosensors, field-effect transistor (FET) biosensors, and nanopore biosensors, to
fast, sensitively and selectively detect or analyze various biomolecules (e.g., DNA,
RNA, glucose, cholesterol, dopamine, cholesterol, protein, antigen, enzyme, glu-
tathione (GSH), and biomarkers) and the surrounding environment (e.g., pH, H2O2,
ATP) and cells (e.g., cancer cells, bacteria, virus). The readers can find out the related
contents of the mechanism and application of 2D TMDs-based biosensors in other
chapter.
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8.3 Antibacterial and Wound Repair

From ancient times, our forefathers had known that water, wine, and vinegar stored
in silver-coated containers could efficiently limit bacterial contamination [31]. With
the rapid development of modern medicine in the twentieth century, many antibi-
otics were produced to prevent bacterial infections, which led to a dramatic decline
in mortality rates all over the world. However, it was unexpected that the misuse
or long-term use of antibiotics gives rise to the uncertain outbreaks of infectious
diseases caused by drug-resistant bacteria. Thus, we are bound to seek more efficient
alternately antibacterial strategies to prevent the rise of bacterial infections.

Nanomaterials-based antibacterial agents have come into the picture in the past
decade. Compared with antibiotics, nanomaterials could inhibit the growth of bac-
teria with various mechanisms, such as the deconstruction of cell wall/membrane,
the production of reactive oxygen species (ROS), the interaction with the biologi-
cal macromolecules, the interruption of electron transport, and the release of metal
ions in bacteria [32, 33]. Not limited to nano-silver [33–35], TMDs nanomaterials,
such as MoS2 [36–39], WS2 [39–42] and their composites [43–45], also show high
antibacterial activity. For example, it was reported that the antibacterial ability of
chemically exfoliated MoS2 nanosheets was better than that of the untreated MoS2
powders [36]. This phenomenon may be ascribed to the larger surface area and better
electronic properties of the nanoscale MoS2 sheet. The antimicrobial mechanisms
mainly include membrane and oxidation stress caused by the increased interaction
rate between MoS2 nanosheets and bacteria and the production of ROS. Similarly,
Navale et al. [41] also tested the antibacterial performances of WS2 nanosheets
against four bacterial strains through oxidative and membrane stress approaches.
But they found that WS2 did not produce ROS, which was contradictory to the case
of its structural analog, MoS2. Notably, this outcome is consistent with the later
work by Liu et al. [42]. Under UV irradiation, as shown in Fig. 8.1, the phototoxicity
of CdS, MoS2 as well as WS2 nanoparticles toward Escherichia coli (E. coli) was
different (CdS > MoS2 > WS2) [39]. When exposed to the same mass concentra-
tion (such as 50 mg/L) of those three nanoparticles, the inhibition ratios of E. coli
were 96.7, 38.5, and 31.2%, respectively. Different from the above-mentioned out-
comes [41, 42], WS2 and MoS2 could produce ROS including superoxide radical
(·O2−), singlet oxygen (1O2), and hydroxyl radical (·OH) under UV irradiation [39],
while CdS generated only ·O2− and 1O2 [39]. In addition, due to the photon energy
(3.4 eV) of the incident UV light is higher than the band gap of WS2 (2.1 eV) and

CdS (2.5 eV), the photocorrosion process will appear: WS2 + 6h+ hv→W6+ + 2S.

Moreover, under the irradiation of UV light, CdS and WS2 could release metal ions,
but no detectable amount ofMo ion was found [39]. Thus, the dominant antibacterial
mechanism ofMoS2 may be ascribed to the generation of ROS, while both ROS pro-
duction and toxic metal ions release contribute to the toxic mechanism of CdS and
WS2. In addition, some TMDs-based nanocomposites also have been fabricated to
further increase the antibacterial activity. For example, Navale et al. [41] found that
reduced graphene oxide (rGO) and WS2 were not able to produce ·O2− or ROS but
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Fig. 8.1 Antibacterial ability of CdS, MoS2, and WS2. TEM micrographs of E. coli cells exposed
to three sulfide nanoparticles before and after 4 h UV irradiation. (Reprinted with permission from
Ref. [39]. Copyright 2017, Elsevier.)

the rGO-WS2 composite could generate both. It was shown that the higher antibac-
terial effects were observed in the group of rGO-WS2 nanocomposite than solo WS2
or rGO.

The antibacterial properties of TMDs give them the opportunity to play a role in
antimicrobial therapy. For example, Yin et al. [21] fabricated a versatile antibacterial
agent based on polyethylene glycol (PEG) modified MoS2 nanoflowers (PEG-MoS2
NFs) for safe and synergetic wound antibacterial applications. Firstly, the PEG-
MoS2 NFs with good biocompatibility can be easily uptaken by cells. Second, the
peroxidase-like activity enables it to efficiently catalyze H2O2 to produce cytotoxic
·OH, which has a higher antibacterial capacity. Besides, PEG-MoS2 NFs with a
large surface area and high NIR absorption will be propitious to further improve
the bacteria-killing effects by NIR-induced hyperthermia. In mice model, the PEG-
MoS2 NFs and low concentration of H2O2 solutions were dropped on the wound area
of mice after bacterial infection. The wound-healing results demonstrated that the
PEG-MoS2 NFs with peroxidase catalytic and NIR absorption capacities could sig-
nificantly inhibit the growth of resistant bacteria in wounds. Similarly, Huang et al.
[46] also found that silk fibroin-modified MoSe2 nanosheets with low cytotoxicity
and favorable peroxidase-like ability showed rapid wound-healing efficacy in vivo.
Different from Yin’s work [21], silk fibroin-MoSe2 films were posted on the skin of
infection area. Cao et al. [20] also designed an efficient and benign antibacterial depot
by the integration of Ag+ and MoS2 nanosheets. Compared with an equal amount
of AgNO3, the depot showed higher broad-spectrum antibacterial ability due to the
efficient release of Ag+. In addition, the antibacterial system exhibited negligible
biotoxicity, high antibacterial activities and avoided the waste of Ag. Besides wound
bacterial infection, artificial implants also provide a hospitable place for bacterial
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adherence and growth. Therefore, it is necessary to develop new-style multifunc-
tional artificial implants with excellent self-antibacterial capabilities. Feng et al. [47]
fabricated Ti implant coated with chitosan-assisted MoS2 (CS@MoS2) hybrid via
electrophoretic deposition. The implant exhibited significantly antibacterial efficacy
under the combined irradiation of 660 and 808 nm light than the irradiation sepa-
rately, whichmight stem from the synergistic function of both 1O2 and hyperthermia.
After the implantation of CS@MoS2-Ti in mice, the photodynamic process can pro-
duce ROS under 660 nm visible light while the photothermal process will enhance
the temperature of the Ti implants when exposed to an 808 nm light. This research
demonstrated that TMDs-based artificial implants with novel self-antibacterial abil-
ities showed great promising for in situ disinfection.

8.4 Bioimaging

Over the past decades, TMDs have emerged as promising candidates in bioimaging
and diagnosis due to their versatile physicochemical properties including layered
structure, tunable bandgaps, fluorescenceproperties, and lowcytotoxicity.On the one
hand, TMDs can be used as imaging agents for diagnosis or imaging-guided therapy,
which have been illustrated with many works in recent years. On the other hand,
and more importantly, molecular imaging technologies, such as fluorescent imaging
(FL), PAT imaging, CT imaging, positron emission tomography (PET) imaging, and
single-photon emission computed tomography (SPECT) imaging, can be applied to
monitor the in vivo tracking, biodistribution, transportation, and clearance processes
of TMDs nanoparticles to meet the concern of drug delivery and nanosafety.

8.4.1 Fluorescent Imaging

Comparedwith the traditional organic fluorescentmolecule, semiconductor quantum
dots (QDs) with tunable wavelength, good photostability, and high quantum yields
throw light on the development of in vivo bioimaging [7, 48–51]. Nevertheless, the
cellular toxicity of traditional inorganic QDs (such as cadmium-containing QDs)
severely restricts its biomedical applications [52]. Therefore, it is highly significant
to develop newly fluorescent nanomaterial. The emerging TMDs with easily tunable
structures and optical properties plus good compatibility show alternative potential
application for fluorescent bioimaging. Firstly, the large surface area and versatile
surface chemistry of TMDs will enable them to be good fluorescein carriers. For
examples, Cy5.5-labeled WS2-Fe3O4@SiO2-PEG [53] or BSA-MoS2 [54] can be
applied for in vivo NIR fluorescence imaging to realize the visualization and local-
ization of the biodistribution of the nanocomposite in the small animal. Compared
with TMDs nanosheets, 0D TMDs QDs (e.g., MoS2 QDs) with lateral sizes less than
10 nm show unique optical and electrical properties for their stronger quantum con-
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finement and edge effects [55–57]. For instance, the monodispersed MoS2 QDs with
different uniform lateral diameters of ~3.5 nm [55], ~2.9 nm [56], and ~2.6 nm [57]
show fluorescence quantum yield of 9.65, 3.1, and 5.6% and fluorescence lifetime
of 4.66, 11.0, and 12 ns, respectively. Those optical features suggest that the MoS2
QDs is suitable for the applications of bioanalysis and cellular bioimaging.

8.4.2 Photoacoustic Tomography Imaging

PAT imaging is a newly developed noninvasive diagnostic imaging technology based
on the photoacoustic effects in biological tissue [58]. Compared with the traditional
optical imaging modality, this emerging PAT imaging offers remarkably increased
penetration depth and spatial resolution [59]. Therefore, PAT imaging may be con-
tributed to study the in vivo tracking of nanoparticles.

Based on the excellent NIR-absorbance performance and strong photothermal
effects, TMDs can produce thermal signals by thermal expansion or bubble for-
mation [27], which enables their suitability for PAT imaging. For example, one of
the first explorations of TMDs-based PAT imaging was published by Cheng et al.
[59]. They used WS2-PEG nanosheets as a photoacoustic agent to display its tumor
accumulation by the degree of photoacoustic signals. When the tumor-bearing mice
were intratumorally (i.t.) injected with the as-preparedWS2-PEG (2 mg/mL, 20 μL)
and subsequently imaged at different time points, strong photoacoustic signals in
the tumor region could be detected to show and visualize the efficient accumulation
of WS2-PEG nanosheets in tumor through the enhanced permeability and retention
(EPR) effect. After that, for the sake of the easy-to-fabricate feature and effective
NIR light-to-heat conversion capability, various TMDs with different morphology
and components (e.g.,MoS2 nanosheets [54, 60–66],MoS2 nanodots [67–69],MoSe2
nanosheets [70, 71], WS2 nanosheets [72, 73], WS2 nanodots (Fig. 8.2) [74], TiS2
nanosheets [75],VS2 nanosheets [76], ReS2 nanosheets [77, 78],MoS2 orWS2-based
nanocomposites [79–82], and some ternary chalcogenide nanosheets (Cu2MnS2 [83]
and Ta2NiS5 [84]) have also been developed for PAT imaging applications.

Fig. 8.2 TMDs-based photoacoustic tomography imaging. PAT images of tumor before and after
intravenously (i.v.) injection with WS2@PEI nanoparticles at various time points. (Reprinted with
permission from Ref. [74]. Copyright 2016, Wiley-VCH.)
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8.4.3 Computed Tomography Imaging

X-ray CT imaging is a well-established biomedical imaging technique being rou-
tinely used in various researches and clinical diagnosis [9, 28]. CT imaging is a non-
invasive bioimaging tool which provides a 3D visual reconstruction of the targeted
tissues with deep penetration and high resolution [9]. In CT imaging, the weakness
X-ray contrast signals can be enhanced and amplified by the use of contrast agents
[9, 59]. As a rule, the X-ray absorption coefficient (μ) is formalized as follows:
μ = (

ρZ4
)
/
(
AE3

)
, where A is the atomic mass and E is the X-ray energy [28].

Therefore, CT contrast agents possessing higher density (ρ) or high atomic number
(Z) tend to have stronger X-rays absorbability.

As with gold and lanthanides nanoparticles-based CT imaging agents [28], TMDs
that comprise high atomic number metal elements (e.g., Mo, Ta, W, Re; their atomic
number is 42, 73, 74, and 75, respectively) have also been reported to be suitable
for CT imaging in recent years. For example, PEG [53, 59, 72, 85, 86], BSA [87],
PEI [74], hyaluronic acid (HA) [88], or polyvinylpyrrolidone (PVP) [73] modified
biocompatible WS2 nanosheets or nanodots was successfully prepared for in vitro
and in vivoCT imaging. TheX-ray attenuation coefficient of theWatomat 100 keV is
4.438 cm2/kg, which is higher than that of iodine (1.94 cm2/kg at 100 keV) [85].WS2
shows higher Hounsfield units (HU) value indeed when compared with commercial
iodine-based clinic used contrast agents (e.g., Iohexol [85], Iobitridol [73], Iopromide
[59, 86, 87]) at the same concentration in those works. It is noted that the widely used
small molecular CT contrast agent, such as Iobitridol, can be rapidly cleared from
the blood within minutes [89]. Therefore, biocompatible nanoscale materials-based
CT contrast agents may have significant advantages compared with those traditional
iodine-based small molecular contrast agents.

The excellent CT contrast ability in vitro of WS2 nanosheets encouraged
researchers further to pursue their in vivo CT imaging applications. For example,
BEL-7402 tumor-bearing mice were i.v. injected with PEGylatedWS2 QDs solution
(15 mg/mL, 200 μL) and then time-dependent whole-body CT imaging was col-
lected [86]. Before administration of WS2-PEG nanoparticles, the CT signals of the
liver, spleen, and tumor region were very weak, as shown in Fig. 8.3. In contrast, we
could observe the obvious enhancement of contrast signals in liver and spleen after
i.v. injection, suggesting the uptake of WS2-PEG nanoparticles by the reticuloen-
dothelial system (RES). After 2 h post-injections, the remarkably enhanced contrast
signals in tumorous regions were detected, which could be contributed to the gradual
accumulation of nanoparticles in tumors through passive targeting approach. Addi-
tionally, the contrast signals in the bladder were also gradually enhanced, indicating
that the ultrasmall WS2 QDs might be cleared out through renal filtration and own
better biocompatible and biodegradable properties. Similarly, polymer functional-
ized ReS2 [77, 78] and TaS2 [89] nanosheets also can act as promising contrast
agents for CT bioimaging due to the strong X-ray attenuation performance of Re
and Ta. Besides, TMDs can conjugate with other components such as Au [90], Bi2S3
[79] or doped with Gd3+ ion [71, 72, 91] to realize better CT imaging effects. Those
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Fig. 8.3 TMDs-based computed tomography imaging. a Hounsfield unit values of iopromide and
WS2 QDs. b CT images of tumor before and after i.v. injection of WS2 QDs solution at different
time points. c Corresponding HU value of CT images. (Adapted with permission from Ref. [86].
Copyright 2015, American Chemical Society.)

examples demonstrated that CT imaging could be applied to investigate the in vivo
biodistribution, transportation, and clearance processes of nanoparticles to realize
multifunction of nanomedicine.

8.4.4 Multimodal Imaging

It is worth noting that each imaging modality has its own advantages and drawbacks.
Therefore, the development of novel “all-in-one” bioimaging agents to combine
different imaging modalities is of highly desired and full of promising.

With the repaid development of molecular imaging, nanoparticles-based mul-
timodal bioimaging has become a booming trend. On the one hand, the inherent
excellent NIR-absorbance performance and strong X-ray attenuation ability endow
some TMDswith dual-modal PAT and CT imaging capability, to integrate the advan-
tages of CT and PAT imaging. For example, Miao et al. [78] prepared colloidal
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ReS2 nanosheets by liquid exfoliation method for in vivo PAT and CT imaging. The
obtainedPVP-ReS2 nanosheets possess excellent photothermal conversion efficiency
(79.2%), which is higher than those of MoS2 (24.37%) [92] andWS2 (32.83%) [87].
The photoacoustic signals in the tumorous region were significantly enhanced and
reached the strongest at around 1 h after i.v. injection, indicating the efficient accu-
mulation of ReS2 nanosheets via the EPR effect. In addition, the ReS2 nanosheets
are also suitable for the application of CT imaging. When the tumor-bearing mice
were i.t. injected with PVP-ReS2 solutions (10 mg/mL, 50 μL), an obvious con-
trast signal enhancement of the tumorous region was detected. Hence, the ReS2
nanosheets and other TMDs such as MoS2 [68, 79], MoSe2 [93], WS2 [59, 68, 73,
74, 86, 88] with inherent versatile imaging capability can serve as a multifunctional
contrast agent for both PAT and CT imaging. On the other hand, some functional
moieties (e.g., magnetic particle, radioisotope), with other imaging capabilities, can
be modified onto the surface of 2D TMDs to realize multimodal bioimaging. As
mentioned above, PAT imaging provides useful information on in vivo tracking and
biodistribution of nanoparticles inside the tissue, while magnetic resonance imaging
(MRI) possesses high spatial resolution and excellent soft-tissue contrast effects with
a noninvasive feature. Thus, the combination of PAT and MRI imaging will further
improve the ability of diagnostic imaging. For example, Chen et al. [76] for the
first time found that PEGylated VS2 nanodots could be used for T1-weighted MRI
and PAT imaging-guided photothermal therapy (PTT) due to its paramagnetism and
high NIR-absorbance feature. Meanwhile, there are many works reporting that iron
oxide (IO) [53, 62, 80, 81, 94–97] or Gd3+ ion [63, 71, 72, 91, 98] modified TMDs
can serve as dual-modal contrast agents for PAT and MRI imaging. Liu et al. [62]
successfully prepared iron oxide-decorated MoS2 nanosheets via a sulfur chemistry
strategy to form MoS2-IO-PEG composites, which possess both the superparamag-
netic feature and T2 contrast capability. All the tumors and livers of mice after 24 h
post-injection of MoS2-IO-PEG exhibited obvious darkening effects in T2-weighted
MRI images when compared to untreated mice. The results showed the effective
aggregation of MoS2-IO-PEG nanocomposites in tumors. Pan et al. [71] fabricated
Gd3+-doped MoSe2 nanosheets via a simple liquid phase method and then employed
this MoSe2(Gd3+)-PEG nanosheets as a theranostic agent for PAT and MRI dual-
modal bioimaging and PTT. In a similar work, Gd3+ ions were used to enhance
the contrast action of WS2 nanosheets in both MRI and CT imaging and also fur-
ther increased the efficacy of radiotherapy [72]. 2D TMDs nanosheets also can be
easily modified with radioisotope tracer including 64Cu [62, 99], 188Re [100], 89Zr
[101], and 99mTc4+ [76, 77] to enable noninvasive nuclear imaging such as PET and
SPECT imaging. For instance, 99mTc4+ ions, as a wide clinic used radioisotope tracer,
could be firmly and efficiently anchored on the surface of VS2 nanosheets through
a chelator-free labeling strategy [76]. The signals of in vivo tumor SPECT imaging
were gradually increased from time after the i.v. injection of 99mTc-VS2@lipid-PEG,
indicating the timely accumulation of nanoparticles by EPR effect. The delivery effi-
ciency of 99mTc-VS2@lipid-PEG was calculated up to 5.1 ± 1.2% ID/g at 24 h [76].
It was demonstrated that nuclear imaging could help to precisely reveal the biodis-
tribution and tracking in vivo of administrated nanoparticles. In a word, taking full
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advantages of the high NIR and X-ray absorbance capabilities and functionalized
by magnetic components or radioisotope tracer, TMDs can serve as an “all-in-one”
nanoplatforms for multimodal in vivo tumor imaging including PA, CT, MRI, PET,
and SPECT imaging and imaging-guided therapy (Table 8.1).

8.5 Cancer Therapy

8.5.1 Photothermal Therapy

PTT is an invasive therapeutic modality, which typically employs external laser (usu-
ally NIR light) to cause hyperthermia within tumor tissues. Hyperthermia (41–43 °C)
can effective thermal ablate cancer cells via the change of the tumor microenviron-
ment, induction of apoptosis, and induction of gene and protein synthesis [108].
PTT also causes serious side effects to surrounding normal tissues. Moreover, PTT
is often hard to completely ablate the deep-located cancer cells due to the insufficient
penetration of laser. Thus, 2D TMDs nanosheets with better NIR light absorbance
property and excellent photothermal conversion performance will bring about an
alternative and feasible solution for promoting the efficiency of PTT.

In 2013, it was reported that MoS2 nanosheets exhibited better photothermal per-
formance than that of Au and graphene and thus can be used as NIR photothermal
agents [109]. The MoS2 nanosheets were chemically exfoliated via the Morrison
method. The as-prepared MoS2 nanosheets have a mass extinction coefficient up to
29.2 L/(g cm) at 800 nm, which is approximately 7.8-fold of graphene oxide [3.6
L/(g cm)] [109] higher than that of gold nanorods [13.89 L/(g cm)] [110]. The in vitro
photothermal experiment showed better HeLa cells killing efficacy when incubated
with MoS2 and subsequently treated with NIR irradiation (800 nm, 20 min). After
that, the application of TMDs in the field of PTT has exponentially increased. For
example, Wang et al. [111] for the first time used a versatile “bottom-up” one-pot
synthesis method to successfully synthesize PEGylated MoS2 nanosheets for highly
efficient PTT. Ultrathin MoS2 nanosheets with a smaller diameter were prepared
via the solvothermal procedure, which is very different from traditional “up-down”
strategy via exfoliation from bulk MoS2 [59, 92, 109]. The (NH4)2MoS4 was uti-
lized as a novel precursor to synchronously provide both Mo and S sources, and
PEG-400 aqueous solution was used as the solvent to control the size and enhance
the colloidal stability and biocompatibility of MoS2 nanosheets. The as-prepared
MoS2 nanosheets with no significant cytotoxicity were confirmed by in vitro cell
viability assay of 4T1 cells incubated with nanosheets, even at the concentration
up to 500 μg/mL. Encouraged by the better in vitro photothermal cells killing per-
formance, MoS2 nanosheets also exhibits excellent antitumor efficiency in vivo,
demonstrating MoS2 nanosheets have a great potential for PTT.

LikeMoS2,WS2 nanosheet is another representative example of the TMDs family
and also shows promising NIR photothermal agents. Cheng et al. [59] synthesized
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Table 8.1 The applications of 2D TMDs for bioimaging and cancer therapy

TMD Modification Bioimaging Therapy References

TiS2 PEG PAT PTT [75]

VS2 PEG, 99mTc4+ PAT/MRI/SPECT PTT [76]

MoS2 BSA, Gd3+ PAT/MRI PTT [63]
64Cu, Fe3O4, PEG PAT/MRI/PET PTT [62]

BSA MWT [102]

mPEG-PLGA, DOX,
Fe3O4

CT/MRI MWT/chemotherapy [95]

PEG, Ce6 PAT PTT/PDT [61]

BSA FL/PAT PTT/PDT [54]

PEG, DOX PTT/chemotherapy [103]

Chitosan, DOX CT PTT/chemotherapy [92]

PEI, HA, DOX PET PTT/chemotherapy [99]

Fe3O4, ICG, Pt(IV),
PEI

PAT/MRI PTT/PDT/chemotherapy[81]

PEG, CpG PTT/immunotherapy [104]

PANI, PEG PAT/CT PTT/RT [68]

Bi2S3, PEG PAT/CT PTT/RT [79]

MoSe2 BSA, ICG PAT PTT [70]

PEG, Gd3+ PAT/MRI PTT [71]

PDA, DOX PTT/chemotherapy [105]

TaS2 PEG, DOX CT PTT/chemotherapy [89]

WS2 PEG PAT/CT PTT [59]

PVP PAT/CT PTT [73]

BSA, MB CT PTT/PDT [87]

Fe3O4, PEG, DOX FL/CT/MRI PTT/chemotherapy [53]

PEI, siRNA PAT/CT PTT/gene therapy [74]

LA-PEG PAT/CT PTT/RT [86]

PEG, 188Re SPECT PTT/RT [100]

PEG, Gd3+ PAT/CT/MRI PTT/RT [72]

Fe3O4, sSiO2,
MnO2, PEG

FL/PAT/MRI PTT/RT [97]

HA, PANI, Ce6 FL/PAT/CT PTT/PDT/RT [88]

WSe2 BSA, MB PTT/PDT [106]

ReS2 PVP PAT/CT PTT [78]

BSA, RSV, FA PTT/chemotherapy [107]

PEG, 99mTc4+ PAT/CT/SPECT PTT/RT [77]

MB methylene blue; BSA bovine serum albumin; RSV resveratrol; FA folic acid; PVP
polyvinylpyrrolidone; PDA polydopamine; PLGA poly(D,L-lactide-co-glycolide acid); ICG indo-
cyanine green; HA hyaluronic acid; PANI polyaniline; Ce6 chlorin e6; CpG cytosine-phosphate-
guanine; MWT microwave thermal therapy; Tf-SH thiol-functionalized transferrin



254 L. Gong and Z. Gu

PEGylated WS2 nanosheets with strong NIR-absorbance performance for in vivo
CT and PAT imaging-guided PTT. The WS2-PEG nanosheets with the diameter of
50-100 nm and thickness of ~1.6 nm were revealed by TEM and AFM, respectively.
The mass extinction coefficient of the as-prepared PEGylated WS2 nanosheets was
calculated to be 23.8 L/(g cm) at 808 nm. Compared to the uncoatedWS2 nanosheets,
PEGylated WS2 nanosheets have better biocompatibility with no significant cyto-
toxicity, making it suitable for further biomedicine application. The excellent in vivo
photothermal antitumor outcome was achieved in the group of treated with WS2-
PEG solution (2 mg/kg of i.t. injection, 20 μL) and NIR laser (808 nm, 0.8 W/cm2,
5min). The tumor surface temperatures rapidly increased from∼30 to∼65 °Cwithin
5min. As a result, the treated tumors have been completely inhibited without obvious
reoccurrences and the mice survived over 45 days. The PVP-ReS2 nanosheets with
ultrahigh photothermal conversion efficiency (79.2%) were also found to remarkable
ablate and eradicate the tumors without recurrence [78]. In addition, Li et al. [112]
were the first to discover that chemically exfoliated WS2 nanosheets could not only
efficiently inhibit Aβ aggregation due to the selective adsorption of Aβmonomers on
the surface of WS2 nanosheets through van der Waals and electrostatic interactions
but also cross the blood–brain barrier (BBB) and dissociate preformedAβ aggregates
upon NIR irradiation. Moreover, a similar work further confirmed the inhibition of
Aβ aggregation by MoS2 and found that MoS2 nanoparticles could block the Aβ-
formedCa2+ channel andmaintain the calcium homeostasis [113]. These phenomena
will open a new avenue for PTT of Alzheimer’s disease and enlarge the biological
application fields of WS2 nanosheets.

The photothermal conversion efficiency of many TMDs (such as those mentioned
above, MoS2 [109] and WS2 [59]) was experimentally investigated only based on
the optical part and described by the mass extinction coefficient, which reflects the
wavelength-selective absorbing feature and the absorbance capability of nanopar-
ticles [78, 114]. However, the photothermal conversion performance of an agent
mainly depends on two independent factors: the mass extinction coefficient (ε) and
photothermal conversion efficiency (η) [78, 115]. Photothermal conversion efficiency
often represents the ability of the conversion from light energy to heat energy [78].
Therefore,manyworks also studied the photothermal conversion efficiency ofTMDs,
which was shown in Table 8.2. For example, MoSe2 nanosheets have revealed a pho-
tothermal conversion efficiency of 57.9% [116], which is higher than that of MoS2
(24.37%) [92], Nb2C nanosheets (36.4%) [115], Ta4C3 nanosheets (44.7%) [117],
black phosphorus (BP) QDs (28.4%) [118], and Au nanorods (21%) [119–121].
Besides the typical MoS2 [23, 62–64, 67, 69, 80, 109, 111, 122–133] and WS2 [73,
85, 134–136], many other TMDs (e.g., MoSe2 [70, 71, 93, 116, 132, 137, 138], TiS2
[75, 139], SnS [140], VS2 [76], ReS2 [78]) with different component and surface
chemistry also have been demonstrated as efficient NIR light-driven agents for PTT.

Although the TMDs-based photothermal agents have achieved remarkable anti-
tumor efficacy in PTT, some heat-resistant cancer cells are hard to be eradicated by
PTT alone. It is infeasible to directly increase the laser power, which will inevitably
damage to the surrounding healthy tissue. On account of the heat resistance of cancer
cells stem from the intrinsic heat shock response, we can develop novel strategies
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Table 8.2 The photothermal conversion performance of various agents including traditional pho-
tothermal agents and novel 2D nanomaterials

Material Photothermal
conversion
efficiency (η, %)

Mass extinction
coefficient [ε,
L/(g cm)]

Wavelength (λ, nm) References

TiS2 – 26.8 808 [75]

VS2 31.5 22.6 808 [76]

MoS2 24.37 29.2 808 [92, 109]

MoSe2 57.9 11.1 808 [116]

MoTe2 33.8 3.15 808 [141]

SnS 36.1 16.2 808 [140]

TaS2 39 – 808 [89]

WS2 32.83 21.8 808 [87]

WSe2 35.07 – 808 [106]

ReS2 79.2 4.35 808 [78]

Ti3C2 30.6 25.2 808 [142]

Nb2C 36.4 37.6 808 [115]

Ta4C3 44.7 4.06 808 [117]

Ta2NiS5 35 25.6 808 [84]

Bi2Se3 34.6 11.5 808 [143]

BP QDs 28.4 14.8 808 [118]

Nano-rGO – 24.6 808 [144]

Au
nanorods

21 13.9 808 [120]

to inhibit the production of heat shock proteins (HSPs) (such as Hsp70 and Hsp90)
by regulating the related genes expression [74, 126, 145, 146]. For example, Zhang
et al. [74] decorated a positively charged polyetherimide (PEI) onto the surface of
MoS2 to efficient carrying negatively charged survivin-siRNA. Firstly, hyperthermia
could increase cell membrane permeability and thus enhance the cellular uptake of
the as-prepared WS2@PEI-siRNA nanocomposite. Then, the silencing of survivin
could downregulate the Hsp70 expressions, making heat-resistant cancer cells more
susceptible to PTT. As a result, all theWS2@PEI-siRNA involved in vitro and in vivo
experiments showed a remarkable synergisticGT/PTTefficacy (Fig. 8.4). Besides the
regulation of genes expression by loading siRNA onto WS2, using protein inhibitor
to disturb the function of Hsp90 also a feasible approach to enhance PTT efficacy.
Ariyasu and Mu et al. [126] utilized CS@MoS2 as a carrier to load cyclic peptide
sequence (Cype), which could specifically bind to N-middle domain of intracellular
Hsp90. The as-prepared CS@MoS2-Cype nanocomposite could effectively induce
tumor ablation through the process of necrosis and enhance apoptosis under 808 nm
NIR light irradiations, resulting in significant enhancement of photothermal treat-
ment.
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Fig. 8.4 TMDs-based PTT/GT combination therapy. a Photothermal effect of WS2@PEI-siRNA
on BEL-7402 cells. b The protein expressions of survivin and HSP70 of BEL-7402 cells from
different treatments for 24 h. c Tumor volume growth curves of mice after combined PTT/GT
therapy. d The protein expression levels of survivin and HSP70 of tumors from different groups.
(Reprinted with permission from Ref. [74]. Copyright 2016, Wiley-VCH.)

8.5.2 Microwave Thermal Therapy

The employ of nanomaterials to induce localized heating within tumor tissue for the
thermal ablation of cancer cells is a general strategy in nanomedicine, mainly includ-
ing three approaches: the absorption of NIR light, magnetically induced heating, and
radiofrequency ablation [147]. In the above-mentioned section, we can conclude that
the applications of TMDs in PTTusually rely on the external incident light, especially
the NIR light due to the strong absorption by agents, high tissue penetration depths,
and low absorption of hemoglobin and water in the region around 650–900 nm
[148]. In the photothermal process, light induces the generation of hyperthermia
to ablate cancer cells. Different from light-mediated PTT, the hyperthermia situa-
tions in microwave thermal therapy (MWT) are triggered by external radiofrequency
(microwave) irradiation. The clinic translation of PTT is limited by the penetration
depths of NIR light (typically 1–3 mm [149]), while microwave possesses a deeper
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tissue penetration, faster heat generation, and wider ablation zones [102]. Moreover,
the microwave has been proofed as a friendly heat source to be applied for tumor
ablations in clinical [95, 150].

Recently, TMDs have also been found to be suitable forMWT. For example,Wang
et al. [102] successfully synthesized layered MoS2 NFs via a hydrothermal process
for cancer MWT for the first time. The MoS2 NFs was then modified by bovine
serum albumin (BSA) to improve its biostability and biocompatibility. The average
temperature of solutions was rapidly increased to as high as 42 °C after treated with
microwave (1.8 W, 450 MHz) for 1 min and 53 °C for 5 min. In the animal experi-
ment, ICRmicewere i.t. injectedwithBSA-MoS2 NFs (20mg/kg) and then irradiated
by microwave for 5 min in the tumor region after two hours injection. Tumors on
mice were completely eliminated after microwave treatment, preliminary demon-
strating the as-prepared layered BSA-MoS2 NFs have the potentials to be promising
microwave hyperthermia sensitizers for cancer MWT. After that, Tang and Fu et al.
[95] developed biocompatiblemPEG-PLGAmicrocapsuleswith doxorubicin (DOX)
hydrochloride (DOX·HCl), MoS2 nanosheets and Fe3O4 nanoparticles encapsulated
for MRI/CT dual-modal imaging-guided microwave-induced tumor therapy. These
microcapsules possess at least seven advantages include: (1) easy to prepare; (2)
hybrid organic-inorganic composites, biocompatible, degradable, and no significant
toxicity; (3) superselective arterial blocking; (4) superior microwave sensitive prop-
erty; (5) controlled release DOX·HCl under the microwave irradiation; (6) in vivo
MRI/CT dual-modal imaging; (7) synergetic chemotherapy and MWT. Following
up this work, the same research group [151] performed a systematic study of MoS2-
mediated microcapsules (MSMC)-based microwave embolization agents for large
orthotopic transplantation tumor therapy. To eradicate the large orthotopic trans-
plantation tumor, a novel microwave embolization agent was prepared by enclosing
MoS2 nanosheets in the sodium alginate microcapsules. This agent not only has a
good biocompatibility and body-clearable but also exhibits excellent embolic and
microwave susceptible properties. Moreover, as shown in Fig. 8.5, microcapsules
can be dispersed in the margin of tumors after the arterial injection and then induce
the embolic effect on the blood vessels, which remarkably increases the microwave
ablation efficiency by reducing heat loss and cutting off the feeding of nutrition
[151]. The results show that the ablation zone was enlarged 5 times compared to
the microwave alone group. The excellent antitumor efficacy was contributed to the
synergistic therapy of enhanced MWT and transcatheter arterial embolization.

8.5.3 Photodynamic Therapy

Photodynamic therapy (PDT) is a clinically approved,minimally invasive therapeutic
method [152]. PDT procedure requires three important components: photosensitizer
(PS), light, and oxygen [152]. In the presence of oxygen and under light irradiation,
the administrated photosensitizingmolecules absorb the light energy to produce toxic
ROS (e.g., 1O2) to kill cancer cells and induce the inflammatory reaction. But the



258 L. Gong and Z. Gu

Fig. 8.5 TMDs-based microwave thermal therapy. a Schematic illustration of the MSMC used for
the microwave ablation and the chemoembolization therapy. b The simulated microwave suscepti-
bility for MSMC under the microwave irradiation. c Digital subtraction angiography images of the
liver before and after embolization of MSMC. d Tumor tissues removed from the mice. (Adapted
from Ref. [151]. Copyright 2017, The Royal Society of Chemistry.)

efficacy of PDT is hindered by the tissue penetration depth of external light, the
insufficient water-solubility of PSs, the targeting delivery of PSs, and the efficiency
of ROS generation. For example, the hypoxic tumormicroenvironments attenuate the
production of singlet oxygen in a photodynamic process and hence reduce therapeutic
efficacy. The combination of PTT with PDT may be a novel and feasible strategy
to tackle the problems. PTT-caused hyperthermia may soften microvasculature and
then increase intratumoral blood flow, which further transports more oxygen into the
tumor to improve PDT efficiency [25, 90].

2D TMDs, as a kind of excellent photothermal agent, possess great promising for
the combination of PTT and PDT. For example, 2D TMDs have large surface areas,
which endow them as photosensitizer carriers to load and delivery molecular PSs. In
addition, 2D TMDs-mediated PTT can enhance PDT efficiency by increasing intra-
tumoral oxygen concentrations as well as by promoting the cellular delivery of PSs.
Moreover, TMDs own the tunable size and optical properties, which endue themwith
unique photosensitive behaviors. It is reported that the ultrasonic-exfoliated MoS2
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nanodots can produce massive toxic 1O2 upon a light irradiation [39, 54, 153], even
higher than commercial photosensitizer PpIX [154]. BSA-coated MoS2 nanosheets
have also been found to be a photosensitizer for the in vivo NIR light (808 nm)
triggered photodynamic cancer treatment [54]. Most importantly, the combination
of PTT and PDT can promote the cancer killing efficiency in a synergistic manner.

Yong et al. [87] pioneered the utilization ofTMDs for PTT/PDTcombined therapy.
Water-soluble BSA modified WS2 nanosheets were prepared by a H2SO4 exfolia-
tion strategy. Methylene blue (MB) molecules, a common photosensitizer, were then
loaded onto the surface of the as-prepared BSA-WS2. The greatest HeLa cell prohi-
bition was observed when incubated with BSA-WS2@MBand exposed to an 808 nm
laser (1 W/cm2, 15 min) and then a 665 nm LED lamp (50 mW/cm2, 5 min). MB
could efficiently product singlet oxygen under irradiation in a controllable manner.
The synergistic effects may be ascribed to WS2-based PTT and MB-based PDT. Not
long after, the first 2D TMD-based PDT/PTT combined therapy in the animal model
was reported by Liu et al. [61]. The chlorin e6 (Ce6) was selected as the photosensi-
tizer and physically adsorbed onto the surface of MoS2 nanosheets. The as-prepared
MoS2-PEG/Ce6 nanocomposites could remarkably increase the intracellular uptake
of Ce6 molecules because mild hyperthermia could increase cell membrane perme-
ability. The cancer cell growth was significantly inhibited upon the separate exposure
of laser with wavelengths at 808 nm (0.45 W/cm2, 20 min) and 660 nm (5 W/cm2,
20 min). In similar works, MB-loaded WSe2-BSA complexes (Fig. 8.6) and PEG-
MoS2-Au-Ce6 nanocomposites also demonstrated to be the promising therapeutic
agent for the combination of phototherapy [90, 106].

To increase the release of photosensitizers, a pH-sensitive charge-convertible
peptide [LA-K11(DMA)] was modified on the surface of MoS2 nanosheets and sub-
sequently loading a positively charged photosensitizer (toluidine blueO, TBO) [155].
Under acidic conditions (e.g., tumor microenvironment), the negatively charged LA-
K11(DMA)peptidewas converted into a positively charged one, reducing the interac-
tion between TBO and MoS2. Moreover, light-induced hyperthermia could promote
the release of TBO, leading to a synergistic tumor therapy. In addition, the pro-
motion of the targeting ability of photosensitizers is also of great importance for
PDT [156, 157]. Herein, folic acid (FA) was selected to be decorated on the surface
of MoS2-UCNPs to form a tumor-targeting nanocomposite [157]. To study the tar-
get specificity of the as-prepared MoS2-UCNPs-FA/ZnPc, two types of FR-positive
cells and one type of FR-negative cell were incubated with MoS2-UCNPs/ZnPc or
MoS2-UCNPs-FA/ZnPc, respectively [157]. Strong ZnPc fluorescence was observed
in the group of FR-positive cells incubated with MoS2-UCNPs-FA/ZnPc, while FR-
positive cells incubated with MoS2-UCNPs/ZnPc, and all FR-negative cells emitted
negligible ZnPc red fluorescence. These results accelerated the application of 2D
TMDs-based nanoplatforms in phototherapy.
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Fig. 8.6 TMDs-based photodynamic therapy. Schematic illustration of theMB-loadedWSe2-BSA
nanosheets for combined PTT/PDT therapy. (Reprinted fromRef. [106]. Copyright 2017, TheRoyal
Society of Chemistry.)

8.5.4 Chemotherapy

Chemotherapy, which utilizes chemotherapeutic drugs for the inhibition and dam-
age of cancer cells, is one of the widely used antitumor approaches in clinical [25].
However, chemotherapy or drugs also meet some shortcomings, such as drug resis-
tance, drug efflux, short circulation time, low specificity or selectivity, insufficient
drug-controlled release nanocarriers.

Recent years, 2D TMDs nanomaterials have been demonstrated to be an efficient
promoter of chemotherapy. Firstly, TMDswith an ultrahigh surface area and versatile
surface chemistry will enable them to feasibly link and delivery drugs. Then, TMDs,
as an excellent photo-absorb agent, could trigger the smart drug release at the desired
site and time in an external light-controlled manner. In addition, hyperthermia can
improve the sensitivity of cancer cells to drugs and increase the drug uptake and
accumulation. Moreover, the combination of PTT and chemotherapy can obtain an
enhanced synergistic antitumor effect. Therefore, it is necessary to develop the novel
and smart NIR light-responsive drug-controlled release systems for chemotherapy.

In the last decade, various NIR light and pH-responsive drug-controlled release
systems based on 2D TMDs have been successfully developed [53, 82, 89, 92, 94,
96, 103, 105, 107, 141, 158–163]. For example, as shown in Fig. 8.7, Yin et al.
[92] employed CS@MoS2 as DOX carriers to construct a NIR light-triggered drug
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Fig. 8.7 TMDs-based Chemo/PTT combination therapy. a Schematic illustration of the
CS@MoS2-based photothermal-triggered drug delivery system for efficient cancer therapy. bCyto-
toxicity of KB cells treated with CS@MoS2 with or without irradiation. c, d The antitumor efficacy
of synergistic Chemo/PTT therapy. (Reproduced with permission from Ref. [92]. Copyright 2014,
American Chemical Society.)

release system for effective cancer treatment. The DOX loading data showed that the
saturated loading rate of CS@MoS2 was up to ∼32% at pH 8.00. In the presence of
808 nm laser irradiations (0.8W/cm2, 10min), 12.4%DOXwas releasedwithin 1 h in
PBS buffer (pH 5.00); while only∼6%DOXwas measured without irradiation. This
featurewill be beneficial to the release ofDOX in the acidic tumormicroenvironments
under external irradiation. In addition, only 0.2% of DOX was released in the next
hour in the absence of laser. The accumulated release of DOX was up to 38%, while
80% of DOX was released when the laser power increases to 1.4 W/cm2. It means
that the release of DOX was in a pH and light-controlled manner.

In a similar work, PEG-TaS2-DOX could also realize the controlled drug releases
triggered by NIR light, and moderate acidic pH, leading to the accumulation of drugs
[89]. After arriving at the mild acidic tumor microenvironment, those nanoplatforms
could effectively release the chemotherapeutic drugs and synergistically damage the
cancer cells under the irradiation of external NIR laser.
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To realize the slow release of drug and reduce its systemically side effects, Wang
et al. [65, 66, 164] designed a series of injectable MoS2 and drug co-encapsulated
implant for NIR light-triggered synergistic PTT and chemotherapy. For example,
they fabricated aPLGA/MoS2/DOX(PMD)oleosol byhomogenizingPoly(lactic-co-
glycolic acid) (PLGA), MoS2, and DOX together into N-methylpyrrolidone (NMP)
[164]. The release of encapsulated DOX was relatively slow at pH 7.4 as well as at
acidic pH condition (pH 5.4) due to the shielding effect of hydrophobic of PLGA.
However, in an acidic solution, the DOX release rate was increased from 8.7 to
31.8% in the light-treated group [164]. Moreover, the PMD hydrogel could restrain
their access to body fluid circulation. Such a pH/light dual-stimuli-responsive drug
release implant significantly enhanced cancer therapeutic efficacy and mitigated the
side effects on normal tissues.

In addition, the chemotherapeutic effects are often reduced by low specific deliv-
ery. To address this problem, Liu’s group designed a novel targeting approaches based
on MoS2-mediated disulfide chemistry for drug-targeted chemotherapy [165–167].
The copolymer P(OEGA)-b-P(VBA-co-KH570) (POVK) was modified on the
surface of MoS2 nanosheets and subsequently loaded with DOX [165]. Then,
thiol-functionalized transferrin (Tf-SH) was selected as the targeting ligand and
anchored onto the surface of MoS2 through disulfide bonds (–S–S), which could
be easily cleaved in the presence of the reductive intracellular GSH. The as-
prepared DOX-POVK-MoS2-Tf nanocomposites showed good stability in physi-
ological condition but rapidly release DOX upon the synergistic trigger of GSH and
acidic conditions. The excellent in vitro antitumor outcomes demonstrated that the
transferrin-decoratedMoS2-enabled nanocarriers are promising for targeting chemo-
photothermal therapy.

8.5.5 Immunotherapy

Activating the body’s own immune system for targeting and eradicating cancer cells
has long been a goal in immunology [168]. After decades of development, cancer
immunotherapy comes of age and has been regarded as the fourth most important
cancer therapy modality, after surgery, radiation therapy, and chemotherapy [168,
169]. As an emerging tumor treatment strategy, cancer immunotherapy offers advan-
tages to patients that include higher overall response rates, promoted durable anti-
tumor responses, reduced metastasis, recurrence, decreased side effects, and better
tolerance for some special patients more than traditional treatments [169, 170].

Nano-delivery systems hold great potential for further improving the efficiency of
cancer immunotherapy due to their versatile physiochemical properties and advan-
tages in efficient tissue-specific delivery, enhanced tumor microenvironment respon-
siveness [170]. Various types of nanovehicles (e.g., inorganics [171], nanoscale
metal-organic frameworks (nMOFs) [172–174], polymers [175], liposomes [176],
DNA hybrid [177]) have been studied for anti-metastatic cancer immunotherapy. But
up to now, the TMDs-based immunomodulators are relatively scarce. Pardo et al.
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[178] reported that WS2 nanotubes (INT-WS2) and inorganic fullerene-like MoS2
(IF-MoS2) nanoparticles could induce low levels of the proinflammatory cytokines
IL-1β, IL-6, IL-8, and TNF-α in human bronchial cells and activate the antioxidant
response.Owing to the excellent photothermal performance and delivering capability
of TMDs, Han and Wang et al. [104] found that cytosine-phosphate-guanine (CpG)
and PEG-functionalizedMoS2-PEG-CpG nanoconjugates could disturb the prolifer-
ative activity of 4T1 cells upon NIR irradiation (808 nm, 2W/cm2, 10 min), realizing
in vitro photothermal-enhanced cancer immunotherapy. The negatively charged CpG
was hard to cross the cell membrane and could be easily biodegraded by nucleases,
making it difficult to cross the cell membrane [104]. Fortunately, MoS2 nanocarriers
can efficiently promote the intracellular accumulation of CpG and then increase DC
(dendritic cells) maturation and TNFα generation, and finally improve the immune
response level. The results demonstrated that TMDs-based NIR light-responsive
nanovehicles could specifically eradicate tumor-associated immune cells or induced
an inflammatory immune response by activating killer T cells [179]. Those prelim-
inary studies will stimulate the development of nanomaterial-based photo-triggered
cancer immunotherapy.

8.5.6 Radiotherapy

Radiotherapy or radiation therapy (RT), as an important procedure for many types
of cancer, employs ionizing radiation to kill cancer cells [25, 180]. The high energy
ionizing radiations in radiotherapy can directly damage intracellular DNA to cause
its structural and functional changes and simultaneously indirectly break DNA by
the free radicals. In the indirect process, the water and biomolecules are dissociated
by ionizing radiation to generate toxic-free radicals including ROS. However, RT
also has some drawbacks, such as the requirement of elevated doses, the side effects
to normal tissue, and the radioresistance of hypoxic cancer cells [29, 180].

With the development of emerging nanomedicine, two feasible approaches come
into being to enhance the efficiency of RT [25]. Since the high Z element possesses
strong X-ray attenuation ability, the first strategy is to improve the effectiveness
of external ionizing radiation by using nanoradiosensitizers which contain elements
with high atomic number (e.g., Au, Gd, Hf, Ta,W, Bi) [29]. The high Z element could
increase energy deposition and then generate secondary and Auger electrons, which
can efficiently cause DNA damages and suppress cell growth [72, 77, 100]. The other
is to modulate tumor microenvironment (e.g., hypoxia, H2O2, low pH) or disturb
cellular biochemical process (e.g., cell cycle, DNA repair) by using multifunctional
nanoparticles [29, 181]. For example, hyperthermia not only can directly kill cancer
cells but also inhibit the repair of damaged DNA by inducing protein aggregation
[146]. In addition, asmentioned above, hyperthermia can increase intratumoral blood
flow, which may relieve the hypoxic microenvironment, making cancer cells more
susceptible to radiation [146]. Moreover, hyperthermia can damage the cancer cells
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which are resistant to ionizing radiation. Hence, the combination of PTT and RTmay
be a feasible approach to improve the therapeutic effects of RT alone.

SomeTMDs (e.g.,MoS2 [68],WS2 [72, 86, 88, 97, 100],ReS2 [77])with strongX-
ray attenuation ability have the potential for facilitating the combination of PTT and
RT into one system. For example, Yong et al. [86] designed biocompatibleWS2-PEG
with ultrasmall size (3 nm) via a facile H2SO4 exfoliation strategy. The as-prepared
WS2-PEG possesses good water-solubility, low cytotoxicity, high absorbance in the
NIR region, and more importantly, strong X-ray attenuation performance. After the
treatment of NIR light plus X-ray radiation, the remarkable DNA breaking was
observed in the group of 4T1 cells incubated with WS2-PEG, as shown in Fig. 8.8.
Encouraged by the excellent outcomes of in vitro experiment, the tumor-bearingmice
were i.t. injected with WS2-PEG solutions and then treated with PTT and RT sepa-
rately. Threeweeks later, tumor growth in the treated groupwas significantly delayed.
In addition, the Liu group also reported the use of PEGylated WS2 nanocomposites
(e.g., Gd3+-doped WS2-PEG [72], MnO2 coated WS2@Fe3O4/sSiO2 [97]) as mul-
tifunctional agents for RT involved combination cancer therapy. In those works, W
and Gd atoms strongly deposit X-ray energy to promote the generation of toxic ROS
for radiosensitization. Besides, the catalytic MnO2 with pH-responsive ability can
decompose tumor endogenous H2O2 and relieve tumor hypoxia to further reverse the
radioresistance of hypoxic cancer cells. WS2-mediated PTT could also effectively
kill the radioresistant cancer cells, leading to the remarkably PTT-enhancedRT thera-
peutic effects. Differ from external-beam radiation therapy, radioisotope ions labeled
WS2-PEG (188Re-WS2-PEG) could realize “self-sensitization” to enhance the syner-
gistic effects of PTT and internal radioisotope therapywithout the demand of external
X-ray source [100]. After the treatment, the tumors were gradually eradicated and
the mice survived for more than 60 days.

8.5.7 Radioprotection

Although radiotherapy is a widely used and highly effective treatment for cancer
therapy, it also causes inevitable damage to healthy tissues in the body. Radioprotec-
tion, which makes use of radioprotectants to protect healthy tissues from radiation
damage, is becoming increasingly important [182, 183]. There is an urgent demand
for designing highly efficient radioprotectants to relieve the pain of patients.

Ionizing radiation can directly damage cellular DNA and indirectly damage DNA
by the generation of cytotoxic free radicals. On this account, the strategy of radiopro-
tective often originates from the scavenging of free radicals. Different from radiosen-
sitizers, which aim to improve the generation of free radicals in tumor tissues, radio-
protectors provide a feasible approach to shield healthy tissues from radiation dam-
age. The most remarkable radioprotectors are the sulfhydryl (SH) compounds, such
as cysteine and cysteamine, which could protect animals from total body exposure to
irradiation [184]. Amifostine, which is the first selective-target and broad-spectrum
radioprotector [184, 185], has been used as a protector for radiotherapy as well as
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Fig. 8.8 TMDs-based PTT/RT combination therapy. a Synthetic process diagram of WS2 QDs.
b Representative fluorescence images of DNA fragmentation and nuclear condensation induced
by WS2 QDs and external NIR laser and X-ray treatment. c Corresponding normalized number
of γ-H2AX after WS2 QDs and external NIR laser and X-ray treatment. d Scheme of the WS2
QDs-based PTT/RT combined therapy. e, f The antitumor efficacy of combined PTT/RT therapy.
(Reproduced with permission from Ref. [86]. Copyright 2015, American Chemical Society.)

chemotherapy due to its quick accumulation in normal tissues and little penetration
into tumors [184]. But the side effects and short blood circulation half-life [186] of
amifostine seriously impede its extensive uses. Therefore, it is of great importance
to developing more ideal radioprotectors to address these critical challenges.

The emerging nanobiotechnology provides such an opportunity for developing
alternative radioprotectors [183]. Ceria (CeO2) nanoparticles are one of themost rep-
resentative nanoradioprotectors revealed to show remarkable free radical scavenging
performance and radioprotection effects in vivo and in vitro [187–190]. In addition,
some carbon nanomaterials (e.g., bamboo charcoal [191], multiwalled carbon nan-
otubes [192], graphene [193], graphdiyne [182]) also have free radical scavenging
ability for radioprotection. Yim et al. [194] deeply studied the ROS scavenging
mechanisms in vitro of TMDs nanosheets based on experimentally ROS detections
and theoretically simulations. They thought that the radical-mediated oxidation of
TMDs and hydrogen transfer from the oxidized TMDs to radicals were the two main
steps involving ROS scavenging. Recently, the Zhang group pioneered the study of
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Fig. 8.9 TMDs-based radioprotection. Schematic illustration of the radioprotective process of the
ultrasmall MoS2, WS2, and WSe2 nanodots. (Reproduced with permission from Ref. [196]. Copy-
right 2017, American Chemical Society.)

TMDs-based radioprotectors for radioprotection in vivo [195–197]. For example,
they designed ultrasmall cysteine-protectedMoS2 dots with high catalytic properties
as radioprotectants. The electrochemical measurements showed that the as-prepared
cysteine-protected MoS2 dots exhibit strong in vitro catalytic activities for H2O2

and oxygen reduction reactions. The catalytic capability of the ultrasmall MoS2
dots might stem from its size effect and surface atomic defects. The A31 cells were
incubated with cysteine-MoS2 dots in different concentrations and then exposed to
various gamma radiation doses. At the same doses of radiations, the survival rates
of cells were significantly increased with increasing cysteine-MoS2 concentrations,
suggesting an efficient protective phenomenon against external radiation damages
in vitro. The tail moment experiments showed effectively DNA repair in the cysteine-
MoS2 dots-treated group. The reason is that the catalytic properties enableMoS2 dots
to scavenge free radicals via rapid reactions with ·O2

− and H2O2 and thus reduce
DNA damage. It is well known that radiation can destroy healthy cells in the body,
especially bone marrow cells and cells in the gastrointestinal tract [198]. So, we
can assess the level of in vivo radioprotection by analyzing the DNA concentrations
of bone marrow cells. After 7 days post-exposure to radiation, the total DNA in
bone marrow cells and bone marrow nucleated cells recovered to the health level in
the MoS2-treated group, resulting in the enhanced surviving fraction of mice. It is
worth to note that cysteine with SH group also can scavenge free radical and repair
DNA, which is mentioned above. But the author observed only a low survival rate
of cysteine-treated mice, clearly indicating that the principal radioprotection effects
originated fromMoS2 instead of cysteine. Similarly, they also developed highly cat-
alytic ultrasmall (sub-5 nm) cysteine-protectedWS2 [196] andWSe2 [197] dots with
renal clearance to scavenge free radicals for radioprotection (Fig. 8.9).
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8.5.8 Combination Therapy

The current trend in nanomedicine has gradually shifted frommonotherapy to combi-
nation therapy for enhanced treatment efficacy [199]. In Table 8.1, we can conclude
that significant progress has been achieved in 2D TMDs nanomaterials-mediated
multimodal combination therapy in the recent decade. Since their multifunctional
physicochemical properties, such as high surface area, versatile surface chemistry,
excellent photothermal conversion efficacy, and strong X-ray attenuation ability,
2D TMDs can be designed on demand for the combination of diagnostic applica-
tions (e.g., FL, PAT, CT) and therapeutic applications including PTT, MWT, PDT,
chemotherapy, and RT. The combined therapy can not only overcome the shortcom-
ing of monotherapy but also may obtain the remarkable superadditive (namely “1 +
1 > 2”) effects in the battle against cancer.

8.6 Tissue Engineering

Tissue engineering aims to develop biological substitutes that restore, maintain, or
improve damaged tissue and organ functionality [200]. During the past ten years,
multifunctional nanomaterials have been served as alternative biomaterials to tradi-
tional implants and recognized as promising candidates for bone, vascular, neural,
and bladder tissue engineering applications.

As a new type of inorganic biomaterials analogous to graphene, TMDs not only
attract extensively interest in bioimaging and cancer therapy but also show great
potentials for tissue engineering although research works in this field are only at a
beginning stage. On the one hand, TMDs with versatile physicochemical properties
can act as reinforcing agents within biopolymers. Due to the high Young’s modulus
and functional group,WS2 nanotubes have been utilized to increase and reinforce the
mechanical properties of biodegradable poly(propylene fumarate), which is widely
investigated for bone tissue engineering [201]. In addition, the atomic defects of 2D
MoS2 (mostly due to sulfur vacancies) can offer a facile binding center for four-
arm poly(ethylene glycol)-thiol (PEG-SH) via covalent conjugation, forming a high-
water content gel [202]. The hydrogel obtained fromvacancy-driven gelation exhibits
better cytocompatibility and elastomeric and robust mechanical behavior. On the
other hand, TMDs reinforced nanofibers or scaffolds with excellent biocompatibil-
ity and various fascinating properties can be applied to tissue engineering, especially
stem cells proliferation and bone regeneration. It is well known that electrospinning
is a simple yet effective approach to fabricate ECM-like nanofibrous materials with
desirable performances for tissue engineering [203]. For example, prepared by elec-
trospinning technology, as shown in Fig. 8.10, the polyacrylonitrile/MoS2 composite
nanofibers showed low cytotoxicity and natural ECM-like structure [203].Moreover,
they could guide effective adhesion and differentiation of bonemarrowmesenchymal
stem cells (BMSCs) on nanofibers. This phenomenon indicated that the as-prepared
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Fig. 8.10 The use of TMDs for tissue regeneration. a Schematic illustration of the fabrication of
MoS2 composite nanofibers by electrospinning technology. b SEM images of MoS2 composite
nanofibers with 40%MoS2 (w/w). c Alkaline Phosphatase activity of BMSCs cultured on different
MoS2 composite nanofibers in various incubation periods. d SEM images of BMSCs cultured on
20%MoS2 composite nanofibers on day 3. (Reproducedwith permission fromRef. [203]. Copyright
2017, American Chemical Society.)

MoS2 nanofibers could promote the growth of stem cells and positively regulate
cellular proliferation and osteogenic differentiation. Similarly, nanostructured MoS2
also has the potential to promote the differentiation of neural stem cell (NSC) and
the maturation of neurons.

Wang et al. [22] designed nanostructured MoS2 thin films (MTFs) on glass slides
via a bottom-up hydrothermal process. When seeded and cultured NSCs on an MTF,
they found that biocompatibleMTFs played important roles in promoting cell attach-
ment on films and directing NSC differentiation. Motivated by their comparable per-
formance than tissue culture plate, these MoS2 thin films were then used to assemble
with an electrospun PVDF support substrate matrix to construct 3D living conduit
scaffolds for nerve regeneration. 3D bioprinting is another emerging popular tech-
nique to fabricate extracellular matrix biomaterials for tissue engineering including
bone regeneration in recent decades [204]. For example, Wang et al. [23] for the
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first time reported a bifunctional 3D-printed bioceramic scaffold for simultaneous
tumor therapy and tissue regeneration. The as-fabricated porous scaffold with good
biocompatibility comprised two functional parts: akermanite (Ca2MgSi2O7) as the
matrix material for osteogenesis and angiogenesis, and MoS2 nanosheets as pho-
tothermal agent for NIR tumor ablation. After implanting the hybrid scaffolds into
the center of tumors and then exposed to an 808 nm laser, the temperature in tumor
tissue rapidly increased to ~50 °C. Moreover, akermanite contained scaffolds could
contribute to the attachment, proliferation, and osteogenic differentiation of BMSCs
and promote bone regeneration in the rabbit model, indicating that the scaffolds have
the potential to act as bioactive materials for bone regeneration. This studies provide
a promising strategy to overcome tumor-induced bone defects and opens a new way
for the combination of tumor therapy and tissue engineering by using TMDs-based
multifunctional inorganic nanomaterials.

8.7 Medical Devices

Since TMDs possess versatile promising physicochemical properties, such as elec-
trical, mechanical, and catalytic property, it has attracted significant attention partic-
ularly in biomedical devices for many types of diseases.

Medical strips, such as woundplast, are the most commonly used external medi-
cation. Strips usually consist of rubberized fabric and infused therapeutic drugs for
hemostasis, wound antibiosis and skin infection, and so on. Recently, nanotechnol-
ogy has shown the potentials to revolutionize traditional medical strips. For example,
some nanomaterials with enzymatic property (e.g., peroxidase) have been success-
fully used to fabricate strips for effective and sensitive detecting H1N1 virus [205].
Cao et al. [20] infused the cysteine-MoS2 with Ag+ ions and then coated with a layer
of cationic polyelectrolyte to fabricate an antibacterial depot for wound disinfection
in vivo (Fig. 8.11). The biocompatible MoS2 nanosheets not only possess antibacte-
rial ability [21] but also can efficiently adsorb Ag+ and then release it to the cell walls.
Inspired by Cao’s work [20], MoSe2 hybrid nanosheets were twined by silk fibroin
to form macroscopic films [46] (Fig. 8.11). Then, the films were posted on the E.
coli infected skin wounds on the mice. Due to the superior peroxidase-like activity,
MoSe2 nanosheets can catalyze the decomposition of H2O2 into ·OH radicals, which
possess high antibacterial ability without bacterial resistance. Therefore, a rapid and
effective wound disinfection and healing efficacy were observed after treating with
silk fibroin-coated MoSe2 films and low-dose H2O2 in vivo. Those proof-of-concept
studies demonstrated the feasibility of wound disinfection in wound care manage-
ment using catalytic TMDs-based medical strips [20, 21, 46].

Soft bioelectronics, employing soft materials whose modulus is well matched
with soft human tissues, have been extensively used in internal environment owing
to their soft mechanical properties that lead to minimize tissue damages and immune
responses [24]. For instance, there is still a challenge to fabricate implantable artificial
retina simultaneously with the function of optoelectronic sensing and retinal stimu-
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Fig. 8.11 TMDs-basedwoundplast forwound disinfection. a,bSchematic illustration of the prepa-
ration TMDs-based woundplast (Reprinted with permission from Ref. [20]. Copyright 2017, Amer-
ican Chemical Society.) c Thewound repair process on themice by the use of the silk fibroin-MoSe2
films (Adapted from Ref. [46]. Copyright 2017, The Royal Society of Chemistry.)

lation. Therefore, Choi and his co-workers [24] designed an ultrasoft, high-density
and hemispherically curved image sensor (CurvIS) array based on the atomically
thin MoS2-graphene heterostructure, as shown in Fig. 8.12. The soft, ultrathin, as
well as super photo-absorption coefficient enablesMoS2 nanosheets as a photodetec-
tor to achieve high-quality imaging, while the ultrathin graphene acts as electrodes
to conduct photocurrent. The CurvIS array exhibits many advantages including the
high-density array design, hemispherical shape, small optical aberration, and sim-
plified optics. It was found that the soft MoS2-graphene CurvIS array successfully
stimulated a rat’s retinal nerves in response to the pulsed external optical signals. This
deepworkmight greatly promote the application of 2Dultrathin nanomaterials-based
implantable soft bio-optoelectronic device in ophthalmology.

8.8 Toxicity and Biosafety

8.8.1 Nanotoxicity Mechanisms of TMDs

The clinical translation of nanomaterials and nanotechnology gives rise to the high
awareness of nanotoxicity and nanosafety originated from the public and scientific
community. The toxicity of TMDs is of great importance and should be first con-
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Fig. 8.12 TMDs-based soft bioelectronics for ophthalmology. a Schematic illustration of the high-
density CurvIS array based on theMoS2-graphene heterostructure.bSchematic illustration showing
the ocular structure with the soft optoelectronic device. c Sigma-shaped image captured by the
CurvIS array (Reproduced with permission from Ref. [24]. Copyright 2017, Springer Nature.)

sidered to guarantee their safe uses in the biomedical field. Therefore, since TMDs
have shown great promising in disease diagnostic, bioimaging and cancer therapy,
we are bound to pay more attention to study their biological effects and toxicology
profiles in vitro and in vivo.

The interaction of 2D TMDs nanosheets with biosystems plays a vital role in
understanding the nanotoxicity mechanisms of TMDs and guiding their safe and
biomedical application. A deep study on cellular-level revealed the nano-bio interac-
tions ofMoS2 nanosheets (the representative example of 2D TMDs family) with can-
cer cells from the aspect of endocytosis/exocytosis and autophagy [206]. As shown
in Fig. 8.13, the main internalization processes and intracellular tracks of MoS2
nanosheets consist of three different pathways: endocytosis through macropinocyto-
sis, transportation from early endosomes to lysosomes, secretion of the internalized
MoS2 via exocytosis. Moreover, autophagy is also involved in the accumulation of
MoS2 in the lysosomes. So far, as the Achilles’ heel, the biosafety evaluation and
toxicity mechanisms of different types of TMDs in the biosystems are still not well
revealed and understood [207].
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Fig. 8.13 The nano-bio interactions of MoS2 nanosheets with cancer cells. a Scheme of the prepa-
ration of MoS2 nanosheets with therapeutic/diagnostic molecules. b Schematic diagram illustrating
the intracellular fates of MoS2-based nanosheets. The process consists of three different pathways:
endocytosis throughmacropinocytosis, transportation fromearly endosomes to lysosomes, secretion
of the internalized MoS2 via exocytosis. (Reproduced with permission from Ref. [206]. Copyright
2018, American Chemical Society.)
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On the one hand, when TMDs nanoparticles enter the body, it may cause many
stress reactions such as ROS production as it can be regarded as foreign components
by cells and tissues. ROS usually generated from different routes such as the direct
production, the interaction with cellular organelles, and the catalysis of intracellu-
lar H2O2 and so on. However, various negative effects, especially cell apoptosis or
necrosis, will be appeared when the ROS level is too high. So, we must find out the
safe concentrations and permissible doses of TMDs to ensure the minimum harmful-
ness to healthy tissues. It is worth mentioning that the generation of ROS caused by
TMDs is an effective strategy to prohibit the growth of bacteria and cancer cells for
antibacterial and antitumor, respectively. On the other hand, TMDs can be gradually
biodegraded by various degradative components or the physiological environment,
resulting in the release of free metal ions from TMDs, which may be also contributed
to the toxicology profiles. For example, similar to CdS nanoparticles, Shang et al.
demonstrated that the antibacterial activity ofWS2 was not only caused by ROS gen-
eration but also related to the release of toxic tungsten ions under UV irradiation [39].
Besides, the outstanding physicochemical properties such as the large surface area,
surface atomic vacancy, and surface charge enabledTMDsnanosheets to interactwith
surrounding biological molecules via electrostatic interaction, covalent conjugation,
or van de Waals forces. For example, the interaction of MoS2 with protein can be
investigated by all-atommolecular dynamics simulations [208–210]. The simulation
results show that the secondary and tertiary structures of β-sheet protein were quickly
damaged after adsorbing onto the MoS2 surface [208]. In a later work, Villin Head-
piece (HP35), a model protein widely used in protein folding studies, was chosen
to further study the potential toxicity of MoS2 nanosheets to proteins at the atomic
level. MoS2 nanosheets exhibit robust denaturing capability to severely destroy the
secondary structures of HP35 within hundreds of nanoseconds. The dispersion inter-
action between protein and MoS2 monolayer is contributed to the main driving force
behind the adsorption process. Those interesting works illustrated the nanotoxicol-
ogy origination from the atomic and theoretical levels, which help us to understand
the underlyingmolecularmechanism. Then, Zou et al. [211] revealed for the first time
that single-layer MoS2 (SLMoS2) accelerated proliferation and promoted myogenic
differentiation and epithelial-mesenchymal transition (EMT) in human embryonic
lung fibroblasts (HELFs) via the Akt-mTOR-p70S6 K signaling pathway, which
is triggered by the generation of ROS. In contrast, after BSA binding, the cellular
uptake of SLMoS2 and the production of intracellular ROS were markedly reduced,
and the SLMoS2-activated phosphorylation of Akt-dependent signaling pathways
was also mitigated. This studies demonstrated that serum proteins binding provides
an effective strategy to reduce the potential nanotoxicity of MoS2 nanosheets. So,
after being uptake into tissue, TMDs will be coated by serum proteins, forming a
protective protein corona.
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8.8.2 Effects of Physicochemical Factors on Nanotoxicity

Compared to the corresponding bulkmaterial, TMDs nanosheets have unique proper-
ties which can greatly affect the biological interaction of TMDswith cells. According
to previous studies, the biocompatibility and nanotoxicity of TMDs nanosheets may
vary with different synthesis methods, surface modification, size, shape, number of
layers, surface charge, chemical composition, dose as well as the exposure time and
route [212, 213]. The mainly physicochemical factors influencing biocompatibility
of 2D TMDs nanosheets are as follows.

(1) Preparation methods

Chemically exfoliation is a well-known and widely used method to prepare bio-
compatible 2D TMDs for biosensing and cancer treatment. However, little is known
about the degree of exfoliation of the nanosheets impacting on their toxicologi-
cal behaviors. In one such recent work, Chng et al. [214] systematically compared
the toxicity in vitro of MoS2 nanosheets, which were chemically exfoliated using
various lithium intercalating agents. All the results of the methylthiazolyldiphenyl-
tetrazolium bromide (MTT) and water-soluble tetrazolium salt (WST-8) assays on
A549 cells indicated that the tert-butyllithium (t-Bu-Li) and n-butyllithium (n-Bu-
Li) exfoliated MoS2 nanosheets showed higher cytotoxicity than MoS2 exfoliated
by methyllithium (Me-Li). In fact, the cytotoxicity of Me-Li-exfoliated nanosheets
was similar to that of bulk MoS2. t-Bu-Li and n-Bu-Li provide more efficient exfo-
liation over Me-Li, indicating that MoS2 nanosheets exhibit stronger toxicity with
increased exfoliation and decreased layer number. In contrast, a separate work by
Wang et al. [215] has reported the increasing toxicological potential of three aqueous
suspended forms of MoS2 with increasing thickness or aggregates. It was observed
that the aggregated and layeredMoS2 nanomaterials did not induce significant in vitro
cytotoxic effect onBEAS-2B andTHP-1 cell lines. Compared to lithiation-exfoliated
MoS2 (Lit-MoS2) andPluronic F87-dispersedMoS2 (PF87-MoS2), aggregatedMoS2
(Agg-MoS2) induces stronger in vitro proinflammatory and profibrogenic responses.
Moreover, Agg-MoS2 caused acute lung inflammation in mice model, while both
Lit-MoS2 and PF87-MoS2 had little effect. The observed phenomenon suggests that
exfoliation attenuates the toxicity of Agg-MoS2. Hence, it is a tremendous need to
standardize the preparation of TMDs for toxicity tests.

In addition, the cytotoxicity of 2D TMDs may vary with different preparation
methods. For example, Appel et al. [217] carefully investigated the toxicology pro-
files of mechanically exfoliated and CVD-grown pristine 2D TMDs (ME-WS2,
MEMoS2, and CVD MoS2) through various biocompatibility tests, including live-
dead cell assays, ROS generation assays, and cellular morphology assessment. It
turns out that both mechanically exfoliated and CVD-grown TMDs do not decrease
cell viability and induce genetic defects when the concentrations of TMDs as high
as 100 μg/mL.



8 Transition Metal Dichalcogenides for Biomedical Applications 275

(2) Surface modification

TakingMoS2 as an example, Liu et al. [103] firstly studied the in vitro toxicity of pris-
tine and PEGylated MoS2 nanosheets using MTT assay. HeLa cells were incubated
with various concentrations ofMoS2 orMoS2-PEG for 24, 48, and 72 h. It was found
that pristine MoS2 nanosheets exhibited slight cytotoxicity (cell viability is ∼73%,
MoS2 at 0.16 mg/mL) after culturing for 3 days, while PEGylated MoS2 nanosheets
showed negligible cytotoxicity (cell viability over 90%). The intracellular ROS levels
in MoS2 treated cells were subsequently assessed by using dihydroethidine (DHE)
probe, indicating minimal oxidative stress induced by MoS2. Moreover, PEGylated
MoS2 nanosheets also exhibited no significant cytotoxicity at a series of concentra-
tions up to 500μg/mL [111]. The novel outcomes of this workmay be ascribed to the
PEG-mediated one-pot solvothermal procedure. The “bottom-up” strategy improves
the colloidal stability and bio-tolerance of MoS2 nanosheets in the physiological
environment. A separate study conducted by Pumera group also revealed that thio-
barbituric acid functionalized MoS2 nanosheets showed more protective effects than
non-functionalized MoS2 [218]. Thereafter, many works have been developed based
on biocompatible polymers, liposomes, and even cellular components functionalized
approaches to reduce the cytotoxicity of MoS2 nanosheets. The excellent biocom-
patibility inspires the researchers to further pursue the biomedical applications of
MoS2.

(3) Size and morphology

Nanoparticle size and morphology play important roles when interacting with bio-
logical molecules and cells present in physiological conditions. In one such study,
three kinds of cells (THP-1, AGS, and A549 cells) were incubated with three sizes
(50, 117, and 177 nm) of MoS2 at varying concentrations for 24 h [219]. The results
showed that AGS cells were the most susceptible to 117 nm MoS2 at the highest
concentrations, while THP-1 showed the highest toxicity toward the smallest MoS2
sheets (50 nm), indicating that the cytotoxicity of MoS2 nanosheets varies with its
sizes and cell types. Besides, some studies reported that the ultrasmall TMDs may
be faster and easier to be cleared out of the kidney and body [67, 195–197]. Not only
the 2D-layered TMDs nanosheets but other morphological TMDs such as radar-like
MoS2 nanoparticles [123], flowerlikeMoS2 nanoflakes [21, 102, 122, 158],multiwall
WS2 nanotubes [220], fullerene-like nanoparticles (IFWS2 [220], MoSe2 [221]) also
have been demonstrated to be favorable biocompatibility in a certain concentration
range.

(4) Chemical Composition

The chemical compositions are also key factors impacting on the toxicology profiles
of TMDs nanosheets. Pumera group pioneered the study of the nanotoxicity of 2D
materials including graphene, black phosphorus, and TMDs. In a work, they found
that MoS2 andWS2 induced slight cytotoxicity in the A549 cells after 24 h exposure,
even at high concentration up to 400 μg/mL, while WSe2 showed higher toxicity
compared to MoS2 and WS2 [222]. Moreover, the studied Group 6 TMDs (MoS2,
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WS2, WSe2) exhibited significantly lower cytotoxicity than different synthesized
graphene oxide (GO) and layered GaSe tested on the same cell lines in the same
conditions, while black phosphorus showed a generally intermediate cytotoxicity
between GO and TMDs [222–225]. They subsequently compared the toxicological
behavior of Group 6 TMDs with Group 5 vanadium dichalcogenides (VS2, VSe2,
VTe2) under similar experimental conditions [216]. For the same chalcogen element,
VS2 consistently shows higher toxicity for bothMTT andWST-8 assay at all concen-
trations than that of MoS2 and WS2; the similar tendency was also observed among
WSe2 and VSe2. They also compared the cytotoxicity of the Group 5 transition metal
ditellurides (VTe2, NbTe2, TaTe2) to understand their biological effects for the future
applications [226]. The results suggest that VTe2 is highly toxic to A549 cells with
92.5% of cells elimination at a concentration of 200 μg/mL, whereas NbTe2 and
TaTe2 are mildly toxic. For the same metal element, the metal sulfides (WS2, VS2)
display higher cell viability relative to their corresponding metal selenides (WSe2,
VSe2) [216]. In addition, a recent work revealed that the toxicity of Pt dichalco-
genides follows the trend of PtTe2 > PtSe2 > PtS2 [227]. It is concluded that TMDs
consist of vanadium element which is inherently more toxic than Mo and W, while
sulfides are generally less toxic compared to their selenide and telluride counterparts
for TMDs.

8.8.3 Nanotoxicity and Biodegradability of TMDs

To date, many research works have been conducted to evaluate the in vitro cyto-
toxicity of 2D TMDs through CCK-8, MTT assays, or WST-8 assay. Most of the
results showed that 2D TMDs were non-cytotoxic or negligible cytotoxic within a
certain range of concentrations, which importantly encouraged the in vivo applica-
tions of TMDs. In this regard, researches concerning the evaluations on the biosafety
and biodegradability in vivo of 2D TMDs are urgently required. Many studies have
reported that the TMDs nanosheets treated mice could survive for more than one
month. For example, Liu et al. [103] assessed the biocompatibility of PEGylated
MoS2 nanosheets to BALB/c mice at the dose of 3.4 mg/kg. The results showed
that PEGylated MoS2 nanosheets may not be noticeably toxic to mice within one
month. In a similar work, WS2-PEG (20 mg/kg of i.v. injection) and NIR irradiation
(808 nm, 0.8 W/cm2, 5 min) treated BALB/c mice showed no obvious abnormal
behavior and noticeable organ damage within 45 days [59]. The blood biochemistry
assay revealed that all measured indexes of the blood test fell within normal refer-
ence ranges, indicating the excellent histocompatibility of WS2-PEG. In addition,
4T1 tumor-bearing mice died within 16 days, while the TiS2-PEG and PTT treated
mice survived over 60 days, suggesting no obvious toxicity to mice at the tested
dose [75]. In another in vivo toxicology assays, i.v. injected ReS2-PEG nanosheets
did not induce obvious organ damages, hepatic or kidney disorder at the dose of
20 mg/kg [77]. Besides, Yu et al. [228] conducted the first investigation of the tox-
icity of CS@MoS2 micro-sheets in adult zebrafish. It was found that CS@MoS2 at
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high concentrations (20 mg/L) induced a proinflammatory response and apoptosis
in the gills and liver.

More importantly, the long-term biodistribution, degradation, and excretion of
PEGylated MS2 (M = Mo, W, Ti) were carefully evaluated and compared by Hao
et al. [229]. After i.v. injection, these three kinds of PEGylated TMDs nanosheets
were found mainly to be accumulated in liver and spleen. Notably, large amounts
of injected W or Ti were still retained in the RES for months, while MoS2-PEG
could be almost completely degraded and then excreted. PEGylated MoS2 and TiS2
will be oxidized into water-soluble MoVI-oxide species (such as MoO4

2−), water-
insoluble TiO2 aggregates, respectively, while WS2-PEG was hardly oxidized for
the higher chemical stability. The histological and blood analysis demonstrated that
these three kinds of PEGylated MS2 nanosheets have no obvious long-term toxicity
at the tested dose [229]. In a separate work, ultrasmall VS2 nanodots converted from
their sheet materials via ultrasonic exfoliation exhibited effective body excretion
without appreciable toxicity [76]. Dark black VS2@lipid-PEG solutions were found
to be gradually oxidized into light yellow after air exposure 30 days. The results
confirmed that V element in VS2 nanostructures was oxidized from V3+/V4+ to the
high valence state (VV). Thus, VS2@lipid-PEG nanoparticles might be gradually
oxidized and degraded into water-soluble and degradable VV-oxide species.

8.9 Conclusions and Outlook

The utilization of multifunctional TMDs nanosheets for biomedical applications is
of great importance and has achieved remarkable advancement. In this chapter, we
summarized the latest progress of inorganic 2D TMDs in bioanalysis, antibacterial
and wound repair, drug delivery, bioimaging, cancer therapy, tissue engineering, and
medical devices. In particular, the nanotoxicology and biosafety profiles of TMDs
are reviewed to ensure their further biomedical use. The abundant chemical compo-
sitions, unique physicochemical properties, and diverse biological effects endow the
emerging TMDs nanosheets with the potential for next-generation biomedicine.

However, the investigation of these 2DTMDs in biomedicine is only in its infancy,
and two critical challenges are to be concerned. From the materials point of view,
the first is the standardization of the synthesis methods of 2D TMDs nanosheets.
Different parameters and synthesis methods will lead to diverse characteristics, such
as size and layer number, which will impact their physicochemical properties and
even biological effects. Thus, we need to standardize the preparation of 2DTMDs in a
controllable and repeatable manner to obtain the materials with desired structure and
property. Moreover, detailed biosafety and toxicity evaluations of these 2D TMDs
are urgently demanded from the biosafety point. Although the current evaluation has
demonstrated that 2D TMDs exhibit relatively low toxicity, their potential long-term
biosafety and in vivo biodegradation in the diverse animal model, and related toxicity
mechanisms are still insufficient and should be systemically assessed to reduce the
awareness of nanotoxicity.
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In conclusion, although the various remarkable progresses of 2D TMDs in
biomedical field that has achieved in the last decade are exciting, more research
efforts are needed to be undertaken to accelerate the clinical translations of the
emerging 2D TMDs.
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