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Recent advance of stimuli-responsive systems based on transition
metal dichalcogenides for smart cancer therapy
Ruxin Zhou®** Shuang Zhu®*, Linji Gong®®, Yanyan Fu’%, Zhanjun Gu*®® and Yuliang Zhao®"<

Stimuli-responsive systems, which can be used for temporally and spatially controllable therapeutic platforms, have been
widely investigated in cancer therapy. Among a wide range of stimuli-responsive nanomaterials, transition metal
dichalcogenides (TMDCs) have recently attracted great attention due to their large surface-to-volume ratio, atomic
thickness, and other unique physicochemical properties. Thus, TMDCs are able to be responsive to various endogenous
(e.g. acidic pH and overexpressed enzymes) or exogenous stimuli (e.g. light and magnetic). The majority of TMDC-based
therapeutic platforms are triggered by near-infrared (NIR) light. However, due to the limited penetration of NIR light, novel
strategies that are able to ablate deep-sited tumor tissues have emerged in recent years and have been applied to design
multi-stimuli-responsive nano-systems. A comprehensive overview of the development of stimuli-responsive TMDC-based
nanoplatforms for “smart” cancer therapy is presented to demonstrate a more intelligent and better controllable
therapeutic strategy. Furthermore, the versatile properties of TMDCs and the typical responsive principles of certain

stimuli-responsive platforms are discussed for a better understanding of selected examples in this review.

1. Introduction

Stimuli-responsive systems (or named “smart” systems), have
attracted great attention in the field of cancer therapy in recent
years. It is characterized by the spatial-, temporal- and
Compared  with
therapeutic systems, the most significant advantage of the “smart”

dosage-controlled  fashion. conventional
platform is the on-demand process, which is also termed as “switch
on/off”.1 Thus, it can overcome the limitations in previously
reported therapeutic systems and can increase the longevity and
stability of the carrier in vivo, specifically target pathological organs
or tissues in the body, release drugs or genes in a temporally and
spatially controllable manner, and avoid undesired accumulation in
the healthy tissues.?>

Interests in stimuli-responsive nano-systems have been persisted
over several decades. Currently, many nanomaterials have been
utilized, such as nano-graphene, liposomes, polymeric micelles,
polymeric nanoparticles, dendrimers, inorganic nanoparticles, and
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many others.58 These nanomaterials can be specifically modified in
response to certain intrinsic characteristics of pathological tissues
or external stimuli applied from the outside of the body.” These
stimuli can be employed for three main functions. Firstly, it can
induce a controllable release of drug/gene cargo from
nanomaterials. Taken drug delivery system (DDS) as an example,
once exposed to exogenous (e.g. light and magnetic) or
endogenous stimuli (e.g. acidic pH and overexpressed enzymes), it
switches on certain functions. Drug release can be controlled by the
changes in physicochemical properties, such as carrier degradation
or an increase in the permeability, or by the cleavage of chemical
bonds used to attach the drug to the carrier. Thus, such
stimuli-responsive DDS can deliver drugs only where and when they
are needed, at the right concentration. The main advantage of
these systems is to minimize drug exposure and side effects at sites
where the drug/gene is not needed.”?12 The next two applications
are always derived from external stimuli. It can provide direct
therapeutic effects, such as photothermal therapy (PTT) and
radiotherapy (RT). Furthermore, it can be used for bioimaging
application.’3 Since imaging plays a significant role in diagnosis,
treatment, and confirmation of therapy, such stimuli-responsive
platform can be used for development of cancer theranostic
systems to enhance the therapeutic efficiency, monitor the particle
biodistribution and therapy response.'*

Among various nanomaterials applied in stimuli-responsive
platforms, transition metal dichalcogenide (TMDC), an emerging
inorganic analogue of graphene, has attracted an increasing
number of interests during recent years. TMDCs are
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semiconductors of the type MX;, where M is a transition metal from
group 4 to 10 in the periodic table (e.g. Mo, W, Ti) and X represents
a chalcogen atom (e.g. S, Se, Te).’> Due to the unique electronic
structures, TMDC nanomaterials possess some specific properties
and could be used in “smart” therapeutic systems and many other
fields.16-19 Firstly, TMDCs often crystallize in a layered structure with
a hexagonally packed layer of metal atoms sandwiched between
two layers of chalcogen atoms. The intralayer M—X bonds are
covalent, while the sandwich layers are interacted by weak van der
Waals forces.2° Thus mono- or fewer-layered TMDCs are relatively
easy to be exfoliated from bulk materials. Secondly, TMDCs are easy
to be surface functionalized and thus the potential applications of
TMDCs in different environments will be broadened.l” If the
anchored molecules carry additional groups which are sensitive to a
specific stimulus, the TMDC-based material can be affected by the
stimulus, change its physicochemical properties and lead to specific
cancer therapy. Besides, two dimensional (2D) TMDC nanosheets
(NSs), with large surface-to-volume ratios, can be used in DDSs to
load a large number of chemotherapeutic drugs, biomolecules, and
functional molecules.?%22 Furthermore, many TMDCs have high
absorption coefficient in the near-infrared (NIR) region (650-900
nm).23 They also have a salient photothermal effect, and thus could
convert light into thermal energy with high efficiency. Therefore,
TMDCs have great potential to be applied in PTT and photoacoustic
(PA) imaging.?*?” In addition, compared to many other
nanostructures, TMDCs induce fewer cytotoxic responses and are
much less hazardous, thus favouring its biological applications.?® As
a result, stimuli-responsive DDSs based on nano-carriers, especially
TMDC nanomaterials have been increasingly developed and
reported in recent years.10

Though the applications of TMDC-based cancer theranostic
systems have been summarized for several years,17.1922.29 an article
that generally covered the development of stimuli-responsive
TMDC-based nanoplatforms for “smart” cancer therapy is still rare.
With more stimuli being applied into one platform, the system
became increasingly intelligent and more controllable. Therefore,
this review is aimed at giving a relatively comprehensive overview
of some representative rational designs and progress of
TMDC-based nanomaterials for stimuli-responsive drug delivery and
cancer therapy, and proposing current challenges and future
perspectives in this field.

2. Design of TMDC-Based Smart Platforms

2.1. Attributes of TMDC to Design Smart Platforms

The proof-of-principle design of TMDC-based stimuli-responsive
systems is to combine TMDC or its derivatives with other specific
moieties into a single system. Thus, the unique physicochemical
properties of TMDC and its derivatives may affect the
stimuli-responsive or drug loading/release performances. The
details are described as follows.

(1) Surface Functional Groups. By changing the surface
chemistry, the biocompatibility, sensitivity as a diagnostic tool,
dispersity and stability of original materials can be improved.?®

This journal is © The Royal Society of Chemistry 20xx

Surface functionalization is one of the strategies,.Jhe.tesent
construction of stimuli-responsive DDSs is P43ed0dA3RandMateriats
followed by targeting functionalization, bioconjugation and surface
modification. The large surface-to-volume ratio of TMDC
nanomaterial makes it easy to be modified with specific polymers
and surfactants to improve the therapeutic efficiency and broaden
the range of the applications. By controlling the synthetic method,
encapsulation approach and the functional groups, the
as-synthesized therapeutic platform can show in-demand manners,
and thus the stimuli-responsive performance can be affected.3? For
example, the strong coordination interaction between carboxyl
groups of PEG and tungsten atoms improves the stability of WS, in
water and physiological solutions. In addition, by modifying the
materials with mesoporous silica (MS), the drug could be loaded
inside MS shell, improving the efficiency of drug delivery. Besides,
by modifying TMDC or its derivatives with targeting moieties,
including FA, peptides and materials with strong magnetic property
(e.g. Gd chelator, Fes0,), the targeting ability can be improved,
leading to a better drug loading/release performance controlled by
various external and internal stimuli.

(2) Dimension. From 3D to 2D, due to the decrease in
dimensionality, the interlayer coupling, degree of quantum
confinement, and symmetry elements will change. Thus, some
properties of bulk materials are preserved and several novel
physicochemical characteristics may appear.1631

Compared to the bulk material with an indirect bandgap of ~1eV,
the mono-layer 2D TMDC material with the same composition has a
direct bandgap due to quantum confinement effects. Additionally,
the prismatic edges and basal planes are exposed and free the
adjacent MX; layers from s-p;, orbital interaction, leading to a wider
bandgap. These changes in the band structure result in enhanced
photoluminescence in 2D TMDC.!¢ Besides, 2D TMDC materials
have a larger surface-to-volume ratio. On the one hand, monolayer
TMDC materials are more sensitive to environmental factors and
thus possess low carrier mobility.1> On the other hand, it makes 2D
TMDC materials easier to be covalently functionalized and provides
maximal interaction not only with the targeted biomaterials,
increasing the sensitivity of the specific stimulus in tumor
microenvironment, but also with chemotherapeutic drugs,
enhancing therapeutic efficiency. Thus, 2D TMDC with a structure
similar to that of graphene has attracted an increasing number of
interests in the recent years.

Further decreasing the dimensionality to zero, zero-dimensional
(0D) TMDC nanodots (NDs) or quantum dots (QDs) with ultrasmall
size possess stronger quantum confinements, more edge atoms,
properties and better biocompatibility
compared to multi- and mono-layer TMDC nanomaterials. Hence,
0D TMDC NDs or QDs have emerged as a promising type of
biomedical nanomaterials.3233

(3) Size. Another way of controlling the surface chemistry is size
control. To minimize the side effect of the biomedicines, the
hydrodynamic size of them should be controlled under the
threshold of kidney filtration (<10 nm) so that these nanomaterials
could be excreted through the kidney in short time through the
renal-clearance pathway.3334 In addition, a smaller size causes
low-coordination step-edges, kinks and corner atoms which can

photoluminescence
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induce additional chemical effects.!6 Therefore the development of
ultrasmall TMDC NDs can further improve the therapeutic efficiency
and performances of the bulk and few- to mono-layer TMDC
nanomaterials.

(4) Composition. The chemical composition of TMDCs, especially
the metal atom is another important factor that can influence the
stimuli-responsive performance. The transition metal atom
provides four electrons to bond with chalcogen atoms so that the
coordination environment of the transition metal and its d-electron
count has a significant effect on the electronic structure of TMDCs.
Furthermore, it causes various electronic and magnetic properties,
improving the drug loading/release performance.16

2.2. Stimuli for Design of TMDC-Based Smart Platforms

Recently, due to their unique structures and distinctive properties
mentioned above, TMDC nanomaterials have attracted more and
more interests in the biomedical field, and have been widely
investigated in drug delivery, PTT, photodynamic therapy (PDT) and
RT applications. In addition, the easy-functionalization of TMDC can
endow these materials with adaptive features and thus smart
systems in responsive to both endogenous and exogenous stimuli
can be designed based on these materials.

2.2.1 Endogenous Stimuli

Endogenous stimuli have been increasingly considered to design
“smart” DDSs. Since tumor microenvironment (TME) is a complex
and possesses distinctive features, such
stimuli-responsive  nano-systems can target TME and/or
intracellular components to realize on-demand accumulation and
release of drugs. These physiological signals mainly include tumor
and endocytic acidity, redox potential (glutathione, GSH), specific
enzyme overexpression, hypoxia, and adenosine-5'-triphosphate
(ATP).235

pH Level: Among the endogenous biological stimuli, pH is a

system various

ubiquitous one that has been widely used to develop novel and
responsive DDSs for cancer therapy. The extracellular and
intracellular environment of tumors is considered more acidic than
normal tissues. In general, the pH values in healthy tissues and
blood maintain around 7.4, while the extracellular pH values in the
tumors range from 6.0 to 7.2. Furthermore, the intracellular value
of tumors can even decrease to 4.0-6.0.2 Such striking acidosis at
TME is mainly a consequence of irregular angiogenesis in
fast-growing tumors. It can lead to a rapid deficiency of oxygen and
thus a shift towards a glycolytic metabolism, essentially causing the
production of acidic metabolites in the tumor site.13537
pH-responsive TMDC-based nano-carriers are often functionalized
with polymers to deliver drugs. It can be divided into two main
strategies. The first one includes polymeric systems with
acid-sensitive bonds, such as the hydrazine linkage that possesses
excellent pH sensitivity. Upon reaching the mildly acidic
environment, the bonds will cleave and enable the release of
molecules anchored at the surface of TMDCs. Another strategy is to
use polymers (polyacids or polybases) with ionizable functional
groups, whose conformation and/or solubility changes in
accordance with the environmental pH values.138 As a result, the
drug release is inhibited during systemic circulation at the

This journal is © The Royal Society of Chemistry 20xx
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physiological pH value of about 7.4 and is only alloweg.inthe.asidic
environment at cancer cells.3% Thus, the pHOSradieHESR/ QRTEFéLtVE
stimulus for TMDC-based therapeutic platforms.

GSH: Redox state directly decides on many cellular processes. By
capturing the energy released in oxidation processes, cellular and
organismic structures can be built and the balance of life can be
maintained.*® Many redox couples work together to maintain the
redox environment, among which the glutathione disulfide
(GSSG)/GSH couple is one of the most abundant couples.*143 GSH, a
y-glutamyl-cysteinyl-glycine tripeptide, plays a role of the main
reducing agent to facilitate the thiol-disulfide exchange reaction.’#*
It has been found that in order to protect the cells from reactive
oxygen species (ROS), the concentrations of GSH in some highly
reducing intracellular milieu (e.g. cytosol, mitochondria, and cell
nucleus) are 2-10 mmol L1, extremely higher than those in the
blood or extracellular matrices (2-20 pmol L™1). 263545 Since the
tumor tissue was highly reducing and hypoxic, the concentration of
GSH is more than 4 times higher than that of normal tissue, and the
significant difference of GSH level between the normal and tumor
cells makes GSH a promising stimulus for redox-mediated drug
delivery.*¢ The construction of GSH-responsive platforms based on
TMDC nanomaterials mainly utilized an S-S bridge where
chemotherapeutic drugs could be linked or physically entrapped. In
the presence of GSH, the S-S bridge breaks up and converts to
thiols (—SH HS-), while GSH itself is oxidized to GSSG.%¢ As a result,
the drugs could be dumped into the malignant cells via
GSH-responsive nano-vehicles and this targeted intracellular drug
release approach could significantly enhance the drug efficacy,
overcome drug resistance, and reduce side effects.*6-48

Enzymes: Enzymes, often over-expressed in disease states, are
indispensable in cell regulation and can accelerate the kinetics of
most biochemical reactions.*%4° Based on their mechanisms,
enzymes can be divided into six types, including oxidoreductases,
transferases, hydrolases, lyases, isomerases, and ligases.>® The
overexpression of some enzymes in cancerous cells can be utilized
in enzyme-responsive DDSs. Enzyme-sensitive moieties can be
covalently attached to the surface of TMDC via the formation of
specific bonds. Then the high enzyme concentration in tumor sites
is able to catalyse the delivery vector such that it degrades, changes
the shape or structure, or breaks the bond, thus resulting in the
specific drug release.>® The most closely cancer-related enzymes are
metalloproteinases, cathepsin B and hyaluronidase (HAase), which
are promising stimuli to improve the efficacy of cancer killing.40:51,52

Hypoxia: Hypoxia, defined as reduced O, level, is a major
hallmark of tumors. It plays an important role in tumor
angiogenesis, metastasis, and multidrug resistance.>3 The oxygen
concentration in many solid tumors is about 4% and it can be even
non-measurable in some local tumor environments.>*>> The low
oxygen tension has many negative effects. For example, it causes
resistance to the current applied antitumor therapeutics, such as
chemotherapy, PDT, and RT, since the efficacy of these strategies
strongly depends on the level of tumor oxygen supply.>3 To enhance
the therapeutic efficiency, numerous attempts have been focused
on hypoxia-triggered activation of therapeutic systems. Tumor cells
consumed large quantities of nutrients and oxygen, resulting in the
imbalance between oxygen supply and consumption, while blood
vessels around tumors are not able to give enough oxygen.3>56,57
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Fig.1 Schematic of a variety of stimuli to trigger the release of drugs or directly induce therapeutic effects based on transition metal
dichalcogenides for combined therapy: (i) light; (ii) magnetic field; (iii) X-ray; (iv) temperature; (v) GSH; (vi) enzyme; (vii) pH level; and (viii)
other biomolecules, e.g. ATP. (a: Adapted from ref. 167, Copyright 2015, American Chemical Society; b: Adapted from ref. 96, Copyright
2016, Dove Medical Press Limited; c: Adapted from ref. 108, Copyright 2014, The Royal Society of Chemistry; d: Adapted from ref. 123
Copyright 2016, John Wiley and Sons; e: Adapted from ref. 107, Copyright 2014, American Chemical Society; f: Adapted from ref. 13
Copyright 2015, American Chemical Society; Adapted from ref. 20 Copyright 2011, Springer Nature. Reproduced with permission.)

Thus, the gradient of oxygen concentration can be utilized in both
diagnosis and treatment of cancer.585° Nano-carriers composed of
hypoxia-responsive moieties  (e.g. nitrobenzyl  alcohols,
nitroimidazoles, and azo linkers), have been applied in DDSs for
tumor ablation.®® However, so far, the TMDC-based cancer
therapeutic platforms sensitive to hypoxia have not been reported
yet. Consequently, this new strategy is worth taking into account to
design and fabricate TMDC-based drug carrier, which is beneficial to
promote the therapeutic effects.

Other Biomolecules: Another promising approach that can
selectively target malignant cells over healthy ones is based on the
overexpression of specific biomolecules on the malignant cells, such
as membrane proteins (e.g. folic acid (FA) receptors, hyaluronic acid
(HA) receptors, transferrin (Tf) receptors).4>61-65 Besides, ATP, the
energy source of cells, can be functioned as an internal stimulus as
well. ATP has higher intracellular concentration compared with the
extracellular environment. Synthetic ATP aptamers or proteins, with
the covalent attachment of chemotherapeutic drugs, can fall off the
surface of functionalized TMDC nanomaterials because of the
strong affinity with target molecules. Therefore, the drug can be
delivered and released in a targeted manner.4>.66

This journal is © The Royal Society of Chemistry 20xx

2.2.2 Exogenous Stimuli

Compared with internal stimuli related to the microenvironment of
cancer, external stimuli are more reliable and efficient because they
can control the activation and release of the loaded cargoes more
precisely.*> The primary principles of DDS responsive to external
stimuli are similar to those of internal stimuli: upon exposing to
exterior stimuli, their physicochemical properties will be changed,
which further induces the release of payloads or activation of
prodrugs in a controllable way.®” Besides, some exogenous stimuli,
like light and magnetic field, can not only be utilized to develop
smart stimuli-responsive systems, but also induce additional
therapeutic and imaging effects. Other exogenous stimuli including
microwave (MW) and radiation are also widely integrated with
functionalized TMDC nanomaterials for cancer therapy.

Light: Light was known as an outstanding external stimulus due
to its non-invasive nature and spatial and temporal control over the
release of cargo even in the distance.l968 Since NIR light can
penetrate deeper, the main source of light in TMDC studies is NIR
laser. As we mentioned above, TMDC nanomaterials have strong
absorbance ability in the NIR region (650-900 nm) and a salient
photothermal effect.17.6%70 Thus they can be used as photothermal
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agents for PTT, generating heat under NIR irradiation and directly
killing cancer cells.6 The photo-responsive groups can be
encapsulated within, or conjugated to the surface of the
nano-system.””1 Then considering the ability of TMDC materials to
carry massive photosensitizers (PSs), the temperature elevation can
also be used to trigger PSs to produce enormous ROS, thus
stimulating PDT.7273 Similarly, therapeutic drugs and genes can also
be applied on the surface of TMDCs and once irradiated by NIR
laser, the cargoes will be released at a specific site for irreversible
ablation of cancer cells.

Magnetic Field: Magnetic field has been widely used as an
exogenous stimulus in biomedical applications to enhance magnetic
resonance imaging (MRI) contrast, control the release of
therapeutic agents, and conduct magnetic field-assisted
radionuclide therapy.”7+ TMDC-based materials hybridized with
magnetic nanoparticles, such as superparamagnetic iron oxide
(SPI0) nanoparticles (e.g. maghemite (y-Fe;Os) and magnetite
(Fes04)),7>77 can be magnetically controlled, and concentrated at
the pathological site (tumors).%8787% Thus, drugs can be released
from the carriers at the particular location, for more efficient and
accurate ablation of cancer cells. In addition, gadolinium
(Gd)-functionalized TMDCs or some of TMDC materials themselves
(e.g. vanadium disulfide (VS;)) can be used to produce a positive
MR contrast.8%81 Another application of magnetic nanoparticles is
tumor hyperthermia therapy due to its capability to induce
magnetic fluid hyperthermia (41-43 °C) and cause damages to
tumors.® Taken together, magnetic stimulus can be employed for
the delivery and targeted release of drug molecules, bioimaging
(MRI), and hyperthermia therapy.*> Moreover, compared to
optical-dependent therapy, magnetic fields, particularly with
frequencies below 400 Hz, have no penetration limitation in
bio-tissue, making remote implementation without physical
contacts possible.56.67

X-ray: X-ray radiation is a stimulus that has been widely applied
in RT. According to the mechanism, RT could be divided into two
main types, external-beam radiation therapy (EBRT) and internal
radioisotope therapy (IRT). Nanomaterials containing high-Z
elements are usually employed for EBRT, because they could absorb
ionizing-radiation beams and then result in the generation of
secondary charged particles and the enhancement of cancer cell
death. However, the corresponding radioactive agents of IRT are
generally administrated or implanted into the body to irradiate
tumor sites from the inside for cancer treatment.17.82-8% TMDC
nanomaterials, with high-Z elements, can be used as
radiosensitizers for both EBRT and IRT. Upon exposing to radiation,
it can kill cancer cells and improve the efficacy of RT.8> Besides, due
to its strong X-ray attenuation ability, TMDCs have great potential
to play the role of contrast agents in computed tomography (CT)
imaging.

Microwave: Microwave, with a longer penetration depth, faster
heat generation, shorter irradiation durations, larger ablation zones
and less susceptibility to local heat sinks, is another exogenous
stimulus.8 It can be used to generate heat via MW susceptible
agents which have spatial confinement microcapsule walls, such as
TMDC nanomaterials. When the pathological site is heated,
hyperthermia is able to inhibit synthesis of DNA, alter protein
synthesis, disrupt microtubule organizing centres, change the

This journal is © The Royal Society of Chemistry 20xx
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expression of receptors and ultimately, change, the,celular
morphology.”:1187 Therefore, MW is a pronisingOcdhdidates fer4hid
facilitation of forthcoming therapeutic platforms to trigger internal
temperature change, control the release of drugs and irreversibly
ablate tumors.

3. NIR light triggered multi-stimuli-responsive
platform based on TMDC for cancer therapy

Due to their electronic band structure, TMDC nanomaterials, with
strong optical absorption in NIR region and high photothermal
conversion efficiency,!®> have been widely used in light-responsive
cancer therapy such as PTT,8-9 controlled drug release242697-102 or
PDT03.104) Compared to visible light, NIR light of 650-900 nm can
realize deeper tissue penetration and be less absorbed by biological
tissues, and it thus can achieve better therapeutic effects.23.93

The photo-responsive research based on MoS; originated from
PTT application (Fig. 2) and the first attempt was conducted by
Chou and co-workers.19 They synthesized chemically exfoliated
MoS; (ceMoS;) nanomaterials and applied it as NIR photothermal
agent due to its superior photothermal characteristic. The
photothermal killing of cancer cells has been confirmed in vitro at
the cell culture level. ceMoS,, with the mass extinction coefficient
(A = 800 nm, 29.2 L g1 cm™), displayed approximately 7.8 times
greater absorbance in the NIR light compared to that of nano-GO
(3.6 L gt cm™). To explore the in vivo applications, Cheng et al.
designed surface functionalized TMDCs to examine therapeutic
effects in animals.1% The obtained polyethylene glycol (PEG)-coated
WS; (WS,-PEG) exhibited good biocompatibility and appeared to be
a powerful PTT agent. It was found that after being either
intratumorally or intravenously injected with WS,-PEG into mice,
the tumor surface temperature rose from ~30 °C to ~65 °C

within five-minute NIR laser irradiation. Furthermore, experiments
on Balb/c mice uncovered 100% of tumor elimination by either
intratumoral (i.t.) injection (2 mg kg™) or intravenous (i.v.) injection
(20 mg kg™) of WS,-PEG under the exposure of 808 nm-NIR laser at
a relatively low power density, without recurrence during the
subsequent 45 days.

Considering the ultra-high surface area, TMDCs could be loaded
with PSs, genes, nitric oxide (NO) and chemotherapeutic drugs with
high loading capacity.?® Under the laser irradiation, the heat
transformed from the light energy by TMDC, on the one hand, could
trigger drug release from the surface. On the other hand, it could
enhance the uptake of drugs since the permeability of cell
membrane is increased by the heat.107-109 Therefore, the TMDC
mediated mild photothermal heating could
enhancement of drug uptake in cellular environment, the remote
control of drug release and minimal side effects to normal tissues.®
Thus, with strong NIR absorbance, TMDCs have demonstrated great
potential to act as nano-carriers at light-responsive DDSs.

For example, TMDCs have been used as photosensitizer carriers
for the design and fabrication of a “smart” PDT system.110-115 |n 3
work conducted by Yong et al., WS, NSs were used to deliver
methylene blue (MB, one of PSs) due to their high surface area.%*
Moreover, the PDT effect could be finely controlled by NIR laser,

realize the
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Laser

Fig.2 Two-dimensional TiS, nanosheets for in vivo photoacoustic imaging and photothermal cancer therapy. (a) Schematic illustration of
using TiS,-PEG nanosheets for photoacoustic imaging guided photothermal therapy. (b) Photothermal heating curves of pure water and
TiS,-PEG solutions with different concentrations (0.06, 0.12, 0.25, and 0.5 mg mL™t) under 808 nm laser irradiation at a power density of 0.8
W cm~2. (c) In vivo photothermal therapy: Photographs of tumor-bearing mice with i.v. injection of TiS,-PEG (12 h post injection) before
laser irradiation (left) and 10 days after photothermal treatment (right). (Adapted from ref. 94, Copyright 2015, The Royal Society of

Chemistry. Reproduced with permission.)

which could regulate the release of MB from the surface of WS,
NSs. During delivery process, due to the high light absorbance of
WS, and efficient energy transfer from MB to WS, singlet oxygen
(10,) generation of MB would be highly quenched by WS,, and thus
the PDT effect was mostly inhibited. When the nanoparticles
reached tumor sites, the photoactivity of PSs could be recovered by
NIR irradiation. The heat generated from TMDC by NIR irradiation
could disturb the interaction between WS, NSs and MB, and cause
efficient release of MB, which recovered the production of 10, and
then killed the cancer cells efficiently. The above-mentioned
features made it a smart PDT platform and could dramatically
improve PDT selectivity in tumors and reduce side effects on
normal tissues. In vitro experiment showed only 20% cell viability of
Hela cells with BSA-WS,@MB, 665 nm LED lamp and 808 nm laser,
significantly lower than any other groups. Thus, the as-synthesized
WS; NSs could not only load PSs, but also regulate the generation of
singlet oxygen by NIR irradiation, realizing a smart NIR-responsive
therapeutic platform and increasing the accuracy and efficacy for
cancer therapy. In another work conducted by Liu and co-workers,
PEGylated MoS; NSs were prepared and loaded with chlorin e6
(Ce6), another photodynamic agent, via supramolecular “m-mt”
stacking.198 In this nanoplatform, once irradiated by NIR laser, Ce6
would transfer the photon energy to molecular oxygen to generate
10, and kill nearby cancer cells.110-113 Moreover, it has also been
found that NIR-light triggered mild hyperthermia was capable to
increase cell membrane permeability, promote cellular uptake of

This journal is © The Royal Society of Chemistry 20xx

various agents and improve photodynamic cancer cell killing
efficiency.11® Taking advantage of these properties, tumor growth in
mice i.v. injected with MoS,-PEG/Ce6, irradiated with both 606 nm
light (PDT) and 808 nm laser (PTT) was significantly inhibited
compared to any other groups. Thus, after combining these two
representative phototherapeutic methods, PDT and PTT, a
superadditive therapeutic effect could be realized.

Apart from PSs, TMDC nanomaterials are also widely used in
stimuli-responsive gene delivery for gene therapy (GT). Gene
therapy, namely, is associated with the delivery of genetic
materials, like small interfering RNA (siRNA) molecules.117-123 |t
treats diseases by directly transferring genetic material into the
cancer cells themselves to cause destruction, or indirectly, either by
stimulating the immune system for the recognition and elimination
of the cancer cells or by targeting the non-malignant stromal cells
that support the growth and metastasis of cancer cells.124
Compared to chemotherapy, gene therapy can overcome several
difficulties, such as the intrinsic drug resistance and drug dosage
limitation, thus offering opportunities to obtain a more specific
therapeutic platform.*5125 |n addition, gene therapy could also be
used to inhibit the expression of the genes related to the heat shock
response triggered by PTT, and thus improved the PTT therapeutic
effect. Based on the enhanced efficiency of combined therapy, Kim
et al. designed a gene delivery system with single-layered
MoS,-PEI-PEG nanocomposites, responsive to both NIR light and
GSH.1% |t is well documented that GSH plays a significant role in
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maintaining and regulating cellular redox environment.46:127
Therefore, the high intracellular GSH concentration in tumor cells
presents opportunities to add GSH-sensitivity to light-responsive
DDSs.128 |n this system, when MoS,-PEI-PEG/DNA was trapped
inside an endosome, laser irradiation could induce NIR-triggered
endosomal escape. Afterward, DNA complex in the cytosol
encountered the cellular redox environment, where GSH
attenuated the disulfide bond, resulting in polymer detachment and
DNA release. The sequential process initiated by exogenous and
endogenous stimuli improved the efficiency of gene delivery and
was promising to be applied for therapeutic applications.

NO is another therapeutic cargo which can be loaded on and
released from the surface of TMDC nanomaterials under specific
conditions. It has been confirmed that owing to its reducing power
and byproducts dinitrogen trioxide (N,O3) and peroxynitrite (ONOO~
), NO plays a significant role in the natural immune system related
to infection and then can cause lipid peroxidation, rupture of
bacterial cell membranes and DNA deamination.12%130 Most
recently, NIR-mediated-releasing TMDC-based nano-carrier,
MoS;-BNN6, has been reported by Gao and co-workers for finely
controllable bacteria-infected wound therapy.’3! In this system,
N,N’-di-sec-butyl-N, N’-dinitroso-1,4-phenylenediamine (BNN6), as
the NO donor, remained stable below 60 °C, thus NO would not be
released in physiological condition. Once irradiated by NIR light,
MoS;, with an excellent photothermal effect, could elevate the local
temperature rapidly. Thus, with the temperature increasing to over

This journal is © The Royal Society of Chemistry 20xx

60 °C, BNN6 would decompose to release NO and induce damage
to DNA. Thus, by modulating NIR stimulus, NO could be used to kill
cells in an on-demand manner without undesired release. In the
experiment, the inactivation of bacteria of the group treated by
MoS,-BNN6 + NIR reached 98.9% for Amp® E. coli, which was much
higher than that of any other group. In addition, hyperthermia
induced by MoS; could not only accelerate oxidation of GSH into
GSSG, and disrupt the balance of antioxidants in the bacteria, but
also induce PTT to cause the direct death of cells. Considering NO's
good diffusion ability in tumor tissues, the PTT/NO synergetic
strategy had a significantly enhanced effect on precise ablation of
cancer cells upon NIR irradiation.32-137

Among the various TMDC-based NIR-responsive DDSs for cancer
therapy, the most widespread use is to deliver chemotherapeutic
drugs (e.g. doxorubicin (DOX) and 7-Ethyl-10-hydroxycamptothecin
(SN38)) for specific chemotherapy. This system is able to overcome
several shortcomings associated with chemotherapeutic drugs
themselves, such as instability in vivo, short circulation period, poor
water solubility and nonspecific delivery.13813% For a typical
example, Yin et al. synthesized chitosan-functionalized MoS;
(Mo0S,-CS) NSs and loaded DOX onto it by physical absorbing.107 NIR
was used to trigger the on-demand drug release at tumor sites.??
The release profile of DOX was examined and demonstrated that
the accumulated release of DOX could approach 80% after being
irradiated by 808 nm NIR laser with the power density of 1.4 W cm~
2, which was extremely higher compared to the DOX release in both
MoS,-CS-DOX group without NIR irradiation and the free DOX
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group. As a result, the NIR laser light could be used as a stimulus to
control the DOX release from MoS,-CS-DOX system and thus
enhanced the efficacy of tumor eradication.

To further enhance the therapeutic outcome, endogenous stimuli
could also be introduced for the design of a more “smart” system
for drug delivery. Among various endogenous “triggers”, pH has
been most widely used to design therapeutic platforms.3® Due to
the increased production and slow exportation of lactate and CO,,
the pH value in tumor sites is more acidic than that in blood and
normal tissues.1#0-142 Thus, combining pH and light stimuli in one
platform seems an effective strategy for a more efficient
tumor-targeting therapy.6114143-145 For example, Wang et al.
developed MoSe,@PDA-DOX nanostructure and tried to combine
the capability of pH-responsive drug release with PTT (Fig. 3).2” The
conjugated polydopamine (PDA) provided anchor points to load
DOX onto the surface of MoSe, NSs by m-mt stacking and
hydrophobic interaction. At a mildly acidic environment, the
interaction was attenuated and the release amount of DOX in PBS
with pH 5.5 reached 50%, which was almost twice more than that at
pH 7.4. Then, the release amount of DOX in the acidic environment
kept increasing to 80% after 808 nm laser irradiation. Besides, PDA
was also able to decrease the cytotoxicity and improve the
photothermal effect of MoSe, NSs. According to an in vivo tumor
model, the relative tumor volume change of the group of mice
treated with MoSe,@PDA-DOX + NIR was dramatically larger than
that of the control group, and no tumor recurred during the
following 15 days. As a result, such nano-system on the basis of
MoSe,@PDA-DOX nanocomposites could efficiently release drugs in
response to pH and NIR light, and thus enhance the therapeutic
effect.

In addition to 2D TMDCs, zero-dimensional (0D) TMDC nanodots
(NDs) or quantum dots (QDs) with ultrasmall size could also be
utilized in multi-stimuli-responsive platforms. The sizes of these
nanoparticles are so small that they could escape the absorption of
reticuloendothelial system, and be excreted through the kidney
effectively rapidly, thus maximally avoiding the unwanted side
effects.348991100 As 3 representative example, a 0D TMDC
nanoplatform based on WS, QDs (~5 nm) was synthesized by Lei
and co-workers.1#6 Upon reaching the mildly acidic TME, the
tailored nano-medicine would quickly break into two segments,
electropositive DOX@MSN-NH,, and ultrasmall WS,-HP. The former
could be applied to kill surface tumor cells via chemotherapy,
whereas the latter, with better biocompatibility and higher
photothermal conversion efficiency, could penetrate the tumor
parenchyma for NIR-induced PTT at deep tumor sites. Animal
experiments showed that the group treated with both
DOX@MSN-WS,-HP and NIR laser light inhibited 93% of tumor
growth. Thus, this multifunctional pH- and NIR-responsive
nano-system could be introduced to conduct different therapeutic
modalities for tumor cells at different tissue depths and accomplish
programmed tumor therapy.

Most recently, to pursue a more “smart”, controllable and highly
efficient cancer treatment, two or more different endogenous
stimuli have been integrated with TMDC-based light-responsive
chemotherapeutic drug release. For instance, Zhang et al
synthesized copolymer and transferrin decorated MoS, NDs. Here,
as shown in Fig. 4, the controlled drug release nanoplatforms could

This journal is © The Royal Society of Chemistry 20xx

be responded simultaneously to both pH and GSH dugte,the.Schiff
base bond used to load DOX and the disufffde 186Ad°(s88BtsA6ad
thiol functionalized transferrin (Tf-SH).33147.148 For one thing, the
two chemical bonds were pH-responsive. For another, the disulfide
linkage was responsive to GSH, and it could be stable in the
extracellular environment but could easily break down in the
reductive intracellular compartment with a high GSH concentration.
The maximum release of DOX was 69.3% under tumor acidic pH
conditions (pH = 5.7) with a high GSH concentration (10 mmol L1)
after 48 h. Along with NIR irradiation, this study demonstrated a
system for
chemo-photothermal therapy based on smart nano-carriers. In

multi-model and renal-clearable theranostic
another work conducted by Dong and co-workers, they reported an
intelligent nanoplatform on the basis of DOX-loaded MoS,-PEI-HA
NSs for targeted and enzyme-/pH-/NIR-responsive drug delivery.14?
On the one hand, HA can not only combine with a CD44 receptor,
targeting CD44-overexpressing breast cancer (MCF-7-ADR), but also
be degraded by HAase, one of the most closely cancer-related
enzyme, thus accelerating DOX release from MoS; based NSs. On
the other hand, the mildly acidic TME and external NIR laser
irradiation could promote the DOX release. Thus, the drug release
was controlled and accelerated by the three parts, leading to more
precise elimination of cancer cells. It was found that the maximum
cumulative release ratio of DOX, up to 77.4%, was from the group
with all the three parts, HAase (0.5 mg mL™1), NIR laser irradiation
(808 nm, 0.6 W cm~2) and acidic condition (pH = 5.0). Furthermore,
this platform was also confirmed to overcome chemotherapy
resistance, because the combination of HA targeting and mild NIR
laser stimuli was capable of downregulating the expression of
drug-resistance-related P-glycoprotein (P-gp). Therefore, it could
reverse drug resistance and enhance intracellular drug
accumulation so as to significantly improve therapeutic outcomes in
drug-resistant cancer.

4. Stimuli-responsive platform based on TMDC for
deep cancer therapy

Although NIR laser has been widely used as a trigger for
TMDC-based cancer therapy and several successful experiments
proved the good performance of NIR laser, the penetration of NIR
light is limited (1-3 mm)%0, so that it can only be used to kill the
malignant tissues on the surface of the body. However, tumors are
mostly located inside the body. Thus, it is desirable to develop a
kind of treatments with no penetration restriction. For this purpose,
magnetic field, X-ray, and microwave are more preferable, since
these stimuli demonstrate better penetrating efficacy for
deep-sited cancer therapy.*>

4.1 Magnetic field-responsive platform based on TMDC for deep
cancer therapy

Magnetism has been widely applied for diagnosis and therapy of
cancer since it almost has no harm on the body and possesses high
tissue penetration ability. MRI, a conventional imaging approach,
was developed in the early 1970s. It involves the detection of
nuclear spin reorientation in the external magnetic field. Compared
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to X-ray CT, which is suitable to provide images of tissue anatomy,
MRI is more suitable for molecular imaging of tissue
function.”>15%152 To further increase the sensitivity and avoid the
effect of water in the biological body, many contrast agents
containing magnetic metal ions have been used in MRI
scans.’>153154 Contrast-enhanced MRI is one of the most reliable
and non-invasive diagnostic methods because it can provide an
assessment of disease pathogenesis, timely feedback information
about disease tissue, and high-resolution 3D anatomical images of
soft tissues.155-158 Therefore, guided by bioimaging, cancer therapy
could be more pointed and precise, leading to an enhanced
therapeutic effect.

Gd(l1) chelate is one of the most widely used contrast agents due
to its distinctive electronic structure.531%° For example, Chen and
co-workers tried to design BSA-Gd-complex-modified MoS;
nanoflakes as cancer theranostic agents for MR/PA imaging and

This journal is © The Royal Society of Chemistry 20xx

PTT.%5 The PTT efficacy was investigated on the 4T1-bearing mice
model and demonstrated that compared to other groups, tumors
treated with MoS,-Gd-BSA and NIR laser were dramatically
inhibited without regrowth in the next 2 weeks. Furthermore, to
guarantee the precision of PTT, some imaging tools would be used
for assistance. On the one hand, the outstanding photothermal
performance enabled the MoS,-Gd-BSA nanomaterials as promising
photoacoustic contrast agents. On the other hand, the T;-weighted
MR images were increasingly brighter with the increasing
concentration of Gd. The transverse relaxivity r; was calculated and
showed that the r; value of MoS,-Gd-BSA was 17.95 mmol1s1L, 4
times higher than that of the commercial
Gd-diethylenetriaminepentaacetic acid (DTPA). Thus, it showed that
the images of MoS,-Gd-BSA were much brighter than those of
Gd-DTPA with the same concentration of Gd, indicating that the
as-synthesized MoS,-Gd-BSA had great potential for cancer
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theranostics.

Apart from the magnetic property of Gd(lll), some of the TMDC
materials themselves could be used as MRI contrast agents. Chen et
al., for the first time, presented VS,@lipid-PEG nanoparticles to
enhance in vivo MR imaging and thus realize multi-modal
imaging-guided photothermal tumor ablation.’° Apart from the
high NIR absorbance and photothermal conversion efficiency of VS,,
since vanadium (V) has 3d! electronic configuration and strong
electron coupling, VS, processes a new class of paramagnetic
properties. The brightness of Ti-weighted MR images was
progressively improved with the increasing concentration of V. In
vivo MR imaging also showed an obvious brightening effect in
T1-weighted MR signals in the tumor of mice after 24 h injection of
VS,@lipid-PEG. With strong NIR absorbance and chelator-free
radiolabelling ability, the VS,@lipid-PEG nanoparticles could also
act as photoacoustic and single photon emission computed
tomography imaging. Thus, the obtained nanomaterials based on
VS, could be developed for a tri-modal imaging-guided therapeutic
platform and further enhance the effect of PTT and may be a
promising type of nanomaterials for theranostic applications.

Magnetic stimulus can be used for magnetically targeted cancer
therapy as well. The work conducted by Yu and co-workers is a
representative example (Fig. 5).161 They integrated MoS; flakes with
Fes04 nanoparticles (MSIOs) and functionalized it with
biocompatible PEG. The anchoring strength between Fes0,4
nanoparticles and MoS; nanoflakes was not only because the large
surface area of MoS; offered more chances to absorb the Fe3O4
nanoparticles, but also due to its negative charged surface which,
through electrostatic interaction, could be anchored with
positive-charged Fe3* more easily. Thus, FesO4 nanoparticles could
be loaded on MoS; nanoflakes in a controllable way by varying the

This journal is © The Royal Society of Chemistry 20xx

concentration of Fe precursor. Then directed by external magnetic
field, Fes04 on the surface of the nanomaterial could serve as target
moiety, enhancing the accuracy of PTT. The magnetic targeting
induced therapeutic effects were evaluated both in Hela cells and in
tumor-bearing mice. In in vitro experiment, the cells in the
experimental group were cultured with MSIOs (10 ug mL™) with a
donut-shaped magnet beneath the culture plate. It has been
observed that under NIR laser irradiation, quantities of cells
surrounding the magnet were destroyed and especially, those in
the center of magnetic field were almost absolutely eliminated.
Compared with the high cell viability in the control group, the
as-prepared materials exhibited remarkable magnetic targeted
enhanced PTT properties. In addition, animal experiment showed
that tumor volume in the group injected with MSIOs (100 pL, 1 mg
mL™1), irradiated with NIR laser (808 nm, 0.6 W cm~2) and applied
with external magnetic field began to decrease after 2 days. After
9-day treatment, these tumors almost disappeared with no
recurrence during the next 15 days. Compared to the slight changes
in other groups, it exhibited the best treatment effect. Thus, such
multifunctional PEG-modified MoS,/Fes04 nanocomposites can be
utilized for magnetic targeted drug release, imaging (MRI), along
with hyperthermal therapy.

4.2 X-ray-responsive platform based on TMDC for deep cancer
therapy

X-ray is another external stimulus which has been most widely used
for CT and RT.162163 The most important advantage is that due to
the better penetration of X-ray, it can be precisely controlled to
eliminate deep-sited tumor cells, and the treatment can be
restricted to a specific body part, including breast, lung, and brain
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tumors.164 However, the radio-resistance of solid tumors, especially
tumor hypoxia, limits the efficiency of RT. One of the strategies
utilized to overcome the drawback of RT is to apply radiosensitizers,
which can accelerate DNA damage, produce free radicals, and
eventually enhance injury to tumor tissues. Furthermore, mild PTT
heating could also improve oxygenation status and help to
overcome the hypoxia-associated resistance of tumors to X-ray
radiation (Fig. 6).165167 Thus, certain types of TMDC nanomaterials
with high-Z elements and salient photothermal effects, could
efficiently serve as radiosensitizers and be applied for tumor
theranostics in RT and the combination with other
therapy.5/165,166,168,169

For example, Wang et al. synthesized MoS,/Bi,Ss-PEG (MBP)
composite NSs to take advantage of both MoS, and Bi,S; for
combined photothermal- and radio- cancer therapy.l79 Bismuth
(Bi)-containing composites possess a strong photoelectric
absorbance capacity under X-ray radiation, which can be applied to
improve the X-ray deposition within tumor tissue and accelerate
the break in DNA. In addition, MoS,, with high absorption in NIR
irradiation, could assist PTT and PA imaging. Therefore, such an
MBP composite nano-system performed well both in vitro and in
vivo CT/PA imaging-guided tumor diagnosis and combined PTT and
RT treatment. Firstly, the HU values of tumors were dramatically
increased after injection of MBP NSs via both i.v. and i.t. route into
4T1 tumor-bearing mice, indicating the advantage of using such
materials in precise CT imaging of tumors. Secondly, in animal

This journal is © The Royal Society of Chemistry 20xx

experiment, the PA signal intensity of tumors after administration
of MBP NSs was 1.5 times stronger than that of the control group,
demonstrating the positive effect on PA imaging. Finally, after X-ray
irradiation, compared to tumors in MP-treated mice, more
vacuoles, condensed nuclei, and changed cell shapes were found in
the MBP-treated mice, showing a better anticancer effect.
Furthermore, it was found that after successive exposure to 808 nm
laser (0.8 W cm~2, 5 min) and X-ray irradiation (8 Gy), MBP-treated
(IMo] = 100 ppm, 30 pL), mice experienced a dramatically
suppressed tumor growth without recurrence. Thus, 2D MBP NSs
showed great promise in imaging-guided tumor diagnosis and such
combination of PTT/RT could realize an enhanced tumor growth
inhibition.

Apart from the improvement of EBRT, TMDC with a high-Z
element could also be applied to enhance the efficiency of IRT. In
the work conducted by Chao et al., rhenium-188 labelled tungsten
disulfide (WS,) nanoflakes were synthesized.166 In this nano-system,
188Re, as a radioisotope, could emit radioactive y-radiation, while
tungsten (W) was used to absorb ionization radiation generated
from 18Re, enabling “self-sensitization” to enhance the efficacy of
RIT. Meanwhile, WS,-PEG, with strong NIR absorbance, could be
used for NIR light-induced PTT, which could enhance the RIT
efficiency at the same time. Therefore, after i.t. injection of
188Re-WS,-PEG, self-sensitized and NIR-enhanced RIT would be
realized, completely ablating cancer cells. The results clearly
showed that for mice treated with both NIR-enhanced RIT and
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Fig.7 A triple-synergistic nanoplatform for combinational RT/PTT/PDT and multi-modality imaging based on HA-WS,@PANI/Ce6. (a)
Schematic illustration of HA-WS,@PANI/Ce6 nanohybrids for the multi-modality imaging-guided tri-model combination therapy of tumors.
(b) Growth of 4T1 tumors in different groups of mice after treatment. The relative tumor volumes were normalized to their initial sizes. *P
< 0.05, **P < 0.01. (c) Photos of tumors collected from each group of the 4T1 tumor-bearing mice after various treatments. (Adapted from
ref. 165, Copyright 2017, The Royal Society of Chemistry. Reproduced with permission.)

188Re-WS,-PEG, their tumors were eradicated and all of the mice
remained healthy over two months. Compared to the well
therapeutic effects, the untreated mice or free 18Re-treated mice
only survived for 16-20 days, and for mice treated with only RIT
plus 188Re-WS,-PEG or only PTT plus WS,-PEG, their life-spans just
lengthened to 22—-30 days. Thus, due to the radioisotopes delivery
into tumors, this work enabled “self-sensitization” to induce cell
damage, modulated the hypoxia state of tumors, and successfully
enhanced the therapeutic efficacy.

Recently, TMDCs, which are able to work as both photothermal
agents and radiosensitizers, are becoming popular because of their
multifunctional properties and simple synthetic methods. Yong et
al. fabricated 3 nm-WS; QDs with excellent NIR absorbance and
X-ray attenuation property for PTT/RT synergistic treatments.3* The
results showed thorough tumor elimination 5 days after being
treated with WS, QDs + PTT + RT without re-growth in 17 days,
which is the most efficient tumor growth delay compared with PTT
or RT alone. It demonstrated that the as-prepared WS, QDs could
convert NIR laser irradiation into heat and increasing the

This journal is © The Royal Society of Chemistry 20xx

temperature of the tumor tissues to ~45 °C. Then the
NIR-mediated mild temperature elevation could change the
oxygenation environment to enhance the therapeutic effects of RT.
Therefore the newly-synthesized nanocomposites could realize a
synergistic PTT/RT without causing long-term toxicity in vivo.

For further enhanced therapeutic effects, Wang and
co-workerstried to introduce PDT and develop a nanoplatform
(HA-WS,@PANI/Ce6) to realize  targeted  triple-therapy
(PDT/PTT/RT) (Fig. 7).1% In this system, irradiated by 808 nm NIR
laser, HA-WS,@PANI/Ce6 served as an efficient photothermal agent
for targeted PTT. Then the hyperthermia caused by PTT could result
in the acceleration of blood flow and the increase of oxygen supply
in the tumor. Sufficient oxygen, could not only improve the PDT
efficiency due to the increase in the production of 0, but also
enhance the RT effect by reducing the radioresistance of the tumor.
In animal experiment, the relative tumor volume change of the
triple-therapy group indicated that the tumor growth was
completely inhibited without recurrence in the observation period,
while fast tumor growth and tumor recurrence were obtained in
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Fig.8 Layered MoS; nanoflowers for microwave-responsive thermal therapy. (a) Schematic illustration of the synthesis process of BSA-MoS;
nanoflowers as nanoagents for efficient cancer MW thermal therapy. (b) MW heating of BSA-MoS; dispersed in deionized water at
different power (0.6 W, 1.2 W and 1.8 W). (c) Photos of collected tumors of each group. (Adapted from ref. 180, Copyright 2016, The Royal

Society of Chemistry. Reproduced with permission.)

the single- and dual-therapy group, respectively. Thus, this novel
TMDC-based nanoplatform could overcome the tumor resistance of
hypoxia-related RT/PDT and display a highly enhanced strategy for
cancer therapy.

4.3. Microwave-responsive platform based on TMDC for deep
cancer therapy

Compared to the side effect caused by chemotherapy and RT,
thermal therapy is a relatively non-invasive, simple approach to
treat tumors. It converts NIR laser'’1-173 or MW irradiation into heat
and then hyperthermia can kill the cells through protein
denaturation or rupture of the cellular membrane, leading to the
removal of cancerous cells and the shrink of tumor.174 Since NIR
light has a limited penetration depth, typically 1-3 mm, thermal
therapy induced by NIR laser cannot reach underlying tumors to
treat large tumors. Whereas, MW shows a longer penetration

This journal is © The Royal Society of Chemistry 20xx

depth, faster heat generation, shorter irradiation durations, large
ablation zones and less susceptibility to local heat sinks.8¢ However,
simple heating techniques have difficulty discriminating between
tumors and surrounding healthy tissues, leading to serious damage
to normal tissues and unbearable pain. In order to facilitate
localized heating and enhance the efficiency for cancer treatment,
MW susceptible agents with spatial confinement microcapsule
walls, such as TMDC nanomaterials, have been widely investigated
and then applied in clinical cancer treatments. Taken layered MoS;
NSs as an example, the dipolar polarization and ionic conduction of
layered MoS; NSs are the two main causes of the heating effect of
MW.175 |rradiated by MW, the dipoles or ions would align in the
oscillating electric field. Then the molecular friction and dielectric
loss would generate heat, which could dramatically change the
states of the molecules or ions in nanoscale spaces, and further
improve the effect of heating.176-17° Wang et al., for the first time,
applied layered MoS; nanoflowers, as MW susceptible agents for
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MW thermal therapy (Fig. 8).180 After 5-min MW irradiation, the
temperature of BSA-MoS; dispersed in normal saline increased by
25 °C, while the temperature of NSs and water could only increase
by 14 °C and 2 °C, respectively. Therefore, the BSA-MoS;
dispersed in saline solution showed enhanced MW thermal effects,
demonstrating that the as-prepared MoS,; nanomaterials had
outstanding MW susceptible properties. In in vivo experiment,
contrast to the quick growth for the control group and only MW
group, tumor growth was completely inhibited for the material+
MW group. After 17 days, tumors for the material + MW group
disappeared and no apparent change in tissues was detected.
Therefore, BSA-MoS; turns out to be a promising susceptible agent
for cancer therapy via MW ablation.

Though many novel MW susceptible agents were introduced to
treat tumors, to realize complete ablation of the large orthotopic
transplantation tumor or tumor cells remained in the periphery is
still difficult. In order to overcome the heat-sink effect induced by
the blood flow and other difficulties,’® Fu and co-workers
encapsulated MoS; NSs in sodium alginate microcapsules (MSMCs)
as MW embolization agents for large orthotopic transplantation
tumor therapy.82 According to the results of the in vivo MW
therapy on mice, the temperature of the tumor region receiving
MSMC immediately increased to 50 °C after mere 1-min MW
irradiation and reached 60 °C in 5 min. The hyperthermia was so
high and persistent that it could realize a complete ablation of the
cancer cells and prevent their re-growth. It was found that the
tumor suppression rate in the group of MW, MC + MW, MoS; NSs +
MW, and MSMC + MW group was 59%, 69%, 79%, and 100%,
respectively, indicating an effective tumor ablation of MSMC.
Furthermore, the ablation region of the group receiving MSMC +
MW was 5 times larger than that of the group treated by MW
alone. Considering the good biocompatibility and clearance from
the body, MSMC could potentially be applied as a multifunctional
theranostic agent for treatment of the larger tumor via the
synergistic therapy of enhanced MW ablation and transcatheter
arterial embolization.

5. Conclusions and Outlooks

In this review, we summarize the recent advances in TMDC-based
stimuli-responsive  mechanisms and applications to cancer
treatment. Compared with other nanomaterials, 2D TMDCs have
some special characteristics, making them novel and promising
biomedical platforms. However, TMDCs are relatively new, and
many drawbacks remain. The details about the current problems,
subsequent developments and future directions are discussed in
the following part.

First of all, biosafety should be paid more attention to in
biomedical applications. Though compared to other typical
materials, TMDCs induce fewer cytotoxic responses and are more
biocompatible, several problems still need to be considered. On the
one hand, the in vivo biodistribution, metabolic pathways, and
excretion of TMDCs are important in practical use. Some inert
inorganic nanomaterials end up accumulating in the living body,
bringing long-term toxicity and side effects.l” On the other hand,
some compounds that are conjugated or coated with TMDCs, such

This journal is © The Royal Society of Chemistry 20xx

as Fe304, are not biodegradable.*> The degradatjpn ,of . these
materials can release metal ions and cause n&ghfivé &Ffécts BRMg
organisms for a long time.*> So far, one of the most accepted
strategies is to reduce the particle sizes to ensure easy excretion,
complete clearance, and enhanced biosafety. For example, instead
of 2D TMDCs, some researchers fixed their attention on 0D TMDC
NDs or QDs with ultrasmall sizes, which successfully demonstrated
efficient tumor inhibition and improved biocompatibility.3489.91
Before final clinical translation, more efforts are still required on the
study of the material toxicity.

Secondly, synthetic methods and surface functionalization
strategies should be optimized. Though many physical and chemical
preparation approaches have been provided, such as liquid
exfoliation method and electrochemical intercalation
methods,83185 most of them still lack better control on the
thickness and size of the products. Therefore, the therapeutic effect
of these materials will significantly decrease. Considering that the
complexity of TMDC architectural design and difficulties scaling up
the synthesis may restrict their further applications, not only the
industrial-scale and controllable production, but also the efficiency
repeatability of synthesis and functionalization require to be
realized and further improved in the near future.2°

Thirdly, the long-term stability and durability under stimulus is
also important and needed to be improved. The internal (e.g.
acidity, GSH, specific enzyme overexpression, and ATP) and the
external signals (e.g. light, MW, and radiation) may have negative
effects on the long-term stability of TMDC. Though the instability
may stimulate the degradation of materials to reduce the inherent
toxicity, it causes more problems. For example, it may bring about
side effects and weaken, even deprive the therapeutic effects of the
responsive nano-system. Thus, the TMDC-based stimuli-responsive
system may only work for a short period with a worse therapeutic
result. Since the previous research did not pay enough attention on
this issue, more experiments should be conducted to fix this
problem.?

Additionally, standard of
stimuli-responsive therapeutic platforms is still a challenging aspect
in this field.?? According to the research mentioned above, these
smart platforms all have their own advantages, but it is difficult to

evaluation criteria for the

pinpoint which stimuli-responsive nano-system provides the best
treatment and causes the least side effects. Considering the general
rule, the simpler and easier the development of a system is, the
better its chances of reaching the clinic. Multi-stimuli-responsive
systems may have some advantages compared to the simple ones.
However, the contribution of each stimulus and the principle of
multiple stimuli working together to enhance the effect are still not
clear. Besides, multi-stimuli-responsive systems are more difficult
to be constructed. Thus, establishing reasonable evaluation criteria
to measure the chances of clinical applications is instrumental for
the future development.!

Last but not least, the overall therapeutic efficacy of TMDCs
remains in a low stage. Each therapeutic modality has its own
limitations. For example, light-responsive therapies (e.g. PTT, PDT)
cannot penetrate deep enough to kill deep-sited tumors, while
pH-triggered therapies have much lower flexibility.142 Also, to
ensure the accuracy of treatment, imaging guidance could be
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MD’:A' 2":_‘;4;?':8”5' aptamer, DOX, DNA Liquid-phase exfoliation method ATP Chemotherapy, ATP targeted delivery 186
HeLa cells thiolated DOX, 6-mercaptopurine Liquid exfoliation and solvothermal method GSH Chemotherapy, GSH targeted delivery 128
HeLa cells / Morrison method NIR PTT 105
4T1 cells 5 (GS) poly Hydrothermal method NIR PTT +GT 187
dendrimers- LA, B-cell lymphoma-2 siRNA
HepG2 cells BSA, Cy5.5 Hydrothermal method NIR PTT + PDT, PA/FL imaging 188
660 nm and
4T1 cells PEG, Ce6, AuNPs Liquid exfoliation method 808 nm PTT + PDT, CT/NIRF imaging 189
light, X-ray
NIR,
4T1 cells PEG, IONPs, #Cu Morrison method magnetic PTT, PA/MR/PET imaging 13
field
- MosS:
<§( 2 NIR
8 Panc-1 cells PEG, IONPs Hydrothermal method magnetic PTT, MR/PA 'maging. magnetic field 161
S field targeted delivery
—
e
; SCC-7 cells, COS-7 cells LA-PEG, LA-K::(DMA), toluidine blue O Ultrasonic exfoliation method NIR, pH PTT + PDT, pH targeted delivery 115
P
S _ -
F HeLa cells DOX, transferrin, ht:\lll';):v mesoporous silica Solvothermal method NIR, GSH PTT + Chemotherapy 148
-
&
c
_% HCTMGCZT:I:' BI6FL PEG, thiolated PEG, LA-PEI, DNA Chemical exfoliation method NIR, GSH GT, CT imaging, GSH targeted delivery 126
= 4TL cells, KB cells, Hel.a DOX, LA-PEG-FA Morrison method NIR, FA PTT + Chemotherapy 144
g cells receptor
g HeLa cells aptamer, Ce6 Liquid exfoliation method NIR, ATP PDT, ATP targeted delivery 190
g
N . .. NIR, PTT + Chemotherapy, PL/PT imaging,
% A549 cells aptamer, DOX, PEG, CuisS Ultrasonic exfoliation method MicroRNA MIRNA targeted delivery 191
[
=
4T1 cells CS, AlPc, SiO, Liquid exfoliation method NIR, pH, PTT+ ,PDT,+ Chemotherapy, P.AICT/NIRF 114
8 X-ray imaging, pH targeted delivery
<
(]
NIR, pH, PTT + Chemotherapy, MR imaging, pH
-8 LO2 cells, Hep3B cells CS, Fe;0x, Mn, metformin Solvothermal method magnetic PY. " ging. p 192
ﬁ field targeted delivery
2
HepG2 cells DOX, POV, thiolated transferrin Hydrothermal method NIR, pH, PTT+ Chemotherap Y, PH/GSH targeted 147
GSH delivery
MCF-7-ADR cells DOX, PEI, HA Liquid-phase exfoliation method NIR, pH, PTT + Chemotherapy, PET imaging, 149
enzyme pH/enzyme targeted delivery
. i MW, X-ray,
VX2 liver fl)l'thOtOplC DOX, mPEG-PLGA, Fes0. Hydrothermal method magnetic MW thermal therapy, CT/MR imaging 181
transplantation tumor field
HT29 cells DOX, PEG, agar Solvothermal method NIR, pH, PTT + Chemotherapy, CT/PA imaging, pH 193
X-ray targeted delivery
MoS,/BiSs
4T1 cells PEG Solvothermal method NIR, X-ray PTT + RT, CT/PA imaging 170
4T1 cells LA-PEG Morrison method NIR PTT 106
HCT-116 cells DOX, PMOs Solvent exfoliation method NIR PTT + Chemotherapy 100
4T1 cells DOX, MSN Grinding and sonication method NIR, pH PTT + Chemotherapy, pH targeted delivery 146
ws, HT29 cells pVP Hydrothermal method NIR, X-ray PTT, CT/PA imaging 194
BEL-7402 cells PEI, siRNA Liquid exfoliation method NIR, X-ray PTT + GT, CT/PA imaging 123
665 nm and
HeLa cells BSA, methylene blue Liquid-phase exfoliation method 808 nm PTT + PDT, CT imaging 104
light, X-ray
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4T1 cells Ce6, HA, PANI Solvothermal method 808 nm PTT + PDT + RT, CT/PA/FL imaging 165
light, X-ray
NIR, X-ray,
4T1 cells PEG, Gd* Solution-phase method magnetic PTT + RT, CT/PA/MR imaging 167
field
NIR, pH,
4T1 cells DOX, PEG, FesO4 NPs, mesoporous silica, Lithium intercalation method X-ray,_ PTT + Chemotherapy, CT/MR imaging, pH 102
Cy5.5 magnetic targeted delivery
field
4T1 cells PEG, **Re Hydrothermal method NIR, X-ray PTT+RIT 166
ReS; 4T1 cells PEG, ®™Tc* Hydrothermal method NIR, X-ray PTT +RT, CT/PA imaging 168
HeLa cells, Panc-1 cells PVP Liquid exfoliation method NIR, X-ray PTT, CT/PA imaging 195
DoX, NIR, pH PTT + Chemotherapy, CT imaging, pH
TaS, HeLa cells, PC3 cells 1,2-di yl-sn-glycero-3-pk 10lami Grinding and sonication method X rap ' tar eted?;liver aing. pl 196
ne-N-[methoxy(PEG)-3000] Y 9 Y
TiS2 4T1 cells PEG Solution-phase method NIR PTT, PA imaging 94
NIR,
Vs, 4T1 cells PEG-lipid, ®"Tc* Ultrasonic exfoliation method magnetic PTT, PA/MR/PET imaging 160
field
HeLa cells DOX, PVP PVP-assisted exfoliation method NIR PTT + Chemotherapy 197
4T1 cells indocyanine green Solution-phase method NIR PTT, PA imaging 198
. - - NIR, FA
SPC-A-1 cells PLGA, FA, PEG-lipid Liquid exfoliation method PTT 199
receptor
MoSe;
NIR,
HepG2 cells, 3T3 cells PEG, Gd** Liquid-phase exfoliation method magnetic PTT, PA/MR imaging 200
field
HeLa cells ! Liquid exfoliation method 785 nm light PTT 89
HeLa cells, HepG2 cells ! Hydrothermal method NIR, X-ray PTT, CT/PA imaging 201
WSe; HeLa cells, U14 cells BSA, methylene blue Liquid-phase exfoliation method NIR PTT + PDT 103

AlIPc: aluminum phthalocyanine chloride; ATP: adenosine triphosphate; BSA: bovine serum albumin; Ce6: chlorin e6; CS: chitosan; CT:
computed tomography; DOX: doxorubicin; FA: folic acid; FL: fluorescence; GSH: glutathione; GT: gene therapy; HA: hyaluronic acid; IONP:
iron oxide nanoparticle; LA-Ki;(DMA): LA-GKKKKKKKKKKK-NH,(dimethylmaleic anhydride); MR: magnetic resonance; MSN: mesoporous
silica nanoparticle; NIR: near-infrared; NIRF: near-infrared fluorescence; PA: photoacoustic; PANI: polyaniline; PDT: photodynamic therapy;
PEG: polyethylene glycol; PEIl: polyetherimide; PET: positron emission tomography; PLGA: poly(lactic-co-glycolic acid); PMO: periodic
mesoporous organosilicas; POV: copolymer P(OEGA-co-VBA); PTT: photothermal therapy; PVP: poly(vinylpyrrolidone); RIT: radioisotope

therapy; RT: radiotherapy.

combined in the therapeutic platforms. Thus, it is promising to
further develop imaging-guided TMDC-based biocompatible
nano-systems with both diagnostic and therapeutic functionalities.
In general, the development of stimuli-responsive TMDC
nanomaterials is at a rapid rate but, it has not satisfied the demands
in clinical applications up to now. More efforts are required on the
unresolved issues to make more influencing progress in the future.
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