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Two-dimensional (2D) graphene-like nanomaterials show wide applications in the fields of nanodevices,
sensors, energy materials, catalysis, drug delivery, bioimaging, and tissue engineering. Recently, many
studies have been focused on the synthesis and application of 2D transition metal dichalcogenide (TMD)
nanosheets for various biomedical applications. In particular, 2D TMD nanosheets exhibit great
advantages for tumor imaging and therapy compared to some traditional nanomaterials due to their
high specific surface area, good biocompatibility, easy modification, and ultrahigh light and heat
conversion efficiency. In this review, we summarize the recent advances in the synthesis, modification,
and photo/thermo-based tumor imaging and therapy of 2D TMD nanosheets. The important studies on
tumor bioimaging with TMD nanosheets, such as X-ray computed tomography, magnetic resonance
imaging, and photoacoustic imaging, are demonstrated and discussed. In another section, the physical
photothermal and photodynamic therapies as well as the pharmacological therapy of tumors with TMD
nanosheet-based nanohybrids are introduced. It is expected that this work will be valuable for readers to
understand the synthesis and modification of TMD nanosheets to design novel 2D functional

nanomaterials for photo/thermo-based tumor imaging and therapy in one aspect, and in another aspect
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will extend the applications of TMD-based nanomaterials in materials science, analytical science,

rsc.li/nanoscale-horizons electrocatalysis, tissue engineering, and others.

biomedical fields including cell imaging, tumor therapy,'® and
drug delivery.

1. Introduction
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Cancer is one of the serious diseases increasingly threatening
human health. Despite widespread use in clinics for a long time
already, traditional chemotherapy and radiotherapy possess
serious drawbacks including huge damage to the human body
and high recurrence rate, and thus they cannot meet the needs
of biomedical treatment of cancers. With the development of
nanotechnology, it is possible to break through the barriers of
cancer treatments by using some functional nanomaterials and
corresponding curing techniques." In the past few decades,
various nanomaterials with different dimensions, such as
zero-dimensional (0D) nanoparticles and nanodots,>* one-
dimensional (1D) nanowires* and nanotubes,” two-dimensional
(2D) nanosheets,”® and three-dimensional (3D) scaffolds,” have
been extensively prepared and used for promising applications in
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2D graphene and graphene-like materials possess high surface
area, good biocompatibility, strong corrosion resistance, and high
stability. Previous studies have indicated that 2D graphene-like
materials showed potential biomedical applications with exciting
performance." Transition metal dichalcogenides (TMDs) are a
family of graphene-like materials consisting of over 40 com-
pounds with the generalized formula of MX,."> Representative
TMD materials include MoS,,"*® WS,'” and MoSe,,'® which can
be prepared by different approaches like mechanical stripping,
lithium ion intercalation, liquid stripping, and meteorological
precipitation. TMD nanosheets synthesized using different
methods are suitable for various research fields such as electro-
chemistry, catalysis, energy storage, biomedicine, and so on.

TMD nanosheets have also shown great potential for bio-
medical applications such as drug delivery as well as tumor
imaging and therapy due to several distinct advantages. Firstly,
TMD nanosheets possess a high specific surface area and a
large number of active sites, which are favourable for chemical
modification, and therefore biomolecules can be conjugated
onto TMD nanosheets to improve their biocompatibility."®
Secondly, TMD nanosheets can be easily doped with para-
magnetic particles for tumor bioimaging, such as computed
tomography (CT),° magnetic resonance (MR) imaging,** and
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photoacoustic (PA) imaging techniques.*” Thirdly, TMD materials
have ultrahigh light and heat conversion efficiencies, which are
perfect for photo/thermal-induced tumor photothermal and photo-
dynamic therapy (PTT/PDT). For example, MoSe, has revealed a
thermal conversion of 57.9%, which is similar to that of gold
nanoparticles (AuNPs) for potential applications in PTT/PDT.>* The
adoption of TMD materials could not only solve the problem of
surface modification, but also enable a transition from single-
modal PDT (or PTT) to dual-modal therapy (PTT + PDT), which
shows better therapy performance.>* Finally, TMD nanosheets
show near-infrared (NIR) absorption properties and could act as
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Fig.1 Schematic illustration of 2D TMD nanosheets for photo/thermo-
based tumor bioimaging and therapy.

the photosensitive doping agents in a TMD-polymer hybrid
hydrogel system.”>*® Therefore, controlled drug delivery and
release could be achieved by NIR-mediated heating of thermo-
sensitive hydrogels.

With the development of chemical synthesis and modification
of TMD materials, many studies on the biomedical applications
of TMD nanosheets have been reported in the last few years.
Previously, several reviews on the synthesis,>” modification,”® and
biomedical applications of TMD materials have been
reported.'>*** For example, Chen et al. demonstrated the cancer
therapy and bioimaging with 2D TMD nanosheets,"”” and
Chimene et al. introduced TMDs and transition metal oxides
(TMOs) for biomedical applications.>” Although great achieve-
ments have been obtained and a lot of useful knowledge has
been acquired from these studies, there is still some space left in
order to enrich the content of this emerging topic.
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Therefore, in this review, we focus on photo/thermo-based
tumor imaging and therapy with 2D TMD nanosheets, as
shown in Fig. 1. In Section 2, the synthesis, modification, and
various applications of TMD nanosheets are introduced briefly.
In Section 3, the recent advances in tumor imaging including
magnetic resonance (MR), computed tomography (CT), and
photoacoustic (PA) imaging with TMD nanosheets are presented.
In Section 4, important cases of tumor therapy (physical PTT/PDT
and pharmacological drug therapy) with TMD nanosheets and
corresponding TMD-based nanohybrids are demonstrated. It is
expected that this work will further guide studies on the design,
synthesis, and biomedical applications of novel TMD-based nano-
materials in the future.

2. Synthesis, modification, and
applications of TMD nanosheets

In this section, we would like to introduce briefly the main
strategies to produce TMD nanosheets, and then summarize
the structure and properties of TMD nanosheets prepared
using various methods. In addition, the functionalization of
TMD nanosheets to combine them with other nanoscale building
blocks for extended applications will be demonstrated.

2.1 Synthesis of TMD nanosheets

2.1.1 Mechanical exfoliation. The mechanical exfoliation
method is the earliest physical approach to prepare graphene
and other 2D nanosheets.** Due to weak interactions (such as
van der Waals force) between layers, the stacking between layers
is not tight enough. Previously, Novoselov et al. successfully
prepared single-layer graphene, MoS,, NbSe,, Bi,Sr,CaCuO,,
and BN, through the mechanical exfoliation of bulk materials.**
Similarly, 2D TMD nanosheets of single-atomic thickness have
also been exfoliated by this method. Recently, Xing et al. success-
fully exfoliated 2D nanosheets, such as MoS,, BN and graphene,
in an atmosphere of NH;, C,H, and CH, gases with high-energy
ball milling.*> 2D nanomaterials become indestructible with high-
energy impacts in certain gases due to high absorption of the
ammonia and hydrocarbon gases. The mechanochemical reaction
of reactive gases resulted in the formation of dangling bonds
during milling and chemisorption of reactive species, terminating
bonds and preventing the cross-linking of layers upon forming
bridging bonds. This milling process in a reactive gas provides a
general method to produce different 2D TMD nanosheets with
large quantity and high yield.

2.1.2 Ion-intercalation and exfoliation. As a special liquid
separation method, ion intercalation-based exfoliation possesses
a unique advantage of using ions to react with water and produce
a gas to disperse the lamellar gap, thereby weakening the van der
Waals forces between the layers, as shown in Fig. 2a.>® However,
there is one potential problem in the subsequent lithiation
because it cannot completely replace the liquid peeling. Unlike
other 2D materials like graphene, the whole structure of TMD
nanosheets is a transition metal atom sandwich between two
chalcogenide layers. As a result, TMDs have two different types of
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Fig. 2 Typical synthesis methods of TMD nanosheets and corresponding
morphologies: (a) electrochemical lithiation preparation of 2D nanosheets
from the layered bulk materials. Reprinted with permission from ref. 36.
Copyright 2011 Wiley-VCH. (b) Proposed mechanism of an LPE process.
An efficient solvent for LPE should have the best matching of surface
tension components to the aimed 2D material. TEM images of typical WS,
and MoS;, nanosheets. Reprinted with permission from ref. 40. Copyright
2015 American Chemical Society. (c) Scheme showing the CVD process
for the synthesis of MoSe, crystals on molten glass. Reprinted with
permission from ref. 43. Copyright 2017 American Chemical Society.

electronic structures, one is a semiconductor hexagonal structure
(2H) and the other is a metal phase (1T).**® Generally, the
lithium ion intercalation stripping is particularly suitable for the
large-scale production of TMD nanosheets, and it is easy to
control the key structural/constitutive parameters of 2D TMDs.
At present, high quality stripping MoS,, TaS,, TiS,, WS,, ZrS,,
NbSe,, WSe,, Sb,Se;, Bi,Te;, and BN can be obtained facilely.
Therefore, this method can be used to produce high-yield TMD
nanosheets with good homogeneity, and has proven to be an
effective synthesis strategy of 2D TMD nanosheets.

2.1.3 Liquid phase exfoliation. Liquid phase exfoliation
(LPE) is another convenient and effective method to prepare
TMD nanosheets. The crucial structure and average thickness
of the flakes could be easily controlled by adjusting the para-
meters of the ultrasonic cell disruptor or selecting different
surfactants. Previously, Backes et al. demonstrated a method to
simultaneously determine different parameters of nanosheets
such as size, thickness and concentration from an optical
extinction spectrum measured from a liquid dispersion of MoS,
nanosheets.*® The measurement of concentration is based on
the size-independence of the low-wavelength extinction coefficient,
while the size and thickness measurements rely on the effect of

This journal is © The Royal Society of Chemistry 2018
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edges and quantum confinement on the optical spectra. This
detection method enhances the usability of LPE for producing
TMD nanosheets. The preparation of 2D TMD nanosheets
requires the selection of surfactants that match their surface
energies. Shen et al.*® found that the exfoliation efficiency could
be enhanced when the ratios of the surface tension components
of the applied solvent were close to that of the desired 2D
materials. They found that isopropanol as a water-soluble surfac-
tant can effectively meet the tension ratio of TMDs by changing
the proportion of isopropanol and water. As shown in Fig. 2b,
graphene (thickness 0.4 nm), WS, (thickness 1.6 nm), MoS,
(thickness 1.2 nm), and h-BN nanosheets (thickness 1.3 nm)
were successfully stripped by using a mixture of isopropanol and
water as the intercalation agent. In addition, Sreshtt et al*'
modelled the solvent phosphorene interactions using an atomistic
force field based on ab initio calculations and lattice dynamics.
Their results accurately reproduced the experimental mechanical
properties and solvents whose molecules are planar, particularly
near 2D nanosheet surfaces (such as nitrogen methylpyrrolidone
(NMP) and DMSO), which behave as molecular wedges to inter-
calate more efficiently. Furthermore, this intercalation was
successful only if the new 2D nanosheet surfaces created by the
solvent wedge were stabilized by the sorption forces between the
solvent molecules and materials.

2.1.4 Chemical vapor deposition (CVD). CVD is one of the
widely-used bottom-up methods for preparing high-quality
2D nanofilms and other layered materials upon deposition on
a heated solid or molten substrate via chemical reaction
between gas-phase small molecules.*> CVD is particularly sui-
table for the manufacture of large-sized, thickness controllable,
and highly demanded 2D nanosheets. Due to the need of an
expensive chemically inert metal as a substrate, the practic-
ability of CVD has been restricted. Generally, the CVD method
can be used to fabricate a uniform single-layer of nanosheets,
because the atomic deposition process would dominate the
transfer process in the whole fabrication process. On the other
hand, sandwich structures of TMDs with single-layers and
large-size sheets can also be prepared by CVD, such as the
reaction of MoO; and S reactants at 650 °C on a SiO, substrate.
However, due to the defects of the solid substrate and the
presence of impurities, the preferential nucleation of micro-
crystals becomes an obstacle to limit the preparation of
large-sized sheets by CVD. Recently, Chen et al.** successfully
fabricated large-sized monolithic MoSe, using molten glass as
the substrate. Fig. 2c shows the use of 20 scem Ar as a carrier
gas mixed with a small amount of H,, and the MoO; reductant
could control the starting and end points of the reaction. The
CVD growth process was carried out at ambient pressure, and
the growth of the selenium powder and the molten glass was
maintained at 280 and 1050 °C, respectively. The glass sub-
strate was placed in a quartz tube mounted in a tube furnace,
and MoSe, was grown on the surface of the molten glass. It was
obvious that MoSe, was deposited on the poly(methyl meth-
acrylate) (PMMA) solid substrate, and the defects on the substrate
led to this phenomenon. Different morphologies of the crystals
decreased the size of the fabricated layer and increased the folding
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of the layer, which resulted in the formation of layers with larger
surface area. These high-standard and large-sized TMD sheets
prepared by CVD deposition and melting of the substrate have
great potential for further applications.

2.2 Functionalization of TMD nanosheets for various
applications

2.2.1 Ionic adsorption. There are special requirements for
the preparation of TMD nanosheets in the biomedical field,
particularly in the treatment of tumors. Researchers are inter-
ested in learning whether protein as a natural biopolymer
contributes to the removal of TMD materials. If the protein
can be used in auxiliary peeling and has an additional function
of changing the lamellar surface, the field of medical nano-
materials will be expanded. Recently, Guan et al.** have suc-
cessfully demonstrated that protein like bovine serum albumin
(BSA) can indeed be used to prepare and modify 2D TMD
nanosheets. The process of stripping different TMD materials
(such as MoS,, WS, and WSe,) with BSA has also been reported
by other groups.**™” Interestingly, BSA not only stripped MoS,
nanosheets but also modified their surface properties. In addition,
BSA can absorb toxic compounds and heavy metal ions. Therefore,
BSA-modified MoS, sheets have shown the ability to absorb toxic
substances and heavy metal ions, as shown in Fig. 3. At the same
time, the strategy can be combined with PTT/PDT, considering
that nanosheets can also absorb toxic substances that are pro-
duced during the tumor treatment. This functional approach has
great potential in the medical field.

2.2.2 Temperature-resistant materials. TMD nanosheets
can be used as photosensitizers for PTT.*® In the preparation
of TMD nanosheets, ultrasonic stripping methods have been
widely used. Ultrasound can cause TMD nanosheets to rub
against each other to release large amounts of heat, which may
oxidize the TMD nanosheets. In this process light-heat conversion
TMD nanosheets could obtain a lot of heat energy. Ordinary TMD
nanosheets do not meet the needs of modern development, and
therefore the development of high temperature-resistant TMD

Adsorption of heavy metal ions

Antimicrobial nanosheets

f «.’\

Biosensor chip
g, /\l

///& \
////,,,,/ \

Fig. 3 The functionalization of TMD materials for various applications.
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nanosheets has become important. Recently, Wang et al. used
chitosan to elute MoS, nanosheets and studied the effect of CS on
the temperature resistance of MoS,.*® It was found that CS would
reduce the peak heat release of a MoS, sheet by 14.6%, so that the
exotherm of MoS, was more gentle. This method relieves the
oxidation of MoS, without affecting the photothermal conversion
efficiency.'® Several reports indicate that CS as a biological non-
toxic material can be used for drug delivery. Therefore, the
modification of TMD nanosheets by CS would largely favour the
biomedical utilization of TMD materials in the fields of PTT and
drug delivery.

2.2.3 Antimicrobial materials. Antibacterial materials have
been one of the important research areas in the fields of biology
and biomedicine. TMD nanosheets have also been used in the
field of cancer treatment to meet the needs of high antibacterial
capacity.’® Pandit et al. modified MoS, nanosheets by using
antimicrobial ligands.>* Good antimicrobial effects were observed
on two representative ESKAPE pathogenic strains of Gram-
positive bacteria in the inhibition and sterilization of
Staphylococcus aureus (MRSA) and Gram-negative copper-green
pseudo-single bacteria (Pseudomonas aeruginosa). However, the
synthesis of the antimicrobial ligands and the modification of
the MoS, nanosheets were complex. In another study, Liu et al.
prepared TMD nanosheets by stripping TMD nanosheets with
DNA, which showed promising antibacterial activity (as shown
in Fig. 3).>> This study greatly simplified the preparation
of antimicrobial TMD nanosheets. It is noteworthy that the
DNA-assisted peeling and modification of the TMD surface
effectively prevented the agglomeration of the nanosheets.
In particular, the resulting WX,-ssDNA nanosheets with less
than 10 layers possess lateral dimensions of 65-650 nm. This
method can be used to prepare monolayer or several-layer WX,
nanosheets with good water dispersibility, as well as potent
antimicrobial activity against E. coli, especially in the case of
WSe,-ssDNA nanoparticles (cell viability decreased by 82.3 =+
1.7%). This study on minimally invasive surgery is of great signifi-
cance because it significantly reduced the possibility of infection.

Table 1 Various TMD materials with their applications and functions

View Article Online
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2.2.4 Highly effective industrial materials. The high cost in
the preparation of TMD nanosheets is an important problem
in expanding their production.”® Most TMD multilayered
nanosheets have been centrifuged, either from top to bottom,
or from bottom to top, resulting in a lower yield of nanosheets
that cannot be produced on a large scale. Paton et al. used
sodium cholesterate and NMP as surfactants to produce TMD
nanosheets.” The TMD bulks were added to this mixed surfac-
tant and then peeled off under shear force. Most of the
prepared nanosheets were below 5 layers. This method effec-
tively avoided material waste, making the industrialization of
the preparation of TMD nanosheets possible.

2.2.5 Biosensors and biochips. The fabrication of both
biosensors and biochips is a challenge in the field of smart
wear. TMD materials have attracted much attention as a bio-
non-toxic semiconductor material. However, the traditional
peeling method cannot prepare TMD nanosheet dispersions
with high concentration. Meanwhile, low concentration TMD
nanosheet dispersions cannot be easily prepared for macro-
scopic bioelectronic components (Table 1).

Liu et al. used a lignin-assisted peeling method to success-
fully prepare MoS, nanosheet dispersions with a concentration
greater than 10 mg mL~".>® The prepared MoS, nanosheets had
a thickness of 3.9 nm and a sheet size of 100 nm to 500 nm. Lignin
as a natural biological macromolecule can effectively strip
TMD nanosheets, and this non-toxic macromolecule can be used
to prepare highly concentrated TMD nanosheet dispersions.
In another study, a highly concentrated TMD dispersion has been
obtained after putting a macro film through a simple filter, which
showed promising applications for biosensing and biochips.>®””

3. Tumor imaging
3.1 CT imaging

X-ray CT imaging?® is particularly important in medical appli-
cations. As the transition metal elements such as Mo and W are

Assisted Conc.
Applications molecule 2D material Exfoliation method (mg mL™") Function Ref.
Adsorption Bovine serum MoS,, WS,, Bath/tip sonication 0.3-6.8 Adsorption of heavy metal ions 44-47
Albumin MoSe,
PTT/PDT/drug Chitosan MosS, Bath/tip sonication 1-5.4 High temperature, biocompatibility 10, 48, 49,
delivery 58 and 59
PVP MoSe, Bath/tip sonication 0.1 Nanosheets coated by polymer 60
PLGA MosS, Bath/tip sonication — Injection gel 61
Sensor/biochip  Lignin MosS, Bath/tip sonication 0.62-12 High concentration 55-57
Cellulose MosS, Bath/tip sonication 0.2-0.7 Electrochemical performance 62-64
Antibacterial DNA MoS, Bath/tip sonication 0.5-2.3 Antibacterial 50, 52 and 65
materials Thiol ligands MoS, Butyllithium 1.6 Antibacterial 51
Mass production Sodium MoS,, MoSe,, Shear mixing 0.8 Possibility of industrialization 53, 54 and 66
cholate MoTe,, WS,, WSe,,
WTe,, NbSe,, TaSe,
Imaging PAA MosS, Hydrothermal synthesis 0.2 Loading Gd for MR imaging 67 and 68
GdCl; WS, Hydrothermal synthesis 2 Gd ion doping for MR imaging 69
Bi,S; MoS,/Bi,S; Hydrothermal synthesis 0.15 Composite nanosheets for CT/PA 70
imaging
mPEG-co-PPyr MoS, Butyllithium 0.5 Shell structure for PA imaging 71
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high atomic number elements, both MoS,”> and WS, can be
used as CT contrast agents.”® In order to improve the disper-
sibility of TMD nanosheets in blood, the general method is to
modify the surface of the 2D TMD sheets with a hydrophilic
polymer (i.e., PEG, BSA).”* The resulting modified 2D TMD
materials are then more easily dispersed in the tumor site after
being injected into the living body, which significantly
improves the imaging quality. In addition, the HU (Heinz unit,
which reflects the density of the substance) value of WS, is
about 22.01 HU 1 g™, which is much higher than that of
traditional iodopamine (14.76 HU 1 g~'), suggesting its great
potential for CT imaging applications. Compared with the
rapid development of combined therapy, a single CT imaging
contrast agent is unable to meet the needs of modern cancer
treatment. CT imaging has been often used as a guide to assist
PTT/PDT in the treatment of tumors. Therein, nanocomposites
were followed by scanning in an XM-Tracer-130 CT imaging
system, and the imaging effect of live CT is shown in Fig. 4a and b.
This 2D TMD tumor treatment agent has the dual function of
imaging and treatment. In the future, this kind of dual-functional
nanomaterial will hopefully replace contrast agents with a single
CT imaging function. In addition to the surface modification
method, composite nanosheets can also be prepared by using a
variety of functional CT contrast agents.

Recently, MoS,/Bi,S; composite nanosheets have been prepared
via a hydrothermal reaction using (NH,), MoS, and Bi(NO;); by
Wang et al., particularly because Bi has good X-ray attenuation CT
imaging properties.”” Both Bi and Mo atoms in the composite
lamellae are capable of attenuating X-rays, greatly increasing the
stability and clarity of imaging. MoS, absorbed 808 nm NIR light
and produced photothermal effects to kill cancer cells. The Bi
atoms of the Bi,S; lamellae showed a strong ability to absorb light
under X-ray radiation and produced large amounts of short-range

T
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Fig. 4 (a) In vivo CT images of 4T1 tumor-bearing mice before and 6 h
after intravenous injection of PEG-MoS,-Au-Ce6 nanocomposites.
(b) In vivo CT images of tumors in mice before and 6 h after intravenous
injection of PEG-MoS,—-Au—-Ce6 nanocomposites. Reprinted with permission
from ref. 73. Copyright 2017 Royal Society of Chemistry. (c) Schematic
illustration of solvothermal synthesis of MoS,/Bi,Ss composite nanosheets.
Reprinted with permission from ref. 70. Copyright 2015 Wiley-VCH.
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secondary electrons to enhance X-ray deposition in tumor
tissue and accelerate DNA destruction. The fabricated compo-
site nanosheets served dual functions for both bioimaging and
therapy.

3.2 MR imaging

MR imaging is a very significant imaging method in modern
biomedical applications. To participate in MR imaging, TMD
nanosheets (the surface or the middle layer of a TMD sandwich
structure) should be first modified with some paramagnetic
metal nanoparticles or ions. Recently, Cheng et al.®® developed
a bottom-up solution-phase method to synthesize WS, nano-
flakes intrinsically doped with different types of metal ions
(e.g., Fe**, Co®", Ni**, Mn®" and Gd**). They also chose Gd**-
doped WS, (WS,:Gd*") nanoflakes as a typical example to
realize combined photothermal and radiation therapy under
the guidance of trimodal imaging. As shown in Fig. 5,°° first,
the mixture of WClg and MCl, (M = Fe**, Co**, Ni**, Mn** and
Gd*") at a certain proportion reacted in a mixed solvent
of oleylamine (OM) and 1-octadecene at 300 °C under N,
atmosphere. After completing the hydrothermal reaction, an
intermediate complex was formed. Next, doped WS, nanosheets
with paramagnetic metal ions were prepared by injecting a sulfur
solution. In particular, NH,-PEG was also introduced to modify
the surface of the nanosheets to provide better dispersity in
aqueous solution.

The WS, layer has the same sandwiched structure, but the
number of W atoms in the interlayer of the sandwich layer was
affected by the paramagnetic metal particles. The metal-ion
doping ratios in the final products increased with the increase
of added doping metal ions during the reaction. For example,
the exact W: Gd ratio in the WS, : Gd** nanoflakes was 94.6: 5.4
(WS, :Gd*>"), 86.7:13.3 (WS,: Gd*"), and 84.3:15.7 (WS, :Gd*")
for samples prepared with W:Gd feeding ratios of 90:10,
80:20, and 70:30, respectively. The corresponding samples
were WS, : Gd*'-1-PEG, WS,: Gd*'-2-PEG and WS, : Gd*'-3-PEG.
The imaging effect is strongly dependent on the concentration of
Gd*" ions, as described in Fig. 6a.

As photothermal therapeutic agents, the paramagnetic
metal-doped’® WS, flakes were ideal candidates. Gd**-doped
nanosheets had good near-infrared absorptivity in the spectral

WClg+FeCl, m S

CoCl, 4

NiCl, ,
T .

Gdcl, OM/ODE PEGylation

Al
Kéyi«/ﬁ <

Tumor tissue

Fig. 5 Synthesis and composition analysis of WS,:Mn, (M = Fe3*, Co?",
Ni2*, Mn?*, and Gd®*) nanoflakes prepared using a bottom-up method and
injected into a tumor. Reprinted with permission from ref. 69. Copyright
2015 American Chemical Society.
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range form 700-1000 nm comparable to a single WS, nanosheet.
The mass extinction coefficient of a WS, nanosheet (22.61g™" cm™"

prepared using a hydrothermal method was slightly lower than that
of the WS, nanosheet (23.8 1 ¢! ecm™')”” prepared using an
exfoliation method, but it was much higher than that of graphene
nanoplatelets (GO, 3.6 1 g ' cm™ ). Gd>" ion concentration can affect
the photothermal properties of nanosheets. The higher the Gd** ion
concentration, the better the photothermal performance. As TMD
materials can stabilize the doping of the metal ions in the nanosheet
layer, they can be well used as a photothermal agent.

Unlike CT imaging with high atomic elements such as W
and Mo, MR imaging is dependent on the TMD layer containing
paramagnetic ions (e.g., Fe’*, Co®", Ni**, Mn*" and Gd*") for
contrast agent imaging. MR imaging does not require the use of
ionizing radiation or the depth of penetration, making it an ideal
approach for noninvasive longitudinal studies and as a powerful
diagnostic tool for clinical and research purposes. Nuclear mag-
netic imaging has high spatial and temporal image resolution.
On further combination with a magnetic field, ultra-high resolu-
tion can be achieved, making it particularly suitable for tumor
imaging applications. The contrast of MR imaging is closely
related to the quality of the contrast agent. As shown in Fig. 6b
and c, different contrast agents can selectively shorten the long-
itudinal (7y)’® or transverse (T;) relaxation time to expand the
visualization range. Most MR imaging adopts a longitudinal (7;)
imaging mode. Gd** ions are one of the most widely used Ty
contrast agents due to the seven unpaired electrons (S = 7/2) of
their outer layer and high magnetic moments. The limitation of
using Gd** alone is that 7; imaging is a low observed relaxation
and eventually translates into signal ambiguity. The Gd*" ions
were then doped into the intermediate layer atoms of a TMD
sheet, allowing the integration of MR with NIR imaging and CT
imaging. MR provides detailed anatomical imaging, while NIR

(a)
WS,:Gd*-3-PEG

WS,:Gd*-2-PEG

WS,:Gd**-1-PEG

Concentration
[Gd] mM

0 00125 0025 0.05 0.1
S (c)

(b).
)..

J

A
\_yrdror
Before i.v. injection

Fig. 6 (a) Ti-weighted MR images of WS,:Gd*" —PEG solutions with
different concentrations. (b) Photographs of 4T1 tumor-bearing mice.
Reprinted with permission from ref. 75. Copyright 2017 American
Chemical Society. (c) T;-weighted MR images of mice before and 24 h
after i.v. injection of WS5:Gd**~3-PEG (2 mg mL~", 200 uL). Reprinted with
permission from ref. 69. Copyright 2015 American Chemical Society.

After i.v. injection

80 | Nanoscale Horiz., 2018, 3, 74-89

View Article Online

Review

imaging provides high probe sensitivity for imaging molecular
targets. The dual-modal imaging provided more accurate posi-
tioning of the photosensitizer and tumor location. This method
was conducive to the next step in the cancer treatment, and
light and heat provided by this process would play an important
role in a combined treatment platform of tumors.

3.3 PA imaging

PA imaging is similar to conventional ultrasound imaging,”® in
which air microbubbles can improve the resolution of imaging.
But ultrasound imaging is based on acoustic impedance
changes when acoustic waves penetrate tumors. The ultrasonic
agents around the air microbubbles will quickly disappear,
which affects the performance of the ultrasound imaging.®°
Unlike ultrasound imaging, PA imaging utilizes the photothermal
effect of TMD materials, which produce thermal signals by
thermal expansion or bubble formation. Continuously created
air microbubbles greatly improve the resolution of PA imaging.
As an up-to-date imaging method, PA imaging has been the
focus of application in bioelectromechanical interfaces.®’ As
a rapidly growing technique with high contrast and large
penetration depth, there is great potential for cancer molecular
imaging. However, the molecular imaging of PA in brain
tumors is still challenging, due to the lack of nanosheet
sensitivity. Zheng et al. found that the thickness of the lamellae
affected the absorption of NIR light, which indirectly affected
the PA imaging effect.®> Compared with few-layer (F-MoS,) and
multilayer MoS, (M-MoS,), monolayer MoS, showed the best
absorption of NIR and PA imaging sensitivity.

TMD nanocomposites have been studied in order to compensate
the lack of PA imaging sensitivity. Recently, methoxyl-polyethylene
glycol-co-pyrrole copolymer (mPEG-co-PPyr) nanoparticles (NPs) and
mPEG-co-PPyrNP/MoS, were successfully prepared by Lee et al.”* As
shown in Fig. 7, both mPEG-co-PPyr NPs and mPEG-co-PPyr/MoS,,
nanocomposites exhibited PA signal activity, while MPEG-co-PPyr/
MoS, nanocomposites exhibited higher PA signal amplitudes at
700 nm than mPEG-co-PPyr NPs. In that study, semiconducting
polypyrrole was used as an electroactive material. PEG and MoS,
nanosheets absorbed the heat energy that was released upon NIR
light irradiation of TMD nanosheets, and converted it into an
acoustic signal that can be used for PA imaging. This synergistic
mode of NIR fluorescence imaging and PA compensated the draw-
back of NIR optical imaging. Due to the tissue penetration depth
and spatial division of the uniform limit, the fluorescent polymer
can be carried using the TMD nanosheets. These fluorescent
polymers can be released inside the tumor. Different types of
imaging modalities thus can be combined for tumor cells. Also, a
nanosheet with a larger size could be used in drug loading and
controlled release fields for combined treatment of tumors.

4. Tumor therapy
41 PIT

Optical therapy,® including PTT®** and PDT,*® has being a
new generation of effective treatment of cancer featured by
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Fig. 7 Photoacoustic activity of mPEG-co-PPyr nanoparticles and
MPEG-co-PPyr/MoS, nanocomposites. (a) PA signal of mPEG-co-PPyr/
MoS, NCs with varied MoS; concentrations (0-100 pg), and (b) PA signal of
MPEG-co-PPyr/MoS, NCs at constant MoS, concentration (20 ng)
and with a varied concentration of mPEG-co-PPyr (100-500 pg). All
MPEG-co-PPyr/MoS, NCs complexed with MoS, showed significantly
enhanced photoacoustic activity. The average energy density of the laser
irradiation was 14.48 mJ cm™~2 in each experiment of (a) and (b). The inner
and outer diameters of the used tygon tubes were ID 0.05 in, OD 0.09 in,
and ID 0.04 in, OD 0.07 in, respectively, for experiments (a) and (b).
Reprinted with permission from ref. 71. Copyright 2016 American
Chemical Society.

minimally invasive therapy in recent years. Optical therapy
exhibits rather weak side effects compared to traditional chemo-
therapy and radiotherapy, and the reagent preparation is simple
and cheap. In particular, this treatment strategy can be applied
for minimally invasive surgery with high flexibility. The core
mechanism of PTT is the use of an appropriate photosensitizer
dispersed in tumor cells, with strong tissue penetration of NIR
light irradiation of tumors.®® These photosensitizers can effi-
ciently absorb NIR light and heat cells locally, which then warms
up intracellular proteins and destroys tumor cells.

Recently, with the rapid development of nanotechnology,
nanomaterial-based PTT has attracted more and more attention.
Gold NPs and nanorods®” have been used as photosensitizers in
NIR therapy (i.e., PTT). 1D carbon nanomaterials such as nano-
tubes have also been reported for use in PTT.*® Since a single
tumor therapy function no longer satisfies the clinical require-
ments, developing new, combined therapy approaches enabling
two or even more therapies simultaneously is becoming necessary.
2D nanomaterials such as graphene could be used in biomedical
PTT and controlled drug release. Combined treatment based on
nanomaterials has already aroused a lot of attention from every
corner of the world. Liquid-stripped TMD nanosheets have the
advantages of high-yield, facile preparation and low cost. As the
transition metal atoms have paramagnetism, they can be applied
to preoperative CT, MR and PA imaging. TMD nanosheets with
ultra-high surface area are capable of carrying small drugs and
function as a postoperative drug delivery carrier. TMDs could
become a photosensitizer due to their high light and heat conver-
sion efficiency and stable chemical properties. In addition, the
biological toxicity of some typical TMD materials like MoS,, WS,
and MoSe,® could kill more than 90% of the tumor cells when
used as a photosensitizer. Moreover, TMD materials can be
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harnessed as an essential intermediate link for PTT/bioimaging
in a combined treatment platform.

Chou et al.*® used a chemical stripping method to prepare
amphiphilic MoS, for use in PTT. This amphiphilic MoS, layer
(ceMoS,) has a good aqueous dispersity compared to graphene
nanosheets. The ceMoS, sheet has a size of 800 nm and a
thickness of 1.54 nm. The NIR absorbance was 29.2 1g~ " em ™,
higher than that of rGO nanosheets (24.6 1 g~* cm ™), which
was 7.8 times over the NIR absorbance of GO. Although MoS,
nanosheets have not been used in combination therapy yet,
it has been shown that TMD materials have great potential in
phototherapy. Liu et al’® used iron oxide modified MoS,
nanosheets and improved their hydrophilicity with PEG to
develop a platform combining the photothermal function of
TMD nanosheets and biological imaging (Fig. 8a). The volume
of tumors was significantly reduced after 15 days of photo-
thermal treatment following injection of MoS, lamellae-modified
iron oxide composites into the mice (Fig. 8b). The measurement
of the blood concentration of Mo by ICP-AES showed an MoS,-1O-
(d) PEG blood circulation half-life of 10 hours. The corresponding
IR imaging indicated that the injection of MoS,-IO-(d) PEG after
8 hours showed high performance for PTT imaging (Fig. 8c).
In addition, the cell culture experiment indicated that the created
PEG-modified MoS, has a good inhibitory effect on tumor
cells (Fig. 8d). This study vividly illustrated the use of 2D-TMD
materials for the construction of a multi-functional nanocompo-
site in multi-mode guided tumor therapy, demonstrating the great
potential of two-dimensional TMD materials for combined
treatment.

4.2 PDT

Different from PTT, PDT does not involve a heat conduction
process,”® and therefore the cancer cells around the healthy cells
are not subject to heat transmission. PDT treatment typically
uses 2D TMD lamellae carrying methylene blue (MB),”* so by NIR
light®® illumination the formed '0,”* will induce apoptosis
of cells. Thus, in PDT treatment it is more important to ensure
the precise localization of methylene blue in cancerous tumors,
in order to avoid MB diffusing into the normal tissue cells and
causing unnecessary apoptosis.’*

Yong et al.’’ prepared BSA-WS,@MB nanocomposites by
MB loading with BSA-modified WS, nanolamellae for PTT-PDT
co-treatment of tumor cells (Fig. 9a). They adopted H,SO,
intercalation ultrasonic stripping so that the obtained compo-
sites were not sensitive to water or air. Compared with the
lithium ion intercalation approach, the yield using this method
is higher, and the average thickness of the obtained WS,
nanosheets was about 1.6 nm. With the BSA surface coating,
the thickness of the WS, nanosheets increased to 4-5 nm,
greatly improving the biocompatibility of the WS, lamellae and
providing more binding sites for carrying MB (Fig. 9b). The
WS,-BSA@MB nanocomposites showed photothermal effects
upon 808 nm NIR illumination. Within the cells, the temperature
of the nanosheet layer increased and led to the release of MB
molecules. The excitation wavelength of MB was 660 nm, so upon
660 nm NIR radiation free MB molecules released 'O, and
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Fig. 8 (a) Schematic presentation to illustrate the self-assembly of DMSA-
modlfled IONPs on exfoliated MoS, nanosheets and the subsequent
PEGylation. (b) Tumor volume growth on mice (5 mice for each group)
measured after various treatments indicated every 2 days for 2 weeks.
(c) IR thermal images of 4T1 tumor-bearing mice without or with iv
injection of MoS,-10-(d) PEG (dose of MoS, = 6.85 mg kg™) under
808 nm laser irradiation (0.78 W cm™?) taken at different time intervals.
The irradiation was conducted 8 h after injection. (d) H&E stained images
of tumors sliced from an untreated mouse (upper) and a mouse 1 day
after MoS,-10-(d) PEG-induced photothermal treatment. Reprinted with
permission from ref. 72. Copyright 2015 American Chemical Society.
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induced cancer cell apoptosis. The PTT and PDT dual synergistic
therapy showed higher efficiency to kill the tumor cells. For
example, the number of viable cells upon double treatment was
significantly less than that subjected to single treatment, as
shown in Fig. 9c and d. This is due to the fact that the MB
molecules have not been absorbed from the WS, layer before
absorbing NIR light excitation. If the MB molecules are free, the
treatment will be more significant. It was found that under
808 nm and 660 nm dual NIR light irradiation, the majority of
cells were killed. In contrast, many immunological cells still
survived following irradiation with an 808 nm laser.

PTT/PDT is the main type of treatment in combined therapy
platforms.®® 2D TMD nanosheets as a key element for nano-
composites have an important position in the field of tumor
therapy. On the basis of biomechanics and phototherapy, the
use of ultra-high specific surface area combined with drug-loaded
platforms has become a trend in the field of co-treatment.’® At the
same time developing more advanced platforms, for example,
integrating imaging, light therapy and drug control in one
material, is both an opportunity and a challenge.

4.3 NIR-controlled drug release

Drug delivery as a joint treatment platform for terminal systems
has been booming since the 1960s, during which time controlled
drug release technology has involved drug storage, drug implanta-
tion and drug injection. Drug-loaded platforms have gradually
evolved from a functional polymer to nano-drug delivery, and then
gradually to targeted drug release carriers. Modern medicine
and cell biology have made great contributions to this field,
and received widespread attention in tumor research. The role
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Fig. 9 (a) Schematic illustration of the synthetic procedure of WS,
nanosheets and their application as a multifunctional photosensitizer
delivery system for combined photothermal and photodynamic therapy
of cancer. (b) In vitro cytotoxicity effect of PDT, PTT, and PTT + PDT. The
output power of the 808 nm laser and 665 nm LED lamp for all tests was
fixed at 1 W cm™2 for 15 min and 50 mW cm™2 for 5 min, respectively. Error
bars were based on the standard deviation of six parallel samples.
(c) Fluorescence images of Hela cells incubated with WS, + 808 nm laser.
(d) Fluorescence images of Hela cells incubated with WS,@MB + 808 nm
laser + 665 nm LED. Green indicates live cells and red represents the dead
ones. The concentration of WS,@MB was fixed at 100 mg mL~1. And the
808 nm laser (1 W cm™2) and 665 nm LED (50 mW cm™?) irradiation was
carried out for 15 min and 5 min, respectively. Reprinted with permission
from ref. 47. Copyright 2015 the Royal Society of Chemistry.

of drug-controlled release in combination with PTT is mani-
fested in the recovery phase of PTT and PDT. Since the essence
of PTT is the absorption of NIR heat thereby Kkilling cancer
cells,”” the resultant high temperature may damage healthy
cells around the tumors or increase the proliferation of tumor
cells. In order to compensate the side effects of PTT, controlled
drug release has been introduced as a terminal system in order
to assist in the treatment to kill the residual tumor cells.
Besides the capability of facilely controlling the release process,
the carrier material itself should be biocompatible, non-toxic,
and drug-resistant. The distribution of nanosheets affects the
heat of directional conduction, and the dispersibility of the
photothermal agent was also worthy of further exploration.”®
The emergence of 2D graphene sheet materials certainly led
to the development of a drug delivery platform due to their
high specific surface area and low toxicity.”® However, a single
drug-controlled carrier cannot meet the needs of combination
therapy, and thus a variety of functional nanomaterial (such as
TMD-based) carriers integrating bio-thermal imaging, PTT and
controlled drug release capabilities have appeared for cancer
treatment.

Drug-controlled carrier delivery response also requires the
use of NIR excitation or temperature-sensitive stimulation."*
Drug loading can be achieved, for example, by using materials
from the traditional 2D layers through surface modification of
thermo-sensitive macromolecules to the hydrogel system as the
intermediate medium.'®* The purpose is to meet the needs of
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different processes of tumor treatment, such as postoperative
wound release and preoperative targeted delivery.

4.3.1 Hydrogel drug delivery for light therapy. Hydrogels
have long been recognized in the field of biomaterials as smart
materials.'® Owing to their excellent biocompatibility and
biodegradability, hydrogels have been widely used in biomedical
repair materials."® For example, PINPAM hydrogel,'** a thermo-
sensitive material, has been widely used as a medical smart
hydrogel.'® The temperature variation will change the hydro-
philicity of the polymer group, which then results in controlled
release. Particularly, the drug release temperature of PINPAM
hydrogels is close to the human body temperature. The combi-
nation of 2D nanomaterials with hydrogels has been successfully
demonstrated in the case of graphene,'®® which has established
the basis for the further application of TMD-polymer composites.

Recently, Lei et al'®” prepared non-covalently modified
hydrophilic MoSe, nanosheets by using polyvinylpyrrolidone
(PVP) assisted peeling, and encapsulated them in PINPAM
hydrogel. Based on this, they fabricated an intelligent drug
delivery carrier platform with both light and thermal response
capabilities (Fig. 10a). MoSe,, as a member of the TMD family,
has superior photothermal conversion efficiency. According to
previous reports, the photothermal conversion efficiency (1) can
be calculated based on eqn (1):**

_ hS(Tmax - Tsurr) - QDis
(1 =107 4sm) @

The photothermal conversion efficiency of MoSe, was
calculated to be 57.9%, which was much higher than that of
Au nanorods (21%) and black phosphorus quantum dots
(28.4%)."°%1%° High thermal conversion efficiency suggested
that MoSe, could be applied to a transdermal limited hydrogel
system. It also favours the utility of hydrogel for drug loading
and controlled release, that is, the drug release time is
extended. The drug loading is independent of the MoSe,
nanosheet and it is only related to the hydrogel system. The
NIR-responsive, drug release-controlled hydrogel carrier does

7 Photo-responsive
7 Thermo-responsive

Fig. 10 (a) Scheme for preparation of PVP—MoSe, nanosheets/PNIPAM
hydrogels. (b) Typical TEM and AFM images of MoSe, nanosheets, and
(c) corresponding height profile. (d) UV-vis spectra of DOX encapsulation
in nanocomposite hydrogels. Reprinted with permission from ref. 107.
Copyright 2016 American Chemical Society.
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not have a targeting function, and the release of the drug is
persistent and controllable. This hydrogel photothermal drug
delivery system has been mainly used for wound repair and
sterilization'° or to kill residual tumor cells.

This method used polymer-assisted peeling of the TMD
material, and can yield functionalized 2D nanosheets using
a one-step exfoliating modification process. Compared with
conventional NMP-assisted liquid phase separation and a
lithium ion insertion layer method, this polymer-assisted stripping
process is simpler without the need of post-processing. Researchers
found that (Fig. 10b and c) although the layer cannot be completely
stripped as a single layer, the sheet itself has active functional
groups without further modification. Moreover, no excess lithium
ions or NMP molecules can be directly applied to the composite of
bio-hydrogels, therefore, this method has a unique advantage in
preparing biocompatible TMD nanomaterials.

PINPAM is known to undergo a significant reduction in
volume when heated to the lower critical temperature, so upon
NIR laser irradiation the size of the TMD-PINPAM hydrogel will
also shrink due to the local heating. This NIR response of
micro-brake intelligent materials''* can be used to control drug
release. The commonly-adopted strategy is using different
heat-sensitive double hydrogels,"** such as PNIPAM-DMA”
composite hydrogels, where the PINPAM layer was doped into
the TMD material, forming PINPAM-doped DMA hydrogels.
Following the NIR light (808 nm) irradiation to the PINPAM
layer,"*® the volume of the composites will shrink, but the DMA
layer will not respond to temperature changes. It was observed
that a double-layer composite gel will exhibit a certain curva-
ture of bending, because the volume changes in the two kinds
of hydrogel after heating would be different. This smart defor-
mation material is not suitable for microscopic biomedical
purposes owing to volume limitations, but it provides an
innovative way to remotely control the shape of the deformed
hydrogel. In addition, this hydrogel is non-toxic as a biological
drug carrier. Fusco et al.'** introduced a magnetic component
(y-Fe,O3) into double-layer hydrogels to develop a remote
light-magnetically dual-controlled nano-robot for targeted drug
release. Particularly, the effects of tubular hydrogels and tabular
hydrogels on drug release were thoroughly evaluated, as shown in
Fig. 11a and b. Further studies (Fig. 11c) revealed that the change
in shape affects the release of the drug by the change in the
surface area, and the drug release rate and amount by using the
hollow tube was smaller than that of the tabular hydrogel. Thus it
is possible to control the speed of drug release by remote light
initiation or magnetic control of the shape of the drug carrier.

4.3.2 Surface functionalization of TMD nanosheets for
drug loading. With the increase of 2D graphene and its wide
use in sensing, catalysis,""®> electrochemical,"*® and other
fields, the surface functionalization of 2D material surfaces
for controlled drug release has also received intensive atten-
tion. Unlike the drug-loading mechanism of hydrogel systems,
TMD drug carriers mainly rely on the ultra-high specific surface
area of the 2D material itself, although they cannot achieve the
ultra-high drug loading of a polymer system. However, analo-
gous to other 2D materials, MoS, nanosheets showed higher
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Fig. 11 (a and b) Cumulative release from morphing hydrogel microde-
vices. The light responsive bilayers unfold from a wrapped to an open
square configuration, therefore increasing the surface area responsible for
drug diffusion. Despite the contraction of the hydrogel, the general effect
is a temporary increase of drug release upon unfolding. The process can
be tuned by changing the exposure type and duration. (c) Curves of
fractional release of the cylinder and plate, as simulated by the FEM
diffusion driven model. A full cylinder with the same volume could achieve
a much more linear, zero-order like profile over time. Reprinted with
permission from ref. 114. Copyright 2015 American Chemical Society.

loading efficiencies for the control of drugs (doxorubicin, DOX),
and the drug loading capacity of the MoS, nanosheet was
1.5 times that of graphene. PEG-modified TMD nanosheets
have good biocompatibility and are uniformly dispersed in the
blood,""” facilitating the transport of the drug carrier through
the blood circulation. They can also be more accurately admi-
nistrated compared to hydrogel systems.

The release mechanism of 2D nanosheet-based drug carriers
is the use of NIR light to irradiate the TMD nanosheets to
produce photothermal effects. The heat is transferred along the
surface of the nanosheets to a thermosensitive functional
macromolecule, which is released afterwards. Sahoo et al.''®
reported a thermal transfer experiment of the lower MosS,
prepared by CVD. The thermal conductivity of the 11-layer
sample at room temperature was about 52 W m ' K .
Fortunately, the TMD was a sandwich hexagonal structure,
so the surface thermal conductivity of the TMD can be deter-
mined, unlike that of black phosphorus. Due to the presence of
the trench structure, the surface heat transfer of the sheet
surface has a different thermal conductivity along the trans-
verse (perpendicular to the trench) and longitudinal (parallel to
the trench) directions. Jain et al'°® measured the thermal
conductivity of black phosphorus at 300 K in the longitudinal
and transverse directions, which was 110 W m™* K ! and
36 W m * K, respectively. Thermal differences in different
directions may lead to the release of drug-free molecules in a
non-continuous manner. Compared to black phosphorus, the
TMD material does not have a gully structure with the same heat
transfer rate in different directions. Therefore, the temperature
curve of TMD materials is continuous.
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In addition to the specificity of TMD lamellae, surface
modified co-functional polymers not only provided stronger
drug delivery capacity, but also afforded nanocomposites with
better biocompatibility and dispersibility. For instance, Yin
et al.'*® coated MoS, nanoplates with modified chitosan (CS)
and loaded them with anti-cancer drug DOX. The formed
MoS,-CS-DOX nanocomposites possess dual functions of PTT
and drug controlled release. As shown in Fig. 12a, the method
was a general approach of manufacturing drug cartridge shell
structures, which can also be used in WS,, MoSe,, WSe, and
other TMD nanosheets. Wang et al.®® used the same method to
coat poly-dopamine (PDA) during the hydrothermal synthesis
of MoSe, nanolamellae. MoSe,@PDA nanocomposites have
been successfully prepared for drug loading and controlled
release. In another work, MoS,@CS has been prepared by the
sonification of TMD nanosheets in the presence of sodium
sulfate and CS in one step. CS is a commonly used linear
biomaterial, and the original poor dispersion of the TMD layer
in water was significantly improved upon CS modification.
Even at a concentration up to 1 mg mL ' in physiological
solution, the MoS,@CS can maintain a good dispersion for
more than a week (Fig. 12b). In tumor cell therapy, DOX can be
used as an effective drug for the treatment of tumors. As shown
in Fig. 11c, the drug release rate in pH = 5 is highly sensitive to
NIR light irradiation. The release rate was positively correlated
with the increase of light power and heat density.

The development of TMD material-based systems capable
of NIR absorption of light,"*° heat treatment, and lamellar
light- or heat-induced release of DOX in cancer cells has been
growing rapidly in recent years. Compared to a single drug
treatment or the simple use of PTT, synergistic therapy could
remove the tumor more efficiently. The side effects of organisms
as shown by the changes in body weight of living mice reflect the
health changes due to the presence of a drug action mechanism
of PTT. The dual treatment system is more controllable than a
mono-therapy system, and thus it can be selected for tumor cells
to load and deliver different drugs. As reported by Ariyasu et al.,"*'
MoS,-CS loaded cyclic peptide sequence (cype) bound to intra-
cellular heat shock protein (Hsp90). The inhibition of heat shock
protein function would result in reduced heat resistance of cells.
Therefore, cancer cells were killed under lower temperatures. The
apparent advantage is that the damage to the surrounding healthy
cells can be significantly reduced. Hsp90 is a protective compa-
nion protein biological system resistant to cell photothermal
responses.’*® The inhibition of Hsp90 reduced the ability of
cancer cells to resist PTT, allowing NIR to act on TMD lamellae.
As a consequence, it is more likely to kill cancer cells and inhibit
the transfer of cancer cells. The functionalized drug loading
platform on the surface of the 2D TMD material is a modular
nanocomposite drug delivery system, which can be loaded from
selected drugs or polypeptides depending on the specific clinical
requirements. Then the volume of tumor, tumor growth and
weight change of mice were monitored through 15 days after
injecting MoSe,@PDA-DOX nanocomposites into mice, in order
to compare the effect of combination therapy and monotherapy
on tumors (Fig. 13a).
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Fig. 12 (a) Schematic illustration of the high-throughput synthesis of
MoS,-CS nanosheets as an NIR photothermal triggered drug delivery
system for efficient cancer therapy. Exfoliation process to produce single
layer MoS, nanosheets which were then modified with CS, the DOX
loading process, and NIR photothermal-triggered drug delivery of the
MoS, nanosheets to the tumor site. (b) Digital photographs of the disper-
sion status of commercial MoS, flakes (left) and MoS,-CS nanosheets
(right) for at least 1 week. Concentration = 1 mg mL™. (c) Release profile of
DOX in PBS buffer (pH 5.00) in the absence and presence of an 808 nm
NIR laser. Reprinted with permission from ref. 119. Copyright 2014
American Chemical Society.

As it turned out, the tumor size of the mice injected with
MoSe,@PDA-DOX®® was significantly smaller than that of the
single use of MoSe,@PDA for PTT or single injection of DOX
drug therapy (Fig. 13b). Indeed, PTT ablated most of the tumor
cells, but it was still less efficient compared with a dual com-
bination therapy drug release material, MoSe,@PDA-DOX.
More importantly, to observe the weight of mice after injection,
one can speculate that the release of drugs is conducive to
reducing the negative effects of phototherapy on live tissue
cells. This suggests that combination therapy is indeed feasible
and has great potential for cancer treatment (Fig. 13c).

4.3.3 TMD nanosheets for targeted drug delivery. Targeted
drug delivery is an important topic in the field of cancer
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Fig. 13 (a) Representative photos of mice and tumors after various
treatments. (b) Tumor growth curves of different groups after treatment.
The tumor volumes were normalized by comparison with their initial sizes.
(c) Mice weights of each group. Reprinted with permission from ref. 89.
Copyright 2016 American Chemical Society.
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therapy.'”® Targeted drug release includes active targeting
and passive targeting. The active targeting refers to the ability
to confer a drug or its vector to actively bind to a target. The
primary principle includes the coupling of the probe molecule
(antibody, polypeptide, sugar chain, nucleic acid aptamer) to
the drug or its carrier surface by chemical or physical binding
to achieve a targeted effect.">* The passive targeting agents refer
to the use of specific tissues and the physiological charac-
teristics of organs. Therefore, the drugs in the human body can
produce natural distribution differences. Due to the difference in
the microvascular structure between solid tumors and normal
tissues, the EPR effect can be used to achieve passive targeting.'*>
For instance, Gao et al.'?® reviewed the wide applications of
both active targeting and passive targeting in tumor therapy.
Previously, quantum dots (QDs)"*” and polymer'*® based targeted
drug deliveries have been reported. In this section, we focus on
the applications of 2D TMD materials as vectors for targeted
release of drugs.

It is well known that there are a number of defects on the
surface of 2D TMD nanosheets, which provide a large number of
active sites that are useful for functional surface modification with
molecular probes. The conjugation of molecular probes onto
TMD nanosheets created targeting functions for the final
hybrid materials. For example, Zhang et al. modified MoS,
nanosheets loaded with quantum dots by using an RGD
(arginine-glycine-aspartic acid) probe for target drug delivery."*
RGD has a specific recognition ability towards cervical cancer
(HeLa) cells, and the fluorescent QDs show cell imaging function.
Therefore, the use of RGD-QD-MoS, nanohybrids achieved triple
targeting, imaging, and tumor therapy functions. Although this
study did not involve drug release, it provided a potential way
to modify TMD nanosheets with QDs and biological probes for
targeted bioimaging and therapy.

The photosensitizer can also be used for target drug delivery.
In this complex drug delivery system, the release of drugs

B
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(I): Nanomaterials Transfer
(I): Nanomaterials Endocytosis
(1): Drug Release

(IV): Accumulation of Dox
in nucleus
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Endosome, *HH

Fig. 14 Intracellular target drug delivery and chemotherapy with DNA-
modified MoS, nanosheets. DNA oligonucleotides are used to modify
MoS,, and another complementary ssDNA ATP aptamer induces the
formation of a DNA/MoS, superstucture. The addition of ATP into the
DNA/MoS; system disassembles the multilayer superstructure and releases
the drugs. Reproduced with permission from ref. 130. Copyright 2017
American Chemical Society.
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is involved in a molecular dynamics process. In a typical study,
Li and co-workers demonstrated the direct assembly and dis-
assembly of 2D MoS, nanosheets with DNA for target drug
delivery and chemotherapy, as shown in Fig. 14."*° To achieve
this aim, DNA oligonucleotides were firstly used to modify
MoS, nanosheets and then the addition of another ssDNA
ATP aptamer induced the formation of a multilayer DNA/
MosS, superstructure. Therefore, the DOX drug could be bound
to the MoS, surface and the DNA duplex via both physical and
chemical interactions. The addition of ATP to this system
resulted in the disassembly of this superstructure and the
release of DOX to target cancer cell sites. The obtained results
indicated that the carrier cells were swallowed by lysosomes
and the presence of ATP molecules promoted the escape of
DOX from lysosomes. The escaped DOX gathered in the
nucleus and exhibited an excellent effect to kill cancer cells.
For the first time, this study introduced an enhanced stimuli-
responsive drug delivery system for targeted chemotherapy.

5. Conclusions and perspectives

In summary, 2D TMDs can be synthesized in large-scale pro-
duction with facile approaches, and they possess exciting
physicochemical properties comparable to graphene-based
materials. The usage of polymer modification to prepare surface
functionalized 2D TMD nanosheets has greatly simplified the
preparation process and extended their potential applications.
Furthermore, the high-yield preparation of TMD nanosheets is
more suitable for future applications in biomedical fields, espe-
cially photo-treatment of cancer tissues. On the other hand, the
sandwich structure of TMD materials provides stable chemical
properties in which the transition metal layer doped para-
magnetic particles can be applied to in vivo tumor imaging (CT,
MR, PA imaging, fluorescent cell labelling). The bioimaging
system can effectively detect the dispersibility of 2D TMD flakes
(MoS,, WS,, and MoSe,). TMD nanosheets as excellent drug
nanocarriers can be combined with a hydrogel system to increase
the performances of drug loading and release. It is also possible to
utilize a thermo-sensitive deformable hydrogel to control the rate
of release effectively, or deploy the lamellar surface modification
function of the polymer to develop a targeted precision
medical therapy. In addition, TMD nanosheets showed high
biocompatibility and low cellular cytotoxicity, which are beneficial
for their various biomedical applications. Compared to graphene-
based materials, the sandwich structure of TMD materials made
their chemical properties more stable, and therefore the reactivity
with the chemical substances in the human body is lower than that
of graphene. According to a previous study on the pharmacokinetics
of TMDs, PEG-modified TMD nanosheets were excreted after
14 days, and there was no toxic physiological response in the
test period.””

As the threat of cancer to humans has increased, the applica-
tion of 2D TMD nanomaterials in biomedical fields has expanded
rapidly. As a 2D TMD slice-based combination therapy platform,
there is still a greater space for further development and
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improvement. Here we would like to present several insights
and perspectives into this developing research field.

First, as the size and thickness of the TMD nanosheets
cannot be effectively controlled by a top-down preparation
method, it is necessary to develop novel, simple and high-
yield preparation strategies of 2D TMD nanosheets with
a uniform size and thickness. Second, the surface functionali-
zation of TMD nanosheets with biomacromolecules, such as
DNA, proteins, polypeptides, and others for cancer therapy
should be investigated, which could enable the 2D TMD
nanocarriers to possess specific cellular targeting and recogni-
tion functions. The directional binding of the drug carrier to
the surface of the cell membrane remains a major challenge
in the field of modern nano-drug delivery, thus the relevant
progress will be much expected. Third, it will be valuable to
evaluate the effects of local warming caused by TMD
nanosheets on healthy cell tissues in the process of both photo-
and heat-mediated therapy. 2D TMDs are injected into the
inside of tumor tissues, and the location of the heat and the
speed of warming are critical to the protection of the surrounding
healthy tissue. Fourth, the accurate control and treatment of fever
with 2D TMD nanosheet materials could be explored. As one of
the combined treatment systems, light and heat therapy is used to
inject photosensitizers into subcutaneous tumors to heat up
tumor cells and to inactivate related proteins through photo-
thermal effects. This method can be effective in the treatment
of neoplastic diseases. However, the heat conduction will lead to
the surrounding normal cell inactivation. Fifth, intelligent 2D
TMD materials could be hopefully applied with either an electric
field or a magnetic field to change the macroscopic orientation of
nanosheets. In that way, the contact area between the lamellar
and the linear light source, and also the heat conversion efficiency
could be controlled to achieve precise treatment of the front
tumors. An imaging tool can accurately show the dispersion
uniformity of 2D nanosheets in a tumor center. The process
is designed to ensure the effect of PTT/PDT to maximize the
protection of surrounding normal tissue cells. Finally, multi-
modal treatments with electric field-, magnetic field-, photo-,
and thermo-mediated therapies of cancers could be interesting.
2D TMD nanosheets have been used for combined therapy of
tumors primarily via tumor imaging and PTT/PDT. This dual-
modal therapy system has not yet tapped into the ideal potential
of TMD materials.

We believe that this review will provide useful information
and guidelines for readers and promote the exploration of the
full potential of 2D TMD materials for biomedical applications.
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