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Abstract

Molybdenum disulfide (Mo0Sy)-based drug delivery systems have shown
considerable potential in cancer nanomedicines. In this work, a multifunctional
nanoplatform comprising MoS, nanosheets decorated with copper sulfide (CuS) and
further functionalized with polyethylene glycol (PEG) is reported. The resultant
material has a particle size of approximately 115 nm, and can be loaded with
doxorubicin (DOX) to a loading capacity of 162.3 mg DOX per g of carrier. Drug
release is triggered by two stimuli (near infrared (NIR) irradiation and pH), and the
carrier is shown to have excellent colloidal stability. The presence of both MoS, and
CuS leads to very high photothermal conversion efficiency (higher than with MoS;
alone). In vitro experiments revealed that the blank CuS-MoS,-SH-PEG carrier is
biocompatible, but that the synergistic application of chemo-photothermal therapy (in
the form of CuS-MoS;-SH-PEG loaded with DOX and NIR irradiation) led to greater
cell death than either chemotherapy (CuS-MoS,-SH-PEG(DOX) but no NIR) or
photothermal therapy (CuS-MoS,-SH-PEG with NIR). A cellular uptake study
demonstrated that the nanoplatform can efficiently enter tumor cells, and that uptake
is enhanced when NIR is applied. Overall, the functionalized MoS, material
developed in this work exhibits great potential as an efficient system for dual
responsive drug delivery and synergistic chemo-photothermal therapy. The route
employed in our work thus provides a strategy to enhance photothermal efficacy for

transition metal dichalcogenide drug delivery systems.
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1. Introduction

Chemotherapy is one of the most commonly used approaches in clinical cancer
therapy. It is able to kill metastatic cancer cells efficiently, as well as preventing cell
proliferation, but despite this the incidence rate of cancer continues to increase [1].
Furthermore, chemotherapy is not specific to cancer cells, but rather affects all cells
simultaneously: this leads to systemic toxicity and damage to healthy tissues. The
design of drug delivery systems able to give controlled and targeted release of a
chemotherapeutic payload is thus much explored, because they can greatly reduce the
side effects of chemotherapy [2].

An alternative to chemotherapy is photothermal therapy (PTT), which is based on
the conversion of near infra-red (NIR) light into heat. Absorption of NIR by a
photothermal platform located in atumor can cause thermal ablation, and thus a tumor
can be destroyed without recourse to chemical therapies [3-6]. PTT has advantages
over chemotherapy in that it provides greater local treatment efficacy, and only
minimal systemic side effects. However, there are also disadvantages in terms of the
inability of NIR irradiation to penetrate deep into tissues, the risk of inhomogeneous
heat distribution, and the possibility that tumor cells will become heat resistant [7-9].

A significant number of nanoscale platforms have been investigated to ameliorate
these problems. For instance, much attention has been paid to efficient NIR light
absorbing materials such as gold nanostructures, copper chalcogenides, graphene,
MoS;, and carbon nanotubes, among others [10-24]. Researchers have also
increasingly begun to recognize the synergistic potential of combining PTT and
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chemotherapy in so-called chemo-photothermal therapy. Materials can be designed
that both have PTT properties, leading to elevated local temperatures and direct
ablation of tumor cells, and where the raised temperature also facilitates drug release
from the carrier and enhances uptake by increasing cellular membrane permeability
[20, 25]. This offers the possibility of locally delivering a chemotherapeutic to a
tumor, massively reducing the systemic side effects. A number of studies have
demonstrated that chemo-photothermal therapy has enhanced therapeutic efficiency
over either photothermal or chemotherapy alone [26-32].

Stimuli-responsive carriers have the ability-to control drug release in response to
triggers such as light, magnetic fields, temperature, ultrasound, and pH [33-35]. The
blood and tissue of the human body have a roughly neutral pH, while tumors are
weakly acidic, and the endosomes in which most materials enter cells have a pH of
about 5.0 [36]. These differences can be exploited in pH-targeted drug delivery: for
instance, the anti-cancer drug doxorubicin (DOX) is basic, and thus will dissolve
more freely at acidic pHs than at neutral pH. A potential carrier for DOX is MoS;, a
layered inorganic solid which responds to NIR irradiation. MoS; has been shown to be
less toxic than graphene [37], and has been explored as a stimulus-responsive drug
carrier in a number of studies [19, 38-40]. There remains room for improvement in its
PTT efficacy, however.

To achieve this improvement, the formation of a composite with an additional
functional component can be a powerful approach. For MoS,, copper sulfide (CuS)
nanoparticles are suitable in this regard. CuS is low cost and easily synthesized, and
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has low cytotoxicity, high stability, and strong NIR absorption [41]. It has been
reported that when CuS nanoparticles are grafted on the surface of two-dimensional
materials the photothermal conversion efficiency of the nanocomposites improves [42,
43].

In this work, CuS modified MoS,-nanosheets were prepared, with the aim of
developing a dual responsive delivery system for chemo-photothermal therapy
(Scheme 1). Further, polyethylene glycol thiol (PEG-SH) was incorporated into the
nanocomposites to improve biocompatibility and colloidal stability, and the materials
loaded with a doxorubicin (DOX) payload. The materials were fully characterized,
and their drug release profiles, in vitro cytotoxicity and cellular uptake were explored.
The novel drug delivery system produced appears to be a promising therapeutic agent

for biomedical applications.
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Scheme 1. A schematic illustration of the construction of MoS,-based nanocomposites for synergistic

chemo-photothermal therapy.
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2 Materials and methods
2.1 Materials

Doxorubicin (DOX), sodium sulfide (NazS), copper (Il) chloride (CuCl;) and
n-BuLi solution in hexane (2.4 M) were purchased from Aladdin Biochemical
Polytron Technologies Inc. Dimethyl sulfoxide (DMSO), fetal bovine serum (FBS),
antibiotics (penicillin/streptomycin) and DMEM medium were supplied by the
Shanghai Pumai Biotechnology Co., Ltd.
3-(4,5-dimethyl-thiazol-yl)-2,5-diphenyltetrazolium bromide (MTT), MoS;, powder
(2-8 um, 99%) and phosphate buffered saline (PBS) were purchased from
Sigma-Aldrich. 4'-6-diamidino-2-phenylindole (DAPI) was procured from Nanjing
Keygen Biotech. MCF-7 cells were purchased from the Type Culture Collection of the
Chinese Academy of Sciences. All other materials and dialysis bags were obtained
from the Sinopharm Chemical Reagent Co., Ltd. Analytical grade chemicals were
used throughout. Milli-Q water with resistance >18.2 MQ cm was employed for all
experiments requiring water.
2.2 Preparation of MoS, nanosheets

2 g of MoS; was stirred with a solution of n-butyl lithium in hexane (2 mL, 1.6 M)
for 48 h under an N, atmosphere. After intercalation of lithium was complete, the
mixture was washed with hexane to remove residual n-butyl lithium, and the solid
product recovered. 30 mL water was added to this product, and the suspension
ultrasonicated for 90 min to achieve effective exfoliation. Subsequently, the
suspension was centrifuged at 3000 rpm three times to separate the multilayered MoS,
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nanosheets and excess LIOH. The exfoliated MoS, was dialyzed against water for 5
days using a cellulose membrane (molecular weight cut-off (MWCO): 10 kDa) to
obtain a pure product.
2.3 Preparation of CuS-MoS; nanosheets

3 mL of CuCl; solution (1.60 mg CuCl,, in water) was added to 2 mL of an aqueous
suspension containing varied amounts of exfoliated MoS, (0.40, 0.80, 1.60, 3.20 or
6.40 mg, in water) and stirred for 2 h. Subsequently, 240 uL of Na,S solution (50
x107% M, in water) was added to the reaction mixture, with stirring for 5 min. This
mixture was transferred to a water bath at 90 °C and stirred for 10 min. The resultant
precipitate was dialyzed against water for 3 days using a cellulose membrane
(MWCO: 10 kDa) to obtain CuS-MoS; nanosheets.
2.4 Functionalization of CuS-MoS; nanosheets
SH-PEG (1 mg/mL in water, 5 mL) was added to 2 mL of an aqueous CuS-MoS;
nanosheet suspension (0.5 mg/mL). After ultrasonication for 30 min, reaction was
allowed to proceed for 12 h at room temperature overnight to obtain
CuS-MoS,-SH-PEG. The final product was suspended in water (15 mL) and
centrifuged at 8,000 rpm three times to obtain pure CuS-MoS,-SH-PEG.
2.5 Drug loading
DOX was mixed with CuS-MoS,-SH-PEG in water and stirred at room temperature
overnight. The supernatant was collected by centrifugation and the unloaded DOX
concentration determined by UV-vis spectroscopy (UV3600 instrument, Shimadzu
Corporation).  Experiments were performed with a range of DOX:
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CuS-MoS,-SH-PEG ratios in order to identify the optimum reaction conditions.
2.6 Materials characterization

The morphology of the MoS; and CuS-MoS; materials was determined using
transmission electron microscopy (TEM; JEM-2100 instrument, JEOL). X-ray
photoelectron (XPS) spectroscopy (Escalab 250Xi instrument, ThermoFisher) was
employed to study the chemical composition of the materials. X-ray diffraction (XRD)
measurements were performed on a Bruker D8 Advance X-ray diffractometer
supplied with Cu Ka radiation (A=1.5418 A). Fourier transform infrared (FT-IR)
spectra were recorded on a Nicolet Nexus 870 spectrometer. Zeta potentials were
quantified with a ZS90 Zetasizer instrument (Malvern). Dynamic light scattering
(DLS) was performed with a Brookhaven BI-200SM instrument. Photothermal effects
were analyzed using a laser device (ADR-1860, Shanghai Xilong Optoelectronics
Technology Co. Ltd.) at a wavelength of 808 nm.
2.7 In vitro drug release

To investigate the NIR and pH responsive release behavior of the formulations, the
CuS-MoS,-SH-PEG nanocomposite was suspended in PBS (0.5 mg/mL, 4 mL, pH
7.4 or pH 5.0) and loaded into a dialysis bag (Mw = 10 kDa). The suspension was
dialyzed against different PBS buffers (pH 7.4 or 5.0; 50 mL) with shaking (200 rpm).
Additional experiments were performed where the formulation was additionally
exposed to 808 nm laser irradiation (1 W/cm?) for 5 min periodically during the study.
The temperature was maintained at 37 °C for all experiments. The concentration of
DOX in the release medium was quantified with UV-vis spectroscopy at 480 nm. The
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cumulative amount of drug released from the composites was calculated using the

formula:

Y Released DOX

Cumulative DOX release (%) = Total amount of DOX loaded x100%

2.8. Photothermal effects

To measure the photothermal conversion efficacy of the CuS-MoS;-SH-PEG
nanocomposites, 1 mL suspensions in PBS (pH 7.4) at concentrations ranging from
0.5 to 2.0 mg/mL were prepared and irradiated with an 808 nm laser (1 W/cm?). The
influence of the laser power density was ascertained by irradiating a 1 mL suspension
of CuS-MoS,-SH-PEG (0.5 mg/mL) under laser power densities from 0.5 to 3 W/cm?.
The thermal stability of the materials was determined by irradiating for 5 min (0.5
W/cm?) over five on—off cycles. The temperature of the solution was monitored in all
cases, using a DT-8891E thermocouple linked to a digital thermometer (Shenzhen
Everbest Machinery Industry). The temperature of the solution was assumed to be
homogeneous throughout, which is reasonable given the low sample volume of 1 mL.

The photothermal conversion efficiency (n) was calculated as follows:

_ hS (TmaX'Tam)'Qo
I(1-10%)

n

where h is the heat transfer coefficient, S the surface area, Tmax the equilibrium
temperature, T,y the ambient temperature, Qo the heat absorption of the quartz cell, |
the laser power, and A the absorbance of CuS-MoS,-SH-PEG at 808 nm.
2.9 Cytotoxicity assays

The cytotoxicity of the CuS-MoS,-SH-PEG nanocomposites on MCF-7 cells was

investigated using the MTT assay. MCF-7 cells were grown in DMEM cell culture
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medium supplemented with 10% v/v FBS, penicillin (100 U/mL) and streptomycin
(100 U/mL). Confluent cells were harvested and plated in 96-well plates at a density
of 1 x 10* cells per well (200 uL of cell suspension per well). The cells were then
co-cultured with CuS-MoS,-SH-PEG(DOX) or CuS-MoS;-SH-PEG. Cells “were
divided into seven treatment groups as follows: 1 PBS; 2 NIR; 3 free DOX; 4
CuS-Mo0S,-SH-PEG; 5 CuS-MoS,-SH-PEG+NIR  (photothermal therapy); 6
CuS-MoS;,-SH-PEG(DOX) (chemotherapy); and 7 CuS-MoS;-SH-PEG(DOX)+NIR
(chemo-photothermal therapy). In each group, equivalent DOX concentrations of 0.01
to 10 pg/mL were explored. After incubation for 12 h, the medium was removed and
the cells washed with 100 uL PBS, before 100 pL of fresh culture medium was added
to the wells. The MCF-7 cells were irradiated with a laser (808 nm, 0.5 W/cm?) for 5
min in the case of groups 2,5 and 7.

The MTT reagent (10 pL, 5 mg/mL) was added after 24 hours of culture (5% CO»,
37 °C). This was followed by incubation at 37 °C in a 5% CO, atmosphere for 4 h.
The supernatant was carefully removed, and the MTT-formazan produced by living
cells solubilized in 150 puL of DMSO for 20 min. Finally, the absorbance at 490 nm
was measured using a microplate reader (MULTSIKAN MK3, ThermoFisher). Cell
viability (%) was determined from the absorbance at 450 nm and normalized to
negative control wells containing untreated cells.

2.10 In vitro cellular uptake

Cell targeting efficiency was investigated with confocal laser scanning microscopy

(CLSM). MCF-7 cells were seeded in a 24-well plate (1x10° cells per well, 1 mL) and
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grown for 24 h. The media was aspirated and 2 mL of fresh DMEM containing free
DOX or CuS-MoS;-SH-PEG(DOX) was added (at a DOX concentration of 3 pug/mL).
3 h later, the cells were rinsed three times with 1 mL of PBS (pH 7.4, 15 min per
rinse). Subsequently, the nuclei were stained with DAPI solution and the cells imaged
using a Nikon Eclipse Ti-S microscope.

2.11 Statistical analysis

All experiments were repeated three times. The data are displayed as mean + standard
deviation (S.D.). One-way analysis of variance (ANOVA) followed by a post hoc
Tukey’s test was used for comparison between different groups. Statistical
significance was considered at P < 0.05 (*), P <0.01 (**) and P < 0.001 (***).

3. Results and discussion

3.1 Synthesis and characterization of nanocomposites

The strategy underlying the construction of the CuS-MoS,-SH-PEG nanocomposites
is illustrated in Scheme S1 (Supplementary Information). MoS, nanosheets were
prepared through a chemical exfoliation protocol, following a previously reported
method [26]. Subsequently, CuS nanoparticles were deposited on the surface, giving
CuS-MoS; [43]. SH-PEG was finally grafted onto the surface of CuS-MoS; via a thiol
reaction. IR spectra (Fig. 1) clearly show the presence of Cu-S stretching modes at
639 cm* [44] for the samples prepared with all mass ratios of CuCl, to MoS,. The
successful synthesis of CuS-MoS; can thus be confirmed across the range of MoS;:
CuCl, mass ratios. In the interests of brevity, data will henceforth be shown for
CuS-MoS,-SH-PEG samples prepared with a 2:1 CuCl,: MoS; mass ratio, except
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where stated otherwise.

- =k
- N

= 2 ) |

Transmittance (%)

3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm™)

Fig. 1. FT-IR spectra of CuS-MoS,-SH-PEG synthesized with different mass ratio of CuS to MoS, 1:4

(green); 1:2 (purple); 1:1 (blue); 2:1 (red); and, 4:1 (black).

Fig. 2. TEM images of (a, b) the MoS; nanosheets and (c, d) CuS-MoS,.
Fig. 2a and b show TEM images of the exfoliated MoS, material. This comprises thin
and irregularly shaped sheets, confirming successful exfoliation after BuL.i treatment.

TEM images of the CuS-MoS, material are presented in Fig. 2c and 2d. The surface
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of the MoS, can be seen to be decorated with numerous CuS NPs.
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Fig. 3. XPS data for (a) MoS; and (b) CuS-MoS,; XRD diffraction patterns for (c) MoS, and (d)
CuS-MoS,.

XPS data for MoS; (Fig. 3a) show characteristic peaks of Mo 3p; (413 eV), Mo 3ps3
(359 eV), Mo 3d (233 eV), and S 2p (175 eV), all of which are consistent with the
literature for MoS; [45]. The XPS spectrum of CuS-MoS;, (Fig. 3b) contains
additional characteristic peaks associated with Cu 2s (1120 eV), Cu 2p; (953 eV), and
Cu 2p, (933 eV). The XRD pattern of MoS, (Fig. 3c) matches closely with the
literature pattern for MoS, (JCPDS10-0319), and that of CuS-MoS; (Fig. 3d) contains
additional reflections consistent with the presence of CuS (JCPDS 24-0061).

The modification of CuS-MoS, by SH-PEG was explored using FTIR
spectroscopy. The IR spectra of MoS;, and CuS-MoS,-SH-PEG are given in Fig. 4a. A
peak at 1640 cm ' in the spectrum of CuS-MoS,-SH-PEG corresponds to the PEG
amide band. A distinct PEG absorption peak at 1100 cm* can also be clearly seen.

These observations verify that CuS-MoS,-SH-PEG was successfully prepared.
14 /31



Modification by SH-PEG was further confirmed visually by monitoring the stability
of CuS-MoS; and CuS-MoS,-SH-PEG suspensions (see Fig. S1). The colloidal
stability of CuS-Mo0S,-SH-PEG is much greater than that of CuS-MoS,: while both
formulations are stable after standing for 1 h, after storage for 15 days the latter has
sedimented. In contrast, CuS-MoS,-SH-PEG remains homogeneously dispersed-in the
carrier medium for at least 15 days, further confirming the coating of SH-PEG.

Zeta potentials were measured to investigate the. surface charge of the
nanocomposites during the synthesis stages (Fig. 4b).. The MoS, nanosheets exhibit a
zeta potential of —40.6 +2.0 mV. The zeta potential of CuS-MoS; was -7.3 + 0.8 mV,
and after SH-PEG grafting this changes to -5.3 + 1.5 mV. The hydrodynamic
diameters of the nanocomposites were quantified by DLS, and the data are shown in
Fig. 4c. The hydrodynamic diameter of the CuS-MoS,-SH-PEG nanocomposites is
114.5 nm, which is appropriate for use as a cell-targeted drug delivery system [46].
3.2 In vitro drug release
The DOX loading on the nanoparticles was explored as a function of the mass ratio of
CuS-MoS,-SH-PEG to DOX. When the mass ratio was 2:1, 162.3 £ 9.1 mg DOX
could be loaded per g of carrier (Table S1), giving CuS-MoS,-SH-PEG(DOX). Fig.
4d displays the in vitro release behavior of CuS-MoS,-SH-PEG(DOX) in different pH
media (5.0 and 7.4) and with or without laser irradiation (0.5 W/cm?). It is clear that
pH-dependent and NIR-induced DOX release behavior was observed. The release of
DOX reached a greater extent at pH 5.0 because of a reduction of the hydrophobic
interactions between MoS; and DOX and the greater solubility of the latter at low pH
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[47]. The release of DOX was faster with laser irradiation than without, which allows
release to be triggered by exposure to NIR. Compared to a previous study exploring
functionalized MoS; delivery systems for DOX, the effect of NIR on DOX release is

more apparent here [48]. This can be attributed to the enhanced photothermal efficacy

of the CuS modified MoS,-nanosheets.
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Fig. 4. (a) FT-IR“spectra of CuS-MoS,-SH-PEG (red) and MoS, (black); (b) zeta potentials of the
nanocomposites at various stages of functionalization; (c) DLS data on CuS-MoS,-SH-PEG; (d) DOX
release profiles for CuS-MoS,-SH-PEG(DOX) at different pHs, and with or without 808 nm laser

irradiation (0.5 W/cm?). The arrows mark the time points where laser irradiation was applied. Data are

presented as mean + S.D. (n=3).
3.3 Photothermal activity
The use of different mass ratios of CuCl, to MoS; in the preparation of CuS-MoS; led
to the nanocomposites having varying photothermal conversion efficiency (Fig. 5a).
The CuS-MoS,-SH-PEG system generated with a 1:1 mass ratio of CuCl, to MoS;
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was used as a baseline, and temperature increases with other mass ratios expressed as
a percentage increase on this. At the same laser power and concentration, a CuCly:
MoS; ratio of 2:1 leads to the greatest increases in temperature. The photothermal
effect of the 2:1 system is found to be concentration-dependent under a fixed
irradiation intensity of 0.5 W/cm? (Fig. 5b). It also increases with power intensity for
a fixed concentration suspension at 0.5mg/mL (Fig. 5c).

The photothermal conversion efficiency of water, CuS-MoS,-SH-PEG and MoS,
at the same concentration and laser power density are compared in Fig. 5d. It is clear
that CuS-MoS,-SH-PEG has a better photothermal conversion efficiency than MoS..
To measure the photothermal stability of CuS-MoS,-SH-PEG, five on-off cycles of
irradiation were carried out (Fig. 5e). The temperature response of the
CuS-MoS,-SH-PEG suspension remains largely constant. The UV-vis absorption
spectra of CuS-MoS;-SH-PEG are also the same before and after five on—off cycles
(Fig. 5f). These findings suggest that CuS-MoS,-SH-PEG has excellent photothermal
stability. The photothermal conversion efficiency (Fig. S2) of CuS-MoS,-SH-PEG
was calculated as 59.3%, superior to that reported for another modified MoS, system

ina previous report [48].
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Fig. 5. Photothermal conversion data. (a) Temperature-variation of CuS-MoS,-SH-PEG suspensions

(0.5 mg/mL in water, 0.5 W/cm?) prepared with different mass ratio of CuS and MoS,.

CuS-MoS,-SH-PEG prepared with 1:1 mass ratio of CuCl, to MoS, was used as a baseline. Data are

presented as mean £ SD (n=3); (b) heating curves of CuS-MoS,-SH-PEG suspensions during exposure

to laser power densities of 0.5 W/cm?; (c) heating curves of CuS-MoS,-SH-PEG suspensions (0.5

mg/mL) under different laser power densities; (d) heating curves of water, CuS-MoS,-SH-PEG and

MoS, at the same concentration under the same laser power density (0.5 mg/mL, 1 W/cm?); (e) A plot

showing the response of CuS-MoS,-SH-PEG over five on—off cycles (0.5 mg/mL suspension, 0.5

W/cm? laser density); (f) UV-vis absorption spectra of CuS-MoS,-SH-PEG before and after five on—off

cycles (0.5 mg/mL suspension, 0.5 W/cm? laser density).

3.4 In vitro cell viability

The cytocompatibility and therapeutic efficacy of the nanocomposites were evaluated

in MCF-7 cells using MTT assays. The cell viabilities of cells treated with either PBS
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or NIR and PBS alone were identical (> 90%), indicating that NIR alone has no effect
on cell viability (Fig. S3). The results obtained with the other five treatments are
shown in Fig. 6. Cells exposed to CuS-MoS,-SH-PEG alone had high viabilities at 85%
or more even with dosing at 10 ug/mL. The carrier thus has good biocompatibility.

The chemotherapeutic effect of CuS-MoS,-SH-PEG(DOX) was compared to free
DOX by treating cells with equivalent doses of the drug. The cell viabilities observed
with CuS-MoS;,-SH-PEG(DOX) were lower than cells treated with free DOX at all
concentrations, which may be attributed to the low cellular uptake of free DOX.
Comparing the cell viabilities of cells treated with CuS-MoS,-SH-PEG+NIR and
CuS-MoS;-SH-PEG reveals that cell viabilities with the former treatment are lower
than the latter, again at all concentrations studied. It is thus clear that the MoS; based
drug delivery system can exert both chemotherapeutic and PTT effects. Considering
the effect of applying both treatments at once, viabilities of cells exposed to
CuS-MoS;,-SH-PEG(DOX)+NIR are markedly lower than in the monotherapy groups
(chemotherapy or PTT).

The results here thus demonstrate that the MoS,-based drug delivery system can
effectively kill cancerous cells through a synergistic application of both chemotherapy
and PTT. The NIR laser irradiation will perform a dual role in this: it both induces
heat for photothermal therapy and accelerates the release of DOX from
CuS-MoS,-SH-PEG(DOX) through heat stimulated dissociation of the n—=n stacking
interactions between CuS-Mo0S;-SH-PEG and DOX, which leads to enhanced
chemotherapy [49].
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Fig. 6. The viability of MCF-7 cells exposed to different concentrations of
DOX or DOX-loaded nanocomposites, with or without laser irradiation.

Statistical significance: P < 0.01 (**) and P < 0.001 (***). Data are presented as mean * S.D. (n=3)

3.5 Cellular uptake

The passive targeting ability of the nanocomposites was investigated by CLSM.
MCF-7 cells were cultured with free DOX or CuS-MoS,-SH-PEG(DOX). The MCF-7
cells could take up both free DOX and CuS-MoS,-SH-PEG(DOX), as shown by the
coincident presence of DAPI (blue) and DOX (red) fluorescence (Fig. 7). This effect
is minimal in the case of free DOX, but much more noticeable when the DOX is
loaded on the nanocarrier. There is hence greater cellular uptake of
CuS-MoS,-SH-PEG(DOX) by MCF-7 cells than of free DOX. MCF-7 cells incubated
with CuS-MoS,-SH-PEG (DOX)+NIR exhibited still greater DOX fluorescence than
those exposed to CuS-MoS,-SH-PEG(DOX). This can be attributed to the NIR light
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enhancing the cellular uptake of CuS-Mo0S,-SH-PEG(DOX) mainly because the mild
local hyperthermia induced will cause minor disruptions to the cell membrane,
rendering it more permeable [50, 51]. Overall, these results suggest that the
CuS-MoS,-SH-PEG(DOX) formulation can efficiently deliver DOX into MCF-7 cells,
which is beneficial for combined chemo-photothermal therapy. However; it should be
noted that less DOX fluorescence was observed here compared to other MoS,-based
systems conjugated with ligands for receptor-mediated uptake and active targeting [26,

48]. This confirms the benefits of using targeting ligands to enhance cellular uptake.

DAPI Merged

. ...
S ...
CuS-MoS,-SH-PEG(DOX)

+NIR

Fig. 7. Confocal microscope images of MCF-7 cells incubated with CuS-MoS,-SH-PEG, DOX or

CuS-MoS,-SH-PEG(DOX) at an equivalent DOX concentration of 5.0 pg/mL for 4 h. Scale bar: 25um

4. Conclusions
In this work, a multifunctional drug delivery system for combined photothermal and
chemotherapy was prepared. This comprises molybdenum disulfide nanosheets

surface modified with copper sulfide and further functionalized with polyethylene
21/31



glycol thiol (PEG-SH). The successful generation of the nanocomposite was verified
with electron microscopy, X-ray diffraction, X-ray photoelectron spectroscopy, and
FT-IR spectroscopy. The CuS-MoS,-SH-PEG particles were ca. 115 nm in size, and
form a colloidal aqueous suspension which is stable for at least 15 days. The
nanocomposites have a high drug loading capacity of 162.3 mg doxorubicin (DOX)/g
CuS-MoS,-SH-PEG. The nanoplatform shows potent photothermal effects upon
irradiation with near infrared (NIR) irradiation, with the CuS modification leading to
a clear improvement in this regard. The greatest photothermal efficacy is found with
materials prepared with a 2:1 CuCl,: MoS; mass ratio. CuS-MoS,-SH-PEG(DOX)
displays pH-responsive and NIR induced drug release behavior, which is promising
for tumor-specific delivery. In vitro studies found that the cytotoxicity of the
CuS-MoS,-SH-PEG(DOX) formulation is greatest when NIR irradiation is applied,
and the application of combined chemo-photothermal therapy led to greater cell death
than either monotherapy alone (chemotherapy or photothermal therapy [PTT]). The
cellular uptake of CuS-MoS,-SH-PEG(DOX) by cancer cells was much greater than
that of free DOX, and was enhanced by NIR exposure. Overall, our study suggests
that the CuS-MoS,-SH-PEG nanoparticles may be a promising platform for advanced
anti-cancer therapeutics, and offers significantly enhanced PTT efficacy over previous
reports of functionalized MoS, systems [48]. Our approach provides a strategy to
enhance photothermal efficacy for a range of transition metal dichalcogenide drug

delivery systems.
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