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1. Introduction

Tumor-targeted molybdenum disulfide@barium
titanate core—shell nanomedicine for

dual photothermal and chemotherapy

of triple-negative breast cancer cells}

Chandran Murugan, 2 Hyoryong Lee and Sukho Park (= *

Combinational therapy can improve the effectiveness of cancer treatment by overcoming individual
therapy shortcomings, leading to accelerated cancer cell apoptosis. Combinational cancer therapy is
attained by a single nanosystem with multiple physicochemical properties providing an efficient
synergistic therapy against cancer cells. Herein, we report a folate receptor-targeting dual-therapeutic
(photothermal and chemotherapy) core—shell nanoparticle (CSNP) exhibiting a molybdenum disulfide
core with a barium titanate shell (MoS,@BT) to improve therapeutic efficacy against triple-negative
breast cancer (TNBC) MDA-MB-231 cells. A simple hydrothermal approach was used to achieve the
MoS,@BT CSNPs, and their diameter was calculated to be approximately 180 + 25 nm. In addition to
improving the photothermal efficiency and stability of the MoS,@BT CSNPs, their surface was functiona-
lized with polydopamine (PDA) and subsequently modified with folic acid (FA) to achieve enhanced
tumour-targeting CSNPs, named MoS,@BT-PDA-FA (MBPF). Then, gemcitabine (Gem) was loaded into
the MBPF, and its loading and releasing efficacy were calculated to be 17.5 wt% and 64.5 + 3%, respec-
tively. Moreover, the photothermal conversion efficiency (PCE) of MBPF was estimated to be 35.3%, and
it also showed better biocompatibility, which was determined by an MTT assay. The MBPF significantly
increased the ambient temperature to 56.3 °C and triggered Gem release inside the TNBC cells when
exposed to a near-infrared (NIR) laser (808 nm, 1.5 W cm™2, 5 min). Notably, the MoS,@BT-based nano-
system was used as a photothermal agent and a therapeutic drug-loading container for combating
TNBC cells. Benefiting from the combined therapy, MBPF reduced TNBC cell viability to 81.3% due to its
efficient synergistic effects. Thus, the proposed tumour-targeting MoS,@BT CSNP exhibits high drug
loading, better biocompatibility, and improved anticancer efficacy toward TNBC cells due to its dual
therapeutic approach in a single system, which opens up a new approach for dual cancer therapy.

PTT agents to produce tremendous temperatures within the
tumour cells after absorbing near-infrared (NIR) light.*™ Also,

Increasing cancer incidence and mortality rates in recent years
have made it one of the most terrible causes of death worldwide.
Among cancers, triple-negative breast cancer (TNBC) has more
aggressive clinical features, including rapid growth, high meta-
static potential, poor prognosis, and high invasiveness. The
forecast for TNBC is typically not as good as for other types.'
Photothermal therapy (PTT) has been extensively researched and
developed for breast cancer treatment as an emerging therapeu-
tic approach. It is an essential alternative therapy that utilizes
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PTT is widely regarded as one of the most effective therapeutic
strategies for combating tumours because of its high temporal
specificity, affordability, noninvasiveness, remote controllability,
and low side effects.>® Despite these advantages, PTT alone has
not produced more effective tumour therapy because of the
uneven spreading of injected PTT agents and the difficulty of
using NIR light to penetrate tumour tissues. Combination
therapy, a therapeutic modality that combines PTT with other
cancer therapies, can synergistically eradicate cancer cells.”
In addition, conventional chemotherapy involves drugs that pre-
vent cell proliferation and destroy cancer cells effectively. This
approach is commonly used in tumour therapy; however, it is
susceptible to drug resistance and severe side effects due to its
poor drug specificity.® As a result, monotherapies, such as photo-
thermal or chemotherapy alone, have several shortcomings when
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treating cancer cells. Combination therapy attributed to com-
bining chemotherapy with hyperthermia, effectively resolves
the limitations of monotherapies, increasing the efficacy of the
therapy”'® because of its different mechanisms of action.'!
Thus, combination therapy offers an alternative, suitable mode
of therapy that could significantly enhance the effectiveness
of cancer treatment. In recent years, nanoparticle-mediated
integration of chemotherapy with photothermal therapy has
aroused increased interest in cancer treatment. An exciting
aspect of combination therapy is that it is accomplished using
a single nanosystem with different physicochemical properties,
which improves synergistic cancer treatment. It is particularly
beneficial to utilize hybrid components in a single nanosystem
to provide multiple therapeutics/modalities as they combine
the valuable features of both pure nanomaterials. Molybdenum
disulfide (MoS,) has gained increasing attention in the biome-
dicine field due to its large surface area and excellent biocom-
patibility, as well as its sulfur atoms, which play an important
part in the formation and function of iron-sulfur proteins in
the biological system. Its superior properties, such as a large
internal band gap and high carrier mobility, allow for efficient
photothermal conversion during PTT."> Moreover, MoS, nano-
particles (NPs) are an effective agent for direct tumour treat-
ment with the added benefits of being tremendously flexible,
able to undergo easy surface alteration with other elements,
minimizing long-term toxicity, and rapidly degraded and
removed from the body."® Therefore, MoS, nanomaterials serve as
a platform material to create a multifunctional nanomedicine for
cancer dual therapy by integration with other nanomaterials."***
Barium titanate (BT) is a talented piezoelectric material for
biomedical applications due to its biological features, including
high biocompatibility when contacting biological cells.'®"”
There has already been evidence that BT NPs are cytocompatible
when incubated with mesenchymal stem cells (MSCs) at higher
concentrations, such as 100 pg mL™*.*®* Moreover, the role of
poly(lactic-co-glycolic) acid/BT NPs in cell attachment and their
effects on osteoblast and osteoclast differentiation or prolifera-
tion have also been demonstrated.’® A previous report showed
that BT NPs effectively deliver and enhance doxorubicin uptake
by SH-SY5Y neuroblastoma cells.>’ Interestingly, BT NPs coated
with gold can be used for photothermal therapy to treat cancer-
ous lesions. In contrast, BT NPs coated with polymeric coatings
can be used for gene delivery.”! Hence, BT NPs have high
potential to serve as a multi-purpose anticancer agent. Thus,
fabricating a hybrid nanostructure using MoS, and BT may
enhance the efficiency of a synergistic approach (PTT and
chemotherapy) towards TNBC cells. In addition, a perfect nano-
carrier has been outfitted with tumour-specific ligands, endowing
the rapid uptake of nanomaterials inside cancer cells by signifi-
cantly or strictly binding nanomaterials on target tumour cells.
Tumour-targeting moieties, such as folic acid,** hyaluronic acid,*
transferrin,® aptamer,> peptide,®® and antibody,” have pre-
viously been utilized on the surface of drug delivery systems.
A cell surface-anchored glycoprotein named folate receptor alpha
(FR-o) is upregulated in several other sorts of epithelial cancers
and 90% of ovarian carcinomas.”®*® FR-u allows intracellular
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transport of folic acid (FA) conjugated nanocarrier via receptor-
mediated endocytosis while binding FR-o with FA.** Due to its low
expression in healthy tissues, FR-o has been proposed as an ideal
candidate for tumour-targeted anticancer drug delivery.***

To the best of our knowledge, we report the first dual-
therapeutic functional (photothermal agent and drug carrier)
molybdenum disulfide (MoS,) and barium titanate (BT) core-
shell nanoparticles (MoS,@BT CSNPs) for the synergistic
therapy of MDA-MB-231 cells. The MoS,@BT CSNPs were
obtained via a one-step hydrothermal approach, followed by
surface functionalization with polydopamine (PDA) to improve
the PTT efficiency. To obtain the tumour-specific functionality,
FA is functionalized on the surface of MoS,@BT-PDA, named
MoS,-BT-PDA-FA (MBPF). MBPF with FA can bind to the highly
expressed FR-o. on most tumour cells and improve the accu-
mulation of CSNPs at the tumour site. Then, gemcitabine
(Gem), a deoxycytidine analogue, was loaded into the MBPF
CSNPs to achieve chemotherapy with PTT. The MBPF increased
the ambient temperature significantly to 56.3 °C and triggered
Gem release inside the TNBC cells when exposed to a near-
infrared (NIR) laser (808 nm, 1.5 W cm™?, 5 min). Thus, the
proposed tumour-targeted MoS,@BT, an intelligent nanodrug
system with different outlooks (core@shell) was used to attain
PTT with chemotherapy in a single system against TNBC.

2. Materials and methods
2.1 Chemicals

Sodium molybdate dehydrates (Na,M00,-2H,0, >99.5%), 1,1’-
dioctadecyl-3,3,3’,3'-tetramethylindocarbocyanine perchlorate
(DiR), barium carbonate (BaCO;, >99%), thiourea (CH4N,S,
>99%), titanium(v) isopropoxide (97%), polyvinylpyrrolidone
(PVP, M, 40000), citric acid (C¢HgO7, >99.5%), 1-ethyl-3-(3-
dimethyl aminopropyl) carbodiimide (EDC), dopamine hydro-
chloride, 4',6-diamidino-2-phenylindole (DAPI), folic acid (>97%),
N-hydroxysuccinimide (NHS), ethanol, acridine orange (AO), propi-
dium iodide (PI), 2'-7’-dichlorofluorescin diacetate (DCFH-DA,
>97%), gemcitabine hydrochloride (>98%), and tris-HCl buffer
(pH 8.5) were purchased from Sigma-Aldrich.

2.2 Synthesis of MoS,@BT CSNPs

A simple hydrothermal method was used to prepare the
MoS,@BT CSNPs in two steps by mixing the precursors at
180 °C for 6 h. In brief, 30 mg of Na,M00O,-2H,0, 50 mg of
PVP, and 30 mg of thiourea were first dissolved in 25 mL of
Milli-Q water, and, second, 30 mg of BaCO3, 50 pg of titanium(iv)
isopropoxide, and 100 mg of CsHgO; were dispersed in 20 mL of
ethanol solution. Then, the second mixture was poured dropwise
into the first solution under vigorous stirring for 30 min. The
blended mixture was then poured into a Teflon-lined autoclave
and heated at 180 °C for 6 h. Finally, the grey colour product was
obtained by centrifugation at 12000 rpm for 20 min, and the
impurities were removed by frequent washing with 70% ethanol
and Milli-Q water. The obtained MoS,@BT CSNPs were vacuum-
dried overnight at 60 °C and stored for further use.
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2.3 Synthesis of MoS,@BT-PDA CSNPs

To prepare PDA-coated MoS,@BT CSNPs, 50 mg of MoS,@BT
CSNP was dispersed in 25 mL of 10 mM tris-HCI buffer (pH 8.5)
consisting of 20 mg of dopamine-HCI and the reaction was left
under stirring for 12 h at room temperature (RT). The final
product was gathered by centrifugation at 10000 rpm for
20 min and the product was washed several times with Milli-Q
water and ethanol. Finally, the MoS,@BT-PDA CSNPs were dried
using an oven for further use.

2.4 Folic acid (FA) conjugated MoS,@BT-PDA (MBPF) CSNPs

To get folic acid (FA) functionalized MoS,@BT-PDA CSNPs,
5 mg of FA and 1 mg of EDC were dispersed in 10 mL of
anhydrous ethanol, and then 30 mg of MoS,@BT-PDA in Milli-Q
water was added dropwise to the mixture and it was stirred in the
dark for 12 h at RT to get FA-functionalized MoS,@BT-PDA,
named MBPF CSNPs. Finally, the product was obtained by
centrifugation at 12 000 rpm for 20 min, and the impurities were
then removed by repeatedly washing the precipitate with 70%
ethanol and Milli-Q water. The MBPF was vacuum-dried over-
night at 60 °C and stored for further use.

2.5 Gemcitabine-loaded MBPF CSNPs

The gemcitabine (Gem) loading and release efficiency of MBPF
CSNPs were investigated by the dialysis bag method. Briefly,
10 mg of MBPF CSNPs were dissolved in 5 mL of Gem aqueous
solution (2 mg mL'); after mild stirring for 12 h, the Gem-
loaded MBPF CSNPs were gathered by a centrifugation process
(12000 rpm, 10 min) and unloaded Gem was removed by
washing twice with deionized water. The supernatant was
measured before and after Gem loading at 270 nm to determine
the drug loading capability of MBPF using a UV-visible spectro-
meter. The Gem encapsulation efficiency (EE) and loading
content (LC) in MBPF were stated based on the following
formulas:**

__ Weight of Gem in MBPF

EE(%) = Weight of the feeding Gem x

100

_ Weight of loaded Gem in MBPF

LC
(%) Total weight of MBPF

x 100

2.6 Materials characterization

The core-shell structure, size, morphology, elemental mapping,
and composition were determined with a high-resolution electron
microscope (HR-TEM, Hitachi/HF-3300). X-ray diffraction (XRD)
was utilized to assess the CSNP crystal structure (Panalytical/
Empyrean, XRD) and the Fourier-transform infrared (FT-IR) spec-
trum was recorded using an FT-IR spectrometer (Thermo Scien-
tific/Nicolet Continuum). The atomic valence states and the
composition of MoS,@BT were confirmed by X-ray photoelectron
spectroscopy (XPS). Then, the UV-visible absorption spectrum of
CSNPs was accessed using a nanodrop spectrophotometer (DS-
11+, DeNovix, USA). Dynamic light scattering (DLS) was used to
assess the size distribution and stability of MBPF (Wyatt Technol-
ogy/DynaPro NanoStar). Filtered 100 puL of MBPF solution was
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used in a microcuvette to determine the size and stability of
CSNPs. Triplicate experiments were investigated for each MPBF
sample, and then the result was processed using DTS software
version 3.32. A UV-vis-NIR spectrophotometer was utilized to
assess the optical properties of MBPF, and the spectrum was
recorded within the range of 300-900 nm using Agilent Technol-
ogies/Cary 5000 UV-Vis-NIR.

2.7 Drug release experiment

To investigate the release profile of Gem from MBPF, Gem-loaded
MBPF CSNPs (2 mg) were dissolved into the dialysis bag and
immersed into 10 mL phosphate buffer saline (PBS) solutions
of different pH (5.0 or 7.4) and incubated at 37°C for 24 h.
At predetermined intervals, 200 UL of the PBS was removed from
the medium, and the original volume was replenished with fresh
PBS solution. The Gem discharged from MBPF was calculated by
measuring the supernatant at 270 nm using a UV-visible
spectrophotometer.

2.8 In vitro photothermal efficacy of MoS,@BT and MBPF
CSNPs

Cuvettes containing 300 uL aqueous dispersions of MBPF with
diverse concentrations (25, 50, 75, and 100 pg mL ') were
exposed to an NIR laser of 808 nm (1.5 W cm?) for 5 min
and compared with distilled water (control experiment). Then,
the heat-producing capacity of MBPF was monitored every
20 seconds using a thermal infrared imager, and the photo-
thermal stability of MBPF CSNPs was evaluated with four cycles
of on/off laser experiment to calculate the photothermal con-
version efficiency (i), as reported previously.>**>

2.9 Cell culture for photothermal therapy

A 25 cm” tissue culture dish containing 5 mL of DMEM medium,
10% FBS, 100 pg mL~ " streptomycin, and 100 pg mL~" penicillin
was utilized to grow MDA-MB-231 cells at 37 °C using a humidi-
fied incubator supplied with 5% CO, gas. Then, the cells were
grown until they reached cell confluency (80-85%) and rinsed
three times with PBS solution. Finally, the MDA-MB-231 cells were
harvested using 0.25% trypsin-EDTA for further experiments.

2.10 In vitro cytotoxicity test

A thiazolyl tetrazolium (MTT) assay was used to quantitatively
evaluate the cell viability of MDA-MB-231 cells after incubation
with saline, MoS,@BT, MoS,@BT-PDA, MBPF, MBPF + NIR,
MBPF + Gem, and MBPF + Gem + NIR (1 mg mL"). Briefly,
MDA-MB-231 cells (2 x 10° cells per well) were grown in 96-well
plates for 24 h, then incubated with fresh medium containing
different concentrations of CSNPs (5-100 ug mL ") and further
cultured for 12 h, followed by NIR light irradiation (808 nm,
1.5 W ecm ™2, 5 min) or not. After discarding the medium, 20 uL
of MTT solution was supplied and incubated for a further 4 h.
The formed formazan granules were defrosted in 200 pL of
DMSO with gentle shaking, and the cell viability was measured

This journal is © The Royal Society of Chemistry 2023
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at 570 nm with a microplate reader using the following formula:

OD of control sample — OD of test sample

11 viability =
Cell viability OD of control sample

x 100

2.11 In vitro synergistic antitumor efficacy of the CSNPs

The antitumor activity of the CSNPs was determined by a live/
dead assay using AO/PI staining, respectively. The MBA-MD-231
cells (1 x 10° cells per well) were grown in a 12-well plate to
reach confluency; then 100 pL of saline, MoS,@BT, MBPF,
MBPF + NIR, MBPF + Gem, and MBPF + Gem + NIR (1 mg mL?)
was poured into each well and incubated for 12 h. Then, an NIR
laser (808 nm, 1.5 W cm ™ %) was used to irradiate each well with
cells and washed with fresh PBS twice after 2 h of incubation.
Finally, irradiated cells were stained with PI (10 mg mL™") and

A

Core components

Na;Mo0,-2H,0

View Article Online
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50 uL of AO (10 mg mL™ ") for 15 min and then rinsed with fresh
PBS three times. The stained MBA-MD-231 cells were visualized
with a fluorescence microscope (LSM700, Zeiss).

2.12 In vitro ROS detection

Intratumor ROS generation was assessed by oxidation of DCFH-
DA; MDA-MB-231 cells on a 12-well plate (1 x 10 cells per well)
were incubated for 12 h at 37 °C. Afterwards, 100 pL of saline,
MoS,@BT, MBPF, MBPF + NIR, MBPF + Gem, and MBPF +
Gem + NIR (1 mg mL™') was poured into each well and
incubated for 12 h. Then, an NIR laser (808 nm, 1.5 W cm?)
was used to irradiate each well with cells and washed with fresh
PBS twice after 2 h of incubation. Then, the MDA-MB-231 cells
were repeatedly rinsed with PBS after staining with DCFH-DA
(30 puL, 1 mg mL™") for 15 min. The ROS generation capability

Shell components

+ Ci2H2504Ti - BaCO;
g -8
® o. ¢ e .
5 Shell

Hydrothermal
>
180°C/6 h

Core

MoS,@BT

Stirring/30 min

Dopamine. HCI

MoS,@BT MoS,@BT-PDA
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Scheme 1 (A and B) The schematic illustration shows the procedure for the formulation of MoS,@BT and Gem-loaded MBPF CSNPs as a potent
antitumor agent for combination chemo-photothermal therapy towards MDA-MB-231 cells and (C) the intracellular working machinery of Gem-loaded

MBPF CSNPs when exposed to NIR laser irradiation (808 nm, 1.5 W cm™2)

. By using enhanced permeability and retention (EPR) effects, MBPF passively

targets MDA-MB-231 cells, causing a local temperature rise (>50 °C) within TNBC cells through their dual performance (chemo and PTT therapy).
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of CSNPs was detected with a fluorescence microscope
(LSM700, Zeiss), and DCF means the fluorescence intensity
was calculated using emission and excitation wavelengths at
530 nm and 488 nm, respectively.*®

2.13 Cellular uptake and antitumor efficacy of CSNPs

MBA-MD-231 cells (1 x 10° cells per dish) were seeded into a
confocal dish with an appropriate growth medium and allowed
to attach for 24 h. Then, MBA-MD-231 cells were treated with
saline, MoS,@BT, MBPF, MBPF + NIR, MBPF + Gem, and
MBPF + Gem + NIR (1 mg mL™ ') and incubated for a further
12 h. Then, an NIR laser (808 nm, 1.5 W cm ) was used to
irradiate each well with cells and washed with fresh PBS twice
after 2 h of incubation. Then, the cells were stained with
nuclear staining DAPI (blue) and membrane staining DiL
(red) for 20 min and immediately washed several times with
PBS. The stained MBA-MD-231 cells were pictured using a
confocal laser scanning microscope (Olympus/FV1200).

2.14 Statistical analysis

Each result was obtained by three replicate experiments and
displayed as means =+ standard deviation (SD). Student’s ¢ test
was applied to compare the data and significant variance was
considered to be *p < 0.05.

3. Results and discussion

The design, fabrication strategy, and surface modification of
molybdenum disulfide@barium titanate (MoS,@BT) core-shell
nanoparticles (CSNPs) are shown in Scheme 1. MoS,@BT CSNP
was obtained by mixing the core-forming components
(Na;M00,-2H,0, PVP, and CH,N,S) with the shell-forming
compositions (C;,H,30,Ti, C¢HgO, and BaCO;) at 180 °C for
6 h. A possible mechanism of MoS,@BT CSNP formation can
be stated as follows; the reduced Mo atom reacts with sulfur (S)
to form MoS,,>” and then the PVP molecules are adsorbed into
MoS, via chemical interactions between the Mo-S bond with
either nitrogen atoms on the pyrrole ring or oxygen atoms on
the carbonyl group of PVP, resulting in the formation of the
core structure.*® Moreover, the shell is formed by the activity of
citric acid (CA), a molecule that possibly primarily produces BT
phase-pure particles with tiny crystallite size and less clustered
secondary particles.’® Subsequently, the oxygen atom of the CA
molecule in the shell components has the potential to react
with the nitrogen atom of PVP in the core via hydrogen (O-H)
bonding.**** At high temperatures (180 °C), the burst nuclea-
tion and growth of significant numbers of BT crystal nuclei on
the surface of MoS, form a shell structure. PVP and CA act as
linker molecules between MoS, (core) and BT (shell) and play a
crucial role in forming the MoS,@BT core-shell structure.
Thus, the formed MoS,@BT CSNPs exhibit different outlooks,
like a dense core with a transparent shell, which can provide
efficient PTT and chemotherapy in a single system.

As shown in Scheme 1(B), the as-prepared MoS,@BT CSNPs
were coated with a polydopamine layer (PDA) through self-
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polymerization in an aqueous alkaline solution. It is well known
that PDA coatings on CSNPs provide excellent biocompatibility,*>
aqueous solubility, and substantial photothermal properties,*
particularly in the near-infrared (NIR) region for PTT in vivo.*
Then, the MoS,@BT-PDA surface was functionalized with folic
acid (FA) to enhance targeting functionality and improve long-
term blood circulation. This was achieved by a covalent coupling
reaction between the amino of FA and the carboxyl groups of PDA
in the presence of EDC and NHS to form MoS,@BT-PDA-FA
(MBPF). Finally, gemcitabine (Gem) was loaded into MBPF CSNPs
via diffusion; the process of drug delivery and the mode of action
of Gem-loaded MBPF CSNPs when exposed to near-infrared (NIR)
are illustrated in Scheme 1(C). The cellular uptake of MBPF by
MDA-MB-231 cells is initially recognized by the folate receptor
(FR), which is highly expressed in breast cancer cells. Following
the entry of MBPF into the cytoplasm, it absorbs near-infrared
(NIR) light and converts it into heat, and triggers drug release
when exposed to NIR radiation (808 nm, 1.5 W cm™ 2, 5 min). The
Gem-loaded MBPF induces ROS generation, blockage of DNA
elongation, and DNA damage when exposed to NIR light, resulting
in TNBC cells undergoing apoptosis or cell death.

Fig. 1(A) and (B) show the structure and morphology of the
synthesized MoS,@BT CSNPs; the transmission electron micro-
scopy (TEM) images show the particles possessed uniform
morphology, a spherical shape, and a diameter of about
180 + 25 nm. Fig. 1(C) and (D) show the CSNPs with a visible
core-shell structure, characterized by an amorphous and less
dense shell uniformly coated on the dense core structure with
some crystal planes, indicating that a core-shell structure was
formed. TEM investigation also revealed that the inner core was
178 £+ 10 nm in diameter, followed by a shell of about 25 +
2 nm in thickness. As shown in Fig. 1(E), energy-dispersive
X-ray spectroscopy (EDX) mapping images showed the presence
of different elements (Mo, S, Ba, Ti, and O) in the MoS,@BT
CSNPs. Interestingly, the core structure of CSNPs comprises
Mo, S, and Ba elements, and the shell is composed of Ti and O.
The atomic compositions of Mo, S, and Ba were higher at the
core and decreased radically from the core to the shell, whereas
a significant amount of Ti and O was observed in the shell of
CSNPs. The EDS spectrum image (Fig. S1, ESIt) also confirmed
the presence of Mo, S, Ba, Ti, and O elements in the MoS,@BT
CSNPs, which was further proof of the successful synthesis
of CSNPs.

To obtain detailed evidence about the phase composition
and crystal structure of MoS,@BT, MoS,@BT-PDA, and MBPF
CSNPs, X-ray diffraction (XRD) was performed between 10° and
80°. In Fig. 1(F), the XRD pattern of MoS,@BT showed the
presence of MoS, and BT, and the peaks observed at 31.8°,
33.9°% 39.0°% 46.1°, 49.3° and 59.0° correspond to (100), (101),
(103), (006), (105), and (110), respectively, confirming the
crystalline phase of MoS,.*>*® Furthermore, diffraction peaks
were also observed at 22.0° 31.4° 38.6° 44.9° 50.6°, 55.9°
65.4°, 69.9°, 74.4°, and 78.6° corresponding to the (100), (110),
(111), (200), (210), (211), (220), (300), (310) and (311) phases of
BT (JCPDS No. 31-0174), respectively, indicating the presence
of both MoS, and BT in the CSNPs. In the XRD patterns of

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Structure, morphological and chemical composition of CSNPs. TEM images of (A) and (B) the spherical-shaped group of CSNPs, (C) and (D) the
morphology of the shell at higher magnification, (E) EDX mapping of MoS,@BT CSNPs, (F) XRD and (G) FT-IR spectra of MoS,@BT, MoS,@BT-PDA, and

MBPF CSNPs.

MoS,@BT-PDA and MBPF CSNPs, all of the peaks match the
crystalline structure of bare MoS,@BT CSNPs with a lower
degree of crystallinity, which indicates the incorporation of
biomolecules such as PDA and FA in CSNPs, resulting in a
slight decrease in absorption band intensity. These findings
confirmed the existence of PDA and FA in the CSNP matrix.
The formation of MoS,@BT, MoS,@BT-PDA, MBPF CSNPs,
and Gem-loaded MBPF CSNPs was confirmed by the UV-Vis
spectrophotometer, as shown in Fig. S2, ESL.{ FT-IR spectro-
scopy was recorded to observe the surface chemical structure
and binding interaction of MoS,@BT, MoS,@BT-PDA, and
MBPF CSNPs, as shown in Fig. 1(G). The broad absorption
bands at 935, 1115, and 1602 cm™* on MoS,@BT CSNPs have been
attributed to the stretching vibrations of S-S bond formation,
hydroxyl groups, and Mo-O vibrations.*” The peaks at 565 cm ™ *
and 1425 em™" correspond to Ti-O vibrations and bending vibra-
tions of BT.***° Also, the peaks between 1325 and 1385 cm *
represent C-N and C=O of PVP.** The FTIR spectrum of
MoS,@BT-PDA showed several new absorption peaks at 1608,
1557, and 1472 cm™*, which correlated with the C—C vibration
in the PDA benzene ring.>"** A peak revealed the C-O stretching
vibration in PDA phenolic groups at 1268 cm™* and the appearance
of a new peak confirmed the effective coating of PDA on MoS,@BT.
The characteristic peaks of MBPF displayed at around 1635 and
1527 cm™ " correspond to the C=O (amide I band) and vibration
of the N-H (2° amide) II band in MBPF.*® The appearance of
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these peaks confirmed the conjugation of FA onto the surface
of MBPF.

To characterize the atomic valence state and the composi-
tion of the MoS,@BT CSNPs, X-ray photoelectron spectroscopy
(XPS) was performed (Fig. 2). The XPS spectrum confirms the
co-existence of Mo, S, Ba, Ti, and O elements in the MoS,@BT
CSNPs. As shown in Fig. 2(A), the XPS survey spectrum of
MoS,@BT confirmed the presence of Mo 3d, S 2p, Ba 3d, Ti
2p, and O 1s and revealed the coexistence of MoS, and BT
in CSNPs.> Two bands at 229.2 eV (Mo 3ds,) and 232.5 eV
(Mo 3d3,) correspond to Mo3d, as shown in Fig. 2(B). Also, the
sulfur was confirmed by two peaks at 162.0 eV (S 2p;5,) and
163.3 eV (S 2pi.,), respectively, as depicted in Fig. 2(C). The
binding energies of Mo and S were moderately similar to
previously reported literature.”> Moreover, the Ba 3d peak was
divided into two parts (Ba 3ds/, and Ba 3ds,), where the Ba 3ds),
peak at 778.78 eV and the Ba 3d;, peak at 794.23 eV
confirmed the presence of barium in the BT shell.’® There
was a Ba 4d signal at 87.66 eV and a Ba 4p signal at 175.87 eV
because of various barium orbitals in the BT shell (as observed
in the survey spectrum), as shown in Fig. 2(D). In addition, two
peaks of Ti 2p3, and Ti 2py, were observed from the Ti 2p
peak, and these peaks were separated into four peaks using
Gaussian functions. Two of these peaks (Fig. 2(E)) were shown
at about 457.25 eV and 463.59 eV corresponding to Ti 2p;/, and
Ti 2py,, peaks of Ti*" in the BT shell, whereas the other two
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Fig. 2 High-resolution XPS spectra of MoS,@BT CSNPs. (A) MoS,@BT CSNPs survey spectrum, (B) spectra for the Mo 3d and S 2s of MoS,, (C) spectra for
the S 2p orbits of MoS,, (D) spectra for the Ba 3d of BT, (E) spectra for the Ti 2p of BT and (F) spectra for the O 1s of BT.

peaks, Ti 2ps;, and Ti 2p;, of Ti** in the BT shell were
positioned around 456.39 eV and 462.18 eV, respectively.””
The appearance of the O 1s spectrum (Fig. 2(F)) was split into
two peaks at around 530.69 eV and 532.68 eV, which confirmed
the presence of oxygen atoms in the form of Ba-O-Ti and Ti-O-
Ti, respectively.’® A peak representing C 1s was observed in the
survey spectra, possibly due to CO, in the air (Fig. S3, ESIT).
Also, the Mo 3d and S 2p peaks shifted their binding energies
about 0.9 eV towards the lower energy direction, whereas Ba 3d,
Ti 2p, and O 1s shifted their binding energies about 0.5 eV
towards the higher energy direction. The shift of the peaks
attributed to the interaction between MoS, and BT**®°
indicates the successful formation of MoS,@BT CSNPs.
Dynamic light scattering (DLS) displayed the average hydrody-
namic diameter of the MBPF CSNPs, which was calculated to be
205 £ 5 nm at 25 °C (Fig. S4, ESIt). No noticeable alteration in
the hydrodynamic diameter of MBPF CSNPs was observed over
a week and the average hydrodynamic diameter of the MBPF
CSNPs was noted as 210 + 3 nm by DLS at 25 °C, which
demonstrated the considerable stability of the CSNPs (Fig. S5,
ESIt). The UV-vis-NIR absorbance spectra were utilized to
recorded the optical performance of MBPF (Fig. S6, ESIt). The
absorption peak of MBPF was seen at around 350 nm, and
broad absorption in the wavelength range of 800-820 nm.
The loading of Gem into CSNPs is based on electrostatic
interaction. Hydrophilic Gem was loaded into the core and
shell of MBPF CSNPs, and the Gem loading content of MBPF
was calculated to be 17.5 wt%. The pH-responsiveness and
NIR-laser activation release of Gem from MBPF CSNPs were
investigated by the dialysis bag method for 24 h at different pH
(5.0 and 7.4) that resemble the mature endosomes of tumour
cells and normal physiological conditions, respectively. The
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amount of Gem discharged from MBPF CSNPs into the med-
ium was evaluated by measuring the supernatant at 270 nm
using UV-vis at given time intervals. Without laser irradiation,
Gem release from MBPF CSNPs was slightly improved from
7 £ 210 53.9 £ 5% when the pH was adjusted from 7.4 to 5.0, as
shown in Fig. 3(A). The pH-dependent discharge of Gem was
due to improved solubility at lower pH levels, while the
temperature-triggered discharge of Gem can be attributed to
enhanced molecular motion at the higher temperature. Gem
release was increased (64.5 + 3%) at pH 5 with NIR laser
irradiation compared with pH 5.0 without laser irradiation
(<12%). Due to the lower pH of tumours (pH = 5.0-6.0) than
normal tissue, the acidic condition of the tumour stimulates
Gem release from MBPF CSNPs only at the tumour site. In
addition, MBPF absorbs near-infrared (NIR) light and converts
it into heat that kills tumour cells and enhances Gem release
discharge, leading to an efficient synergistic antitumor effect.
Gemcitabine is a pyrimidine nucleoside antimetabolite and has
proven to be a promising new cytotoxic agent against numerous
tumour types, including pancreatic, non-small cell lung, breast,
and bladder cancer.®’™** The released Gem may cause chain
termination, blockage of DNA elongation, and suppress the
TNBC cell proliferation, resulting in apoptosis.®®

In Fig. 3(B), the photothermal conversion efficiency (PCE) of
MBPF CSNPs was assessed by exposing 0.4 mL aqueous solutions
of MBPF CSNPs with diverse concentrations (0, 25, 50, 75, and
100 pg mL ") to NIR irradiation (808 nm, 1.5 W ¢cm™ 2, 5 min)
and recording consistent temperature changes using a thermal
infrared camera. When MBPF CSNPs were used at a higher
concentration (100 pg mL™'), the temperature rose from 26 to
56.3 °C after NIR irradiation; in contrast, MBPF CSNPs with
concentrations of 25, 50, and 75 ug mL ™' caused temperature

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (A) pH and NIR-based gemcitabine release from MBPF CSNPs. (B) Temperature rise curves of distilled water (control) and MBPF CSNPs under
changing concentrations (0-100 pg mL™) when exposed to NIR laser irradiation (808 nm, 1.5 W cm™2, 5 min). (C) Temperature increase curves of
MoS,@BT and MBPF CSNPs (100 pg mL™* of concentration) with NIR irradiation. (D) Temperature increase of 100 ug mL™* of MBPF CSNPs with NIR
irradiation for 300 s at different power densities. (E) Four and (F) single rounds of NIR irradiation with on/off cycling for 600 s intervals.

increases from 26 °C to 39.4, 45.9, and 50.1 °C, respectively.
Moreover, MBPF CSNPs exhibit concentration-dependent photo-
thermal conversion behaviour, and their PCE was calculated to be
about 35.3%, which is higher than those of MoS,-PEG nanoflakes
(27.6%) or MoS,-chitosan (MoS,-CS) nanosheets (24.4%).°>*” The
distilled water group displayed no significant temperature rise
(3.1 °C), demonstrating that NIR irradiation did not harm normal
tissue. The photothermal effect produced by MBPF CSNPs was
potent and sufficient to thermally damage cancer tissues, thus
making it a desirable candidate for effective PTT due to its
excellent PCE performance. In Fig. 3(C), by exposing the CSNPs
to an NIR laser (808 nm, 1.5 W cm ™2, 5 min), the heat generation
performances of MoS,@BT and MBPF CSNPs were observed to be
43.9 and 56.3 °C, respectively. There was an increase in heat
generation by MBPF due to the PDA coating, which increased the
ability to absorb photons more efficiently compared to
MoS,@BT.°** Linear fitting of the MBPF sample solution showed
an excellent linear relationship with an R-squared value of 0.9948,
as shown in Fig. S7 (ESIt).”® Fig. 3(D) illustrates a temperature
increase of 100 ug mL~" of MBPF CSNPs after laser radiation at 1,
1.5, and 2 W cm™ > power density for 5 min. The findings revealed
that an obvious laser-power-dependent photothermal outcome
was noted, and the temperature of the solution reached 69.3 °C at
2 W cm 2 laser irradiation, compared with 1 W em™? (35.7 °C)
and 1.5 W cm ™2 (56.3 °C) laser irradiation, respectively. A periodic
NIR laser on/off control was used to show the photostability of
MBPF CSNPs, in which 300 pL of MBPF CSNPs solution was
irradiated using NIR laser light for 5 min, then cooled to room
temperature without further exposure to NIR laser light. Fig. 3(E)

This journal is © The Royal Society of Chemistry 2023

shows no potential temperature decrease after four cycles of laser
on/off irradiation. In Fig. 3(F), after removal of the laser, the
solution of MBPF CSNPs was rapidly cooled, revealing exceedingly
effective thermal conductivity. Therefore, the synthesized MBPF
CSNPs demonstrated good photothermal stability under laser
irradiation, indicating they are a potential candidate in cancer
PTT therapy.

The MDA-MB-231 cell viability after incubation with
MoS,@BT, MoS,@BT-PDA, and MBPF for 24 h at different
concentrations (5-100 pg mL~') was determined by an MTT
assay (Fig. 4(A)). The obtained results displayed no apparent
cytotoxicity of MoS,@BT, MoS,@BT-PDA, and MBPF toward
TNBC cells, even at a higher concentration (100 pg mL '), and
the cell viabilities were calculated to be 92.2 + 3.6, 96 + 2.5 and
97.3 = 1.6%, respectively. Previous findings displayed that the
formulated MoS, nanomaterials have more significant cyto-
toxic effects for both cancer and normal cell lines than
MoS,@BT CSNPs."” The highly biocompatible MoS2@BT-PDA
was due to the coating of PDA, which physically and chemically
resembles natural melanin. PDA has received significant
research interest in biomedical fields due to its extraordinary
biocompatibility, antioxidant activity, strong NIR absorption,
and high PCE.”>”? Also, PDA consists of catechol and amino
groups, which makes it easier to functionalize on MoS,@BT.”
Significant phototoxicity was recorded as 31.8, and 39.8% to
NIR laser (808 nm, 1.5 W cm ™ ?) irradiated cells treated with
100 pg mL™" of MoS,@BT and MBPF, respectively. There was a
significant increase in phototoxicity, to 81.3%, after treatment
with MBPF + Gem + NIR compared to MBPF + Gem (34.6%).
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Fig. 4 (A) The MDA-MB-231 cell viability after treatment with different CSNPs for 24 h at various concentrations (5-100 ug mL™). (B) Fluorescence
microscopic images of propidium iodide (Pl)/acridine orange (AO) stained MDA-MB-231 cells after treatment with different CSNPs (100 pug mL™3).
(C) In vitro ROS-producing efficiency of different CSNPs (100 pg mL™) towards 2’,7’-dichlorofluorescein diacetate (DCFH-DA) stained MDA-MB-231
cells. (D) DCF fluorescence intensity was measured in CSNP-treated DCFH-DA stained MDA-MB-231 cells, which was proportional to ROS production.
The data representing mean + SD **p < 0.1 was measured as statistically significant. Scale bar 50 pm.

As a result, the combined treatment effect was superior to that
of photothermal therapy or chemotherapy alone. Then, the
photothermal cytotoxicities of saline (control), MoS,@BT,
MBPF, MBPF + Gem, MBPF + NIR, and MBPF + Gem + NIR
against MDA-MB-231 cells were explored by live/dead staining,
as shown in Fig. 4(B). The stain AO, an intercalating dye, can
stain both live and dying cells, whereas PI, an intercalating dye,
can only penetrate the membranes of dead and dying cells.
According to these findings, TNBC cells treated with saline,
MoS,@BT, and MBPF were shown to have more live cells (green
fluorescence), but when treated with MBPF + Gem, minimal
inhibition was observed. In addition, cells treated with MBPF +
Gem + NIR exhibited higher cytotoxicity (81.3%) than Gem-
loaded MBPF (34.6%) and MBPF + NIR (39.8%). A significant
factor in this cytotoxicity was the ability of the FA on MBPF to
bind specifically to the overexpressed folate receptor on MDA-
MB-231 cells, leading to receptor-mediated endocytosis.”*”> As
a result of MBPF internalization, Gem was released into the
cytoplasm, and NIR laser irradiation (808 nm, 1.5 W cm?)
enhanced the therapeutic effect by combining chemo-
photothermal therapy against MDA-MB-231 cells.

The intracellular ROS generation of different CSNPs was
examined against DCFH-DA stained MDA-MB-231 cells after
exposure with or without an NIR laser (Fig. 4(C)). The cells
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treated with saline, MoS,@BT and MBPF CSNPs groups showed
no appropriate ROS generation and revealed the excellent
biocompatibility of these nanomaterials. Also, MBPF + Gem
treated cells showed moderate ROS production, which was
caused by a significant amount of Gem released inside the
TNBC cells. Moreover, MBPF + Gem + NIR induced an increased
amount of ROS generation in MDA-MB-231 cells; the appro-
priate ROS generation was noted due to the dual therapeutic
performance (PTT and chemotherapy) of MBPF. The ROS level
in MDA-MB-231 cells after treatment with different CSNPs was
examined using a fluorescence plate reader (Fig. 4(D)). The cells
treated with MBPF + Gem + NIR displayed higher ROS levels
compared to other treated groups. Efficient combinational
therapy was achieved due to the massive entry of MBPF into
the cytoplasm. MBPF absorbs NIR light and converts it to heat,
as well as triggering Gem release inside the TNBC cells when
exposed to NIR radiation (808 nm, 1.5 W cm™ %, 5 min). MBPF
with unique characteristics plays an essential role in relocating
the produced thermal energy to the surrounding TNBC cell
matrix, leading to an increase in the temperature up to <56 °C
and it causes the production of peroxides, hydroxyl radicals,
and singlet oxygen by oxidizing essential cellular macromole-
cules. The increased intracellular temperature also alters the
functions of enzymatic proteins and many structural proteins
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within the cellular organelles like mitochondria and nucleus of
TNBC cells and causes them to have increased sensitivity to
heat.”® In particular, mitochondrial membrane elements
are incredibly vulnerable to ROS-induced oxidative damage.
Unsaturated fatty acids are hugely present in the phospholipid
compositions of mitochondrial membrane, which are poten-
tially susceptible to oxygen radical attack due to the occurrence
of a double bond that undergoes peroxidation through a series
of oxidative reactions. Hence, ROS play a vital part as intracel-
lular mediators of heat-induced cytotoxicity and heat-induced
oxidative stress.”’

The FA-tethered MBPF binds explicitly with the overexpressed
folate receptor alpha (FR-o) on MDA-MB-231 cells, leading to
endocytosis of MBPF CSNPs.”*”> A cell-surface-anchored glyco-
protein FR-o is upregulated in several other types of epithelial
cancers and 90% of ovarian carcinomas.”®**”® FR-o allows
intracellular transport of FA-tethered MBPF via receptor-
mediated endocytosis while binding FR-« with FA.** As shown
in Fig. 5, MoS,@BT, MBPF, MBPF + Gem, MBPF + NIR, and
MBPF + Gem + NIR CSNPs incubated with MDA-MB-231 cells,
followed by exposure to an NIR laser or not to assess the uptake
efficacy of different CSNPs by CLSM. The cellular uptake and
anti-tumour effectiveness were determined by DiR and DAPI
stain, in which DiR was used to track the distribution of CSNPs
inside the cancer cells, and DAPI was utilized to evaluate the
number of nuclei and gross cell structure of TNBC cells. The red
fluorescent intensity (DiR) was lower in control and MoS,@BT
treated groups, indicating no appropriate uptake and no inhibi-
tory effects on MDA-MB-231 cells. The red fluorescence intensity
of the cytoplasm was more vigorous after treatment with MBPF,
MBPF + Gem, MBPF + NIR, and MBPF + Gem + NIR CSNPs,
which is due to the functionalization of nanomaterials with FA.
Furthermore, MDA-MB-231 cells treated with MBPF + Gem + NIR
CSNPs showed increased red fluorescence with irregular cellular
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Fig. 5 Cellular uptake and antitumor activity of CSNPs were determined by confocal laser scanning microscopy (CLSM). The uptake of DAPI and DiR-
stained MDA-MB-231 cells treated with various forms of CSNPs after exposure with or without NIR laser was observed for 24 h. Scale bar 25 um.

morphology, causing complete damage to the nucleus and
mitochondria due to the combined treatment effect (PTT and
chemotherapy) of MBPF when exposed to NIR laser irradiation,
leading to the death of cancer cells. Thus, the designed MBPF
nanomedicine can effectively reach the TNBC cells through the
EPR effect, whereas the biomolecule (FA) conjugated at the
MBPF surface allows active targeting by the interaction of FA
with overexpressed FR-o of breast cancer cells for an effective
combinational (PTT/chemotherapy) approach.

4. Conclusion

In conclusion, we have demonstrated the preparation of a
surface-modified MoS,@BT core-shell nanomedicine for com-
binational (PTT and chemotherapy) against triple-negative
breast cancer (TNBC) cells. A simple hydrothermal approach
was used to synthesize the MoS,@BT CSNPs, and its diameter
was calculated to be approximately 180 £+ 20 nm. The poly-
dopamine (PDA) was functionalized on the MoS,@BT surface
to achieve MoS,@BT-PDA nanomedicine by in situ polymeriza-
tion and further modified with folic acid (FA) to obtain a
tumour-functionality nanocomposite named MoS,@BT-PDA-
FA (MBPF). Then, the chemotherapeutic drug gemcitabine
(Gem) was loaded onto MBPF CSNPs, ultimately producing
the nanodrug system in an easily-operated way. The prepared
MBPF CSNPs exhibit favourable biocompatibility and realized
the tissue-specific delivery of gemcitabine at the tumour micro-
environment (pH 5.0-6.0). Then, Gem loading and release
efficacy were calculated to be 17.5 wt% and 64.5 *+ 3%,
respectively. Moreover, the photothermal conversion efficiency
(PCE) of MBPF was estimated to be 35.3%, and it also showed
better biocompatibility which was determined by an MTT assay.
The MBPF increased ambient temperature significantly to
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56.3 °C and triggered Gem release inside the TNBC cells when
exposed to a near-infrared (NIR) laser (808 nm, 1.5 W cm ™%, 5 min).
Cellular uptake of MBPF by MDA-MB-231 cells was also confirmed
by a confocal microscopy study, and the internalized MBPF
induced blockage of DNA elongation, ROS generation, and DNA
damage in the TNBC cells when the cells were exposed to NIR
irradiation. These findings support the therapeutic properties of
MoS,@BT CSNPs, and the dual therapeutic approach of MBPF with
excellent clinical outcomes opens up a new strategy for combating
cancer.
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