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Abstract

Background Curcumin (Cur), a bioactive component of Chinese traditional medicine, has demonstrated inhibi-
tory properties against cancer cell proliferation while synergistically enhancing the anticancer efficacy of erlotinib
(Er). However, the individual limitations of both drugs, including poor aqueous solubility, lack of targeting abil-
ity, short half-life, etc,, and their distinct pharmacokinetic profiles mitigate or eliminate their combined antitumor
potential.

Results In this study, we developed a molybdenum disulfide (MoS,)-based delivery system, functionalized

with polyethylene glycol (PEG) and biotin, and co-loaded with Cur and Er, to achieve efficient cancer therapy. The
MoS,-PEG-Biotin-Cur/Er system effectively converted near-infrared (NIR) light into heat, thereby inducing direct pho-
tothermal ablation of cancer cells and promoting controlled release of Cur and Er. Biotin-mediated tumor targeting
facilitated the selective accumulation of MoS,-PEG-Biotin-Cur/Er at the tumor site, thus enhancing the synergistic
antitumor effects of Cur and Er. Remarkably, MoS,-PEG-Biotin-Cur/Er achieved the combination of synergistic chemo-
therapy and photothermal therapy (PTT) upon NIR irradiation, effectively suppressing lung cancer cell proliferation
and inhabiting tumor growth in vivo.

Conclusions The as-synthesized MoS,-PEG-Biotin-Cur/Er, featuring high targeting ability, NIR light-responsive drug
release, and the integration of synergistic chemotherapy and PTT, may provide a promising strategy for the treatment
of lung cancer in clinical practice.

Keywords MoS, nanosheets, Biotin, NIR light-responsive drug release, Synergistic chemotherapy, Photothermal
therapy
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Introduction

Lung cancer represents a significant public health con-
cern, with devastating global impacts of up to 2.2 mil-
lion new cases and 1.8 million deaths in 2020, surpassing
all other cancers [1, 2]. Epidermal growth factor recep-
tor (EGFR) is highly expressed in lung cancer patients
and plays a crucial role in various malignancy-related
processes [3, 4]. Although several EGFR tyrosine kinase
inhibitors (EGFR-TKIs), such as erlotinib (Er), have been
developed, acquired resistance to these therapies is a
major challenge, limiting their long-term effectiveness
for lung cancer [5, 6].

To overcome this obstacle, researchers have combined
Er with curcumin (Cur), an active ingredient in tradi-
tional Chinese medicine, to enhance the therapeutic
effect against lung cancer [7]. The combination of Cur
and Er has demonstrated low dose administration, high
efficacy, minimal side effects, and the ability to prevent
or reverse multidrug resistance [8—11]. Several studies
suggest that Cur can inhibit Er resistance by maintain-
ing ikappa-B expression levels and downregulating PI3K
expression in the EGFR downstream signaling pathway,
thereby promoting the release of apoptotic proteins
caspase-3 and caspase-9 [12, 13]. However, challenges
remain in the clinical translation of this combination
therapy, including poor water solubility, a short half-life,
non-targeting, and pharmacokinetic hindrances [14, 15].
Therefore, designing appropriate drug delivery systems
for Cur and Er is essential. While numerous Cur- or Er-
carrying nano-delivery systems have been developed in
recent years [16, 17], co-loaded systems for Cur and Er
are rare.
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Molybdenum disulfide (MoS,), a widely used two-
dimensional material comprised of three atomic layers
of centrosymmetric S-Mo-S, has been widely investi-
gated for applications in electronic devices and cataly-
sis because of its unique properties [18]. In biomedical
fields, MoS, exhibits good biocompatibility, abundant
chemical reaction sites, and strong absorption in the near
infrared region, making it a photothermal material for
biological applications [19, 20]. It’s noteworthy that mon-
olayer MoS, has a direct bandgap of 1.8 eV, indicating a
high photothermal conversion efficiency [21]. Owing to
its ultrathin thickness and large surface area, MoS, pos-
sess a larger specific surface area and higher drug load-
ing capacity than some inorganic photothermally active
nanomaterials, facilitating the delivery of drugs [22—24].
In this study, Liu et al. successfully utilized PEG-mod-
ified MoS, nanosheets as carriers to load several anti-
cancer drugs and demonstrated that MoS, outperforms
other common nanomaterials, such as graphene oxide,
in terms of drug-loading capacity [25]. Further, we have
developed a series of MoS,-based nano-delivery systems
targeted for multiple medicines and the contrast agent
gadolinium, showcasing the capability of MoS, as a safe
and efficient drug carrier capable of loading, delivering,
and controlling the release of drugs, contributing to the
development of a Cur and Er co-loaded delivery sys-
tem to achieve synergistic chemotherapy of lung cancer
[26-28]. To enhance cell selectivity, we intend to func-
tionalize some tumor-targeting ligands on the surface of
MoS, nanosheets, such as biotin. Biotin, also known as
vitamin H, is an essential micronutrient for maintaining
natural growth, development, and normal physiological
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functions in humans [29]. Compared to normal cells,
cancer cells require additional biotin to support rapid
growth and proliferation, resulting in overexpression
of biotin receptors in various cancer cells, such as A549
cells (lung cancer) [30, 31]. Biotin-functionalized nan-
odrug delivery systems have been extensively developed,
which selectively deliver loaded drugs to tumor cells,
demonstrating efficient targeting ability [31-34].

In this study, a multifunctional MoS,-based nanoplat-
form, functionalized with biotin, was devised, capable
of targeted delivery of Cur and Er and controlled drug
release, thereby achieving synergetic chemotherapy and
photothermal therapy for lung cancer. The resultant
MoS,-PEG-Biotin-Cur/Er complex exhibited excellent
antitumor efficacy, as confirmed by in vitro and in vivo
experiments.

Experimental section

Materials

MoS, crystal was purchased from Muke Nano Science
and Technology Co., Ltd. (Nanjing, China). HS-PEG-NH,
(molecular weight (MW): 5000) was provided by Xian
Ruixi biological Co., Ltd. (Xi’an, China). 3-[4,5-Dimeth-
ylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT),
Hoechst 33,258, and Ham’s F12K medium were obtained
from Sigma-Aldrich (St. Louis, USA). Trypsin-ethylene-
diaminetetraacetic acid (EDTA) and fetal bovine serum
(FBS) were purchased from Gibco-BRL (Burlington, Can-
ada). An Annexin V-APC/7-AAD apoptosis detection kit
was supplied by Biolegend Company (San Diego, USA).
All other reagents were purchased from J&K Scientific,
Ltd., and used without further purification.

Synthesis of HS-PEG-Biotin

Biotin (50 mg) was dissolved in dimethyl sulfoxide
(DMSO) prior to the addition of EDC (17 mg) and NHS
(9 mg). After 2 h of reaction, the activated biotin was
added dropwise to a 40 mg/mL HS-PEG-NH, aqueous
solution (5 mL) in 5 min, followed by 24 h of vigorously
agitating. After centrifugation, the resulting solution was
dialyzed (3.5 kDa) against deionized water for two days,
and HS-PEG-Biotin was obtained by lyophilization.

Preparation of MoS,-PEG-Biotin

Single-layered MoS, nanosheets were synthesized
according to the previously reported method [25]. To
prepare MoS,-PEG-Biotin, SH-PEG-Biotin was grafted
on the surface of MoS, via binding thiolated molecules
to the defect sites of the nanosheets. Briefly, 10 mg of HS-
PEG-Biotin was added to 2 mL of an aqueous solution
containing MoS, nanosheets (1 mg/mL). After sonica-
tion for 10 min and stirring for 24 h, the mixed solution
was dialyzed (100 kDa) against deionized water for a
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week to remove excess HS-PEG-Biotin, and the resulting
MoS,-PEG-Biotin was stored at 4 °C for further use.

Characterization

Fourier transform infrared (FT-IR) spectra were obtained
using a Tensor 27 FT-IR spectrometer (Bruker), while
UV-Vis—NIR absorption spectra were obtained using a
UV-2700 spectrophotometer (Shimadzu). The morpholo-
gies of the MoS, and MoS,-PEG-Biotin nanosheets were
analyzed by atomic force microscopy (AFM, Bruker).
Temperature curves were acquired using an infrared
thermal camera (220 s, Fotric AnalyzIR).

Hemolysis assay

To determine the hemolytic effects of MoS,-PEG-Biotin,
red blood cells (0.8 mL) from a healthy mouse were incu-
bated with varying concentrations of MoS,-PEG-Biotin
dispersions (0.2 mL) for 2 h at high speed before being
centrifuged. The absorbance of the supernatant was
measured using a UV-Vis spectrophotometer, with nega-
tive and positive controls consisting of PBS and deion-
ized water, respectively. The hemolysis percentage was
calculated as follows: hemolysis percent (%)= (A cated—A
negative)/ (A positive™A )X 100%, where A represents
absorbance.

negative

Cytotoxicity of MoS,-PEG-Biotin

The cytotoxicity of MoS,-PEG-Biotin was assessed using
the MTT assay. A549 or HELF cells were seeded into
96-well plates at densities of 4x10% and 5x10° cells/
well for 24 h, respectively, followed by incubation with
cell medium containing gradient concentrations of
MoS,-PEG-Biotin for another 24, 48, and 72 h. After-
ward, the cells were washed with PBS twice and treated
with the MTT agent (100 pL) for 4 h before analysis using
a microplate reader.

Drug loading and release

Cur and Er were loaded onto MoS,-PEG-Biotin
nanosheets by stirring Cur (0.4 mg/mL) in DMSO and
MoS,-PEG-Biotin aqueous dispersion (0.4 mg/mL), fol-
lowed by the addition of Er solution (0.2 mg/mL) to
achieve a final concentration of 70% DMSO. After cen-
trifugation to remove undissolved drug solids and ultra-
filtration to eliminate solubilized drugs, the amount
of Cur and Er loaded onto MoS,-PEG-Biotin-Cur/Er
was determined by measuring absorption at 430 nm
and 335 nm after subtraction of the contribution from
MoS,-PEG-Biotin, respectively.

Release behavior was evaluated by immersing
MoS,-PEG-Biotin-Cur/Er nanosheets in a dialysis bag
in PBS with 0.5 wt% tween-80 and exposing them to an
808 nm laser at different densities for 10 min. Dialysis
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solution (1 mL) was collected at predetermined time
points, measured using UV spectrophotometry, and
poured back into the system to maintain a constant
volume. The amount of Cur and Er released was deter-
mined by UV absorption peaks at 430 nm and 335 nm,
respectively.

Cellular uptake

Fluorescent labeling of MoS,-based nanosheets was
achieved via physical adsorption of rhodamine B (RB)
onto MoS,-PEG-Biotin by mixing RB aqueous solution
(1 mg/mL) with MoS,-PEG-Biotin suspension (0.5 mg/
mL), followed by ultrafiltration to remove unbonded RB.
The labeled MoS,-PEG-biotin-RB was preserved at 4 °C
for subsequent use.

Cellular uptake of biotin-modified MoS, nanosheets
was investigated by exposing A549 cells (biotin recep-
tor positive) and HELF cells (biotin receptor negative) to
MoS,-PEG-RB or MoS,-PEG-Biotin-RB ([RB]=20 ug/
mL) for 2 h, washing with PBS, and analyzing fluores-
cence intensity by confocal microscopy. Additionally, flu-
orescence intensity of the cells was measured using a flow
cytometer after three washes with PBS, harvesting with
trypsin, and resuspending in PBS.

In vitro combination therapy of MoS,-PEG-Biotin-Cur/Er
The in vitro cytotoxicity of MoS,-PEG-Biotin-Cur/
Er was evaluated in A549 cells using the MTT assay.
Cells were incubated with Cur, Er, Cur+Er, and
MoS,-PEG-Biotin-Cur/Er at a range of concentrations
for 2 h, washed with PBS, and assessed for viability after
48 h of treatment with fresh medium.

For combination therapy, A549 cells were divided
into six groups: a control group, Cur, Er, Cur+Er,
MoS,-PEG-Biotin, and MoS,-PEG-Biotin-Cur/Er
([MoS,-PEG-Biotin] =100 pg/mL, [Cur] =20 pug/mL, and
[Er] =10 pg/mL). After 2 h of drug exposure, cells were
washed twice with PBS and provided with fresh medium.
The NIR irradiation groups were exposed to an 808 nm
laser (1 W/cm?) for 10 min, while others served as con-
trols. After treatment, all cells were incubated for another
48 h before the MTT assay was performed to measure
cell viability.

Cell apoptosis

To further assess the therapeutic efficacy in vitro, cell apop-
tosis was analyzed using flow cytometry with an Annexin
V-FITC/PI apoptosis detection kit. A549 cells were pre-
seeded in 6-well plates and divided into eight groups:
(1) Cell medium as a control, (2) Cur, (3) Er, (4) Cur+Er,
(5) MoS,-PEG-Biotin, (6) MoS,-PEG-Biotin+NIR, (7)
MoS,-PEG-Biotin-Cur/Er, and (8) MoS,-PEG-Biotin-Cur/
Er+NIR ([MoS,-PEG-Biotin] =100 pg/mL, [Cur] =20 ug/
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mL, and [Er] =10 pug/mL). After 2 h of drug treatment, the
cells were washed with PBS and given fresh medium, and
the wells of the NIR irradiation groups were exposed to an
808 nm laser (1 W/cm?) for 10 min. After another 48 h of
incubation, Annexin V-FITC/PI staining was performed to
analyze cell apoptosis.

Tissue biodistribution

The tissue biodistribution of MoS,-PEG-Biotin-Cur/Er
was investigated in lung cancer cell-bearing nude mice.
A549 cells (5x10° cells) suspended in PBS (100 pL)
were subcutaneously injected into the forelimbs of
female BALB/C nude mice. Once the mean tumor vol-
ume reached approximately 200 mm?, the mice were
randomly divided into two groups (n=12 per group)
and intravenously administered MoS,-PEG-Cur/Er or
MoS,-PEG-Biotin-Cur/Er ([MoS,-PEG-Biotin] =8 mg/
kg, [Cur] =1.6 mg/kg, and [Er] =0.8 mg/kg). At predeter-
mined time intervals (2, 6, 12, and 24 h), three random
mice were sacrificed, and tissue samples (heart, liver,
spleen, lung, kidney, and tumor) were collected, weighed,
and digested by aqua regia. The amount of Mo in the
tissues was then determined using inductively coupled
plasma-mass spectrometry (ICP-MS).

In vivo combination therapy of MoS,-PEG-Biotin-Cur/Er

In vivo combination therapy of MoS,-PEG-Biotin-Cur/
Er was carried out using the tumor model established as
described in the “Tissue biodistribution” section. When the
mean tumor volume reached approximately 60 mm?, nude
mice were randomly separated into eight groups (n=5
mice/group) and injected with 200 pL of (1) PBS contain-
ing 0.5% DMSO (v/v) as a control, (2) MoS,-PEG-Biotin,
(3) Cur, (4) Er, (5) Cur+Er, (6) MoS,-PEG-Biotin+ NIR, (7)
MoS,-PEG-Biotin-Cur/Er, and (8) MoS,-PEG-Biotin-Cur/
Er+NIR ([MoS,-PEG-Biotin] =8 mg/kg, [Cur]=1.6 mg/
kg, and [Er] =0.8 mg/kg). After 12 h of intravenous injec-
tion, nude mice in groups (1), (3), (4), (5), (6), and (8) were
treated with NIR irradiation (1 W/cm?) for 10 min, while
real-time temperature changes of the tumors were moni-
tored using a FLIR thermal camera. The weight and tumor
size of each mouse were recorded every three days. The
tumor volume was calculated using the formula: V (vol-
ume, mm?)=length (mm)xwidth? (mm?)/2. At 21 days
post-treatment, all mice were sacrificed, and major organs
were collected for hematoxylin—eosin (H&E) staining.

Statistical analysis

Quantitative data are presented as the mean + SD of at
least three independent experiments. Statistical signif-
icance was assessed using Student’s ¢-test or one-way
ANOVA with GraphPad Prism 5 software. A p-value
less than 0.05 was considered statistically significant.
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Results and discussion

Preparation and characterization of MoS,-PEG-Biotin
Figure 1la illustrates the preparation process of MoS,
nanosheets, which were modified with biotin to cre-
ate a versatile carrier for the targeted co-delivery of Cur
and Er, achieving a combined effect between synergis-
tic chemotherapy and PTT. Biotin was first conjugated
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to PEG via the EDC/NHS technique, and the resulting
HS-PEG-Biotin was verified by "H NMR. Characteristic
proton peaks of biotin and HS-PEG-NH, segments were
observed in the 'H NMR spectrum of HS-PEG-Biotin
(Fig. 1b), such as at 6.52 and 6.36 ppm, and at 3.51 ppm
for the secondary amine (-NH-) of biotin and methyl-
ene (—CH,—) of HS-PEG-NH,, respectively. The absence

MoS,-PEG-Biotin MoS,-PEG-Biotin-Cur/Er

Biotin receptor
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Fig. 1 a A schematic of MoS,-PEG-Biotin as a carrier capable of achieving the targeted delivery of Cur and Er for the combination of synergetic
chemotherapy and PTT. b THNMR spectra of biotin, HS-PEG-NH,, and HS-PEG-Biotin. ¢ FT-IR spectra of biotin, HS-PEG-NH,, HS-PEG-Biotin, MoS,,
and MoS,-PEG-Biotin. d UV-Vis-NIR spectra of MoS, before and after HS-PEG-Biotin. e The weight loss curve of MoS,-PEG-Biotin
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of the proton peak at 12.00 ppm of carboxyl (-COOH)
group of biotin in the 'H NMR spectrum of HS-PEG-
Biotin indicated the conjugation of HS-PEG-NH, with
biotin through the amido bond. To further confirm this,
the FT-IR data of HS-PEG-Biotin was obtained using a
Tensor 27 FT-IR spectrometer. As shown in Fig. 1c, in
comparison with HS-PEG-NH,, HS-PEG-Biotin showed
some additional absorption peaks at 1645 and 1548 cm™
corresponding to the stretching vibration of amide I
(C=0) and amide II (N-H), respectively, further con-
firming the successful preparation of HS-PEG-Biotin by
the formation of the amido bond. For the modification of
MoS, with biotin, the thiol on the PEG terminal in the
as-prepared HS-PEG-Biotin could be grafted onto the
surface of MoS, nanosheets by a simple mixing process
[35]. After dialysis to remove impurities, FT-IR spec-
troscopy of MoS,-PEG-Biotin revealed some absorp-
tion bands at~2875 and~1110 cm™! attributed to the
C-H and C-O vibrations in HS-PEG-Biotin, confirming
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the presence of HS-PEG-Biotin on MoS, nanosheets.
MoS,-PEG-Biotin displayed a strong absorbance in the
200-250 nm wavelength range due to the grafted HS-
PEG-Biotin, which was significantly higher than that of
unmodified MoS, (Fig. 1d). The weight percentage of
HS-PEG-Biotin in MoS,-PEG-Biotin was determined to
be ~ 31.5% through thermogravimetric analysis (Fig. 1e).

The morphology and size-associated properties of
MoS, nanosheets before and after HS-PEG-Biotin
loading were investigated using TEM, AFM, and DLS.
MoS,-PEG-Biotin had a sheet-like morphology with
an average size of ~120 nm (Fig. 2a), similar to single-
layer MoS, nanosheets (Additional file 1: Fig. S1). How-
ever, the thickness of MoS, nanosheets increased from
~ 0.7 nm to ~ 2.3 nm after PEGylation, which indicated
successful grafting of HS-PEG-Biotin on the surface of
MoS, nanosheets (Fig. 2b).

Having confirmed the successful synthesis of
MoS,-PEG-Biotin, we assessed the carrier’s physiological
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Fig.2 TEM (a) and AFM (b) images of MoS, and MoS,-PEG-Biotin. ¢ Stability of MoS, and MoS,-PEG-Biotin in water, PBS, and cell medium
within 7 days. d Hemolysis percentages of red blood cell survival by MoS,-PEG-Biotin. Inset: images of the direct observation of hemolysis. Relative
cell viability of HELF (e) and A549 (f) cells incubated with various concentrations of MoS,-PEG-Biotin for 24,48,and 72 h
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stability. As demonstrated in Fig. 2c, MoS,-PEG-Biotin
was well-dispersed in DI water, PBS, and cell medium
for a week. In contrast, MoS, nanosheets rapidly aggre-
gated in PBS and cell medium, due to the screening of the
electrostatic charge on the surface [36]. The high physio-
logical stability provided by PEG is essential for the appli-
cation of MoS,-PEG-Biotin in biological fields.

Biocompatibility of MoS,-PEG-Biotin

The biocompatibility of MoS,-PEG-Biotin was evalu-
ated prior to its intravenous administration. After incu-
bation with RBCs and centrifugation, the supernatants
of MoS,-PEG-Biotin solutions at concentrations rang-
ing from 50 to 500 pg/mL were clear and transpar-
ent, with negligible hemolysis (Fig. 2d). Meanwhile, the
hemolysis ratio of the samples was calculated by measur-
ing the absorbance of the supernatants at a wavelength
of 541 nm. All the hemolysis percentages of the sam-
ples in group (3) were below 4%, indicating the good
blood compatibility of MoS,-PEG-Biotin. Cytotoxic-
ity of MoS,-PEG-Biotin was assessed using the MTT
assay. As shown in Fig. 2e and f, over 90% of HELF and
A549 cells remained viable even when incubated with
MoS,-PEG-Biotin at concentrations up to 500 pg/mL
for 72 h, suggesting low cytotoxicity. Such excellent
blood compatibility and low cytotoxicity are expected to
advance the applications of MoS,-PEG-Biotin in biologi-
cal fields.
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Photothermal performance of MoS,-PEG-Biotin
We evaluated the photothermal performance of
MoS,-PEG-Biotin by monitoring the temperature

variations of the nanosheets across a range of concen-
trations under NIR irradiation (1 W/cm? for 600 s).
MoS,-PEG-Biotin showed concentration-dependent
temperature elevations, reaching a peak temperature
increase (at 200 ug/mL) of up to 84.7 °C. In comparison,
the temperature of water rose by a mere 4 °C (Fig. 3a).
The photothermal transduction capacity was further
explored by examining the temperature alterations of
MoS,-PEG-Biotin (100 pg/mL) as a function of 808-nm
laser power densities, revealing a distinct laser-power
dependency (Fig. 3b). The photothermal stability of
MoS,-PEG-Biotin was assessed through tracking temper-
ature fluctuations during three cycles of laser irradiation
on and off, which demonstrated consistent temperature
changes and outstanding photothermal stability (Fig. 3c).
These findings indicate that MoS,-PEG-Biotin possesses
potent NIR absorption, remarkable photothermal con-
version efficiency, and exceptional photothermal stability,
rendering it a highly promising photothermal agent.

Drug loading and NIR light-responsive release

Cur and Er were co-loaded onto MoS,-PEG-Biotin by
first dissolving Cur in DMSO and combining it with
the nanosheets, followed by the addition of Er. Undis-
solved or unbound drugs were removed through multiple
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Fig. 3 aTemporal temperature elevation of MoS,-PEG-Biotin at different concentrations upon NIR irradiation (1 W/cm?). b Temporal temperature
elevation of MoS,-PEG-Biotin (100 ug/mL) during NIR irradiation at different power densities. ¢ Temperature variation of MoS,-PEG-Biotin (100 pg/

mL) over 3 cycles of NIR irradiation (1 W/cm? for 600 s) and natural cooling.
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d UV-Vis—NIR spectra of MoS,-PEG-Biotin before and after Cur or Er
for 10 min
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centrifugation and ultrafiltration steps. The successful
co-loading of Cur and Er onto MoS,-PEG-Biotin was ver-
ified by identifying two distinct peaks at 430 nm (charac-
teristic of Cur) and 335 nm (characteristic of Er) in the
UV-vis spectra of MoS,-PEG-Biotin-Cur/Er. The Cur
and Er loading ratios (weight ratio of the drug compared
to MoS,-PEG-Biotin) were determined to be approxi-
mately ~22.3% and ~10.1% for Cur and Er, respectively,
under the experimental conditions (Fig. 3d).

Drug release behaviors were investigated through dial-
ysis in PBS containing 0.5 wt% Tween-80, both with and
without NIR light exposure. In the absence of stimula-
tion, only ~ 7.4% of Cur was released within 2 h, whereas
NIR irradiation (0.6 W/cm?) elicited a rapid surge in
the cumulative release percentage of Cur by~9.4%
(from ~7.4% to ~ 16.8%) within 10 min (Fig. 3e). Without
NIR irradiation, the subsequent 50 min saw only~3.1%
of Cur being released, suggesting that NIR light could ini-
tiate the release of Cur from MoS,-PEG-Biotin-Cur/Er
through the accelerated motion of drug molecules driven
by the heat generated by MoS, during NIR irradiation
[37]. Furthermore, the NIR light-triggered drug release
exhibited a pronounced laser power-dependent increase,
achieving the highest cumulative release percentage of
Cur up to~42.3% within 24 h. The release behavior of
Er, both with and without NIR light, was consistent with
that of Cur, demonstrating NIR light-responsive drug
release (Fig. 3f). Such NIR light-triggered drug release is
anticipated to enhance the chemotherapeutic efficacy of
MoS,-PEG-Biotin-Cur/Er.

(a) A549

Page 8 of 13

Biotin-targeting-enhanced cellular uptake

To explore the cellular uptake of biotin-modified
MoS, nanosheets, we synthesized a fluorescent probe
(MoS,-PEG-Biotin-RB) by attaching a fluorescent dye
RB to MoS,-PEG-Biotin (Additional file 1: Fig. S2). A549
and HELF cells were treated with MoS,-PEG-Biotin-RB
or MoS,-PEG-RB for 2 h, washed twice with PBS, and
stained with DAPI before visualization with a laser scan-
ning confocal microscope. HELF cells incubated with
MoS,-PEG-Biotin-RB or MoS,-PEG-RB showed relatively
weak RB fluorescence (Fig. 4a). On the other hand, A549
cells incubated with MoS,-PEG-Biotin-RB exhibited sig-
nificantly stronger RB fluorescence compared to those
treated with MoS,-PEG-RB, suggesting that the pres-
ence of biotin may facilitate the uptake of MoS,-based
nanosheets by cancer cells. To confirm this speculation,
A549 cells were pre-treated with free biotin, followed by
an additional 2 h incubation with MoS,-PEG-Biotin-RB.
As expected, a weaker fluorescence was observed in the
biotin-pretreated A549 cells, indicating that the cellu-
lar uptake of MoS,-PEG-Biotin-RB was impeded by free
biotin. The confocal images were validated by flow cyto-
metric analysis (Fig. 4b), further substantiating the con-
cept of biotin-mediated cancer cell targeting. Therefore,
active targeting may potentially amplify the accumula-
tion of Cur and Er loaded by the biotin-modified MoS,
nanosheets in tumor tissues.

Cytotoxicity and apoptosis in vitro
Encouraged by the biotin-mediated cancer cell targeting,
we assessed the cytotoxicity of MoS,-PEG-Biotin-Cur/Er

HELF A(b) — Control MoS,-PEG-RB

MoS,-PEG-Biotin-RB MoS,-PEG-RB M0S,"PEC-Biotin-RB ¢ pEG_giotin-RB Mos,-PEG-RB MOS,"PEG-Biotin-RB

+ Biotin

DAPI

RB

Merge

0 Hm 100

1007

801

60

404

. . . . . . ]
0 pUm 100 0 MM100

| MoS,-PEG-Biotin-RB+ Biotin

+ Biotin MoS,-PEG-Biotin-RB
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% of Max

\ HELF
60 |
404 \
20
0
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»

Fluorescence Intensity

Fig. 4 a Confocal images of A549 cells after various treatments, with HELF cells as a control. In this experiment, A549 and HELF cells were incubated
with fluorescence labeled-MoS, nanosheets (MoS,-PEG-Biotin-RB or MoS,-PEG-RB) for 2 h, washed with PBS, and stained with cell nucleus dye prior
to the confocal microscopy observation. b Flow cytometry analysis of the intracellular RB fluorescence intensity in (a)
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using the MTT assay. Both a single drug and the combi-
nation of Cur and Er showed dose-dependent cytotoxic-
ity, with the combination exhibiting higher cytotoxicity
as a result of the synergistic chemotherapy (Fig. 5a). Co-
loading of Cur and Er onto MoS,-PEG-Biotin further
enhanced their cytotoxicity, facilitated by biotin-targeted
enhanced cellular uptake.

We also investigated whether MoS,-PEG-Biotin-Cur/
Er could induce greater cancer cell-killing effects after
NIR irradiation owing to the excellent photothermal
effect of MoS,-PEG-Biotin-Cur/Er with NIR light-trig-
gered drug release. A549 cells were treated with Cur, Er,
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Cur +Er, MoS,-PEG-Biotin, and MoS,-PEG-Biotin-Cur/
Er ([MoS,-PEG-Biotin] =100 pg/mL, [Cur]=20 pg/mL,
and [Er] =10 pg/mL), washed, and exposed to NIR irra-
diation (1W/cm?) for 10 min, followed by another 48 h of
incubation prior to the MTT assay. Cur, Er, and Cur+Er
groups showed no significant changes in cell viability
with or without NIR irradiation (Fig. 5b). However, A549
cells treated with MoS,-PEG-Biotin exhibited a signifi-
cant reduction in cell viability (from~94.9 to~41.4%)
due to the heat generated upon NIR irradiation, damag-
ing cancer cells. Moreover, MoS,-PEG-Biotin-Cur/Er
demonstrated the most potent cell-killing effect with NIR

(a) (b) (c)
<140 Dcur EE M CurEr < 160] M Control O Cur W Er W Cur+Erl | B Apoptotic H Viable M Necrotic
< B MoS,-PEG-Biotin-Cur/Er < B MoS,-PEG-Biotin H MoS,-PEG-Biotin-Cur/Er
2120 —= sk 2 1407 sk Kk 0 100 X A R -

3 % % e Z 1204 I *% | Sk 3
S 100 * s sk s [ Yy o
5 5 ok Hk S 100 oy — 2 801
g 807 o] %k g 80 % ek 3 60
o 601 o 60 ] s
2 *k| = x 401
5 40- & 407
[} © ] 20
50l o 20
0- 0
Er 125 25 5 10 20 (1 1gimL) NO NIR irradiation NIR irradiation(1W/cm?) Mm@ 6 @ 6 © @ @
Cur 25 5 10 20 40
(d) Control Cur Er Cur +Er
1t o Q2 sJal Q2 FareY Q2 sJa Q2
36.00% 0% 13.06% 20.4% 34.12% 12.5% 16.65% 28.1%
10% 10* } 10* 10t
10° 4 10° 10° 10°
10 10? 10?
1 1 1 P
10 -104 Q3 03 Q3 ID-Q4, Q3
0 194.0% - 0% " 1.62% © 159.3% 5.92%
'|n° 1|n' 10 10° 1vu‘ "ms 0 ' 10? 10° ‘w‘ 1!05 10° ‘m' "m: 10° 1|n‘ 1|n5
o MoS,-PEG-Biotin MoS,-PEG-Biotin + NIR MoS,-PEG-Biotin-Cur/Er  MoS,-PEG-Biotin-Cur/Er + NIR
eleT Q2 st Q2 ALY Q2 sl Q2
12.34% 14.7% 15.18% 36.4% 11.18% 50.3%

-9.88%

. 46.1%

Annexin V-APC
Fig.5 aThe relative cell viability of A549 cells treated with Cur, Er, Cur+Er, and MoS,-PEG-Biotin-Cur/Er as a function of Cur or Er concentration.
Significant differences between the MoS,-PEG-Biotin-Cur/Er group and the other groups are indicated as *p <0.05 and **p <0.01. b The relative
cell viability of A549 cells after various treatments. The cells were treated with Cur, Er, Cur+Er, MoS,-PEG-Biotin, and MoS,-PEG-Biotin-Cur/
Er ([MoS,-PEG-Biotin] =100 pg/mL, [Cur]=20 ug/mL, [Er]=10 pg/mL) for 2 h, washed with PBS, and treated with fresh cell medium. After
exposure to NIR irradiation (0 or 1 W/cm.?) for 10 min, the cells were incubated for another 48 h before the MTT assay. Significant differences
between the MoS,-PEG-Biotin-Cur/Er group and the other groups are indicated as *p <0.05 and **p <0.01. ¢, d Flow cytometry analysis of apoptotic
A549 cells after various treatments mentioned in section “Cell apoptosis”. Significant differences between the MoS,-PEG-Biotin-Cur/Er +NIR group

and other experimental groups are indicated as **p <0.01
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Fig. 6 Mice were divided into eight groups as follows: (1) PBS as a control, (2) MoS,-PEG-Biotin, (3) Cur, (4) Er, (5) Cur +Er, (6) MoS,-PEG-Biotin +NIR,
(7) MoS,-PEG-Biotin-Cur/Er, and (8) MoS,-PEG-Biotin-Cur/Er+ NIR, a Tissue biodistribution of Mo?* measured by ICP-MS after intravenous
administration of MoS,-PEG-Biotin-Cur/Er and MoS,-PEG-Cur/Er as a function of time. b Temperature changes of tumors during NIR irradiation.

c Thermal images of tumor-bearing mice in (b). d The tumor growth curve of all groups during 21-day treatments. Significant differences

between the MoS,-PEG-Biotin-Cur/Er+NIR group and the other groups are indicated as **p <0.01. e The tumor growth inhibition ratio

of the experimental groups. Significant differences between the MoS,-PEG-Biotin-Cur/Er +NIR group and the other groups are indicated

as **p <0.01. f Photographs of tumors from each group after 21 days. g HE images of tumors from each group

irradiation due to the combination of synergistic chemo-
therapy and PTT inhibiting the proliferation of cancer
cells. Annexin-V-FITC/PI assay confirmed the strongest
cancer cell-killing effect, with MoS,-PEG-Biotin-Cur/Er
inducing the highest apoptotic response (~89.2%) upon
NIR irradiation, consistent with the MTT assay data
(Fig. 5c and d).

Tissue biodistribution of MoS,-PEG-Biotin-Cur/Er

The tissue biodistribution of MoS,-PEG-Biotin-Cur/
Er was investigated by measuring the amount of Mo in
major organs and tumors using ICP-MS. Following a
2 h intravenous injection, Mo rapidly disseminated to
various organs, predominantly accumulating in the liver
and spleen due to the mononuclear phagocytic system
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(Fig. 6a). The amount of Mo in major organs peaked at
12 h and declined at later time points due to the oxidi-
zation of MoS,-based nanosheets to water-soluble Mo
(VI) oxide species, which could be excreted from the
body through renal and fecal pathways. Utilizing the
biotin-mediated tumor targeting strategy, the Mo levels
in tumors of mice treated with MoS,-PEG-Biotin-Cur/
Er were 4.15-, 2.08-, 2.20-, and 2.18-fold higher than
those of MoS,-PEG-Cur/Er at 2, 6, 12, and 24 h post-i.v.
injection, validating the role of biotin in facilitating the
nanosheets’ accumulation at the tumor site.

In vivo synergistic chemotherapy and PTT

In this experiment, mice with a tumor volume of~60
mm? were divided into eight groups and treated with dif-
ferent agents. NIR irradiation was carried out after intra-
venous injection for 12 h, based on tissue biodistribution
data, and temperature changes were recorded using
a thermal camera. MoS,-based nanosheets showed a
rapid increase in tumor temperature due to their biotin-
mediated tumor-targeting capacity, resulting in hyper-
thermia in tumors (Fig. 6b and c). More importantly,
the hyperthermia (>48.0 °C) after 3 min of NIR irradia-
tion remained almost unchanged during the subsequent
7 min of irradiation and could effectively induce the pho-
tothermal ablation of tumors [38].

During the 21-day treatments, tumor volumes were
recorded every three days for all groups of mice.
MoS,-PEG-Biotin alone showed low toxicity, with
a rapid increase in tumor volume over time, reach-
ing~569.3 mm> on day 21(Fig. 6d—f). Cur+Er exhib-
ited stronger inhibition of tumor growth than Cur or
Er alone in the first 6 days, but became uncontrollable
during the subsequent 15 days due to the diminished
effect of synergistic treatment caused by different phar-
macokinetic processes. The co-loading of Cur and Er on
MoS,-PEG-Biotin effectively delivered the two drugs to
the tumor site through the biotin-mediated tumor-tar-
geting ability, achieving a strong tumor growth inhibi-
tion ratio of ~70.4%, with ~179.3 mm? on day 21. More
importantly, MoS,-PEG-Biotin-Cur/Er achieved the
highest tumor growth inhibition ratio of ~95.6% among
these groups under NIR irradiation, with the lowest
tumor volume growth of ~27.8 mm?, mainly due to the
combination of enhanced synergistic chemotherapy and
PTT. Histological analysis confirmed the excellent anti-
tumor effect of MoS,-PEG-Biotin-Cur/Er, with most of
the tumor cells from the MoS,-PEG-Biotin-Cur/Er + NIR
group showing cell necrosis and lysis (Fig. 6g). The safety
of MoS,-PEG-Biotin-Cur/Er in vivo was confirmed by
body weight changes and HE staining of major organs,
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showing no acute side effects or organ damage at the
tested dose (Additional file 1: Fig. S3).

Conclusions

We successfully developed a biotin-modified MoS,-based
nanosheet system, MoS,-PEG-Biotin-Cur/Er, for targeted
co-delivery of Cur and Er. Biotin was used as a target-
ing ligand to modify the surface of MoS, nanosheets,
resulting in MoS,-PEG-Biotin which exhibited remark-
able physiological stability, low toxicity, good biocom-
patibility, and tumor-targeting ability. Upon exposure to
NIR irradiation, MoS,-PEG-Biotin efficiently converted
absorbed light into heat, inducing photothermal abla-
tion of cancer cells and triggering the release of the co-
loaded drugs for enhanced synergistic chemotherapy.
The combination of biotin-mediated cancer cell target-
ing, enhanced synergistic chemotherapy, and PTT led to
effective suppression of cancer cell proliferation, induc-
tion of apoptosis in vitro, and inhibition of tumor growth
in vivo. Hence, MoS,-PEG-Biotin-Cur/Er with excellent
antitumor efficacy and safety in vivo, represents a prom-
ising therapeutic agent for cancer therapy.
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