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A B S T R A C T   

Molybdenum selenide (MoSe2) as a nano near-infrared absorber has been widely studied in the field of photo
thermal therapy of cancer. However, there are few studies on its application in the treatment of ovarian cancer. 
In this paper, a new type of carbon-coated MoSe2 (MEC) nanoparticle was prepared by a one-step hydrothermal 
method. MEC was successfully synthesized as avidenced by chemical characterization. A large number of bio
logical experiments confirmed that MEC + Laser group had the lowest cell viability (61.6 % ± 8.9 %), inhibited 
the proliferation of human ovarian cancer (SKOV-3) cells in G2/M phase, induced apoptosis (apoptosis rate: 
43.24 % ± 0.85 %), and increased the intracellular ROS level (93.86 % ± 1.42 %). Furthermore, MEC nano
particles displayed excellent photothermal therapy in tumor-bearing mice with no obvious side effects on major 
organs. Finally, the therapeutic mechanism of MEC nanoparticles was explored, and it was found that they had 
higher absorbance and could generate more heat during laser irradiation, thereby improving their therapeutic 
effect on ovarian cancer. MEC nanoparticles, as photothermal agents, have good anticancer ability. And they 
have the potential to become an important candidate for the treatment of ovarian cancer.   

1. Introduction 

Ovarian cancer is one of the common malignant tumors in female 
genital organs, and it is the most common gynecological malignant 
tumor with high incidence and mortality (Siegel et al., 2020). At present, 
chemotherapy is one of the main methods for treating ovarian cancer, 
but traditional chemotherapy drugs often have limitations in efficacy 
and side effects, which bring great pain and a decline in quality of life to 
patients (Narod, 2016, Alharbi et al., 2018, Richardson et al., 2023, Yu 
et al., 2023). Therefore, searching for new, efficient, and safe chemo
therapy drugs has become an important research direction in current 
ovarian cancer treatment. 

Photothermal therapy (PTT) is a minimally invasive method that has 
received extensive attention from researchers in recent years (Sweeney 
et al., 2018, Ledezma et al., 2022, Mishra et al., 2022, Yun et al., 2022, 
Mosleh-Shirazi et al., 2023, Shabani et al., 2023). In this method, pho
tothermal agents play a primary role. There are various types of pho
tothermal agents, most of which are near-infrared (NIR) absorbing 
nanomaterials such as Au nanomaterials (Jabeen et al., 2014, Feng et al., 

2015, Hu et al., 2015, Noh et al., 2015), carbon nanomaterials (Akhavan 
and Ghaderi, 2013, Hu et al., 2014, Jaque et al., 2014), and two- 
dimensional (2D) layered transition metal dichalcogenides (TMDCs) 
(Liu et al., 2015, Wang et al., 2015, Li and Wong, 2017, Tan et al., 2017). 
TMDCs due to their relatively good stability, low price, and good dis
persibility compared to the other two materials, have been widely 
studied. Selenium-doped molybdenum disulfide (MoSe2) as a TMDC has 
been applied in PTT for cancer treatment (Chen et al., 2018, He et al., 
2019, Wu et al., 2020). Yuwen et al. developed an ultrasound-assisted 
liquid detachment method to prepare ultrasmall MoSe2 nanodots 
(NDs) directly in water. In vitro cell experiments showed that MoSe2 
NDs had insignificant cell toxicity and effectively killed HeLa cells 
(human cervical cancer cell line) under NIR laser irradiation (Yuwen 
et al., 2016). Zhang et al. prepared MoSe2 nanocrystalline functionalized 
bioactive bredigite scaffolds (MS-BRT) using a 3D printing and hydro
thermal method. MS-BRT not only had low toxicity and good osteo
genesis but also had the ability to photothermally kill bone tumors 
(Zhang et al., 2022). Besides, much emphasis has been focused on 
photodynamic therapy (PDT), which uses photosensitizers under 
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appropriate light irradiation to produce reactive oxygen species (ROS) 
and induce irreversible damage to the local tumor tissue (Wang et al., 
2019a,b). MoSe2 exerted highly efficient synergistic effects on the 
photothermal/photodynamic combination therapy of breast cancer (Liu 
et al., 2020) and hepatoma carcinoma (Wang et al., 2019a,b). However, 
the biological compatibility and stability of MoSe2 may not meet re
quirements in some cases, so surface coating treatment is needed. After 
surface coating treatment, MoSe2 is isolated from the outside world, 
thereby improving its biological compatibility and stability. Chai et al. 
prepared a polydopamine (PDA)-coated MoSe2 doxorubicin (DOX) 
hollow mesoporous silica nanoparticle (HMSN) nanoplatform 
(PM@HMSNsDOX) with good biological compatibility, stability, and 
synergistic photothermal conversion efficiency (Chai et al., 2018). Gao 
et al. prepared a carbon-coated MoSe2 nanoparticle and studied its 
anticancer effect in renal cell carcinoma (RCC). The experimental results 
showed that doped carbon-coated MoSe2 nanoparticles had an obvious 
anticancer effect on 786-O and human renal carcinoma (ACHN) cells in 
RCC, and had good biocompatibility with Human Kidney-2 (KH-2) cells 
(Gao et al., 2019). 

Compared with other studies, molybdenum selenide was selected as 
the main photothermal agent, and molybdenum selenide was coated 
with C as the carrier. Carbon-coated MoSe2 (MEC) nano-materials were 
synthesized by hydrothermal method in one step. MEC nanoparticles 
were successfully prepared as evidenced by chemical characterization. 
In addition, the photothermal effect of MEC was evaluated in vitro and 
in vivo, and it was found that MEC could effectively inhibit the prolif
eration of ovarian cancer cells and kill them under the condition of laser 
irradiation. MEC is expected to be widely used in the treatment of 
ovarian cancer. 

2. Experimental 

2.1. Materials 

Selenium (Se) powder was purchased from Beilian Fine Chemicals 
Development Co., Ltd (Shanghai, China). Sodium molybdate 
(Na2MoO4⋅2H2O) was purchased from Chemical Reagent Plant Four 
(Tianjin, China). Hydrazine hydrate (80 %, N2H4⋅H2O) was purchased 
from Fuyu Fine Chemical Co., Ltd (Tianjin, China). Ethanol was pur
chased from Damao Chemical Reagent Factory (Tianjin, China). The 
reagents and materials applied in this research were of an analysis grade 
(AR). 

2.2. Preparation of MoSe2 (M) nanoparticles 

First of all, add 0.765 g of Na2MoO4⋅2H2O (241.95 g/mol), 0.5 g of 
selenium powder (78.96 g/mol), and 5 mL of N2H4⋅H2O (132.504 g/ 
mol) into 40 mL of deionized water. Then, mix the mixture with a 
magnetic stirrer at a speed of 1000 r/min for 30 min. Next, transfer the 
mixture to a 100 mL Teflon high-pressure reaction flask and keep it at a 
temperature of 200 ◦C for 12 h. After that, cool the high-pressure re
action flask down to room temperature and remove the complex from 
the flask using a centrifugal separator three times with deionized water. 
In addition, the deposit obtained after centrifugation is dried at 60 ◦C for 
12 h to obtain MoSe2 (M) nanoparticles. 

2.3. Preparation of carbon-coated MoSe2 (MEC) nanoparticles 

0.765 g of Na2MoO4⋅2H2O and 0.5 g of selenium powder are added 
into 40 mL of deionized water, and then 20 mL of ethanol and 10 mL of 
N2H4⋅H2O are added into the mixture. After stirring for 30 min, the 
mixture was evenly stirred and transferred to a 100 mL stainless steel 
autoclave lined with polytetrafluoroethylene, and kept at 200 ◦C for 12 
h. Then the reactants were naturally cooled to room temperature, and 
the suspension was centrifuged. After ultrasonic treatment with deion
ized water and isopropanol (volume ratio of 1:1) for 2 h, it was washed 

by centrifugation. After drying at 60 ◦C, black MEC powder was 
obtained. 

2.4. Characterization 

The surface morphology of nanoparticles was observed by both 
scanning electron microscopy (SEM, OXFORD instruments, UK) and 
transmission electron microscopy (TEM, H-7650, HITACHI, Japan). X- 
ray diffraction (XRD, D8 Advance Diffractometer, Bruker, Germany) was 
used to analyze the crystal phase structure of the prepared nano
particles, with Cu-Ka radiation (λ = 0.15406 nm) running at 40 kV and 
40 mA. Fourier transform infrared spectroscopy (FT-IR, Nicolet iS50 
spectrometer, Thermo Fisher Scientific, USA) was used to analyze the 
chemical functional groups of the prepared nanoparticles, with a spec
tral resolution of 4 cm− 1 in the range of 400–4000 cm− 1. The thermal 
stability of the prepared nanoparticles was analyzed from room tem
perature to 800 ◦C by thermogravimetric analysis (TGA, NETZSCH 
Group, Germany). X-ray photoelectron spectroscopy (XPS, Escalab 
250Xi, Thermo Fisher Scientific, USA) was used to analyze the chemical 
composition of the prepared nanoparticles, with a range of 0–800 eV. 
Multi-peak fitting of elements such as Mo, Se, N, C, and O was performed 
using XPSpeak41 software. The Ultraviolet–visible (UV–Vis) absorption 
spectrum from 200 to 850 nm was recorded using the UV–2700 
UV–Visible Spectrophotometer (Shimadzu Corporation, Japan). Using a 
dynamic light scattering instrument to evaluate the particle size, particle 
size distribution, and stability of MEC. Using a thermal imaging instru
ment to monitor the temperature changes under laser irradiation in real 
time to assess the photothermal performance of MEC. 

2.5. In vitro cytotoxicity 

The in vitro cytotoxicity was assessed by 3-(4,5-dimethylthiazol-2- 
yl)-2,5-diphenyltetrazolium bromide (MTT) assay. SKOV-3 cells were 
collected and counted by an automatic cell counter (Countstar). 5 × 103 

cells in 100 μL dulbecco’s modified eagle medium (DMEM) medium 
were seeded into 96-well plates overnight. On the second day, cells were 
treated with different concentrations of M or MEC dispersed in the 
culture medium. After 12 h, cells of the laser group were irradiated with 
808 nm NIR laser at 2 W/cm2 for 10 min and incubated for another 12 h. 
Then, the culture medium was removed, and 100 μL of MTT solution 
(0.5 mg/mL, Solarbio) was added into each well. After 4 h incubation, 
MTT solution was removed and 150 μL of Dimethyl sulfoxide（DMSO, 
Sigma) was added into each well to dissolve the formazan crystals. 
Absorbance at 490 nm was measured by a microplate reader (Biotek 
Synergy Neo2). 

2.6. Colony formation assay 

SKOV-3 cells were seeded and cultured in the six-well plate at a 
density of 1000 cells/well in DMEM high glucose containing 10 % FBS 
for 48 h. Next, the cells were treated with M and MEC nanoparticles. 
After incubation for 24 h, near-infrared light irradiation (808 nm, 10 
min) was applied to the experimental groups. Cells were cultured in the 
5 % CO2, 37 ◦C environments for another 10 days to allow colony for
mation. The plate was washed with PBS three times. The colonies were 
fixed with 4 % polyformaldehyde for 15 min and dyed with crystal violet 
staining solution (C0121, Beyotime) for 15 min at room temperature. 
After washing with PBS 3 times, the colonies were counted. Three in
dividual experiments were performed. 

2.7. Cell cycle 

SKOV-3 cells were cultured in 6-cm dishes and incubated overnight. 
Medium containing M or MEC were added, respectively. After incuba
tion for 24 h, cells were irradiated with near-infrared light (808 nm, 10 
min). Cells were digested by trypsin and collected for centrifugation 
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(1000g, 5 min). After being washed with phosphate buffered saline 
(PBS) twice, precipitates were fixed in 70 % ethanol at 4 ◦C overnight. 
Cells were washed with PBS twice and incubated with propidium iodide 
(PI)/RNase staining buffer at 37 ◦C for 30 min. The cell cycle was 
determined with flow cytometry (ACEA NovoCyte, Agilent, U.S.A). 

2.8. Migration assay 

Transwell migration experiments used a 24-well transwell cavity 
with an aperture of 8 μm to evaluate the migration activity of SKOV-3 
cells. SKOV-3 cells were cultured in a 6 cm Petri dish and incubated 
overnight. Adding culture medium containing M or MEC respectively. 
After 24 h incubation, the cells were irradiated with near-infrared light 
(808 nm, 10 min). Trypsin digested the cells, and the cells were collected 
and centrifuged (1000 g, 5 min). SKOV-3 cells (5 × 104) suspended in 
200 μL serum-free DMEM were inoculated in the upper chamber, and 
800 μL medium containing 10 % FBS was inoculated in the lower 
chamber. Cells migrated in transwell for 24 h. After washing with PBS 
three times, the cells were fixed with 4 % polyoxymethylene for 15 min, 
and stained with crystal violet staining solution (C0121, Beyotime) for 
15 min at room temperature. Wipe the non-migrating cells from the 
upper surface of the filter with a cotton swab. The cells migrating to the 
lower surface of the filter were counted at a magnification of 100× in 
five randomly selected fields of view using an inverted optical micro
scope. Each assay was done in triplicate. 

2.9. Live/dead cells assay 

The killing efficiency on SKOV-3 cells was detected by Calcein-AM/ 
PI co-staining. SKOV-3 cells were cultured in a 12-well plate and incu
bated overnight. 500 μL culture media containing M or MEC were added, 
respectively. After incubation for 24 h, the excess nanoparticles were 
washed with PBS, and then the cells were irradiated with near-infrared 
light (808 nm, 10 min). Cells were stained by Calcein-AM and PI (Cat No. 
PF00007, Proteintech). The fluorescence images of cells were taken by 
fluorescence microscopy. 

2.10. Apoptosis 

SKOV-3 cells were cultured in a 6-well plate and incubated over
night. Medium containing M or MEC were added, respectively. After 
incubation for 24 h, cells were irradiated with near-infrared light (808 
nm, 10 min). Cells were digested by trypsin and collected for centrifu
gation. After being washed with PBS twice, cells were stained by 
Annexin V-FITC/PI (40302ES60, Yeasen Biotechnology Co., Ltd.) for 15 
min in the dark. Cells were detected by flow cytometry and shown in a 
two-color dot plot. 

2.11. ROS detection 

ROS in cells was detected by 2,7-Dichlorodihydrofluorescein 

diacetate (DCFH-DA). Briefly, SKOV-3 cells were seeded in a 6-well plate 
and cultured overnight. M and MEC were added to cells in the dark 
environment for 24 h. Cells were irradiated with laser (808 nm) for 10 
min. After that, the cells were washed 3 times with PBS and further 
incubated with DCFH-DA (10 μM) for 30 min in the dark. Stained cells 
were photographed by fluorescence microscopy (Leica DMC6200). For 
quantification of fluorescence, cells were collected after irradiation and 
incubated with a DCFH-DA probe. The stained cells were analyzed by 
flow cytometry. 

2.12. SKOV-3 xenograft nude mice model 

Female 4-week-old BALB/c-Nude mice were bought from Gem
pharmatech Co., Ltd. Before experiments, all mice were acclimatized for 
one week. They were housed with free access to food and water under 
normal conditions with a 12–hour light/dark cycle. All operations on 
animals were conducted under protocols approved by the Animal Ethics 
Committee of Xi’an Jiaotong University. SKOV-3 cells in the logarithmic 
growth phase were counted under sterile conditions and were suspended 
in serum-free DMEM containing Matrigel (Corning) with a density of 5 
× 107/mL. The tumor models were established by subcutaneous injec
tion of 100 µL cell suspension of SKOV-3 at the right flank of each mouse. 
After approximately one week, mice with tumor volumes of 70–100 
mm3 were randomized into different groups. 

2.13. In vivo studies 

SKOV-3 tumor-bearing mice were randomly divided into four groups 
(n = 5 per group), including (1) Saline, (2) Saline + Laser, (3) MEC, and 
(4) MEC + Laser. 100 μL of MEC (0.25 mg/mL) were intratumorally 
injected into the group (3) and group (4). After 24-h injection, tumors in 
group (2) and group (4) were irradiated with an 808 nm laser (2.0 W/ 
cm2, 2 min). Group (1) was given 100 μL normal saline. Mice’s body 
weights were recorded every 2 days. The tumor dimensions were 
measured every 2 days via digital caliper measurements. The tumor 
volume was calculated with the formula V = length × width2 × 0.5. At 
the end of the experiment, the mice were sacrificed, and the major or
gans and tumors were obtained. The animal model construction and 
treatment scheme are shown in Fig. 1. 

2.14. Statistical analysis 

All statistical analyses were performed with GraphPad Prism 8.0.2. 
The data were expressed as mean ± SD based on at least three inde
pendent experiments. The statistical significance of the difference 
among groups was determined using a one-way ANOVA and two-way 
ANOVA. P value <0.05 was considered statistically significant. 

Fig. 1. Schematic representation of the established SKOV-3 tumor-bearing mice model and treatments.  
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Fig. 2. Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) images of nanoparticles: (A)–(B) M, (C)–(D) MEC; (E) particle size dis
tribution curves of MEC; (F) stability test of MEC in water. 

Fig. 3. X-ray diffraction (XRD) image of M (A) and MEC (B); Fourier transform infrared spectroscopy (FT-IR) spectra of M (C) and MEC (D); (E) Thermogravimetric 
(TGA) image of MEC; (F) Differential scanning calorimetry (DSC) image of MEC. 
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3. Results and discussion 

3.1. SEM, TEM and Particle size analysis 

After being prepared, M and MEC nanoparticles were observed by 
SEM and TEM to determine their surface morphology. The SEM image of 
M nanoparticles (Fig. 2A) presented a flower shape and was adsorbed 
together due to the higher surface energy (Li et al., 2019, Lu et al., 
2021). The TEM image of M nanoparticles is displayed in Fig. 2B, and it 
can be seen that the spherical M nanoparticles are composed of rela
tively thin nanosheets piled up. The SEM image of MEC nanoparticles 
(Fig. 2C) demonstrated that the edges and surface of MEC nanoparticles 
become relatively smooth compared to the SEM image of M nano
particles (Fig. 2A), and the morphology of the internal M nanoparticles 
becomes fuzzy, thus confirming that M nanoparticles are surrounded by 
a layer of material. Fig. 2D is the TEM image of MEC nanoparticles, and 

it can be seen that a thin film exists at the edge of MEC nanoparticles, 
surrounding the internal M nanoparticles (Gao et al., 2019). Dynamic 
light scattering was used to evaluate particle size, size distribution, and 
stability of MEC. The hydrodynamic size of MEC was 413.6 nm, larger 
than the particle size determined by TEM analysis in a dry state (Qin 
et al., 2022). Size distribution of MEC was shown in Fig. 2E demon
strating unimodal narrow size distribution. Moreover, the stability of 
MEC was assessed in deionized water (Fig. 2F), and the results indicated 
that the mean diameter did not change significantly over a week, 
implying that MEC remained quite stable. 

3.2. XRD, FT-IR, TGA and DSC analysis 

Fig. 3A and B show the XRD images of M and MEC. It can be seen that 
M detected the characteristic peaks of 004, 100, 102, 106, and 110 at 
28.6◦, 33.4◦, 35.6◦, 53.8◦ and 57.1◦, respectively. However, the 

Fig. 4. X-ray photoelectron spectroscopy (XPS) spectra of MEC: (A) survey, (B) Mo 3d, (C) Se 3d, (D) N 1s, (E) C 1s, (F) O 1s.  

Fig. 5. (A) Ultraviolet absorption spectrum of MEC; photothermal performance of MEC. (B) Temperature variation curves versus irradiation time for MEC aqueous 
solution (500 μg/mL, 200 μL), M aqueous solution (500 μg/mL, 200 μL) and H2O (200 μL) under NIR laser irradiation (808 nm, 1 W/cm2). (C) Temperature variation 
curves versus irradiation time for different concentrations of MEC aqueous solution (0, 100, 500 μg/mL, 200 μL) under NIR laser irradiation (808 nm, 1 W/cm2). 
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crystallinity of MEC at corresponding positions is lower than that of M. 
This indicates that a layer of material coats M and blocks direct exposure 
of X-rays to M (Hao et al., 2013, Bin Yaqub et al., 2020). Fig. 3C and D 

show the FT-IR spectra of M and MEC. The infrared absorption peaks 
from 2009 cm− 1 to 2675 cm− 1 are mainly due to NH2

+ and NH3
+ vibra

tions. It can be clearly seen that the intensity of the C–OH infrared 
absorption peak at 685 cm− 1 in MEC is much higher than that in M (Gao 
et al., 2019, Wang et al., 2021a,b). And it can be seen that Se–O ab
sorption peak is detected in both M and MEC, and more absorption peaks 
can be found in MEC between 500 and 1000 cm− 1, which may be caused 
by the presence of C-containing functional groups (Vishnu and Badhu
lika, 2019, Kaur et al., 2020). Combining XRD and FT-IR spectra, it can 
be inferred that M is coated with a layer of carbon-containing material. 
TGA analysis was used to study the thermal stability, and the weight loss 
of the MEC nanoparticles presented a unique curve as Fig. 3E shown. 
The MEC nanoparticles have the weight increase before the temperature 
of 311 ◦C, because the MEC nanoparticles reacted with air. And the 
sharp weight loss of 311–447 ◦C can be attributed to the decomposition 
of carbon compound. Then the TGA curve became stable in the tem
perature range of 447-701 ◦C, and the curve had a sharp weight after 
701 ◦C. As shown in Fig. 3F, the total heat of melt is represented by DSC. 
The data revealed that the thermo-oxidative decomposition temperature 
was at 285 ◦C. Compared to the 311 ◦C in TGA (Fig. 3E), the weight 
increase revealed that the MEC nanoparticles also reacted with air after 
285 ◦C (Gao et al., 2019). 

3.3. XPS analysis 

Fig. 4 is the XPS image of MEC. It can be seen from Fig. 4A that MEC 
is mainly composed of C, O, Mo, Se, and N. Fig. 4B–F shows the high- 
resolution spectra of Mo 3d, Se 3d, N 1s, C 1s, and O 1s. Fig. 4B shows 

Fig. 6. Low- (10000×) and high-magnification (50000×) Bio-TEM images of 
SKOV-3 cells treated with M and MEC. 

Fig. 7. Cell viability of SKOV-3 cells treated with different concentrations of M (A) and MEC (B) with/without NIR laser irradiation (808 nm, 10 min). (C) Colony 
formation assays of SKOV-3 cells with different treatments. *P < 0.05; cell viabilities of IOSE-80 cells treated with different concentration of M (D) or MEC (E). 
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the high-resolution spectrum of Mo 3d. Two characteristic peaks appear 
at 228 eV and 231.1 eV respectively, corresponding to Mo 3d5/2 and Mo 
3d3/2, which are the main forms of Mo in MoSe2 (Li et al., 2020). Fig. 4C 
shows the high-resolution spectrum of Se 3d, and the characteristic 
peaks appear at 53.9 eV and 55.7 eV representing Se 3d5/2 and Se 3d3/2 
respectively (Jeevanandham et al., 2021). Fig. 4D shows the high- 
resolution spectrum of N 1s, and the characteristic peak appears at 
398.4 eV. The existence of element N is due to the addition of N2H4 as an 
oxidant during the preparation of MEC, which leads to the residue. 
Fig. 4E shows the high-resolution spectrum of C 1s, and the character
istic peaks that appear at 283.2 eV and 285.6 eV represent C 1s and C-OR 
respectively. The appearance of element C is due to the coating treat
ment with ethanol in the preparation of MoSe2. Fig. 4F shows the high- 
resolution spectrum of O 1s, and the characteristic peak appears at 
531.8 eV. It is also caused by ethanol coating. 

3.4. UV–vis and photothermal performance analysis 

As shown in Fig. 5A, MEC displays strong light absorption 
throughout the UV–vis spectrum, which is likely caused by its dark black 
color (Wang et al., 2021a,b). The characteristic of MEC UV–vis ab
sorption spectrum is similar to the UV–vis absorption spectrum of MoSe2 
reported by Huang et al (Huang et al., 2022) and Wang et al (Wang et al., 
2021a,b). Fig. 5B-C demonstrated the temperature variation curves 
depend on irradiation time. Under laser irradiation, MEC-induced tem
perature rose from 22 ◦C to 77.9 ◦C, while M-induced temperature from 
22 ◦C to 57.5 ◦C (Fig. 5B). Additionally, 500 μg/mL MEC can induce a 

higher temperature rise than 100 μg/mL MEC. Therefore, MEC showed a 
good photothermal performance in a dose-dependent manner. 

3.5. Phagocytosis analysis 

The phagocytosis of nanoparticles in SKOV-3 cells was observed by 
biological transmission electron microscopy (Bio-TEM), which is shown 
in Fig. 6. High-magnification images (50,000×) of M nanoparticles 
further demonstrated that these particles easily aggregate to form larger 
particles. Ovarian cancer cell line SKOV-3 cells have high uptake effi
ciency of these particles, which may be due to the ligand-mediated 
intracellular endocytosis pathway. These particles can be phagocy
tized by lysosomes implying that the phagocytosis of particles by lyso
somes may be related to cell apoptosis. Therefore, these particles can 
enter SKOV-3 cells and suppress cell proliferation by inducing cell 
apoptosis. 

3.6. Cytotoxicity analysis 

We used the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) method to determine the cell toxicity of M and MEC on 
the ovarian cancer cell line SKOV-3 cells after treatment for 24 h. As 
shown in Fig. 7A-B, M and MEC decreased cell viability in a dose- 
dependent manner, and MEC showed a stronger cell-killing effect. To 
evaluate the photothermal therapeutic effect of materials, cells were 
treated with different concentrations of nanoparticles for 12 h, followed 
by irradiation with near-infrared light (808 nm, 2 W/cm2) for 10 min 

Fig. 8. (A) Cell cycle analysis for SKOV-3 cells after being treated with M and MEC with/without NIR laser irradiation (808 nm, 10 min). (B) Representative images 
of transwell migration assays in SKOV-3 cells after different treatments. (C) Effects of different drug treatments on the cell cycle phase. (D) Number of cell migration. 
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. 
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and incubation at 37 ◦C in a cell culture incubator for another 12 h. MTT 
assay was utilized to detect the cell viability before and after irradiation 
at the same concentration of nanoparticles. It was found that when the 
MEC concentration was 10 μg/mL, the cell viability after irradiation 
(61.6 % ± 8.9 %) was lower than that before irradiation (74 % ± 4.1 %) 
(P < 0.05). Additionally, we used IOSE-80 cells to assess the MEC 
cytotoxicity for normal ovarian epithelial cells and found negligible 
cytotoxicity, as shown in Fig. 7D–E. The clone formation assay is an in 
vitro cell survival assay for evaluating the ability of a single cell to grow 
into a cell colony. When a cell proliferates and grows for more than 6 
generations in an in vitro simulation environment, the colony formed by 
all the cells of that one cell is called a colony, which is a preferred 
method for determining changes in cell survival ability after treatment. 
As shown in Fig. 7C, the number of colonies in the MEC and MEC + Laser 
(MEC + L) treatment groups were significantly fewer than that in other 
treatment groups, indicating that the cell toxicity of MEC and its pho
tothermal therapeutic effect can significantly inhibit cell proliferation. 

3.7. Cell proliferation and migration analysis 

Due to the impact of the cell cycle on cell proliferation, we conducted 
flow cytometry to detect the effects of different treatments on the cell 
cycle. As shown in Fig. 8A and 8C, the percentage of SKOV-3 cells in the 
G0/G1 phase in the control group was 44.39 % ± 0.28 %, while the 
percentages of SKOV-3 cells in the G0/G1 phase after M, MEC, and MEC 
+ L treatments were lower (30.16 % ± 2.84 %, 28.7 % ± 2.49 %, and 
29.1 % ± 2.87 %, respectively) (P < 0.05). However, the percentage of 
SKOV-3 cells in the G2/M phase after MEC + L treatment was higher 
than that in the control group (7.75 % ± 0.41 %) (P < 0.05). This 

indicates that MEC + L treatment caused the cell cycle of SKOV-3 cell 
arrest in the G2/M phase, which is unfavorable for cell proliferation, 
further explaining the mechanism of its antiproliferation effect. Addi
tionally, cell migration is a crucial biological process of tumorigenesis 
and metastasis. To explore the effects of MEC on the migration ability of 
SKOV-3 cells, cells were collected after 24 h exposure to different 
treatments for transwell migration experiments. As shown in Fig. 8B and 
8D, the number of migrated cells in the MEC and MEC + Laser treatment 
groups was significantly fewer than that in the other treatment groups, 
indicating that the cytotoxicity of MEC and its photothermal therapeutic 
effect can also significantly inhibit cell migration, providing excellent 
therapeutic effects. 

3.8. Cell-killing ability 

Calcein-AM and PI were employed to stain live and dead cells 
simultaneously, as shown in Fig. 9A. The control group and the laser 
group showed significant green fluorescence, indicating the presence of 
many live cells. In the M and M + Laser treatment groups, the green 
fluorescence decreased while the red fluorescence increased, indicating 
the presence of a few dead cells caused by the cell-killing effect of the 
corresponding treatments. In the MEC and MEC + Laser treatment 
groups, the red fluorescence increased significantly, indicating a high 
degree of cell death caused by the cell-killing effect of the corresponding 
treatments. The fluorescence intensity (FL) was quantified by Image J 
software to assess the ratio of red FL to the total FL, showing the sig
nificant difference in the comparison of the MEC+Laser group with 
other groups (Fig. 9C). Flow cytometry was employed to quantify 
apoptotic cells labeled with Annexin V-FITC/PI, the results are shown in 

Fig. 9. (A) Live and dead co-staining images of SKOV3 cells stained by Calcein-AM/PI after various treatments. (B) Apoptosis for SKOV-3 cells after being treated 
with M and MEC with/without NIR laser irradiation (808 nm, 10 min). (C) The ratio of red fluorescence intensity to total fluorescence intensity. (D) Apoptosis rate. 
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 
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Fig. 9B. Three independent experiments were conducted for repeating 
verification shown in Fig. 9D. The MEC + Laser group showed a 
dramatically higher rate of apoptosis (43.24 % ± 0.85 %) than the 
control group (9.7 % ± 3.87 %), the Laser group (10.41 % ± 1.88 %), 
the M group (17.13 % ± 0.37 %), the M + Laser group (19.76 % ± 1.20 
%), and the MEC group (40.22 % ± 1.45 %) (P < 0.05). This indicates 
that the photothermal therapeutic effect of MEC can effectively induce 
significant cell apoptosis and thus kill cancer cells. 

3.9. Intracellular ROS level 

The DCFH-DA probe, which may be converted by ROS into DCFH 
exhibiting green fluorescence, was examined to evaluate the level of 
ROS in SKOV-3 cells. As shown in Fig. 10A, the green fluorescence of 
cells treated with light and M was weak, while the green fluorescence of 
cells treated with M + Laser, MEC, and MEC + Laser was stronger. 
Among them, the green fluorescence of cells in the MEC + Laser group 
was the strongest (Fig. 10C). The quantitative analysis of ROS levels 
determined by flow cytometry for DCFH-DA fluorescence was consistent 
with the fluorescence images. The results are shown in Fig. 10B and 10D, 
the intracellular ROS level in the MEC + Laser group (93.86 % ± 1.42 
%) was significantly higher than that in the control group (0.08 % ±
0.07 %), the laser group (23.52 % ± 3.26 %), the M group (49.62 % ±
2.34 %), the M + Laser group (86.03 % ± 2.73 %), and the MEC group 
(71.10 % ± 4.01 %) (P < 0.05). Similarly, Wang et al. synthesized the 
MoSe2 nanoflower as photosensitizers to produce intracellular ROS in 
response to NIR irradiation (Wang et al., 2018). The increased ROS 

production is due to the successful separation of photogenic charges 
(Wang et al., 2019a,b). The hyperpyrexia produced by the photothermal 
effect can enhance the transfer of photo-generated electrons, which is 
favorable for the production of ROS (Wang et al., 2019a,b). Due to its 
redox properties, selenium is an oxidant that can lead to oxidative stress 
by producing excessive amounts of harmful reactive oxygen species 
(ROS) (Zhou et al., 2020). According to research from Ujjawal H. Gan
dhi, selenium can exacerbate the generation of intracellular ROS, by 
inhibiting processes that provide antioxidant defense and triggering 
mitochondrial oxidative phosphorylation-dependent ROS synthesis 
(Gandhi et al., 2014). Excess selenium overcomes these antioxidant 
defenses, resulting in increased ROS-dependent genomic instability and 
apoptosis (Gandhi et al., 2014). 

3.10. Anti-cancer effect in vivo 

Based on the above results, we further evaluated the antitumor effect 
of nanoparticles on an ovarian cancer animal model in xenotransplanted 
mice. Firstly, female nude mice were subcutaneously inoculated with 
SKOV-3 cells to establish a subcutaneous xenograft model. To evaluate 
the general condition of the mice, the weight of the tumor-bearing mice 
was measured every other day and the weight change was recorded, as 
shown in Fig. 11A. The weight of all treatment groups of mice increased, 
and there were no significant differences between the groups, indicating 
that treatments had no apparent side effects on the mice. In contrast, the 
weight of the control group decreased, indicating that the general con
dition of the mice in the untreated group was terrible, and ovarian 

Fig. 10. Fluorescence microscopic images (A) and flow cytometry analysis (B) of ROS generation by DCFH-DA in SKOV-3 cells after being treated with M and MEC 
with/without NIR laser irradiation (808 nm, 10 min). (C) Mean FL of DCFH-DA. (D) ROS positive ratio. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. 

H. Yu et al.                                                                                                                                                                                                                                       



Arabian Journal of Chemistry 17 (2024) 105495

10

cancer is a highly malignant tumor. 
The volume of tumors in each group was calculated to plot tumor 

growth curves (Fig. 11B). MEC had a suppressive effect on tumor 
growth, and when combined with near-infrared radiation, the growth 
rate of the tumors significantly slowed down. At the end of the treat
ment, the tumor-bearing mice were euthanized and the major organs 
and tumors were collected for evaluation. The weight of the tumors was 
consistent with the volume growth curve, and the tumors in the treat
ment groups were smaller than those in the control group, indicating 
great antitumor efficacy (Fig. 11C). Hematoxylin-eosin (H&E) staining is 
the most widely used method for tissue research. It is also the funda
mental method for pathological diagnosis to visualize the microstruc
ture of normal and pathological tissues. H&E staining was performed on 
the tumor tissues, and the control group showed significant abnormal 
morphology, while the MEC and MEC + Laser groups showed severe 
damage to the tumor cells, indicating necrotic cells (Fig. 11D). Recom
binant Ki-67 Protein (Ki-67) is a biomarker for cell proliferation, and 
immunostaining for Ki-67 was used to further evaluate the impact of 
MEC incorporating photothermal therapy on the proliferation of cancer 
cells at the tissue level. The control group showed a significant 
brownish-yellow color in the cell nuclei, indicating a high expression of 
Ki-67, while the MEC + Laser group had a significantly lower expression 
of Ki-67, indicating excellent inhibition of cell proliferation. Terminal 

deoxynucleotidyl transferase (TdT)-mediated 2-deoxyuridine-5-triphos
phate (dUTP) nick-end labeling (TUNEL) staining was employed to 
evaluate the level of cell apoptosis in the tumor tissues. The control and 
light groups showed no significant green fluorescence, indicating that 
most of the cancer cells were alive, while the MEC and MEC + Laser 
groups showed significant green fluorescence, indicating a high level of 
apoptosis. It suggests that MEC has a significant cytotoxic effect and its 
photothermal therapy can effectively promote cell apoptosis, consistent 
with the results of the flow cytometry apoptosis assay. 

3.11. Histological structure staining of major organs in mice after 
treatment 

H&E staining was performed to observe the structural organization 
of the mice’s major organs, as shown in Fig. 12. The myocardial fibers 
were arranged regularly, and there was no loss or vacuolation observed 
in the hearts of mice. The hepatic lobules were intact, and the hepato
cyte morphology was normal. The splenic parenchyma was intact, and 
the cell morphology was normal. The lung tissue had a normal alveolar 
structure, and there was no detection of lung fibrosis. The kidney tubule 
structure was normal, and there was no damage or necrosis. 

Fig. 11. Therapeutic efficacy in vivo. (A) Body weight changes of mice in different groups (n = 5). (B)Tumor growth curves of tumor-bearing mice subject to diverse 
treatments. (C) Mean weights of dissected tumors after different treatments. (D) H&E, Ki-67, and TUNEL staining images of xenograft tumors after different 
treatments. *P < 0.05. 
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Fig. 12. HE staining of major organs (Heart, Liver, Spleen, Lung, and Kidney) in mice after different treatments.  

Fig. 13. Therapeutic mechanism.  
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3.12. MEC treatment mechanism analysis 

The therapeutic mechanism of MEC nanoparticles is shown in 
Fig. 13. First of all, it can be seen that MEC is darker than M because it is 
coated with amorphous carbon (which is reflected in both Figs. 2 and 6), 
which leads to an increase in the absorbance of MEC relative to M, and 
the heat generated at the same time as the absorbance increases. When 
MEC enters SKOV-3 cells, MEC nanoparticles can effectively inhibit the 
proliferation of SKOV-3 cells and induce the apoptosis of SKOV-3 cells 
through photothermal effect under near-infrared laser irradiation (808 
nm, 10 min), and there are no obvious toxic and side effects on major 
organs after treatments. 

4. Conclusions 

As a nano near-infrared absorber, MoSe2 has been widely studied in 
the field of photothermal therapy of cancer. Compared with previous 
studies, MEC nanoparticles were prepared by a one-step hydrothermal 
method. The successful synthesis of MEC nanoparticles was confirmed 
by various chemical characterization. The MTT experiment on normal 
ovarian epithelial cells that MEC nanoparticles had good biocompati
bility. In vivo and in vitro study confirmed that compared with other 
control groups, MEC + L group had the lowest tumor and cell viability 
(61.6 % ± 8.9 %), inhibited G2/M human ovarian cancer (SKOV-3) cell 
proliferation, induced apoptosis (apoptosis rate: 43.24 ± 0.85 %), and 
increased intracellular ROS level (93.86 % ± 1.42 %). And MEC had no 
obvious toxic or side effects on major organs of tumor-bearing mice. 
Finally, the therapeutic mechanism of MEC nanoparticles was explored, 
and it was found that they had higher absorbance and could generate 
more heat during laser irradiation, thereby improving their therapeutic 
effect on ovarian cancer. Therefore, MEC can transform NIR laser energy 
into heat and selectively destroy cancer cells via local hyperthermia 
while not interfering with healthy cell growth. 
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