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Abstract In this paper, polycrystalline molybdenum disulfide (MoS2) nanoflowers were prepared

by mixing ammonium molybdate tetrahydrate [(NH4)6Mo7O24�4H2O] and potassium thiocyanate

(KSCN) at 300 �C for 2 h via molten salt sintering method. Under scanning electron microscope

(SEM) and high-resolution transmission electron microscope (HRTEM), MoS2 showed popcorn-

like shape, which surface distribution defects were easy to be further modified. MoS2 as a nano-

enzyme was used to inhibit the proliferation of mouse breast cancer cells (4 T1), which had

69.8 % inhibitory effect on 4 T1 cell proliferation. Electron spin resonance (ESR) analysis showed

that MoS2 could produce a large number of stable hydroxyl radicals (–OH). The disulfide bond in

MoS2 was highly sensitive to reactive oxygen species (ROS). High ROS level leads to the death of

cancer cells under oxidative stress and inhibits the proliferation of 4 T1. This work demonstrates

that MoS2 is a potential anticancer drug or carrier for cancer treatment.
� 2023 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

As a disease with high mortality, the treatment of cancer has always

been an important research direction (Jaya Seema et al., 2018;

Saifullah et al., 2018; Bullo et al., 2019; Mousavi et al., 2019; Liu

et al., 2013; Abbas et al., 2015). For a long time, the efficacy of tradi-

tional anticancer drugs and chemotherapy has been low, because in the

process of cancer treatment, it will inevitably produce toxicity to

human normal tissues and bring serious toxic and side effects to cancer

patients (Curigliano et al., 2016). Patients need new medical treatments

to resist the damage of malignant tumor cells.

Human beings need new drugs. The rapid development of nan-

otechnology provides us with a new direction. The research and devel-

opment of nanotherapeutic drugs to treat tumor diseases are urgent

(Murugesan et al., 2018; Kundu et al., 2019). In recent years, the pro-
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posal and development of nano catalytic medicine (NCM) have

brought potential treatment schemes for cancer. Nontoxic or slightly

toxic nanoparticles (NPS) are introduced into pathological areas as

nano catalytic reactants to start the tumor treatment mechanism, to

achieve the purpose of sustainable treatment and more biocompatibil-

ity through ‘‘catalytic” therapeutic chemical reaction. NCM has high

specificity in reducing side effects. Different from the traditional deliv-

ery model of therapeutic agents, the inherent substances in the patho-

genic environment are used for catalytic treatment (Yang et al., 2019).

In NCM, chemokinetic therapy (CDT) is a cancer treatment mode that

is activated by chemical stimulation and produces ROS (Zhang et al.,

2016). Based on the characteristic pathological and chemical character-

istics of tumor microenvironment (TME), mild acidity and excessive

H2O2 are conducive to the catalytic reaction in the tumor, resulting

in the production of a large number of toxic –OH, the increase of

ROS level, oxidative stress reaction in the tumor, cancer cell death

and tissue damage. It has been used to provide nano catalytic therapy

to deal with malignant tumors and reduce toxicity in vivo (Wang et al.,

2018; Hanahan and Weinberg, 2011).

With the continuous development and expansion of the field of

NCM, as a new branch of nanomedicine, it still has challenges such

as low biodegradability and few catalytic active sites after surface mod-

ification, which requires the coordination of catalytic activity and sur-

face modification to alleviate the challenges (Yang et al., 2019; Arami

et al., 2015; Mout et al., 2012). Individual nano-catalyst needs to be

functionally modified on the surface of nanocarriers that can improve

reaction activity (Yang et al., 2019). For example, MoS2 nano sheets

doped with copper ions can effectively kill bacteria under light (Wang

et al., 2020). MoS2/ferrous sulfide (FeS) heterojunction and rhein

(Rhe) anti-inflammatory drugs form microwave responsive MoS2/

FeS/Ree to help kill bacteria and effectively eradicate rat tibial

osteomyelitis infected by Staphylococcus aureus (Jin et al., 2022). Ag/

MoS2 showed high level ROS killing bacteria and strong photocatalytic

activity (Zhu et al., 2020). The photodynamic and photothermal prop-

erties of chitosan combined with MoS2 (CS@MoS2) showed excellent

surface self-antibacterial ability (Feng et al., 2018). Two dimensional

(2D) MoS2 has a unique high specific surface area, adjustable band

gap, high efficiency near infrared photothermal conversion and good

biocompatibility, which can be used for antibacterial research by pho-

tothermal or photodynamic (Chen et al., 2022). Hydrothermal synthe-

sis of CuS/graphene oxide (GO) hybrid. High specific surface area CuS/

GO and a large number of defects in GO improve the photocatalytic

properties of the hybrid, showing excellent antibacterial effect and good

biocompatibility (Lv et al., 2022). The representative new 2D nanoma-

terials (2DNMs), such as transition metal glycols, have great applica-

tion prospects in the antibacterial field due to their adjustable band

gap, crystal structure characteristics, migration carriers and restrictions

on thermal diffusion (Li et al., 2022). In order to maximize the effect of

catalytic therapy, it may be a feasible and effective method to combine

different material components to make them work together. (Xing

et al., 2018). Have shown that metal sulfides (MoS2, ZnS, Cr2S3,

CoS2, PbS, or WS2) are used as cocatalysts to improve catalytic effi-

ciency, and enhance Fenton reaction efficiency by exposing metal active

sites and proton capture (Li et al., 2016; Ran et al., 2017). Typical tran-

sition metal dihalide compounds (TMDs) 2DNMs MoS2 and its

nanocomposites show great potential in the field of cancer treatment

due to their excellent antibacterial and anticancer activities (Zhou

et al., 2021; Jiang et al., 2021; Tan et al., 2016; Zhang et al., 2020;

Yang et al., 2020). It has attracted extensive attention in the field of

nano medicine. The 2D MoS2 belongs to the hexagonal system, which

is formed by stacking metal molybdenum (Mo) atoms between sulfur

(S) atomic layers. There is a covalent bond between Mo and S. The

Van der Waals force stacking structure is similar to the MoS2 sheets

of graphite layer, and the layer spacing of MoS2 is larger than that of

graphite, which provides a large network for surface functional modifi-

cation (Liu et al., 2022; Chong et al., 2021; Gao et al., 2018; Wu et al.,

2019; Kasinathan et al., 2021; He et al., 2020). In addition, unlike most

inorganic nanomaterials, MoS2 can be discharged from the kidney
within one month due to its excellent biocompatibility, avoiding the

toxic harm of long-term retention to organisms (Zhang et al., 2018).

With the continuous development of tumor treatment research on

MoS2 and its nanocomposites, there are few studies on excellent nano

catalytic carriers. In order to carry out surface functional modification

engineering on its substrate and play a greater anti-cancer effect, we

need a kind of auxiliary nano catalytic carrier, which has a strong

CDT therapeutic effect when it acts alone.

Therefore, the polycrystalline MoS2 with spherical nanowire struc-

ture was prepared by the low-temperature molten salt method, and its

anticancer effect was studied using 4 T1. We also analyzed the anti-

cancer mechanism of MoS2 by SEM, HRTEM, X-ray photoelectron

spectroscopy (XPS), ESR, and laser confocal microscope. MoS2 can

produce stable –OH, triggering oxidative stress reaction of tumor cells

at high ROS level, resulting in cell hypoxia death. It can effectively

inhibit the proliferation of cancer cells.

2. Material and methods

2.1. Cell culture

Mouse fibroblasts (L929) and 4 T1 were purchased by Tianjin
Jinze New Technology Co., ltd. (Tianjin, China). L929 in
DMEM (Gibco, USA) medium containing 1 % penicillin

Streptomycin Solution (HyClone, Utah) and 10 % Foetal
Bovine Serum (FBS, Gibco, Australia) at 37 �C and 5 %
CO2 constant temperature incubator. 4 T1 were cultured in

89 % RPMI-1640 (BIOIND, Israel) medium with 1 % peni-
cillin–streptomycin solution and 10 % FBS at 37 �C and
5 % CO2 constant temperature incubator.

2.2. Preparation of molybdenum disulfide by molten salt

sintering

5 g KSCN (99 %, 3A) and 0.15 g (NH4)6Mo7O24�4H2O (99 %,
Aladdin) were evenly mixed and put into a muffle furnace
(LFM1200C box furnace, Hefei Compain Equipment Technol-
ogy Co., ltd.), heated to 300 �C for 2 h to prepare MoS2. After

the reaction, dissolve the black solid with deionized water to
filter and wash off the excess KSCN, and then dried in a vac-
uum oven (DZF-6050 vacuum oven, Hefei Kejing Material

Technology Co., ltd.) at 80 �C for 24 h. Fig. 1 shows the man-
ufacturing process of MoS2.

2.3. Material characterization

The surface morphology of MoS2 was observed by SEM (SU-
8010, Hitachi, Japan). The nano-sized high-resolution struc-

tural characteristics and composition of the samples were stud-
ied by HRTEM (Talos F200x, Thermo Fisher Scientific, Czech
Republic) combined with high-resolution lattice fringe image,
selected area electron diffraction (SAED), and energy disper-

sive spectroscopy (EDS) element mapping. XPS (PHI5000
VersaProbe, ULVAC-PHI, Japan) was used to analyze the
composition of surface elements, the chemical state, and

molecular structure of surface elements. And the contaminated
carbon (284.8 eV) was used for energy correction.

2.4. Enzyme activity and hydroxyl radical recognition

The peroxidase (POD)-like catalytic activity of MoS2 nano
enzyme was analyzed via 3,3´,5,5´-tetramethylbenzene (TMB,



Fig. 1 Sample preparation process.
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Solarbio) colorless POD substrate. The formation of blue oxi-
dized TMB (oxTMB) was detected in acidic HAc-NaAc buffer
(0.2 M, pH = 3.6) using the ultraviolet visible spectrometer

(UV-3600, SHIMADZU, Japan). Meanwhile, H2O2 with dif-
ferent concentrations (0, 5, 10 and 20 mM) were respectively
added into the mixed system of 1.8 mL HAc-NaAc buffer
(0.2 M, pH = 3.6), 0.1 mL TMB solution and 0.1 mL MoS2
(50 lg/mL) reaction at 37 �C. After the reaction, the change
curve of absorbance with reaction time was measured at
652 nm with ultraviolet visible spectrometer. ESR analysis

experiment was used for free radical identification, which
was carried out by electron spin resonance spectrometer
(EMXplus-6/1, Bruker, Germany). 11 lL of the spin-trap

5,5-dimethyl-1-pyrroline N-oxide (DMPO, 500 mM, Shanghai
McLean Biochemical Technology Co., ltd., China) was added
into 70 lL MoS2 (1 mg/mL) and 49 lL phosphate buffer (PBS,

0.01 M, pH = 6.5, Shanghai Yuanye Biotechnology Co., ltd.,
China) with and without 70 lL H2O2 (300 lM). The reaction
system was sucked into the capillary tube and sealed with sili-
cone grease. After the capillary tube was wiped clean, it was

put into a paramagnetic tube. The formation of –OH was ver-
ified at room temperature with microwave operating frequency
of 9.8 GHz in the X-band.

2.5. In vitro cytocompatibility and cytotoxicity analysis

A logarithmic long-term L929 or 4 T1 was inoculated with

1 mL cell suspension (planting density of 1 � 104 cell/mL)
on 24 well plates. After incubating for 24 h in a constant tem-
perature incubator at 37 �C, a vacuum pump was used to suck

out the culture medium. MoS2 was diluted to different concen-
trations (12.5 lg/mL, 25 lg/mL, 50 lg/mL, 100 lg/mL,
200 lg/mL) and added to each experimental hole by culture
medium, and incubated at 37 �C incubator for different times

(2 h, 6 h, 12 h, 24 h). Suck the supernatant and add 300 lL of
serum free media containing 10 lL Cell Counting Kit-8 (CCK-
8, Genview) into each well. After incubation in the incubator

for 2 h, transfer 300 lL of CCK-8 mixture to 3 wells of 96 well
plate, 100 lL per well. It is defined that the hole survival rate
of blank medium per well is 0 %, and the hole survival rate of

complete medium and cells is 100 %. The optical density (OD)
of three experimental holes in each group was recorded by an
enzyme-labeled instrument (ELX808IU, BioTek, USA) at the
wavelength of 450 nm.
2.6. Observation of living and dead cells by laser confocal
microscope

Calcein-AM and PI (Beyotime) were co-stained with L929 or
4 T1 to detect cell activity and cytotoxicity. Firstly, the L929

or the 4 T1 cell suspension (planting density of 3 � 104 cell/
mL) was inoculated on the special confocal culture dish
(Biosharp), and cultured in the 37 �C in-cubator for 24 h. Then
the supernatant was sucked away and added to MoS2/culture

medium mixture for 12 h. Next sucked out the culture medium
and washed the cells with cold PBS. Lastly, 0.3 lL Calcein-
AM, 0.3 lL PI, and 3 lL detection buffer were mixed. The

mixture was added to the experimental confocal dish with
300 lL per well and was incubated in the dark at 37 �C for
40 min. After incubation, the samples were observed under

laser confocal microscope (FV1000, Olympus, Japan).
Calcein-AM showed green fluorescence (Ex/Em = 488/517 n
m) and PI showed red fluorescence (Ex/Em = 546/617 nm).

2.7. Statistical analysis

Data were expressed as mean ± Standard error of mean
(SEM) and were evaluated using one-way ANOVA followed

by Tukey’s multiple comparisons test (GraphPad Prism ver-
sion 9.0; GraphPad Software, La Jolla, CA, USA) to deter-
mine statistically significant differences. *P < 0.05 was

represented statistically significant.

3. Results and discussion

3.1. Surface structure analysis

The morphology of MoS2 was characterized by SEM, as
shown in Fig. 2a and b. MoS2 is spherical, and its surface is
wrapped by layered gullies. The spherical stacking of popcorn

makes its surface area large. Fig. 2c-e shows the HAADF-
STEM image and EDS element mapping images of MoS2,
which proves the successful synthesis of MoS2. It can be clearly
observed that Mo and S are evenly distributed in the structure

of MoS2 nanoflower. As shown in Fig. 2f, the micro surface
morphology was further analyzed by TEM, in which the sur-
face was flower pleated and distributed with multi-layer thin

nanolayers. Next, combine the HAADF-STEM image and
its corresponding Fourier transform (FT), as shown in
Fig. 2g. The clear lattice arrangement on the surface of

MoS2 nanoflowers indicates that it has good crystallinity. It
is worth noting that there are obvious defects at the surface
gullies as shown in the circle in the figure, which can be further

modified. The surface lattice spacing is 0.256 nm, correspond-
ing to MoS2 (102) plane (Zhou et al., 2021). Fourier transform
images show that MoS2 is polycrystalline. SAED image is
shown in Fig. 2h, which further verified that MoS2 is polycrys-

talline. (101) and (106) planes also exist in MoS2.
In addition, the elemental composition and molecular

structure of MoS2 were studied by XPS. Fig. 3a shows the full

XPS spectrum of MoS2. It also shows the successful prepara-
tion of MoS2. Fig. 3b shows the Mo 3d spectra with five peaks.
The peaks located at 228.6 eV (3d5/2) and 231.7 eV (3d3/2) cor-

respond to Mo-S of 1 T (octahedral) MoS2 (Fan et al., 2017).
In addition, the double peaks are located at 232.5 eV and



Fig. 2 (a, b) SEM images of MoS2. (c-e) HAADF-STEM image and EDS element mapping of MoS2. (f) TEM image of MoS2. (g)

HRTEM morphology of MoS2 and the corresponding FT patterns (inset). (h) SAED image of MoS2.
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235.6 eV, belonging to Mo-O of 2H (triangular cylindrical)
MoS2 (Li et al., 2016). The peak position of 225.8 eV belongs
to S 2 s. O 1 s spectra in Fig. 3c, the peak position of 531.03 eV

belongs to Mo-O. According to the S 2p spectra in Fig. 3d, the
peaks observed at 161.5 eV (2p3/2) and 162.7 eV (2p1/2) corre-
spond to Mo-S and belonged to the 1 T phase. The bimodal

162.8 eV and 163.9 eV belong to the 2H phase.
The nano enzyme with POD-like activity can induce H2O2

to decompose into –OH, and TMB is oxidized by –OH to form
blue oxTMB in Fig. 4a (Gao et al., 2007; Gao et al., 2019).

Fig. 4b shows that there is no obvious characteristic peak in
the absorbance of the reaction system without MoS2, indicat-
ing that there is no oxidation reaction. In the reaction mixture

of TMB + H2O2 + MoS2, there are two absorbance charac-
teristic peaks at 370 and 652 nm. It is observed that the solu-
tion is obviously blue, which confirms that MoS2 has inherent

nano enzyme POD-like activity. Under the action of H2O2 at
different concentrations (0, 5, 10 and 20 mM), the time absor-
bance change curves of the reaction product oxTMB are

shown in Fig. 4c. It is found that the absorbance of MoS2 is
the strongest at 20 mM H2O2, and a concentration gradient
dependent color curve is presented at different H2O2 concen-
trations. This confirms that MoS2 and H2O2 can generate –
OH. ESR analyses of MoS2 with or without H2O2 using

DMPO spin-trapping agent are shown in Fig. 4d. In the pres-
ence of H2O2, the ESR spectra of MoS2 showed the (1:2:2:1)
characteristic signal of –OH with DMPO as the –OH capture

agent (Zhang et al., 2020). Because cancer cells contain a large
amount of H2O2 in the unique TME environment, in the acidic
environment, the –OH characteristic signal of the ESR map
indicates that MoS2 has a high level of ROS, leading to intense

redox reaction in cancer cells, while the disulfide bond in MoS2
is highly sensitive to redox and easy to break, which is easy to
release effective therapeutic substances (Ranucci et al., 2008;

Park et al., 2010; Wu et al., 2015). This means that MoS2
can cause oxidative stress and hypoxia death of cancer cells.

3.2. Cell proliferation toxicity test

Firstly, the CCK-8 system was used to study the proliferation
of L929 cells by MoS2 at different concentrations, as shown in

Fig. 5a. It can be clearly observed that there is no difference in



Fig. 3 (a) XPS spectrum of MoS2, (b) Mo 3d, (c) O 1 s, (d) S 2p.
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cell survival between the sample (MoS2 concentration of 25 lg/
mL) and the control group (MoS2 concentration of 0 lg/mL).
The cell survival rate of L929 is 84.9 % at the concentration of

50 lg/mL, and MoS2 has almost no significant inhibitory effect
on L929. When the concentration is increased to 200 lg/mL,
the cell survival rate is 72.8 %, and MoS2 has only slight cyto-
toxicity to L929. It is proved that there is no significant cyto-

toxicity at lower concentrations of MoS2 (�100 lg/mL). Then,
the anticancer effect of MoS2 on 4 T1 in vitro was studied by
the CCK-8 system, as shown in Fig. 5b and c. It can be clearly

seen that the proliferation of 4 T1 cells decrease step by step
when MoS2 and 4 T1 were co-incubated from 2 h to 24 h. With
the increase of time, MoS2 caused the oxidative stress reaction

in 4 T1 cells. Toxic –OH induced apoptosis of 4 T1 cells in
anoxic environment. After 12 h, MoS2 has a significant inhibi-
tory effect on the proliferation of 4 T1 as shown in Fig. 5b.

Especially for 24 h, the survival rate of 4 T1 cells decreased
to only about 30 %. In addition, the results also show that
the concentrations of MoS2 also affect the viabilities of 4 T1
cells. With the increase of MoS2 concentration, the survival

rate of 4 T1 cells decreased, especially for 24 h culture. There-
fore, different concentrations of MoS2 incubated with 4 T1
were also studied as shown in Fig. 5c. When the dose of

MoS2 is 12.5 lg/mL, the cell survival rate of 4 T1 is 56.7 %,
indicating that a small dose of MoS2 may significantly inhibit
the proliferation of 4 T1 cells. When the concentration
increases to 200 lg/mL, the cell survival rate is only 30.2 %.
The antitumor effect of MoS2 with 200 lg/mL is the
most obvious of all the samples, which indicates that the

MoS2 nanoparticles are swallowed by cells, more cell death.
Inhibition of 4 T1 cell proliferation is positively correlated with
the concentration and action time of MoS2. The results
indicate that the almost negligible cytotoxicity of MoS2
against L929 brought about good cytocompatibility, with
little effect compared to the strong inhibition against
tumor cells. The cytotoxicity of MoS2 against tumor cells is

attributed to the catalytic therapeutic response under the
TME. MoS2 triggers massive toxic –OH induced killing of
4 T1 tumor cells.

Confocal images of L929 fluorescence in Fig. 6 show that
after Calcein-Am and PI was co-stained, the MoS2 treated
group embodied good cell viability indistinguishable from

the control group, and L929 exhibited good cell morphology
with intact cell membranes and no dead cells, indicating the
same results as the cytotoxicity assay. The fluorescence confo-
cal images of 4 T1 treated by the control group and MoS2 were

used to further verify the effectiveness of CCK-8. 4 T1 was co-
stained with Calcein-Am and PI, as shown in Fig. 6. The
results are divided into two groups. Which are cell survival

and cell death. There was no significant change in 4 T1 in
the control group and 4 T1 cells proliferated and adhered well.
On the contrary, 4 T1 in the MoS2 treatment group resulted in



Fig. 4 (a) Schematic diagram of MoS2 POD-like activity, (b) Ultraviolet visible absorption spectra of different groups of oxTMB and

corresponding color developing solution (in order from left to right: TMB, TMB + H2O2, TMB + H2O2 + MoS2), (c) Time dependent

absorbance of oxTMB after treatment with different H2O2 concentrations (0, 5, 10, and 20 mM) and the corresponding color development

solutions (in order from left to right: 0, 5, 10, and 20 mM), (d) Spin-trapping ESR spectra of DMPO in MoS2 under different conditions.

Fig. 5 (a) Cell viability of L929 was incubated with MoS2 at 0–200 lg/ml concentration gradient for 24 h, (b) The cell viability of 4 T1

was incubated at different concentrations of MoS2 at 50, 100, and 200 lg/mL concentrations, (c) Cell viability of 4 T1 was incubated with

MoS2 at 0–200 lg/ml concentration gradient for 24 h. (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, n = 4 independent

measurements, values are means ± SEM).

6 X. Wang et al.
a large amount of apoptosis due to the release of MoS2 effec-
tive therapeutic substances. It was observed that 4 T1 cell wall
was broken and a large number of cells were suspended. The
co-staining results of living and dead cells are consistent with
the results of CCK-8, indicating that MoS2 can be used as
an effective cancer therapeutic agent.



Fig. 6 Laser copolymerization microscope images of AM and PI co-staining L929 and 4 T1.
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4. Conclusion

To sum up, MoS2 has been successfully prepared by the molten salt

method at low temperatures in this study. It can show high-

efficiency tumor inhibition when acting on 4 T1 alone. MoS2 has

the potential to be an efficient therapeutic nanocarrier with synergis-

tic CDT therapeutic effect. SEM and HRTEM show that the accu-

mulation of popcorn-like spherical structure of MoS2 has the

characteristics of large surface area and a large number of defects

in the edge gullies which make it easier to modify the surface func-

tion. ESR experiment shows that MoS2 can stably produce a large

amount of –OH. The proliferation experiment in vitro shows that

4 T1 produced oxidative stress under the action of MoS2 and caused

significant apoptosis of cancer cells. Compared with the effect of

inhibiting tumor cell proliferation, MoS2 showed little cytotoxicity

on L929. Since MoS2 has peroxidase like activity and can catalyze

the generation of ROS oxide rich in the acidic environment of

tumors, its uptake by tumor cells is higher. MoS2 can be used as

an effective therapeutic agent to inhibit tumor cells. The high speci-

fic therapeutic effect of MoS2 on tumors shows that it can be used

as an effective cocatalyst nanocarrier, and its surface modification as

a substrate to further enhance the anticancer effect is our research

direction in the future.
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