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Molybdenum disulfide (MoS,), as a nanozyme, can effectively kill tumor cells by catalyzing H,0; to pro-
duce extremely poisonous hydroxyl radical (*OH). In this work, spherical MoS,-PEG nanozymes were pre-
pared by hydrothermal synthesis under the modification of polyethylene glycol (PEG). Firstly, XRD, XPS,
SEM, TEM, and BET were used to analyze the phase, morphology, oxidation state, and distribution of each
element of nanozyme. Secondly, the determination and verification of *OH as the main reactive oxygen
species (ROS) in the MoS,-PEG nanozyme catalyzed Fenton reaction based on 3,3’,5,5'-tetramethyldiphe
nylamine (TMB) color reaction and electron spin resonance (ESR). Interestingly, MoS,-PEG nanozymes
exhibited cytostatic rates of 43.9 % and 47.2 % in vitro in mouse breast cancer cell (4 T1) and mouse
glioma cell (GL261) tumor cell models. In mouse fibroblast (L929) models, MoS,-PEG nanozymes showed
excellent cytocompatibility and safety. Therefore, MoS,-PEG nanozyme may serve as an impactful drug to
inhibit cancer cell growth.

© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

Keywords:

MoS,-PEG nanozymes
Fenton reactions
Inhibit tumor
Hydrothermal synthesis

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

1. Introduction

To date, surgical resection, radiation, and chemotherapy are still
the principal remedies for cancer. Nevertheless, they cannot com-
pletely eradicate tumors due to their shortcomings, such as surgi-
cal resection is difficult to remove residual tumor cells, highly
penetrating ionizing radiation during radiotherapy inevitably
causes damage to normal cells, chemotherapy drugs do not have
targeting effects or have relatively low targeting efficiency, and
normal cells can cause strong cytotoxicity after phagocytosis
(Brincker and Wilbek, 1974; Hur and Yoon, 2017; Wang et al.,
2018; Deng et al., 2012). As a result, there is an immediate demand
to explore a reliable and secure approach to tumor treatment. So
much research has been undertaken recently on the development
of reliable and efficient nanoplatforms for tumor-targeted therapy

* Corresponding authors at: 393#, Binshuixi Road, Xiqing District, Tianjin
300387, China.
E-mail addresses: dejunli@tjnu.edu.cn (D. Li), zml0506@tjnu.edu.cn (M. Zhao).
Peer review under responsibility of King Saud University.

ELSEVIER

Production and hosting by Elsevier

https://doi.org/10.1016/j.arabjc.2023.105240

(Wang et al., 2019; Gong et al., 2020a; Gong et al., 2020b). Nano-
zymes have been reported for biotherapeutic applications, includ-
ing oncology treatment, antimicrobial applications, anti-infection
and non-invasive treatment of neurotrauma (Huo et al., 2019a;
Huang et al., 2019; Huo et al,, 2019b; Yan et al., 2019). The pro-
posal of nano-catalytic medicine (NCM) has brought a safe and effi-
cient approach and strategy for tumor treatment (Lin et al., 2018).
The Fenton reaction, as a typical kind of advanced oxidation pro-
cesses (AOPs), induces apoptosis and necrosis of tumor cells by
introducing safe and non-toxic nanozymes into an acidic solution
of hydrogen peroxide (H,0,) in vitro or in the tumor microenviron-
ment (TME) in vivo to initiate relevant enzymatic reactions that
catalyze the decomposition of H,O, and produce extremely harm-
ful hydroxyl radical (*OH) (Zhu et al., 2021; Cao et al., 2020). In
addition to raising the concentration of reactive oxygen species
(ROS) in cells, the produced *OH species also cause the expression
of apoptotic proteins and further damage the DNA strands of cells
(Dizdaroglu et al., 2012; Noh et al., 2015). Therefore, the use of
nanozymes in situ catalysis to produce *OH is one of the effective
strategies to prevent tumor cell proliferation. Unfortunately,
because of the poor biodegradability of these inorganic catalysts,
they still face considerable challenges in clinical applications. Sci-
entists are increasingly focusing on the logical development and
research of nanozymes with excellent performance and biodegrad-
ability (He et al., 2016; Fan et al., 2018). As a main representative of
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transition metal dihalides, molybdenum disulfide (MoS;) has
indeed been widely applied in catalytic and nano-catalytic medi-
cine due to its extremely high surface area, abundant defects,
and sulfur vacancies (Wang et al,, 2021; Luo et al., 2022; He
et al., 2020; Tao et al., 2017; Feng et al.,2022; Dong et al.,2020).
The abundant surface-active sites and sulfur vacancies of MoS,
increase the electron density on its surface, which is conducive
to H,0, capturing electrons more easily and catalyzing the Fenton
reaction to produce *OH, causing tumor cells apoptosis (Yang et al.,
2022; Yang et al., 2020; Lu et al., 2020; Wang et al., 2023).

In this work, MoS,-PEG nanozymes were prepared by
hydrothermal synthesis, which could be used to effectively inhibit
tumor cell proliferation in response to the Fenton reaction. By con-
structing two tumor cell models, mouse breast cancer cell (4 T1)
and mouse glioma cell (GL261), the mechanism of tumor cell inhi-
bition by this nanozyme was explored. The results showed that
MoS,-PEG nanozymes selectively and efficiently inhibited the
growth of tumor cells, while the normal cells were not harmed,
in response to the overexpression of H,O, and the slightly acidic
nature of cancer cells as well as the generation of a significant
amount of *OH catalyzed by Fenton reaction (Sch. 1.).

2. Materials and methods
2.1. Preparation of MoS,-PEG nanozymes

Typically, 1.235 g (NH4)sMo070,4-4H,0 (99 %, Aladdin), 2.284 g
thiourea (99 %, Aladdin), and 1.083 g polyethylene glycol (PEG-
8000, 99 %, Aladdin) (Mo:S = 1:3, PEG: 3 wt%) were mixed in
35 mL of deionized water with stirring vigorously to make the
solution even. After ultrasound (KH-600KDB, Kunshan Hechuang
Ultrasonic Instrument Co., Ltd.) for 40 min, the solution was trans-
ferred to 50 mL polytetrafluoroethylene lined, and the mixture was
processed in a program-controlled blast oven at 220 °C for 24 h.
When the reaction system was reduced to ambient temperature,
the muddy black sediment was collected by centrifugal machine
at a speed of 9000 rpm. To eliminate additional contaminants,
the precipitate was washed three times and then dried at 80 C
for 12 h. Black MoS,-PEG nanozymes were collected for subse-
quent experiments. Different from the preparation method of
MoS,-PEG, the preparation of MoS, did not include PEG-8000,
and the other preparation conditions were the same.

2.2. Material characterization

The structure and phase distribution of samples were collected
by XRD (D8 Advanced, Bruker, Germany) with Cu KB (40 kV, 30 mA,
step 10°/min). The surface appearance of Mo0S,-PEG nanozymes
was examined by SEM (SU-8010, Hitachi, Japan). The chemical
states and binding energies of MoS,-PEG nanozymes were evalu-
ated by XPS (Thermo Scientific ESCALAB 250Xi, USA). The binding
energies of C 1 s (284.8 eV) were used for energy calibration. The
fine structure and elemental distribution of the samples were ana-
lyzed by TEM (Thermo Fisher Talos F200s, USA). TMB chromogenic
assays and enzyme-like activity assays of the samples were ana-
lyzed using UV-Vis (UV-3600, Japan). The hydroxyl radical and sul-
fur vacancy tests of the samples were obtained on ESR (Bruker
EMXplus-6/1, Germany). The nitrogen sorption measurements of
MoS,-PEG were performed on the automatic surface and porosity
analyzer (Micromeritics, ASAP2460, USA).

2.3. Enzyme-like ability

The peroxidase-like activities of MoS,-PEG nanozymes were
assessed by colorimetric experiments. The reaction system was
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formed by 800 pL of TMB substrate, 600 pLL of acidic HAc-NaAc buf-
fer (0.2 M, pH = 3.6), 400 pL of MoS,-PEG nanozymes (100 pg/mL)
solution and 200 pL H,0, (20 mM). The absorbance of reaction sys-
tem in the presence or absence of MoS,-PEG nanozymes was inves-
tigated using the UV-Vis absorption spectrometer at 652 nm. Color
changes were indicated by the peroxide-like activity of samples. In
addition, H,0, solutions at different concentrations (1 mM, 5 mM,
10 mM, 15 mM, 20 mM) were respectively added into the reaction
system to explore the correlations between the enzyme-like activ-
ity of Mo0S,-PEG nanozymes and the concentration of H,0,
solution.

2.4. Hydroxyl radicals and sulfur vacancies evaluation

For the *OH assessment, 5,5-Dimethyl-1-pyrroline N-oxide
(DMPO) was used as hydroxyl radical trapping agent. DMPO
(12 pL) was mixed in the reaction system (PBS, pH = 7.4, 50 puL,
or HAc-NaAc buffer, pH = 6, 50 pL) containing H,0, (300 pM,
70 pL) and MoS,-PEG nanozymes (1 mg/mL, 70 pL). Compared
with the treatment group, the blank control group did not contain
H,0, solution. The reaction system was evenly mixed and then
transferred to a quartz tube for ESR test. Sulfur vacancy tests of
the sample were performed on ESR spectrometer at room temper-
ature and dark conditions.

2.5. Cell culture

4 T1 cells were raised in 89 % standard RPMI 1640 (Gibco,
China) medium mixed with 10 % fetal bovine serum (FBS, Gibco,
Australia) and 1 % penicillin streptomycin solution (HyClone,
Utah). GL261 cells and L929 cells were grown in 89 % H-DMEM
medium containing 10 % FBS and 1 % penicillin streptomycin. All
cells were grown in a 5 % CO, direct heat and water jacket incuba-
tor at 37 °C.

2.6. In vitro cytocompatibility and cytotoxicity of MoS,-PEG
nanozymes

1929 cells were used to assess the cytocompatibility of MoS,-
PEG nanozymes in vitro, by a standard Cell Counting Kit-8 (CCK-
8) assay. The cells were cultured into the 24-well plate (approxi-
mately 4 x 10 cells per well, three wells for each concentration)
for 24 h in a direct heat and water jacket incubator. Cells stick to
the wall and grow overnight. Next, different concentrations of
MoS,-PEG nanozymes (0, 25, 50, 100, and 200 pig/mL) were respec-
tively lysed to the complete medium as well as L929 cells were co-
incubation with samples for 24 h. After L929 cells were rewashed
with PBS and stained for 2 h in serum-free medium (300 pL per
well) including 3 % CCK-8 mixture. At last, 100 pL supernatant
per well was immediately subjected to an enzyme-labeled instru-
ment (ELX808IU, BioTek, USA) to detect the absorbance value at
450 nm. At each concentration, three parallel trials were carried
out.

To assess the cytotoxicity of MoS,-PEG nanozymes, 4 T1 cells,
and GL261 cells were chosen as the main investigation object.
The two types of cells were inoculated separately into the 24-
well plate for 24 h and allowed to adhere overnight. Next, the
old medium discarded as well as 1 mL fresh medium (including
0, 25, 50, and 100 pg/mL MoS,-PEG nanozymes, 100 pM H,0-,
pH = 6) was added to each plate. Then the cells were co-
incubation with nanozymes and the CCK-8 experiment was used
to evaluate the cytotoxicity. The absorbance was examined using
the enzyme-labeled instrument at the wavelength of 450 nm.
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2.7. In vitro staining of living / dead cells and ROS

To deeper investigate the impact of MoS,-PEG nanozymes
inhibiting the growth of 4 T1 cells and GL261 cells without obvious
toxic effect on L929 cells. Calcein AM and prodium iodide (PI, Bey-
otime) were utilized to dye cells and observed with a laser confocal
microscope. 5 x 10° cells (4 T1 cells, GL261 cells, and L929 cells)
respectively were floated in medium (1 mL) and cultivated over-
night into the glass bottom cell culture dish. Next, 4 T1 cells and
GL261 cells were co-incubated in 1 mL fresh medium (including
100 pg/mL MoS,-PEG nanozymes, 100 pM H,0,, pH = 6) for
24 h. 1929 cells were merely bred with MoS,-PEG nanozymes
(100 pg/mL, pH = 7.4) for 24 h. After PBS rinsing, Calcein AM, PI,
and detection buffer (1:1:1000) were added to the culture dish
and incubated in dark for 30 min. In the end, cells were washed
twice with PBS to remove excess dye solution and observed with
confocal laser scanning microscopy (CLSM).

The fluorescence probe 2',7’-Dichlorodihydrofluorescein diac-
etate (DCFH-DA) was chosen to explore the production of ROS in
cells. 5 x 10° 4 T1 cells and 5 x 10° GL261 cells were respectively
grown in the cell culture dish. And then, 1 mL fresh medium (in-
cluding 100 pg/mL MoS,-PEG nanozymes, 100 M H,0,, pH = 6)
was added into the culture dish and further nurtured for 6 h. Next,

a
— ij o (NH 4)6M07024 4H.0
® Thiourea
° 2 o PEG-8000
0

L Q/}, y

4Tl cells
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the ROS dye liquor was added for 30 min and then rinsed the cells
multiple times. Eventually, the samples were observed with CLSM.

2.8. Statistical analysis

Three parallel groups were conducted in each experimental
group. All data are presented as mean + standard deviation. The
statistical significance of the data between groups was analyzed
by one-way analysis of variance (ANOVA). * P < 0.05, ** P < 0.01,
*** P <0.001, **** P < 0.0001, and P > 0.05 no significant.

3. Results and discussion

In this work, the MoS,-PEG nanozymes were successfully pre-
pared by a one-pot hydrothermal approach, whereby (NH4)sMo;-
0,4-4H,0 and thiourea were used as the Mo and S source, and
PEG-8000 was selected as a nonionic surfactant (Scheme 1a). The
addition of PEG in hydrothermal reaction made the prepared
MoS,-PEG nanozymes have excellent solubility and peroxidase-
like activity in the current work. The XRD patterns of MoS, and
MoS,-PEG are shown in Fig. 1a. The five diffraction peaks (002),
(100),(101),(103), (110) are nicely consistent with the standard
pattern of 2H-MoS, (JCPDS No. 37-1492), and no other miscella-

H202
TMB o6
-OH
oxTMB -OH
\ @ .’
k‘<{ a& ;:
o ) 65 )
° ®'@ -OH.
A @ /‘ﬂ °
X Ho, ROS
o0 Pero“dase like activity pe
\ <

Scheme 1. Schematic illustration of (a) one-pot hydrothermal approach to synthesize MoS,-PEG nanozymes and (b) MoS,-PEG nanozymes with peroxidase-like activity.
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Fig. 1. Structural characterizations of MoS, and MoS,-PEG. (a) XRD patterns of the MoS;, and MoS,-PEG. The standard pattern of 2H-MoS, (JCPDS No. 37-1492) is shown as
reference. (b) TGA curves of MoS, and MoS,-PEG. (c) DTA curves of MoS, and MoS,-PEG. (d) FTIR spectrum of MoS,, MoS,-PEG, and PEG (e) XPS full spectrum of MoS, and

MoS,-PEG and high- resolution spectra of (f) Mo, (g) S, and (h) C.

neous peaks are seen (Li et al., 2019). It is worth noting that the
diffraction patterns of MoS, and MoS,-PEG are primely identical,
indicating PEG has no impact on the high crystallinity and phase
of MoS,. Further, the amount of PEG in the MoS,-PEG was assessed
via TGA within the temperature range of 0 °C to 600 °C (Soltani
et al,, 2021; Chen et al,, 2017; Wu et al., 2019; Chen et al., 2020).
There is a weight loss (0.84 wt%) below 230 °C, which can be
ascribed to the removal of absorbed water. Fig. 1b demonstrates
that little weight loss occurs during the heating process while a
pronounced endothermic peak at around 230 °C to 300 °C. The
5 wt% weight loss at around 230 °C to 300 °C is ascribed to the
decomposition of the amorphous carbon present in the MoS,-
PEG. The amorphous carbon corresponds to the PEG contained in
the sample. Therefore, the weight loss at around 230-300 ‘Ccould
be interpreted as the decompositions of PEG in the samples. At the
same time, the differential thermal analysis (DTA) of MoS,, and
MoS,-PEG were shown in Fig. 1c. Compared with MoS,-PEG (red
curves), the endothermic peak of MoS, can be ignored. MoS,-PEG

|Mos,-PEG

[ @ - n
] < ] ]

N, Adsorbed (cm® g STP) &
o
(]

S

02 04 06 08 1.0
Relative Pressure (P / P;)

(red curves) shows a significant endothermic peak at 230 °C to
300° C, which is due to the elimination of PEG that is matched with
the weight loss in the TGA curve. Therefore, the DTA results indi-
cate that the modification of MoS; by PEG is successful. To further
prove the existence of PEG on MoS,-PEG nanozymes, Fourier trans-
form infrared spectroscopy (FTIR) spectrum was performed. As
depicted in Fig. 1d, the characteristic peaks of Mo-O and Mo-S
vibrations at around 609 and 473 cm™!, respectively (Kasinathan
et al., 2020). The peaks located at around 3415 and 1637 cm™!
are in correspondence to the stretching mode and O-H bending
of the free or absorbed water in samples. The peaks at
1399 cm ™! are assigned to C-H stretching vibration and the peaks
at 1107 cm™! is assigned to the C-O stretching vibration. Specially,
FTIR spectrum of MoS,-PEG and PEG exhibited strong absorption at
around 1747 cm™! corresponding to carboxyl group of PEG (Chen
et al., 2017), indicating the successful presence of PEG in MoS;-
PEG nanozymes. Next, the chemical states and binding energies
of MoS, and MoS,-PEG were assessed using XPS (Xie et al.,

b

] MoS,-PEG
£
=
]
=
S
=N
=
=
c L
0 30 60 90 120 150

Pore Diameter (nm)

Fig. 2. (a) N, adsorption (black symbols) and desorption (red symbols) isotherm for the MoS,-PEG. BET surface area of the MoS,-PEG is 6.56 m?/g. (b) pore size distribution

for the MoS,-PEG.
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2013). The full spectrum demonstrates in Fig. 1e that the main
components of MoS,-PEG are Mo and S, with a little bit of C and
0. Distinctly, MoS, and MoS,-PEG have the same constituent ele-
ments, which indicates that they were successfully prepared. In
the high-resolution spectrum of Mo 3d (Fig. 1f), the two character-
istic peaks at 231.14 and 228 eV are respectively assigned to Mo**

Arabian Journal of Chemistry 16 (2023) 105240

3dsj, and Mo*" 3ds,, indicating the dominance of Mo*" in the sam-
ples. Further, the two characteristic peaks at 162 and 160 eV in the
high-resolution spectrum of S 2p (Fig. 1g) respectively are related
to S* 2pyj2 and S* 2p3)». The XPS spectrum of MoS; exhibits extre-
mely similar characteristics to MoS,-PEG, but the MoS,-PEG has a
negative shift of about 1.2 eV at the same time for the Mo and S

200 nm

Fig. 4. (a-d) HAADF image and corresponding EDS mappings images of MoS,-PEG. (e) TEM image of MoS,-PEG. (f) selected area electron diffraction (SAED) image of MoS,-
PEG (g) HRTEM images of MoS,-PEG. The enlarged image of the selected area (inset, bottom right) and corresponding FFT patterns (inset, top right). (h) TEM image of MoS,.
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peaks (Lu et al., 2020). This means that the emergence of PEG
enhances the electronegativity of the MoS,-PEG, making it more
conducive to capturing electrons by H,0, in the Fenton reactions,
further promoting the production of *OH. Whereas the two charac-
teristic peaks at 284.8 and 283 eV in the high-resolution spectrum
of C 1 s(Fig. 1h) separately are corresponded to C = C / C-C and Mo-
C, indicating the polymer has electron interaction with Mo, thereby
forming Mo-C chemical bonds (Kumar et al., 2018). Therefore, the
XPS spectrum also proves that the modification of MoS, by PEG is
successful and does not affect the atomic valence state of the mate-
rial. For nitrogen sorption measurements, Brunauer-Emmett-Tell
er (BET) analysis and the related pore size distribution (Fig. 2)
showed that MoS,-PEG nanozymes had a porous structure with a
large surface area (6.56 m?/g), which was conducive to the expo-
sure of defects and sulfur vacancies. And the pore size distribution
of the MoS,-PEG is 23.64 nm.

The morphological features of MoS, and MoS,-PEG were
observed in Fig. 3. In Fig. 3 (a & b), the MoS, is of nanosheet struc-
ture with homogeneous transverse dimensions between 200 and
300 nm. Fig. 3 (c & d) reveal that the morphologies of MoS,-PEG
are composed of spheres with a uniform diameter of 2-3 pm,
which are stacked on top of each other by nanosheet. This means
that the introduction of PEG changes the morphology of the sample
from nanosheet MoS, to microspheres MoS,-PEG. However, the
spheres shown in Fig. 3d are made of ultrathin nanosheets stacked
vertically, and the layers of the nanosheets are clearly separated
from each other without stacking. Therefore, the change in sample
morphology proves the successful surface modification of MoS,-
PEG nanozymes.

As shown in Fig. 4a-d, the high angle annular dark field (HAADF)
image and corresponding EDS mapping images of MoS,- PEG indi-
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cate Mo, S, and C are distributed uniformly throughout the sphere.
The TEM image of MoS,-PEG (Fig. 4e) further illustrates spheres are
made up of stacked rippled and wrinkled nanosheets. In the mean-
time, the selected area electron diffraction (SAED) image (Fig. 4f)
reveals the circles can be matched to the reflections of (002),
(100), (103), (110) planes of MoS,-PEG, which is well consistent
with the XRD pattern of MoS,-PEG. Further, the HRTEM image
(Fig. 4g) shows MoS,-PEG nanozymes have a multilayer structure.
The layer spacing of 0.61 nm can be found in the bottom right cor-
ner inset, which can be matched to the (002) crystal face of MoS,,
and the clear lattice fringes prove that MoS,-PEG has a good crys-
tallization effect (Qiao et al., 2016). It is strikingly apparent that
there are abundant defects at the surface, as shown in the white
dotted line. Moreover, the corresponding fast fourier transform
patterns (Fig. 4g inset, top right) clearly show that MoS,-PEG is a
polycrystalline nanomaterial. The TEM image of MoS, (Fig. 4h) also
manifests its nanosheet morphology with uniform transverse size
between 200 and 300 nm, which is compatible with the SEM
results.

The electron spin resonance (ESR) method was applied to eval-
uate the catalytic properties of MoS,-PEG nanozymes for the pro-
duction of *OH, and the death mechanism of tumor cells was
further explored in Fig. 5. M0S,-PEG nanozymes (1 mg/ml) and
H,0, (300 uM) are respectively added to acidic acetic acid-
sodium acetate (HAc-NaAc) buffer (pH = 6) and phosphate buffered
saline (PBS) solution (pH = 7.4), thereby mimicking the tumor cell
environment and normal cell environment (Chen et al., 2012). As
shown in Fig. 5a, the characteristic signals of *OH (1:2:2:1) are
shown in ESR spectra (Huo et al., 2019b). Obviously, this character-
istic signal intensity is much stronger in an acidic buffer than in a
neutral buffer, suggesting that MoS,-PEG nanozymes have higher

MoS,-PEG

ESR Intensity (a.u.)

350 352 354
B (mT)

346 348 356

= = =
E = >

Absorbance (a.u.)

=
(S

S
=

0 100 200 300 400 500 600

Time (s)

Fig. 5. (a) ESR spectra of MoS,-PEG under various conditions. (b) ESR spectra of MoS,-PEG. (c) Ultraviolet absorption spectrum and corresponding picture of different systems.
system a: TMB + H,0, + MoS,-PEG nanozymes; system b: TMB + MoS,-PEG nanozymes; system c: TMB + H,0, and system d: TMB. (d) Reaction-time curves of the TMB

colorimetric reaction.
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peroxidase activity in acidic environments and more easily initiate
Fenton reactions, resulting in more *OH. Therefore, based on the
characteristics of excessive H,0, in the TME, MoS,-PEG nanozymes
efficiently inhibited the growth of tumor cells by catalyzing the
Fenton reaction to produce a large number of highly toxic *OH.
The ESR spectra of MoS,-PEG nanozymes (Fig. 5b) exhibit standard
signals at g = 2.0 belonging to the sulfur vacancies of MoS,-PEG,
indicating that the MoS,-PEG nanozymes have a substantial num-
ber of sulfur vacancies (Lu et al., 2020). These vacancies and defects
increase the electron density on the nanozyme surface, which
favors H,0, to obtain electrons, promoting the Fenton reaction to
generate *OH. To evaluate the peroxidase-like activity of MoS,-
PEG nanozymes, the UV absorption spectra at 652 nm were deter-
mined for the constructed reaction system (a-d), where the control
groups were system (b-d). The reaction system (a) exhibits a dis-
tinct adsorption peak at 652 nm, and the system transforms to a
blue solution, indicating that the nanozymes can catalyze the Fen-
ton reaction to generate *OH, which can oxidize the colorless sub-
strate TMB to a blue oxTMB (Fig. 5c). As shown in Fig. 5d, the color
depth of the reaction system evolved significantly with the concen-
tration of H,0,. It is obvious that when the concentration of H,0, is
20 mM, the solution has the darkest color and the strongest absor-
bance. This demonstrated that the greater the concentration of
H,0,, the more *OH produced by the MoS,-PEG nanozymes cat-
alyzed the Fenton reaction, and therefore the greater the yield of
oxTMB, which ultimately results in a darker color of the solution.

The in vitro inhibitory effect of M0S,-PEG nanozymes on normal
cells and tumor cells was methodically analyzed by the CCK-8
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method in Fig. 6. To evaluate the in vitro biosafety of MoS,-PEG
nanozymes, it was co-cultured with mouse fibroblast (L929) cells
for 24 h. As shown in Fig. 6a, when the MoS,-PEG nanozymes con-
centration is increased to 100 pg/mL, it has a negligible inhibitory
effect on L929 cells compared to the control group (MoS;-PEG
nanozymes concentration of 0 pg/mL). When the concentration is
raised to 200 pg/mL, the cell viability is 88.8 %, exhibiting negligi-
ble cytotoxicity, therefore confirming the biosafety of MoS,-PEG
nanozymes for biological normal tissues. As shown in Fig. 6b, the
different concentrations of H,O, have a negligible effect on the
activity of 4 T1 cells and GL261 cells under slightly acidic condi-
tions. It can be observed in Fig. 6¢ that MoS,-PEG nanozymes have
no discernible inhibitory effect on 4 T1 cells and GL261 cells in a
neutral environment. It is important to note that in Fig. 6d, 4 T1
cells and GL261 cells are introduced with different concentrations
of MoS,-PEG nanozymes and 100 pM H,0, (to mimic the tumor
microenvironment) in an acidic medium (Huo et al., 2019a; Lu
et al.,, 2020). When the MoS,-PEG nanozymes concentration is
increased to 100 pg/mlL, it can be remarkably observed that the
inhibition rate of nanozymes on 4 T1 cells and GL261 cells are
43.9% and 47.2%, respectively. This excellent inhibitory effect is
attributed to the fact that MoS,-PEG nanozymes catalyze the Fen-
ton reaction in an acidic environment to produce highly toxic *OH
that has an inhibitory effect on tumor cells. However, normal tis-
sues are in a neutral environment, and the nanozymes cannot ini-
tiate the Fenton reaction to produce highly toxic *OH. Therefore,
MoS,-PEG nanozymes have no significant inhibitory effect on nor-
mal tissues.

b
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Fig. 6. (a) Cell viabilities of L929 cells incubated by MoS,-PEG nanozymes; (b) Viability assays of 4 T1 cells and GL261 cells treated with mildly acidic culture medium
(pH = 6.0) by H,0, at various concentrations; (c) Cell viability of 4 T1 cells and GL261 cells handled with neutral culture medium (pH = 7.4) by MoS,-PEG nanozymes at
different concentrations for 24 h; (d) 4 T1 cells and GL261 cells relative cell viability analyses of MoS,-PEG nanozymes + H,0, under mildly acidic culture medium (pH = 6.0).
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Cells were stained with Calcein-AM and PI to directly observe
the inhibitory effect of nanozymes on tumor cells in Fig. 7. Confocal
images also prove negligible and slight anticancer results of MoS,-
PEG nanozymes (Fig. 7c & g) and H,0, (Fig. 7b & f) treated group,
respectively. However, MoS,-PEG + H,0, treated group in Fig. 7 (d
& h) possesses a remarkable anticancer effect, which is consistent
with the conclusion of the CCK-8 experiment. Furthermore, it is

Control

Calcein AM / PI

Arabian Journal of Chemistry 16 (2023) 105240

further suggested in Fig. 7 (i-1) that the nanozyme has good biolog-
ical safety. In the meanwhile, the ROS probe DCFH-DA was utilized
to detect the generation of reactive oxygen species within tumor
cells after different treated groups in Fig. 8. The colorless DCFH-
DA is oxidized to green DCF by intracellular reactive oxygen spe-
cies, so the green fluorescence brightness of DCF indicates the level
of ROS in the cell. In Fig. 8, compared with MoS,-PEG and H,0,

MoS,-PEG MoS,-PEG

(PH6, H,0,)

P TLY

P 197'TO

™D 676’1

Fig. 7. Confocal images for 4 T1 cells (a-d), GL261cells (e-h), and L929 cells (i-1) treated with MoS,-PEG nanozymes, H,0,, and their combination before Calcein-AM/PI cell-

staining.

Control H202

(&

DCFH+DAPI

MoS,-PEG
(pH=7.4)

MoS,-PEG
(pH=6, H,0,)

P ILLY

™D 197°1D

Fig. 8. Confocal images for 4 T1 cells (a-d) and GL261 cells (e-h) stained by DCFH-DA.
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treated groups, MoS,-PEG + H,0, treated group shows extraordi-
nary evident green fluorescence, indicating that the MoS,-PEG
nanozymes have good enzyme-like activity in the MoS,-
PEG + H,0, treated group and can promote the production of
ROS in cells. In general, H,O, can promote the production of reac-
tive oxygen species in cells. Therefore, the H,0, treated group also
shows weak green fluorescence in Fig. 8 (b & f). Finally, based on
the in-situ generation of H,0, within tumor cells, the MoS,-PEG
treated group produced a small amount of bright green fluores-
cence in Fig. 8 (c & g).

4. Conclusion

In this paper, MoS,-PEG nanozymes have been successfully pre-
pared by a pot hydrothermal method. According to research, it has
great peroxidase activity and considerable biological safety, and it
is projected to become a nano-catalytic medication for tumor
treatment in the future. The abundance of sulfur vacancies and
defects on the surface of MoS,-PEG nanozymes increases its sur-
face electron density, making it more prone to trigger Fenton reac-
tion. Consequently, The MoS,-PEG nanozymes can efficiently kill
tumor cells by utilizing the highly toxic *OH generated by the Fen-
ton reaction. In the meantime, in vitro cell experiments have
shown that by simulating the tumor microenvironment, MoS,-
PEG nanozymes have a significant inhibitory effect on tumor cells.
Due to the abundant sulfur vacancies and the large specific surface
area of MoS,-PEG nanozymes, surface modification to further
enhance peroxidase activity is the future research direction of
our research group.
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