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Abstract

Cellular photothermal and chemical kinetic therapy has recently been acknowledged as an effective
cancer treatment method. Photothermal therapy (PTT) works by transforming light energy into heat
through the photothermal effects triggered by near-infrared (NIR) laser exposure. The employment of
nanomaterials as carriers for PTT agents or as PTT agents themselves offers improved therapeutic
outcomes with fewer side effects through enhanced photothermal conversion efficiency, accumulation
of the PTT agents in the tumor tissue. In this work, we synthesized new MoS,/MnO, nanomaterials
modified with bovine serum protein to enhance the effectiveness of the Fenton-like reaction between
MoS, and MnO, to produce *OH through photothermolysis excitation using a near-infrared (NIR) 808
nm laser. /n vitro measurements further confirmed the exceptional ability of MoS,/MnO,-modified
bovine hemoglobin (BSA) to destroy cancer cells. We believe that photothermal therapy can offer
new insights into cancer therapy and greatly enhance the efficacy of chemotherapeutic tumor
treatments.

Keywords: nanomaterials; photothermal therapy; chemical kinetics; synergistic therapy

Introduction standard surgery, radiation therapy, or chemotherapy.

However, this malignancy is extremely difficult to
Currently, cancer is the leading cause of death cure because of metastases, and serious adverse
worldwide. The principal tumor can be removed by  effects can occur. Chemodynamic therapy (CDT)
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based on Fenton and Fenton-like reactions has
garnered increasing attention recently due to its
ability to produce highly toxic *OH in the tumor
lesion area with few side effects and high specificity.
Hydrogen peroxide (H,0O,) produces highly oxidized
hydroxyl radicals, which can be produced by ferrous
or nonferrous metal ions, to eliminate organic
pollutants. This process is known as CDT [1-5].

The mild acidity, severe hypoxia, and
overexpression of  H,O, in  the
microenvironment (TME) facilitate tumor growth and
metastasis [6]. Thus, creating nanoplatforms to treat
tumors using the TME appears promising. CDT,
which generates harmful *OH catalyzed by metal ions
(e.g., Fe, Mn, Co, Ag, and Cu), is thought to be an
effective cancer treatment based on cytoplasmic
H,0, [7-16]. Because of their high *OH production

and safety, manganese dioxide nanoparticles are

tumor

among the most commonly employed in the TME.
However, obtaining an anticipated therapeutic effect
with CDT alone is challenging because of the low
H,0, concentration in the TME.

Due to its minimal cost and few side effects,
(PTT) has
significant attention globally. Photothermal agents
(PTAs) can promote necrosis by
converting light into heat when exposed to near-
infrared (NIR) radiation. Concurrently, the heat
produced by the PTAs can effectively boost the
manufacturing efficiency of *OH [17-19].

photothermal  treatment garnered

tumor cell

Two-dimensional (2D) molybdenum disulfide
(MoS,) nanosheets are used because of their high
photothermal conversion efficiency and notable NIR
absorbance [20-22]. MoS, nanosheets can catalyze
the breakdown of H,0O, to produce *OH by mimicking
peroxidise [2,17,23]. Glutathione and the MnO, shell
can have a redox reaction to form glutathione
disulfide and Mn**. Interestingly, bicarbonate (HCO;")
must be present for the Fenton-like reaction to be
driven by Mn*". Notably, HCO;/CO,, one of the most
significant physiological buffers, may supply enough
HCO; to sustain the Mn*-induced *OH production
from H,0,. Therefore, by acting as cocatalysts and
having a synergistic photothermal impact, MoS,
nanosheets are a promising option to improve the
CDT'’s treatment efficacy.

In this research, innovative MoS,/MnO,—-modified
bovine hemoglobin (BSA) nanocomposites were
designed and produced based on these concepts. In

*OH production, MoS,/MnO,-BSA was more
effective than MnO, or MoS, alone, indicating that
the catalytic approach can increase the effectiveness
of the Fenton-like reaction. Furthermore, because of
MoS,’s capacity to absorb light at 808 nm, the
photothermal effect caused by MoS,/MnO,-BSA
with an 808 nm NIR laser was utilized for the first
time to further increase the efficiency of <OH
synthesis. The findings indicated high therapeutic
efficacy in vitro. They demonstrated that PTT and
CDT effectively killed cancer cells in vivo when
combined. As a result, this work suggests a
cooperative approach that combines catalysis with the
NIR laser-excited photothermal effect to create highly
effective and minimally harmful nanotherapeutic
medications [14-27].

Materials and Methods

Materials

Ammonium molybdate, thiourea, N-acetyl cysteine
(NAC), iron(I11) acetylacetonate (99.9%),
trioctylamine (98%), oleic acid (90%),
nitrosodiammonium tetrafluoroborate (NOBF,), BSA,
terephthalic acid (PTA) (99%), (NH,),MoS,,
hydrazine hydrate (N,H,, 85%), and PAH (My, =
17 500) were purchased from Aladdin Biochemistry
Science and Technology Co. (Shanghai, China).
Potassium permanganate (KMnO,, 99%) was
provided by China National Pharmaceutical Chemical
Reagent Co. (Shanghai, China). Phosphate buffer
saline (PBS) (pH 6.0) and deionized water were used
throughout the experiments.

Propidium iodide (PI), calcein acetoxymethyl
(Calcein AM), and 2,7-dichlorofluorescein diacetate
(2,7-dichlorofluorescein) were obtained from Sigma
Aldrich (MO, USA). The CCK-8 assay was provided
by Dalian Meilun Biotechnology Co. (Dalian, China).

MoS,/MnO,—BSA nanomaterial production

MoS, nanosheet preparation

(NH,),MoS, was used as a precursor in a single-step
hydrothermal process to create MoS, nanosheets.
(NH,),MoS, was typically dissolved in 50 mL of
water. After 10 min of sonication, N,H, was
introduced as a reducing agent. Subsequently, the
mixture was incubated for 6 h at 180 °C in a brushed
stainless steel boiler lined with 100-mL Teflon.

Anhydrous ethanol was used to wash the MoS,
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nanosheets three times after they had naturally cooled
to room temperature.

Preparation of MoS,/MnQO, nanoparticles

10 mL of deionized water was mixed with 1 mL of
MoS, nanosheets (1 mg-mL™") and 10 mL of KMnO,
(10 mg-mL™") before being supplemented with 50 mL
of PAH (23.6 mg-mL™"). The liquid quickly turned
from purple to brown after PAH was added. The
mixed solution was centrifuged for 30 min at
13 000x g after the reaction to obtain MoS,/MnO,
nanoparticles. The residue was then cleaned 3 times
with anhydrous ethanol and resuspended in 1 mL of
deionized water.

Preparation of MoS,/MnO,—BSA nanoparticles

The MoS,/MnQO, solution was mixed with 10 mL of
ionized water and moderately agitated at room
temperature (~ 1 000 rmin") to form MoS,/MnO,—
BSA nanoparticles. BSA was added dropwise, and
After
centrifugation at 13 000x g for 30 min, the mixed

the solution was stirred overnight.
solution was rinsed three times with deionized water

and reconstituted in 1 mL.
Nanoparticle characterization

TEM (JEM-2100F, Japan) was used to assess the
nanoparticle size and morphology. The nanoparticles
light
measurements and zeta potential analysis utilizing a

were subjected to dynamic scattering
Nicomp 380 ZLS zeta potential/particle size meter
(Nicomp 380, USA). A Varian Cary 50
spectrophotometer (Varian Inc., Palo Alto, CA, USA)
and an infrared thermal camera (FLIR T420, Fluke,
USA) recorded the ultraviolet (UV)-visible (Vis)
absorption spectra. PTA was detected with a

fluorescence spectrometer (F-4800).
PT conversion efficiency of MoS,/MnO,—~BSA

The MoS,/MnO,—~BSA  nanomaterial  solution
(300 pg-mL™") was subjected to an 808 nm light for
10 min at a laser power of 1.0 W-cm™. Then, the
solution was cooled naturally for 10 min. A
thermocouple probe detected the temperature change
every minute. In earlier research, the PT conversion
computed. A 300

MoS,/MnO,-BSA nanomaterial combination was

efficiency was pg-mL™
exposed to 10 and 60 min of 808 nm laser (1.0
W-cm™) radiation in tube centrifuges to ensure
thermal stability.

hS(Tmax -
]7 =

Tsurr) - Qdis
I(1—10-=)

where 4 and s are the heat transfer coefficient and the
sample container surface area, respectively. T, is the
ambient temperature, T,,,, is the resultant maximum
temperature, 7 is the PT conversion efficiency, Qg
represents the heat loss, 4 is the MoS,/MnO,-BSA
solution’s absorbance at 808 nm, and I/ is the incident
laser power.

_ mpCp
T hs
where Cp is the heat capacity (4.2 x 10° J/(kg-°C)),

myp is the solvent mass (0.3 g), and 7, is the time

constant of the specimen system. Finally, the
MoS,/MnO,-BSA  PT
determined to be 21.8%.

conversion rate  was

Extracellular *OH detection

2 mL of a PBS mixture (pH 6.0) containing H,0, (8
mmol/L) and PTA as a dye probe (25 mg-L™") was
used, and the level of fluorescence was measured
over time (EX: 315 nm, EM: 425 nm).

The following sample solutions were used: MoS,
nanosheets + 8 mmol-L™' H,0,, 8 mmol-L™"' H,0, +
0.5 mmol-L™" MnCl, + 25 mmol-L™' NaHCO; buffer
solution, and MoS, nanosheets + 8 mmol-L™' H,0, +
0.5 mmol-L™" MnCl, + 25 mmol-L"' NaHCO; buffer
solution.

*OH production was measured at various H,O,
concentrations. Buffer solutions of MoS, nanosheets
+ 8 mmol-L™" H,0, + 0.5 mmol-L" MnCl, + 25
mmol-L™" NaHCO; were made with varying H,O,
quantities (0, 1, 2, 8, and 16 mmol-L™"). TA was
added to the solution, and its fluorescence was
measured by spectroscopy at 430 nm.

*OH generation was measured within a range of pH
values. Solutions of MoS, nanosheets + 8§ mmol-L™'
H,0, + 0.5 mmol-L™ MnCl, + 25 mmol-L™ NaHCO;
acetate buffer (pH 7.4, 6.5, and 5.0) were used. *OH-
induced light amplification was monitored, measuring
the fluorescence level at 430 nm.

*OH generation was also measured at various
temperatures. The sample solution comprised MoS,
nanosheets + 8 mmol-L™" H,0, + 0.5 mmol-L™" MnCl,
+ 25 mmol-L™' NaHCOj;. The mixture was heated to
room temperature (RT), 37 °C, and 50 °C for 10 min.
The fluorescence intensity at 430 nm was used to
track the *OH-induced fluorescence.
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Photothermal effect of the MoS,/MnO,—BSA
nanocomposites

After 10 min of 808 nm laser irradiation
(1.0 W-cm™), the temperature of the MoS,/MnO,—
BSA (with a
concentration of 300 pg-mL™") was recorded at 1 min
thermocouple  probe. The
temperature variations were captured using an

nanocomposite  solution mass

intervals using a
infrared thermographic camera to determine the
solution’s thermal stability.

Cell experiments

Cell culture

Gastric cancer cells (MGC-803) were cultured on
high-sugar DMEM at 37 °C and 5%CO,.

Cellular uptake analysis

MGC-803 cells were inoculated into 12-well plates
(1 x 10* cells per well) and treated with MoS,/MnO,—
BSA-rhodamine B (RhB) for 0, 1, 2, and 6 h using a
flow cytometer and FlowJo software 10.8.1. Stained
cells were then examined.

Cytotoxicity — determination of MoS,/MnO,—-BSA

nanomaterials

MGC-803 cells were injected overnight at 37 °C and
5%C0O, in 96-well plates. MoS,/MnO,—BSA
nanocomposites at 0, 50, 100, 300, and 500 pg-mL™
were added, and cells were incubated for a full day.
MGC-803 cells were subjected to two PBS washes.
Subsequently, 100 pL of the CCK-8 solution was
added, and cells were incubated for 1 h. The 96-well
plates were subsequently examined in a plate reader
to determine cell viability, and their absorbance was
measured at 450 nm. In addition to including H,0,,
which was utilized to mimic the cytotoxicity of
MoS,/MnO,-BSA nanomaterials in the TME, the
experiments were identical to those described above.

In vitro photothermal promotion of CDT by
MoS,/MnQO,-BSA nanomaterials

MGC-803 cells were injected overnight at 37 °C and
5%CO, in 96-well plates. Next, HeLa cells containing
H,0, (0.02 mmol-L™") were treated with MoS,/MnO,—
BSA nanosolutions (0, 50, 100, 300, and 500
pg-mL™") for 24 h. The cells were subjected to 10 min
of 808 nm laser (1.0 W-cm™) irradiation, followed by
two PBS washes and 1 h of incubation with 100 uL of
CCK-8. The plates were then examined with a plate

reader to determine cell wviability, and their

absorbance was measured at 450 nm.

In vitro reactive oxygen species generation

H,0,-filled 6-well plates were inoculated with MGC-
803 cells for 12 h. MoS,/MnO,-BSA (300 pug-mL™)
was added, and the combination was incubated for
4 h. Following a 5 min incubation with DCFH-DA
(10 pmol-L™") with or without 808 nm laser
irradiation (1.0 W-cm™), the cells were rinsed twice
with PBS before fluorescence microscopy.

Apoptosis analysis

The cytotoxic effect of MoS,/MnO,~BSA was
examined using the Membrane-Associated Protein V-
FITC/PI Apoptosis Detection Kit. MGC-803 cells
were cultivated overnight in 24-well plates with 1 X
10° cells per well. After incubation for 12 h, the
medium was replaced with a fresh medium containing
MoS,/MnO,-BSA. The solution was then removed,
exposing the cells to laser irradiation. FITC and PI
subsequently  applied  following  the
manufacturer’s guidelines. The stained cells were

WeEre

examined by flow cytometry, and FlowJo software
7.6.1 was used to evaluate the data.

In vitro therapeutic effect of MoS,/MnO,—BSA

MGC-803 cells were grown in six-well plates for
12 h. After adding 300 pg-mL™" MoS,/MnO,-BSA
and DMEM (containing H,0,), the mixture was
incubated for 4 h. Then, the cells were exposed to an
808 nm laser (1.0 W-cm™) for 10 min on each side.
Cells were then washed twice with PBS and exposed
to calcein AM and PI for 30 min. The cell
observed by
fluorescence microscopy after two PBS washes.

morphology of the samples was

Results and Discussion

Preparation and characterization

MoS, nanosheets with a median size of 100 nm were
created (Fig. 1(a)), indicating the superior distribution
and size homogeneity of the fabricated materials. The
combined precipitation approach was utilized to
generate MoS,/MnO, complexes. The
polyelectrolyte PAH was used as a reducing agent to
convert KMnO, on the surface of MoS, particles to
MnQO,. The MoS,/MnO, molecules were also washed
using anhydrous ethanol, and sedimentation was
performed to eliminate excess impurities.

cationic
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Fig. 1 Characterization of the MoS,/MnO,—BSA nanocomposites. (a) TEM images of the MoS, nanosheets. (b) TEM images of
the MoS,/MnO, nanomaterial. (¢) TEM images of the MoS,/MnO,-BSA nanomaterial. (d) UV—Vis penetration spectra of MoS,,

MoS,/Mn0O,, and MoS,/MnO,-BSA.

Figure 1(b) illustrates the efficient encapsulation of
rosette-like MnO, outside the MoS, nanosheets. The
color consumption of the MnO,-wrapped MoS,
nanosheets changed significantly, as indicated by the
UV absorption diagram (Fig. 1(d)), because MnO,
had an absorption peak at 300400 nm. The
MoS,/MnO, nanocomposites were then produced by
electricity and modified with bovine serum albumin
(BSA) to increase their biological compatibility
(Fig. 1(c)).

The final produced nanomaterials contained a
indicated by the charge
measurements we took of the nanomaterials

positive charge, as
in
aqueous solution at each stage (Fig. 2(a)). Because
strongly charged nanoparticles are easily dissolved in
water, their blood circulation period is prolonged.
MoS,/MnO,—BSA, with a size of
236 nm, enters the tumor more easily and readily

accumulates there (Fig. 2(b)).

PT effect of MoS,/MnO,—BSA

We examined the MoS,/MnO,—BSA nanoparticles’
penetration strength at 808 nm, which demonstrated
the MoS, nanomaterials’ good photothermal
capabilities. The mercury in the MoS,/MnO,-BSA
solution increased from 26 to 51.8 °C at 300 pg-mL"™
and a laser power density of 1.0 W-cm™. In contrast,

Furthermore,

the temperature of the water increased by less
than 4°C (Fig. 3(a)). The MoS,/MnO,—BSA
nanocomposite had a PT conversion efficiency of
21.8% (Fig. 3(d)). After three cycles of laser

irradiation, the temperature of the MoS,/MnO,-BSA
solution did not significantly decrease, indicating that
MoS,/MnO,-BSA has good PT stability (Fig. 3(c)).
These suggest that MoS,/MnO,—-BSA
nanoparticles have a wide range of possible uses [28].

findings

Reactive oxygen species generation by
MoS,/MnO,—BSA

PTA was chosen as a fluorescent probe to track *OH
generation in PBS at pH 6.0 to evaluate the *OH
generation capacity of the MoS,/MnO,~BSA
Its fluorescence absorption at
425 nm increased with increasing *OH. The *OH

nanocomposites.

production capacity of MoS,/MnO,-BSA was greater
than that of MnO, and MoS, alone and more
significant than that of their combined amount
(MnO, + MoS,) (Fig. 2(c)). This result suggests that
treating MoS, and MnO, synergistically may increase
the efficiency of *OH production. The fluorescence
intensity of PTA increased with increasing H,O,
concentration and solution acidity (Figs. 2(d) and
2(e)). Most notably, when the temperature increased,
the PTA fluorescence intensity increased noticeably.
This result was due to the ionization process
intensifying at high temperatures (Fig. 2(f)). These
support the application of MoS,/MnO,
nanocomposites for PT-enhanced CDT.

MoS,/MnO,-BSA

results

Cytotoxicity of

nanoparticles

assay

Before administering MoS,/MnO,—BSA to the cancer

https://www.sciopen.com/journal/2150-5578
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Fig. 2 (a) Potentials of MoS,, MoS,/MnO,, and MoS,/MnO,—BSA. (b) Size analysis of MoS,/MnO,-BSA nanoparticles. (¢) PTA-
mediated Fenton-like reactions in multiple solutions. (d) *OH generation at various H,O, values. (e) *OH production at various pH

levels. (f) *OH production at various temperatures.

cells, the molecular absorption behavior of the
compound was studied. MoS,/MnO,-BSA was
labeled with RhB, and MoS,/MnO,—BSA uptake
increased with increasing fluorescence intensity over
time (Fig. 3(g)).

Next, the  biological = compatibility  of
MoS,/MnO,—-BSA was investigated. When MGC-803
cells were coincubated with varying doses of
MoS,/MnO,—-BSA, the percentage of surviving cells
remained as high as 84%, suggesting that
MoS,/MnO,-BSA has strong biocompatibility and
low cytotoxicity (Fig. 3(e)). On the other hand, in the
activated TME (200 pmol-L™" H,0,), the cell viability
with MoS,/MnO,-BSA

nanocomposite concentration. This phenomenon may

decreased increasing

be related to *OH production-induced damage to the
MGC-803 cells. After 10 min of 808 nm laser
exposure, the Fenton reaction measured photothermal
°C (Fig. 3(a)),
resulting in no more than 10% cell survival and
demonstrating the practical antitumor efficacy of the
combined PTT-enhanced CDT (Fig. 3(f)).

generation at approximately 55

In vitro reactive oxygen species generation

2,7-Dichlorofluorescein diacetate (DCFH-DA), a
glowing probe, was used to monitor the generation of
reactive oxygen species (ROS) to confirm that
reactive *OH was produced in the cells. ROS
exhibited green fluorescence when activated by *OH.
Figure 4 illustrates the mild green emission observed
following treatment with the MoS,/MnO,—BSA

https://www.sciopen.com/journal/2150-5578
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Fig. 3 (a) Curve of MoS,/MnO,-BSA (300 pg-mL™") and water under NIR laser irradiation (808 nm, 1.0 W-cm™, 10 min). (b, ¢)
Temperature gradients plotted against time for MoS,/MnO,-BSA nanomaterial solutions (300 pg-mL™") exposed to 808 nm laser
radiation (1.0 W-cm™). (d) The linear fitting curve of nanomaterial cooling for 10 min (red line, 7, = 78.991 s). (¢) MGC-803 cell
viability under various conditions (mean + SD; N = 3); (f) MGC-803 cell viability under various MoS,/MnO,—BSA concentrations
(mean £ SD; N = 3). (g) MoS,/MnO,-BSA—RhB-treated MGC-803 cells were subjected to flow cytometry at four different time

points: 0, 1, 2, and 6 h.

nanocomposites compared to that of the laser and
control groups (Figs. 4(a)—(b)). This observation
suggests that the Fenton-like reaction between
MoS,/Mn0O, and H,O, generates *OH in the MGC-
803 cells. the MoS,/MnO,—-BSA+
808-nm laser group exhibited significantly increased
green fluorescence (Fig. 4(d)), implying that the
photothermal impact of  MoS,/MnO,—BSA
nanoparticles induced by NIR laser irradiation may
substantially boost the *OH production rate [29].

Furthermore,

Apoptosis analysis

Following laser irradiation, the PBS group cells
exhibited the lowest necrosis and apoptosis levels,
suggesting that the cells may withstand laser
irradiation at the essential power density (Fig. 4(e)).
In contrast, the MoS,/MnO,-BSA + laser group had
significantly fewer cells, and most cells were late
apoptotic. The MoS,/MnO,—BSA group had a minor

inhibitory effect on the cells relative to the control
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Fig. 4 (a—d) Fluorescence images of MGC-803 cells treated with DCFH-DA and MoS,/MnO,-BSA nanocomposites, with or
without 808 nm (1.0 W-cm™) irradiation. (e) Apoptosis was analyzed by flow cytometry. (f—i) Calcein AM- and PI-stained MGC-
803 cells exhibited fluorescence after different treatments: (Scale bar: 50 nm).

group. This finding implies that CDT combined with
PT has a more potent synergistic effect on cancer
cells in nanoplatforms than CDT alone.

In vitro therapeutic effect of MoS,/MnO,—BSA

PI and calcium xanthophyll AM staining were used to
further illustrate the positive therapeutic effects of the
MoS,/MnO,—-BSA nanocomposites on MGC-803
cells. The MoS,/MnO,—-BSA nanocomposite group

displayed increased red luminescence, suggesting that
*OH had damaged the MGC-803 cells. On the other
hand, the laser and control groups displayed minimal
colored fluorescence (dead cells) and green solid
fluorescence (live cells) (Figs. 4(f) and 4(g)). After
10 min of 808 nm laser irradiation, more robust red
fluorescence was observed (Fig. 4(i)), suggesting that
the MoS,/MnO,-BSA nanocomposites made by the
PTT-enhanced CDT had

effective  antitumor
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properties. These results indicate that the
MoS,/MnO,-BSA nanocomposites can effectively

enhance the synergistic CDT/PTT effect.

Conclusions

We constructed a stable MoS,/MnO,-BSA
nanomaterial for the combined *OH generation and
optothermal cancer therapies. The biocompatible
MoS,/MnO,—~BSA nanoplatforms
modifying BSA onto MoS,/MnO, nanomaterials. A
simple and efficient sequential catalytic treatment

were built by

approach was designed. First, the nanomaterial reacts
with H,0, in the TME to produce large amounts of
toxic *OH. Second, under 808-nm laser irradiation,
PTT-induced hyperthermia greatly enhanced the CDT
effect of MoS,/MnO,—BSA and promoted the OH
generation efficiency. It displayed high cytotoxicity
in the TME and realized the CDT-PTT synergistic
impact [30].

Developing highly effective anticancer drugs
remains a very promising and unmet need. The key to
the prospect of anticancer medicines lies in their
therapeutic efficacy, toxicity, and biocompatibility.
MoS,/MnO,—-BSA has a strong killing effect on
cancer cells, and due to the excellent spatiotemporal
selectivity of the 808 nm laser treatment,
MoS,/MnO,—BSA can significantly avoid toxic side
effects in cancer treatment. Additionally, Mo and Mn
in MoS,/MnO,—BSA are essential trace elements for
human survival. This work provides new insights into
the development of more effective and safer
nanocatalytic therapies for future clinical applications
[31].
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