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Abstract

Background: Breast cancer, a major health concern globally, often faces chal-

lenges in the non-invasive elimination of cancer cells. This has prompted researchers
to explore alternative strategies, such as photothermal therapy (PTT), which takes
advantage of the location of breast cancer lesions. Additionally, the tumor microenvi-
ronment with high hydrogen peroxide (H,0,) provides a key prerequisite for treating
tumors with nanozymes, especially those with peroxidase (POD)-like activity. However,
the overexpression of TrxR1, which maintains redox homeostasis in tumor cells, limits
reactive oxygen species (ROS)-based cytotoxic therapy. This study aims to present
molybdenum selenide nano urchins (MoSe, NUs) with excellent photothermal conver-
sion efficiency, POD-like activity and selective inhibition of TrxR1 to achieve photother-
mal enhanced nanocatalytic therapy for combating breast cancer.

Methods: The characterization of MoSe, NUs synthesized by the hydrothermal
method was identified by TEM, XRD, Zeta potential and DLS. Whether MoSe2 NUs

in conjunction with NIR possessed POD-like activities or not was identified via a TMB
colorimetric method. The photothermal characteristics of MoSe, NUs excited by near-
infrared were recorded by an infrared thermal imaging camera. The antitumor effect
of MoSe, NUs was detected by cell death staining, apoptosis assay and animal experi-
ments. TrxR1 and apoptosis-related protein expression were identified by Western blot
and Immunohistochemistry.

Results: MoSe, NUs possessed excellent photothermal conversion efficiency, per-
oxidase (POD)-like activity, and selective inhibition of TrxR1. Furthermore, the photo-
thermal effect of MoSe, NUs can enhance their POD-like activity, allowing for accurate
cancer treatment under near-infrared (NIR) light. MoSe, NUs plus NIR and MoSe,

NUs alone exhibited in vivo tumor inhibition rates of 69.7% and 35.1%, respectively.
Mechanistically, NIR-regulated MoSe, NUs induced potent apoptosis of cancer cells
by downregulating the TrxR1 and elevating intracellular ROS, thereby leading to cas-
pase-3 cleavage.

Conclusions: This study demonstrated that MoSe, NUs under NIR irradiation can pre-
cisely and efficiently treat breast cancer and have great potential for clinical application.
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Introduction

Breast cancer (BC) is the most common malignancy among women. Since the
1980s, the global incidence rate has increased year by year (Siegel et al. 2023; Luo
et al. 2022). The routine therapy of breast cancer covers surgery, radiotherapy,
chemotherapy and other comprehensive treatments. However, radiotherapy and
chemotherapy cannot eliminate local cancer cells due to limitations in chemother-
apy tolerance (Tanwar et al. 2014; Liu et al. 2018). Therefore, this dilemma prompts
experts and scholars to explore more effective alternative strategies (Hanafy 2021;
Hanafy et al. 2021; Elsayed et al. 2021).Compared with traditional treatments, the
location of breast cancer lesions provides a therapeutic window for near-infrared
(NIR) photodynamic therapy.

In recent years, thermotherapy has been applied to treat cancer, but due to
uncontrolled heating, burns occasionally occur. This photothermal regulated
tumor treatment strategy is designed based on the principle of an NIR laser win-
dow in the range of 750 to 1000 nm, where the laser can penetrate several centim-
eters of body tissue without affecting the surface of normal skin (Chepurna et al.
2020; Jia et al. 2023). Moreover, NIR stimulated photodynamic therapy (PDT) has
also become a potential anti-tumor treatment strategy. PDT with many advantages
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for tumor elimination still has its limitations. The difficulty of photosensitizer deliv-
ery and the hypoxic microenvironment of malignant solid tumors greatly affect the
treatment efficiency of PDT (Zou et al. 2020; Yang and Chen 2019; Lan et al. 2019;
Alzeibak et al. 2021). Additionally, the aggravation of hypoxia may cause several
adverse consequences, including radiation resistance, tumor invasiveness, angiogen-
esis, and tumor metastasis (McDonald et al. 2016).

However, the conventional high concentration of hydrogen peroxide (H,O,) and
hypoxia in tumor microenvironment provides excellent conditions for nanozymatic
tumor therapy rather than PDT (Hao et al. 2022). Among them, peroxidase can convert
H,O, within the tumor microenvironment into cytotoxic hydroxyl radicals, however
natural peroxidase is unstable and difficult to deliver to the tumor microenvironment (Lu
et al. 2022; Sadhu et al. 2024; Harshita and Park 2023). Whereas POD-like nanozymes
have tunable, long-term storage, good stability, and tunable catalytic properties, mak-
ing them an excellent alternative (Dong et al. 2022; Xu et al. 2022; Chen et al. 2023). The
most common POD-active nanomaterials are Fe and Fe-based oxides, but they tend to
lack photothermal absorption properties (Gao and Yan 2019). No further enhancement
of POD could be achieved. Therefore, it is of great value to synthesize nanozymes that
have both photothermal properties and the ability to regulate their own POD activity.
Additionally, thioredoxin reductase 1 (TrxR1) protein is a key member of the thiore-
doxin (Trx) system that catalyzes the transfer of electrons from NADPH to Trx, con-
verting it to a reduced state, thereby participating in a variety of reactions that maintain
redox balance and is an important detoxification mechanism to protect cells from reac-
tive oxygen species (ROS). TrxR1 protein is over-expressed in various tumors and is neg-
atively correlated with the clinical prognosis of patients with tumors (Duan et al. 2014).
Notably, several studies underscored that Se have the potential to promote the apoptosis
of cancer cells through suppressing the expression of TrxR1 (Liu et al. 2012). Numerous
studies highlighted that selenium-based nanoparticles inhibit the expression of TrxR1 in
cancer cells through the formation of diselenides between TrxR1 and selenium (Liu et al.
2012; Purohit et al. 2017; Pan et al. 2020; Skogastierna et al. 2012). Thus, the effective
inhibition of TrxR1 by selenium-based nanomaterials holds great potential for enhanc-
ing ROS-mediated antitumor therapy.

Herein, our synthesized molybdenum selenide nanourchins (MoSe, NUs) have excel-
lent photothermal conversion efficiency, POD-like activity and good biocompatibility. In
addition, the photothermal effect of the prepared MoSe, NUs regulates heat therapy and
enhance their POD activity to kill cancer cells through NIR light, accurately treating can-
cer. Mechanistically, MoSe, induced an increase in intracellular ROS and downregulated
the expression of TrxR1 in 4T1 cells, which in turn activated and cleaved caspase-3, an
apoptotic executioner protein, while NIR light further cleaved caspase-3, which in turn
enhanced the apoptosis-inducing ability of MoSe, NUs (Scheme 1).

Experimental section

Materials and biochemicals

Selenium powder, hydrazine hydrate, 3,3,5,5'-tetramethyl-benzidine (TMB) and sodium
molybdate were bought from Macklin, China. The Calcein and PI were sourced from
MedChemExpress. Fetal bovine serum (FBS) and Dulbecco’s Modified Eagle Medium
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Scheme 1. Schematic diagram of MoSe, NUs synthesis route (a) and mechanism (b) of NIR-regulated
nanozymatic/photothermal dual-modal therapy against breast tumor

(DMEM) were obtained from Procell. Additionally, we acquired 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) and the DCFH-DA probe from Sigma.
The Annexin V-FITC/PI apoptosis assay kit was bought from Beijing Solarbio Science &
Technology Co., Ltd. The antibodies for anti-TrxR1, and anti-Caspase-3 were obtained
from CST and anti-GAPDH was purchased from Zen-Bio.

Synthesis of MoSe, NUs

The synthesis of MoSe, NUs was modified based on previous studies (Zhao et al. 2018)
and divided into three processes. First, 2 mmol of selenium powder (Se) was weighed
and dissolved in 10 mL hydrazine hydrate and sealed and stirred for 24 h to form the Se
precursor solution. And then, 1 mmol of sodium molybdate (Na,MoQO,) was weighed
and dissolved in 20 mL pure water and stirred at room temperature for 40 mins to form
the Mo precursor solution; Immediately, Se precursor solution was added to the Mo
precursor solution, sonicated (300 W) for 15 min, and transferred to a 50 mL of hydro-
thermal reactor lined with polytetrafluoroethylene for 12 h; the heating temperatures
were 120 C, respectively. At the end of the reaction, the MoSe, NUs were transferred to
a beaker and first washed five times with deionized water after the hydrothermal kettle
was cooled to room temperature. Finally, the MoSe, NUs were obtained and dried at 60
°C after washing with deionized water.

Characterization
Scanning electron microscopy (SEM) and transmission electron microscope (TEM)
were employed to determine the nanomaterials’ morphology. The crystal profile
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characterization of MoSe, NUs was proved by an automatic X-ray diffractometer (XRD)
equipped with CuKa radiation.

Peroxidase-mimic activity detection of MoSe, NUs

TMB and H,0, as substrates were used to test the peroxidase (POD)-like catalytic
activity of MoSe, NUs. The absorbance of oxidized TMB at 652 nm was measured and
recorded after 10 min of reaction using a UV-Vis spectrophotometer. In detail, the
kinetic curves of the acetate buffer solution being composed of TMB, H,0, (100 mM) in
the presence of MONDs, were determined by UV-Vis spectrophotometer, respectively.

Photothermal effect of MoSe, NUs

We irradiated MoSe, NUs at different concentrations (0, 20, 40, 60, 80, and 100 pg mL™)
with an 808-nm NIR laser at 1.0 W/cm? and continuously recorded the temperature
changes with an infrared (IR) thermal imaging camera. We also monitored temperature
changes in tubes containing MoSe, NUs (100 ug mL™") at different laser power densities
(0.8, 1.0, 1.2, 1.4, 1.6, and 1.8 W/cm?). The photothermal conversion efficiency (PCE)
was calculated based on the proposed algorithm after irradiating 100 ug/mL MoSe, NUs
with a 1.0 W/cm? laser for 10 mins, followed by cooling for 20 mins (Chen et al. 2019).

Cytotoxicity assays and biocompatibility of MoSe, NUs

High concentrations of MoSe, NUs were sterilized by UV irradiation, and subsequently
prepared into different concentrations of MoSe, NUs in DMEM which were added to
96-well plates. Following 24 h of culture in 4T1 and L929 cells, MTT was added and cell
viability was measured 4 h later.

Detection of intracellular ROS

The intracellular ROS content was measured by DCFH-DA. Cells were seeded onto
plates overnight, received different treatments, and were incubated for 4 h at 37 °C. Next,
500 pL of DCFH-DA (10 uM) was added and incubated for 30 mins. Following washing
with PBS, the intracellular fluorescence was captured with a fluorescence microscope.

Live/dead cell staining

4T1 cells were seeded in plates and subjected to various treatments. After the comple-
tion of treatment, the cells were washed for 2 times. 4T1 cells were stained with Calcein
AM/PI and incubated at 37 °C for 30 mins. After incubation and washing, the live/dead
4T1 cells was observed with a fluorescence microscope.

Apoptosis assay

4T1 cells in 12-well plates were digested by washing twice with PBS after receiving dif-
ferent treatments. 4T1 cells were subsequently stained with (PI and Annexin V) for
15 mins. Subsequently, cellular fluorescence signals were quantified by flow cytometry.
The sum of Q, and Q4 was calculated as the apoptotic rate.
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Statistical analysis
Statistical analysis and image processing were performed using Origin 2018 and SPSS
22.0. Data were tested for normality and presented as mean +S.D.; the Student’s t-test or
One-way ANOVA was used to calculate the P-value, and further details were provided
in figure legends.

Results and discussion

Characterizations

As presented in Fig. 1a,b, the SEM image and TEM image revealed the successful syn-
thesis of MoSe, NUs with a sea urchin-like nanostructure uniformly distributed around
100 nm in size. Compared to structures such as nanodots, nanosheets, and nano-
spheres (Qi and Liu 2019; Yuwen et al. 2016; Liu et al. 2023; Wu et al. 2016), the sea
urchin-like structure of MoSe, NUs may expose more oxygen vacancies and more easily
exhibit enzyme activity(Zhou et al. 2023; Zhang et al. 2023). The image of MoSe, NUs
were shown in Figure S1. Subsequently, we detected that the hydrodynamic diameter
of MoSe, NUs was about 142 nm and the zeta potential was—30.84 mV (Fig. 1c,d). The
FT-IR spectrum of MoSe, NUs was shown in Figure S2, which is similar to previous
study (Kailasa et al. 2023). The structural properties of the MoSe, NUs were investi-
gated by XRD in the 20 range from 20 to 80. Besides, the powder XRD pattern in Fig. le
revealed that the peak of MoSe, NUs matched the reflections of crystallographic infor-
mation (PDF # 29-0914). These results suggest that the MoSe, NUs has been success-
fully synthesized.

Photothermal effect and photostability of MoSe, NUs
Firstly, we investigated the photothermal effect of MoSe, NUs using an infrared ther-
mal imaging camera. We found that as the concentration of MoSe, NUs increased, the
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Fig. 2 aTemperature curves against time of Control (PBS) and MoSe, NUs with diverse concentrations
(20-100 ug mL™") under 808 nm laser. b IR thermal images of MoSe, NUs with different laser power and
irradiation time. ¢ Five irradiation/cooling cycles of MoSe, NUs (100 pug mL™"). d The photothermal profile
of MoSe, NUs in PBS under NIR irradiation for 600 s and then NIR laser was switched off. e Linear time data
versus —In(B) acquired from the cooling period of (d)

photothermal effect was significantly enhanced, indicating a close correlation between
its photothermal effect and concentration. The time-dependent temperature curve is
shown in Fig. 2a. The temperature of MoSe, NUs (100 pg mL™") rose to 52.6 “C and the
increased temperature (AT) within 5 mins was up to 24.8 “C. The temperature of MoSe,
NUs with a concentration of 60 pg mL™ can also reach 45.6 C within 5 mins under
laser irradiation. In addition, from the IR thermal image in Fig. 2b, the solution color
changes from purple to yellow, and we can see that the photothermal effect of MoSe,
NUs depends on the laser power. The temperature of the MoSe, NUs solution increases
continuously with the increase of irradiation time and laser power.

When PBS served as the control group and was irradiated at the same power density,
we observed only a marginal temperature increase of approximately 0.7 ‘C. This suggests
that the thermal effect of PBS alone remained largely unaffected. Typically, local heat-
ing of tumor cells to temperatures exceeding 45 ‘C can lead to complete tumor eradica-
tion. However, it’s crucial to avoid excessively high temperatures, as they can potentially
inflict severe damage to surrounding healthy tissues adjacent to the tumor. Taking
these considerations into account, we determined that, in this study, a concentration of
80 ug mL™! of MoSe, NUs was the most optimal choice for thermal ablation of tumor
cells. This concentration resulted in a solution temperature precisely reaching 48.5 C,
which is adequate for tumor cell ablation while minimizing harm to the surrounding
normal tissue (Ding et al. 2021).

Subsequently, as shown in Fig. 2c, we further investigated the photothermal stability of
MoSe, NUs by five irradiation/cooling cycles (one cycle includes heating for 5 mins and
cooling for 5 mins). The photothermal conversion performance of MoSe, NU had little
variation over five heating and cooling cycles. The photothermal conversion efficiency
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(PCE) of MoSe, NUs was evaluated via recording the temperature changes of MoSe,
NUs (100 pg mL™) during a 10-mins laser irradiation period (Fig. 2d). Detailed infor-
mation regarding the PCE calculation is available in the Supporting Information. The
calculated PCE for MoSe, NUs at a concentration of 100 ug mL ™" in PBS stands impres-
sively high at 56.5%. Taken together, MoSe, NUs are excellent nanomaterials with good
photothermal conversion efficiency and photostability.

The photothermal-enhanced POD activity of MoSe, NUs

To explore the peroxidase-like activity of the as-prepared MoSe, NUs, H,0, and TMB
were used as the substrates for the detection of the ultraviolet spectrum. Peroxidase has
the capability to react with H,0,, leading to the generation of hydroxyl radicals (-OH).
These -OH, in turn, facilitate the conversion of TMB into its oxidized form, resulting in
the development of a distinct blue color characterized by a prominent peak at 652 nm.
Figure 3a results indicated that neither MoSe, NUs nor H,0O, combined with TMB alone
resulted in the generation of a blue color or any discernible UV-vis absorbance. Simi-
larly, the combination of H,0, with TMB did not produce weak absorption at 652 nm in
the UV—-vis spectrum. However, it’s noteworthy that MoSe, NUs exhibited the ability to
catalyze the oxidation of TMB in the presence of H,O,, resulting in the development of a
blue aqueous solution characterized by an absorption peak at 652 nm.

The POD-like activity of MoSe, NUs at concentrations of 20 pug mL™" with or without
NIR light was also determined and is shown in Fig. 3b. After NIR light irradiation for
10 mins, the prominent peak of the MoSe, NUs+H,0,+TMB+ NIR was enhanced to
the ~2.05 fold of the MoSe, NUs+H,0,+ TMB. In summary, the results revealed that
the MoSe, NUs possess POD-like activity, which can be boosted upon NIR irradiation.
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Fig. 3. aThe POD-like activity of MoSe, NUs: the UV-vis spectra of the different treatments, the inset
exhibited the corresponding image. b The POD-like activity of MoSe, NUs with or without NIR (808 nm,
1 W cm™). ¢ The Michaelis—Menten kinetics fitting with initial rate [V] against TMB concentrations. d
Corresponding Lineweaver—Burk plots of ¢ (n=3).
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Correspondingly, we compared the enzyme kinetic parameters of MoSe, NUs with
or without NIR. The maximum reaction rate (Vmax) and Michaelis Menten constant
(Km) of MoSe, NUs with or without NIR against TMB were calculated according to
the Lineweaver Burk plot. As shown in Fig. 3¢, d, by plotting the initial rate of MoSe,
NUs with or without NIR against different TMB concentrations, it was found that the
reciprocal of the initial rate increases linearly with the reciprocal of TMB concentra-
tion. According to the Michaelis Equation, the Km and Vmax of MoSe, NUs for TMB
are 1.019 mM and 5.38x10°8 M s7}, respectively; while the Km and Vmax of MoSe,
NUs + NIR for TMB are 1.182 mM and 7.16x10°8 M 57, respectively. These data con-
firmed that the MoSe, NUs+NIR system can serve as an effective catalyst, generating

more -OH for tumor treatment compared to MoSe, NUs alone.

Photocytotoxicity and biocompatibility of MoSe, NUs

Since breast cancer is usually located in the skin, it is appropriate and feasible to treat 4T1
cells of breast cancer with NIR laser irradiation, so 4T1 cells are selected as the research
object of these studies e (Tray et al. 2019; Li et al. 2022). In the context of cancer treat-
ment strategies, assessing the biocompatibility and cytotoxicity of MoSe, NUs towards
fibroblasts is fundamental for ideal nanomedicine. The MTT assay was employed to
evaluate the cytotoxicity and biocompatibility of MoSe, NUs. Figure S3 illustrated the
cell viability of both L929 and 4T1 cells cultured with varying concentrations of MoSe,
NUs in DMEM for 24 h. Across the concentration range of 0 to 100 ug mL™" of MoSe,
NUs, the cell viability in both groups exceeded 90%, indicating minimal cytotoxicity and
favorable biocompatibility of MoSe, NUs with 1L929 cells. Also, the uptake of MoSe,
NUs in 4T1 cells was stronger than that in 1929 (Figure S4). Furthermore, a dual-modal
therapeutic approach combining photothermal therapy (PTT) and nanozymatic effects
of MoSe, NUs on 4T1 cells was investigated. The cytotoxic effects on 4T1 cells induced
by MoSe, NUs (80 pg mL™") with or without NIR (1.0 W/cm?) were confirmed by stain-
ing 4T1 cells with Calcein-AM and PI. As depicted in Fig. 4a, compared to the Control
group, the majority of 4T1 cells exhibited green fluorescence after incubation with either
MoSe, NUs alone or under NIR irradiation (10 mins) alone, indicating that MoSe, NUs
or laser irradiation alone were not effective in inactivating or treating 4T1 cells. A small
amount of red fluorescence in the MoSe, NUs group indicated the relatively low cyto-
toxicity of MoSe, NUs toward cancer cells. In contrast, the PTT/Nanozymatic syner-
gistic effect of MoSe, NUs resulted in nearly all 4T1 cells being inhibited when cultured
with MoSe, NUs under NIR for 10 mins, as evident from the substantial red fluorescence
observed in Fig. 4a. We further detected the apoptosis level of tumor cells after different
treatments. The results in Fig. 4b revealed that the apoptotic rates in the Control and
NIR groups (1.0 W/cm?) were 9.70% and 9.84%, respectively. The treatment of MoSe,
NUs (80 ug mL™") alone enhanced the apoptosis rate to 25.13%, while the apoptotic rates
of MoSe, NUs + NIR groups rose to 61.02%. It reflected that NIR markedly enhanced the
induction of apoptosis in 4T1 cells by MoSe, NUs.

As shown in Fig. 4c, we also quantitatively compared the cytotoxicity of different
concentrations of MoSe, NUs with or without NIR (1.0 W/cm?) on 4T1 cells and
found that the cytotoxicity of MoSe, NUs + NIR was superior to that of MoSe, NUs
treatment alone under different concentrations. The cell viability of MoSe, NUs and



Li et al. Cancer Nanotechnology (2024) 15:56 Page 10 of 15

a b
Control NIR
° LLQ Q2
= % 1.80% 9.28%
< k| .
o 1 3
o
x
b4
&
(7]
o
=
&
(7]
o
=
+
x
4
Cc 120 d
ns mm MoSe,
100 g B MoSe, + NIR kDa
o TR | W - | 55
& 80 ==
2 Cl d
= eave
8 60 I caspase-3 | — — = 17
>
8 40+
20 Pactin | M S S —
MoSe, -
0 20 40 60 80 2 0 40 80 80 (pg mLT)
Concentration (ug mL™") NIR — — _ +

Fig. 4 a Fluorescence photographs of live and dead staining in 4T1 cells with different treatments. b

The apoptosis rate of 4T1 cells with different treatments. ¢ The cell viability of MoSe, NUs at various
concentrations with or without NIR. d Immunoblot of TrxR1, cleaved caspase-3, and GAPDH expression in 4T1
cells with different treatments. (n=3, mean + S.D,; ns, no significant; ****P <0.0001; one-way ANOVA)

MoSe, NUs+NIR at 80 pug mL™! was 57.0% and 35.4%, respectively, with statisti-
cally significant differences. There is evidence that the TrxR1 protein, as a NADPH-
dependent reductase of thioredoxin disulfide, is upregulated in various tumors
and negatively correlated with the clinical prognosis of patients (Duan et al. 2014).
Numerous studies highlighted that selenium-based nanoparticles, inhibit the expres-
sion of TrxR1 in cancer cells through the formation of diselenides between TrxR1 and
selenium (Liu et al. 2012; Purohit et al. 2017; Pan et al. 2020; Skogastierna et al. 2012).
Therefore, the expression of TrxR1 in 4T1 cells was further detected. As depicted in
Fig. 4d, the expression of TrxR1 exhibited a decline corresponding to the increasing
concentration of MoSe, NUs, and this decrease was even more pronounced when
combined with NIR (1.0 W/cm?), highlighting the potent inhibitory effect of MoSe,
NUs + NIR on TrxR1. In parallel, we also examined cellular apoptosis at the molecular
level. Caspase-3, a cysteine-aspartic acid protease, undergoes cleavage at an aspar-
tate residue, resulting in the formation of p12 and p17 subunits, ultimately giving rise
to cleaved Caspase-3, which plays a pivotal role in orchestrating the morphological
changes associated with apoptosis (Hague et al. 2004). Also, the presence of MoSe,
NUs treatment led to an upregulation of cleaved caspase-3, and this effect was further
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enhanced when combined with NIR, indicating that MoSe, NUs induced a more pro-
nounced level of apoptosis with the assistance of NIR.

Taking these results together, it can be concluded that NIR irradiation of MoSe, NUs
can induce more apoptosis and downregulate the expression of TrxR1, exerting more
effective proliferation suppression on 4T1 cancer cells than MoSe, NUs treatment alone.

ROS triggered by MoSe, NUs under NIR irradiation induces apoptosis in 4T1 cells

Further, given the apoptosis-inducing potential of photothermal treatment (Wang et al.
2018), we explore the possible mechanism of MoSe, NUs-induced apoptosis. In Fig. 5a,
we detected intracellular ROS levels in 4T1 cells with different treatments by ROS probe
2,7’-Dichlorodihydrofluorescein diacetate (DCFH-DA). We found that the fluorescence
intensity of 4T1 cells under NIR irradiation (1.0 W/cm?) only was the same as that of
the Control, while the fluorescence intensity of the MoSe, NUs (40 pg mL™!) treatment
group exhibited partial enhancement, while the green fluorescence of the NIR+MoSe,
NUs group showed obvious enhancement compared to the MoSe, NUs group. To dem-
onstrate ROS-induced cytotoxicity by MoSe, NUs, N-Acetyl-L-cysteine (NAC) and
L-Glutathione reduced (GSH), as ROS scavengers, were applied to inhibit ROS (Hos-
seini et al. 2019; Niu et al. 2021). The results in Fig. 5b demonstrated that the addition
of NAC and GSH could indeed inhibit the cytotoxicity of NIR+ MoSe, NUs induced by
ROS. Correspondingly, we detected the apoptotic protein cleaved caspase-3 and TrxR1.
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Fig. 5. a Fluorescence plots of 4T1 cells cultured with DCFH-DA after different treatments. b The cell viability
of 4T1 cells with different treatments. ¢ Immunoblot of TrxR1, cleaved caspase-3 and GAPDH expression
of 4T1 cells with indicated treatments. (n=3, mean +S.D,; ns, no significant; *P < 0.05; **P <0.01; one-way
ANOVA)
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As illustrated in Fig. 5¢, the addition of ROS scavengers NAC caused a decrease in the
expression of cleaved caspase-3 induced by MoSe, NUs + NIR, while the low-expression
of TrxR1 by MoSe, NUs+ NIR was almost unchanged. In summary, MoSe, NUs+NIR
could downregulate TrxR1 and elicit the increase of ROS level, subsequently inducing
apoptosis of 4T1 cells.

MoSe, NUs exert potent in vivo anti-tumor effects under NIR irradiation

Considering the excellent in vitro anti-tumor effect of MoSe, NUs under NIR, we fur-
ther validated the combined therapy’s in vivo anti-tumor effect. As shown in Fig. 6a, we
first constructed 4T1 cell subcutaneous tumor-bearing mice and peritumorally injected
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Fig. 6 In vivo assessment ofthe anti-tumor ef‘fect of MoSe, NUs treatment under NIR. a I||ustrat|on ofthe
experimental procedure. b Photographic representations of tumors from tumor-bearing mice subjected to
various treatment regimens. ¢, d Alterations in tumor volume ¢ and tumor mass d within the tumor-bearing
models of the specified groups. (n=5, mean +S.D,; ns, no significant; *P < 0.05; **P <0.01; one-way

ANOVA). e) Fluctuations in the body weight of tumor-bearing models undergoing different treatments. f, g
Immunohistochemistry (IHC) analysis of xenografted tumor sections, showing immunostaining for TrxR1 (f),
and TUNEL staining g in the indicated groups (n=3). Scale bar: 50 pm (400 x)
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MoSe, NUs (4 mg kg™') every 2 days with or without NIR (1.0 W/cm?). To assess the
in vivo anti-tumor efficacy and biosafety, we monitored the tumor size and weight of
4T1 tumor-bearing mice every 2 days. After 14 days of treatment, the mice were euth-
anized, and the subcutaneous tumor tissue was removed and weighed. Representa-
tive images illustrating the tumor treatment outcomes for each group are presented in
Fig. 6b. As depicted in Fig. 6¢, the volume of tumors in the Control and NIR groups
steadily increased, whereas the MoSe, NUs alone or MoSe, NUs + NIR treatment effec-
tively reduced the tumor volume, the tumor volume treated with MoSe, NUs+ NIR was
lower than that treated with MoSe, NUs alone.

Furthermore, based on the excised tumor mass data shown in Fig. 6d, it is evident
that MoSe, NUs +NIR treatment significantly inhibited tumor proliferation compared
to the Control group, with an inhibition rate of 69.7%, which was higher than the inhi-
bition rate observed with MoSe, NUs treatment alone (35.1% inhibition rate). Addi-
tionally, as demonstrated in Fig. 6e, the body weight of mice remained relatively stable
across all groups, underscoring the favorable biosafety profile of both MoSe, NUs and
MoSe, NUs+ NIR with respect to mouse body weight. In addition, we also compared
the expression of TrxR1 and Ki67 between the groups via Immunohistochemistry
(IHC). As shown in Fig. 6f, both MoSe, NUs and MoSe, NUs + NIR reduced the expres-
sion of TrxR1, while the MoSe, NUs+ NIR group had the lowest expression of TrxR1,
demonstrating the TrxR1 inhibition effect of MoSe, NUs with or without NIR. Also,
the results of TUNNEL staining are consistent with the expression of TrxR1, indicat-
ing that MoSe, NUs+ NIR treatment has a stronger apoptotic induction effect in vivo
(Fig. 6g). Of course, the in vivo biocompatibility of MoSe, NUs was also evaluated. As
shown in Figure S5, no significant difference was observed in the important organs
(heart, liver, spleen, lungs, and kidneys) between the two groups of mice, and the MoSe,
NUs treatment did not cause significant toxic damage to the main organs. The biochemi-
cal analysis results also showed that there was no significant difference in liver and kid-
ney function indicators between the MoSe, NUs treatment group and the control group
(Figure S6). In summary, MoSe, NUs with good biosafety can effectively inhibit tumor
progression in vivo.

Conclusions

In summary, the as-prepared MoSe, NUs with good biocompatibility had excellent pho-
tothermal conversion ability, photothermal-enhanced POD-like activity, and inhibition
effect of TrxR1. Given this, MoSe, NUs under NIR irradiation could effectively produce
cytotoxic OH —under single-wavelength laser irradiation, which in turn induces apopto-
sis. In addition, MoSe, NUs exhibited good photothermal stability. Surprisingly, MoSe,
NUs still possess good PCE even after five heating and cooling cycles. Importantly, NIR
irradiation could potentiate the POD-like activity of MoSe, NUs to ~2.05 folds of MoSe,
NUs only. While the apoptosis rate elicited by MoSe, NUs + NIR increased by 36% rela-
tive to MoSe, NUs only, and the MoSe, NUs + NIR induced more expression of cleaved
caspase 3 than MoSe, NUs treatment alone. Notably, MoSe, NUs+NIR presented
higher therapeutic efficacy on BC than MoSe, NUs alone, owing to PTT, inhibition of
TrxR1, and photothermal-enhanced nanozymatic therapy. In conclusion, the combi-
nation of MoSe, NU-based PTT and photothermal-enhanced nanozyme therapy can
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effectively improve the treatment of cancer cells, while its good biocompatibility makes
it more potential for clinical application. This functional synergistic treatment paves a

precise and efficient way for breast cancer treatment under near-infrared excitation.
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