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Background: Chemodynamic therapy (CDT) is a new treatment approach that is triggered by endogenous stimuli in specific
intracellular conditions for generating hydroxyl radicals. However, the efficiency of CDT is severely limited by Fenton reaction
agents and harsh reaction conditions.

Methods: Bimetallic PtMn nanocubes were rationally designed and simply synthesized through a one-step high-temperature pyrolysis
process by controlling both the nucleation process and the subsequent crystal growth stage. The polyethylene glycol was modified to
enhance biocompatibility.

Results: Benefiting from the alloying of Pt nanocubes with Mn doping, the structure of the electron cloud has changed, resulting in
different degrees of the shift in electron binding energy, resulting in the increasing of Fenton reaction activity. The PtMn nanocubes
could catalyze endogenous hydrogen peroxide to toxic hydroxyl radicals in mild acid. Meanwhile, the intrinsic glutathione (GSH)
depletion activity of PtMn nanocubes consumed GSH with the assistance of Mn*"/Mn?". Upon 808 nm laser irradiation, mild
temperature due to the surface plasmon resonance effect of Pt metal can also enhance the Fenton reaction.

Conclusion: PtMn nanocubes can not only destroy the antioxidant system via efficient reactive oxygen species generation and
continuous GSH consumption but also propose the photothermal effect of noble metal for enhanced Fenton reaction activity.
Keywords: noble metal, Mn-doping, Fenton reaction, photothermal effect, chemodynamic therapy

Introduction

Cancer, also known as malignant tumors, is still a fatal disease that threatens human health around the world.!”
Compared with early stage tumors, the treatment of malignant tumors faces many difficulties, such as not easy to
cure, easy to recur and metastasis, causing necrosis, bleeding, co-infection, and other complications. In severe cases, it
can easily lead to organ failure and death.*”” Currently, the main clinical treatment methods are still surgery, chemother-
apy, and radiotherapy. However, traditional treatment methods cannot completely cure cancer, but only prolong the
survival time of patients.*®'” The treatment process not only causes great pain to patients but also costs a lot of money,
manpower, and material resources. Significantly, with the continuous development of nanotechnology, more and more
nanomaterials are being applied to cancer research.'''® Using nanomaterials as carriers, biomaterials with specific
structure and function can be designed and engineered specifically for tumor cells, the tumor microenvironment (TME),

and the immune system to overcome toxicity and improve drug capacity and bioavailability.>*2® Thus, the development
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of effective and safe cancer treatments has become a hot research topic. These include phototherapy, sonodynamic
therapy, chemodynamic therapy (CDT), immunotherapy, gene therapy, and gas therapy.>* 2

CDT is a new therapeutic approach that is triggered by endogenous chemical conditions in the TME.?>* > Due to the
acidic condition and overexpression of hydrogen peroxide (H,0,), nanomaterials can generate more cytotoxic hydroxyl
radicals (-OH) through Fenton/Fenton-like reaction, resulting in irreversible damage to biological macromolecules.?®*%37
CDT is considered a promising strategy for tumor therapy and is gaining attention due to its significant advantages such
as high tumor specificity, good selectivity, and low systemic side effects.*® ** The optimal pH reaction condition of the
Fenton reaction is 3~4. In addition, the overexpression of antioxidants (such as glutathione, GSH) is also the main
characteristic of the intracellular environment.**® High-valence metal ions can deplete GSH and transform into low-
valence states, while through Fenton/Fenton-like reaction, low-valence metal ions can also generate -OH in proportion to
H,0,, achieving the therapeutic effect of CDT.*” Therefore, to achieve good CDT efficacy, it is important to enhance the
Fenton reaction efficiency, such as increasing the activity of Fenton reaction reagents, increasing the content of H,O,
inside the tumor, reducing the consumption of reactive oxygen species (ROS) and regulating the pH value of the TME.*®
In particular, the multivalent Mn ions are responsive to the TME and can be released. Mn®" reacts with the abundant
intracellular H,O, to produce ‘OH. Therefore, multivalent Mn ions can maximize the efficacy of CDT and increase the
efficiency of the Fenton reaction, which has been shown to enhance CDT therapy in cancer.**~°

The combination of CDT and other treatment methods has become an inevitable trend compared to single-model
therapy. The excellent light, ultrasonic, and magnetic stimulation response characteristics of nanomaterials make it
possible to combine CDT with chemotherapy, radiotherapy, photothermal therapy (PTT), photodynamic therapy, sono-
dynamic therapy, and starvation therapy to treat tumors.’' >* This combination therapy shows a synergistic anti-tumor
effect of “1+1>2”, rather than a simple additive effect. The combination of CDT and PTT has also been extensively
studied. PTT is a physiotherapeutic method that artificially raises tissue temperature to exploit the sensitivity of cells to
heat to induce apoptosis or increase their sensitivity to radiation or chemotherapy. PTT exhibits great promise because it
can absorb light energy in a photothermal agent and then convert it to heat energy at the tumor site so that the
temperature of the tumor site can be raised to cause hyperthermia to kill tumor cells.”>>® Although PTT has the
advantages of high efficiency, non-invasive, and no systematic side effects, it is difficult to eliminate tumor cells by using
PTT alone. The efficiency of Fenton/Fenton-like reaction can be enhanced through photothermal effects. Thus, combin-
ing PTT and CDT with increased temperature will accelerate the generation of -OH, thereby improving the therapeutic
effect. Therefore, it is meaningful to explore a therapeutic approach that combines PTT and CDT.>

At present, the treatment means for cancer in the clinic is still relatively single, and there are disadvantages such as
large trauma, tumor drug resistance, and incomplete resection of tumors leading to recurrence. Noble metal nanomaterials
have been investigated in the biomedical field due to their good biocompatibility, local surface plasmon resonance effect,
and strong light absorption and catalytic capabilities.®”' Noble metal nanomaterials can be targeted and aggregated in
the tumor region, significantly improving treatment efficiency. Exploring the combined use of noble metal nanomaterials
in CDT and PTT combination therapies to maximize the efficiency of the Fenton reaction and the level of ROS
generation, as well as to improve ROS-mediated therapies, has instructive implications for cancer treatment. The obvious
absorption of precious metal nanomaterials in the near-infrared light region is expected to be applied not only in PTT but
also in CDT combined with PTT. The platinum-based alloys with excellent photothermal conversion and enzyme-like
activity can be used to increase temperature, GSH depletion and O, production in the TEM.* Herein, bimetallic PtMn
nanocubes were rationally designed and utilized to explore the efficiency of CDT/PTT synergistic treatment. PtMn
nanocubes were easily synthesized by a one-step high-temperature pyrolysis process, by controlling both the nucleation
process and the subsequent crystal growth stage. Then, polyethylene glycol (PEG) was modified to the monodisperse
PtMn nanocubes to enhance biocompatibility. Benefiting from the alloying of Pt with Mn doping, the structure of the
electron cloud has changed, resulting in different degrees of the shift in electron binding energy, which is a major factor
in increasing the Fenton reaction activity. The PtMn nanocubes catalyzed endogenous H,O, to toxic ‘OH in mild acid
TME. Meanwhile, the intrinsic GSH depletion activity of PtMn nanocubes consumed GSH with the assistance of Mn>*
and Mn®", which were the exact results of the Fenton reaction. The mild temperature due to the surface plasmon
resonance (SPR) effect of Pt metal can also enhance the Fenton reaction. Thus, PtMn nanocubes can not only destroy the
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antioxidant system via efficient ROS generation and continuous GSH consumption but also propose the photothermal
effect of noble metal for enhanced Fenton reaction activity.

Materials and Methods

Materials

Manganese carbonyl (Mn,(CO);p), platinum acetylacetonate (Pt(acac),), octadecene, oleylamine (OAm), oleic acid
(OA), hexane, isopropanol, 3.3’,5,5'-tetramethyl-benzidine (TMB), 5.5’-Dithiobis (2-nitrobenzoic acid) (DTNB),
5.5-dimethyl-1-pyrrolin-n-oxide (DMPO), propidium iodide (PI, 98%) were obtained from Aladdin (Shanghai, China).
Rhodamine B (RhB), 2.7-dichlorofluorescein diacetate (DCFH-DA), and calcein-acetoxymethyl ester (AM, 97%) were
obtained from Beyotime Biotechnology Co. Ltd. Thiol TrackerTM Violet and Dulbecco’s modified Eagle medium
(DMEM) were obtained from Thermo Fisher Scientific.

Synthesis and Characterization of the Bimetallic PtMn Nanocubes

At first, 0.1 g of Pt(acac),, 10 mL of octadecene, 1 mL of OA, and 1 mL of OAm were mixed under magnetic stirring and
N, atmosphere. The mixture was then heated to 70 °C for totally dissolved Pt(acac),, and then, the temperature was
maintained at around 180 °C. Next, the solution of Mn,(CO);, in hexane was rapidly injected into the above solution,
and the solution was maintained at 200 °C for 1 hour. In the end, polyethylene glycol (amine)-2000 (PEG-NH,) was
modified on the synthesized material.

X-ray diffraction (XRD) patterns were obtained using a RigakuD/max-TTR-III diffractometer. Morphology and
element mapping of as-synthesized materials were obtained using a PHILIPS-CM-20-FEG transmission electron micro-
scope (TEM). The chemical composition of the synthesized materials was analyzed using an ESCALAB XI+ X-ray
photoelectron spectrometer (XPS).

Fenton Reaction Properties

For detection of ROS generation by PtMn nanocubes with or without NIR irradiation, the specific amount of PtMn
nanocubes, TMB, and H,0, were dispersed in 3.0 mL of PBS (pH=5.8, 7.0, and 7.8). The UV-vis characteristic
absorption peak was detected at 650 nm. The ROS generated by Pt and PtMn nanocubes in different processes were
also evaluated using an ESR spectrometer. DMPO was utilized as a trapping agent to investigate the activity of -OH.

GSH Depletion Properties
500 pg mL™" of PtMn nanocubes and 500 ug mL ™" Pt nanocubes were added into GSH aqueous solution. Then 0.2 mM
of DTNB was added to detect the -SH group.

Photothermal Performance
The PtMn nanocubes with different concentrations were prepared and then irradiated under a NIR (808 nm) laser for 300
s. The temperature changes and infrared thermal images were recorded.

In vitro Anti-Tumor Efficiency

Human hepatocellular carcinoma cells (Huh7 cells) and mouse epithelial fibroblasts (L929 cells) purchased from the Cell
Bank of the Chinese Academy of Sciences (Shanghai, China) were cultured in DEME. All cell lines were maintained in
an incubator at 37 °C and 5% CO,. At first, the cellular uptake performance of PtMn nanocubes was investigated using
RhB-labeled PtMn nanocubes. Then, the biocompatibility and cytotoxicity analysis was performed using the MTT
reagent. The cells were seeded at a density of 5000 cells per well in 96-well plates, and then, incubated with different
concentrations of PtMn. Subsequently, 20 pL of MTT solution (5 mg mL ") was added to each well and incubated with
the cells for 4 hours. Afterward, 100 uL. of DMSO was added to each well and incubated for another 20 min. The
absorbance at 490 nm was measured to calculate the cell survival rate.
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For evaluation of the ROS generation, GSH depletion, and O, generation abilities of PtMn nanocubes, Huh7 cells
were seeded into 6-well a plate overnight and distributed into four groups: (1) control, (2) NIR, (3) PtMn, and (4) PtMn
+NIR. The PtMn were allowed to incubate with cells for 4 h, followed by the cells being treated with NIR (0.8 W cm ?)
for 5 min. The DCFH-DA was added to individual culture dishes for 15 min and washed with PBS. Subsequently,
Hoechst 33,342 as a nucleus fluorescence probe was incubated with Huh7 cells for 10 min and washed with PBS. Finally,
a laser scanning confocal microscope (CLSM) was used for observing the cells. The intracellular GSH depletion and O,
generation were characterized by the commercial Thiol Tracker Violet probe and corresponding trapping agent
[Ru(dpp);]Cl,, respectively. The cytotoxicity of PtMn nanocubes was investigated using AM/PI assays.

In vivo Anti-Tumor Efficiency

The animal study protocol was approved by the Ethics Committee of Guangxi Medical University Cancer Hospital
(protocol code KY 2022-129/130 and approved on 25 February 2022) for studies involving animals. Animal ethics
review follows the Guiding Opinions on the Treatment of Laboratory Animals issued by the Ministry of Science and
Technology of the People’s Republic of China and the Laboratory Animal-Guideline for Ethical Review of Animal
Welfare issued by the National Standard GB/T35892-2018 of the People’s Republic of China. Firstly, the Huh7 tumor-
bearing Blab/c nude mice were then intravenously injected with PtMn nanocubes (20 mg kg '), and the mice were
sacrificed at 3, 6, 12, 24, and 48 h post-injection. The biodistribution of PtMn nanocubes in different organs and tumors
was calculated as the Mn percentage. Then, the tumor model was established by subcutaneous inoculating of Huh7 cells
(100 pL, 5.0x10° cells) at the right posterior of the mice. The mice were randomly divided into four groups (n = 5): (1)
control, (2) NIR, (3) PtMn, and (4) PtMn+NIR. The intravenously injected dose was 100 uL (20 mg kg™ "). Afterward, the
body weights and tumor sizes of the mice were recorded. After 14 days, the collected tumors were stained with H&E
staining, and observed by using the laser scanning microscopy (CLSM).

Results and Discussion
PtMn nanocubes were synthesized via a one-step high-temperature pyrolysis process, involving both the nucleation
process control and the subsequent crystal growth stage. The PEG was modified to enhance biocompatibility. The zeta
potentials of PtMn without PEG modification and PtMn with PEG modification are shown in Figure S1. The zeta
potential of PtMn without PEG modification was —1.49 + 0.62 mV, and that of PtMn with PEG modification was —4.83 +
0.57 mV. Both zeta potentials are negative, but PtMn with PEG modification has a smaller value indicating better
dispersibility. PtMn was dissolved in PBS solution (pH = 5.8) for 8 days, and then the polydispersity index (PDI) values
were recorded for different periods (Figure S2). With increasing time, the PDI of PtMn in PBS solution gradually
decreased, and the molecular weight distribution gradually became uniform, indicating that the PtMn nanocubes were
stable The average particle size of PtMn nanocubes was about 18.23 nm as indicated by the TEM image (Figure 1a). The
particle size decreased gradually with the increase of Mn doping ratios. The decrease in the particle size of nanoparticles
may be caused by the inhibition effect of PtMn nanocubes growth by Mn cation (Figure 1b). In the synthesis
experiments, we optimized the molar ratio of Pt:Mn. When the molar ratio of Pt:Mn is 1:3, the PtMn nanocubes were
optimal uniform for further application. Selected area electron diffraction (SAED) of PtMn nanocubes was displayed in
Figure 1c. Furthermore, elemental mapping based on high-angle annular dark-field scanning TEM revealed the uniform
distribution of Pt and Mn elements (Figure 1d and e). The XRD pattern of the PtMn nanocubes showed that the
characteristic diffraction peaks, roughly coinciding with the standard cubic phase Pt (JCPDS No. 04-0802) with (111),
(200), and (220) lattice planes assigned to the characteristic diffraction peaks at 40.12°, 46.67°, and 68.12°, respectively
(Figure 1f). The diffraction patterns indicate that the particles have a Face-Centered Cubic structure. To further under-
stand the chemical composition of the PtMn nanocubes, XPS analysis was performed. The XPS elemental valence
analysis in Figure S3 shows the presence of Pt elements in the form of Pt 4f, as well as Mn 2p;,, and Mn 2p,,, peaks
located at 641.4 and 654.4 ¢V.

Considering the Fenton reaction performance of PtMn nanocubes, the generation of -OH was investigated by TMB in
the condition of H,O,. Mn doping can enhance the degradation of H,O, by PtMn nanocubes, which further enhances the
Fenton reaction efficacy. Acidic conditions are more favorable for PtMn nanocubes to catalyze the generation of -OH
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Figure | (a and b) TEM images of PtMn nanocubes. (c) SAED pattern of PtMn nanocubes. (d and e) Mn and Pt element mappings of PtMn nanocubes. (f) XRD pattern of
PtMn nanocubes.

from endogenous H,O, (Figure 2a). Compared with the control group, PtMn+NIR showed a significant chemodynamic
effect (Figure 2b). Especially, upon 808 nm laser irradiation, the characteristic peak at 650 nm of oxTMB was improved,
indicating that the NIR can promote the production of -OH. In the Fenton reaction, the energy of NIR promoted the
efficiency of electron transfer and accelerated the effect of the Fenton reaction. The PtMn nanocubes also exhibited
a time-dependent chemodynamic effect (Figure 2c and d). The catalytic kinetic parameters of PtMn nanocubes were
conducted with the Michaelis-Menten model (Figure 2¢ and f), where the K, and Vi, were 1.78x10° M s and 84.19
mM, respectively. The generation of -OH was also confirmed by electron spin resonance (ESR). DMPO was used to
detect -OH. From the ESR spectra, the characteristic signal peaks featured with the intensity of 1:2:2:1 belonged to -OH,
which confirmed the generation of -OH (Figure 2g). Compared to Pt nanocubes, PtMn has a higher capacity to generate
‘OH. The GSH depletion ability of PtMn nanocubes was investigated by employing DTNB as an indicator (Figure 2h and
i). The absorbance at 412 nm decreased with increasing incubation time. At the same incubation time of 40 min, PtMn
showed lower GSH content than Pt nanocubes. The capacity of GSH depletion properties for ROS amplification was
confirmed. Thus, as the catalytic activity of single noble metal materials is limited by their intrinsic electronic structure
and limited electron transfer, the cost of alloyed noble metal nanoparticles can be reduced by the addition of non-precious
metals, which will enhance the Peroxidase-like enzyme activity of the alloys due to their synergistic effect.

As an alloy material, PtMn nanocubes may have high photothermal performance. The photothermal conversion
performance and photothermal stability of PtMn nanocubes were characterized in detail. The temperature of the different
concentrations (0, 25, 50, 100, and 200 pg mL™") of PtMn nanocubes solution was recorded after 808 nm laser irradiation
for 10 min (Figure 3a and c). As the concentration of PtMn nanocubes increased, the heating rate increased, indicating
that the photothermal effect of PtMn nanocubes was concentration-dependent. Then, the temperature increase of PtMn
nanocubes solution at different laser powers (0.5, 1.0, 1.5, and 2.0 W cm?) was also recorded. We selected 1.5 W cm >
as the appropriate laser power for mild photothermal in vitro, which showed less damage to normal tissues. Under the
irradiation of different laser powers, the temperature of the PtMn nanocubes increased from room temperature to 33.4°C,
40.7°C, 48.9 °C, and 56.5°C, respectively (Figure 3b). The rising and cooling temperature curve of PtMn nanocubes was
measured at a concentration of 200 ug mL ™" under 1.5 W cm 2 through the cooling stage (Figure 3d), it was calculated
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Figure 2 (a) UV-vis absorption spectra of oxTMB catalyzed by PtMn nanocubes under different pH conditions. (b) UV-vis absorption spectra of oxTMB catalyzed by PtMn
nanocubes in different groups. (c) UV-vis absorption spectra of oxTMB catalyzed by PtMn nanocubes with time increase. (d) The color photo of oxTMB catalyzed by PtMn
nanocubes. () Michaelis-Menten curves and (f) Lineweaver-Burk plots of Pt and PtMn nanocubes. Data presented as mean * standard deviation (n = 3). (g) ESR spectra of
‘OH in PtMn+H,0, and Pt+H,0O; nanocubes. (h) UV-vis absorption spectra of DTNB catalyzed by Pt and PtMn nanocubes. (i) Quantitative analysis of (h).

that the 7; was 183 s and the photothermal conversion efficiency was 32.6%. After four cycles of increasing and rolling,
the photothermal stability of PtMn nanocubes was maintained well (Figure 3e).

Then, encouraged by the excellent Fenton reaction properties and NIR-irradiated photothermal effect of PtMn
nanocubes, the anticancer therapeutic effect of PtMn nanocubes at the cellular level was investigated in detail. At first,
the endocytosis of PtMn nanocubes was first investigated before evaluating the biocompatibility. The Huh7 cells were
incubated with PtMn nanocubes modified by RhB. Figure 4a showed that PtMn nanocubes were gradually engulfed by
the Huh7 cells in a time-dependent manner. The red fluorescence of RhB-PtMn nanocubes began to coincide after 2 h of
incubation. At 4 h after incubation, the red fluorescence of RhB-PtMn nanocubes was the highest, demonstrating the
efficiency of the cellular uptake performance. Then, the biocompatibility and toxicity of PtMn nanocubes were initially
assessed at the cellular level. Normal L929 cells and Huh7 tumor cells were selected as two representative cell lines. As
shown in Figure 4b, the 1929 cells presented no significant cell death even the concentration of PtMn nanocubes up to
200 pg mL™". As shown in Figure 4c, the Huh7 cells in the PtMn+NIR group (200 pg mL™") presented the lowest cell
viability around 25%.
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Figure 3 (a) The photothermal effect of PtMn nanocubes with different concentrations. (b) The temperature increase of PtMn nanocubes under different laser powers. (c)
Infrared thermal imaging of PtMn nanocubes under different concentrations with time increase. (d) The photothermal conversion efficiency of PtMn nanocubes. (e) The
photothermal stability of PtMn nanocubes.

Next, the production of intracellular ROS was evaluated by using a chemical probe DCFH-DA, which emits green
fluorescence attributed to oxidized DCF. In Figure 4d, the PtMn+NIR group had the strongest green fluorescence signal,
suggesting that the PtMn+NIR group showed a higher level of intracellular ROS than other groups. The GSH content
results showed that the PtMn group had higher GSH consumption than the PtMn+NIR group. The production of O,
catalyzed by PtMn nanocubes in Huh7 cells was also investigated using [Ru(dpp);]Cl, as an O, indicator. In Figure 4d,
the group of PtMn and PtMn+NIR exhibit a weak red fluorescence signal compared with the control group, suggesting
that the photothermal effect could relieve hypoxia. For distinguishing live cells from dead cells visually, co-staining with
calcein-AM/PI was performed. As shown in Figure 4d, in the control a majority of the dead cells were observed in the
PtMn group and the PtMn+NIR group, and the PtMn+NIR group showed the highest proportion of dead cells due to the
ROS generation performance and GSH consumption performance.

Subsequently, to investigate the in vivo antitumor therapeutic performance of PtMn nanocubes, the Balb/c nude mice
were selected for subcutaneous injection of Huh7 cells on the right side to establish a Huh7 tumor model. At first, the
biological distribution of PtMn nanocubes was performed. After the intravenous injection of PtMn nanocubes (20 mg
kg™ of mouse body weight), major organs and tumor tissues were collected at different time points (3, 6, 12, 24, and 48
h). The Mn content in different tissues was determined by ICP-OES. It can be seen that PtMn nanocubes accumulated in
the liver, spleen, kidney, and tumor sites effectively after tail vein injection (Figure 5a), demonstrating that PtMn
nanocubes could be captured by the reticuloendothelial system, which reached the maximum at 6 h post-injection and
then began to decline. The enhanced penetration and retention effect causes the accumulation of PtMn nanocubes at the
tumor site. Then, the antitumor effect of PtMn nanocubes was investigated by using the Huh7 tumor-bearing mice. Huh7
tumor-bearing mice were randomly divided into four experimental groups: 1) control, 2) NIR, 3) PtMn, and 4) PtMn
+NIR. When the tumor volume was grown to about 100 mm®, normal saline, PtMn nanocubes were injected through the
tail vein on days 1, 4, and 7, respectively. After 12 h, the external NIR laser was applied. The PtMn+NIR group presented
the obvious tumor inhibition effect based on the relative tumor volume growth curves (Figures 5b and c), confirming that
PtMn nanocubes irradiated with NIR had an excellent tumor treatment effect. After 10 minutes of irradiation, the
temperature of the tumor site rapidly increased to more than 45 °C, confirming the photothermal performance of PtMn
(Figure S4). Especially, as shown in Figure 5d, mice in all groups showed a consistent trend of weight gain throughout
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Figure 4 (a) Cellular uptake performance of RhB-label PtMn nanocubes. (b and c¢) MTT assay of PtMn nanocubes on L929 and Huh7 cells, respectively, for biocompatibility
and cytotoxicity estimation. (d) ROS generation, GSH depletion, O, generation abilities of PtMn nanocubes, and live/dead cell staining.
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Figure 5 (a) Biodistribution of Pt in main organs and tumors. (b) Tumor volume and (c) tumor weight in different groups. Data presented as mean + S.D. (n = 5). (d) The
body weight of mice in different groups. Data presented as mean + S.D. (n = 5). (e) H&E-staining assay of tumor tissues.

the whole treatment process. In Figure S5, the tumor growth in the PtMn+NIR group were significantly inhibited
compared to the other groups. It can be seen that the combined CDT/PTT effect in the PtMn+NIR group resulted in the
strongest inhibition of tumor growth. The efficacy of the CDT/PTT synergistic therapy was also demonstrated by H&E
staining, which was consistent with tumor volume curves (Figure 5e¢). The tissue section in the PtMn+NIR group showed
the lowest nuclear staining rate, the tumor cells were destroyed in the PtMn+NIR treatment group, indicating that it has
a positive tumor treatment effect. The mice in the PtMn+NIR group still maintained a 60% survival rate even after 40
days of treatment, while the mice in the other treatment all died within 15-32 days, suggesting the good therapeutic effect
and biosafety of PtMn+NIR group (Figure S6).

Conclusion

The study reports the successful preparation of bimetallic PtMn nanocubes for a CDT/PTT synergistic therapeutic
strategy. In the photothermal properties of the PtMn nanocubes, the photothermal conversion efficiency can be as high as
32.6% and the photothermal stability of the PtMn nanocube was well maintained. PtMn nanocubes exhibit the
characteristics of ROS bloom and GSH depletion. The PtMn nanocubes can catalyze endogenous H,O, to toxic -‘OH
in a mild acid TME. Simultaneously, Mn**/Mn?" can help consume the inner antioxidant GSH in the tumor. The SPR
effect of Pt metal can provide mild temperature to enhance the Fenton reaction of PtMn nanocubes. Therefore, the PtMn
nanocubes prepared in this study can enhance the Fenton reaction activity by utilizing the photothermal effect to achieve
effective combined CDT/PTT for tumor treatment. In conclusion, PtMn nanocubes were prepared for CDT/PTT
combination therapy in cancer treatment. This provides a solid foundation for the use of noble metal nanomaterials in
cancer therapy.
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