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Background: Photothermal therapy (PTT) has gained considerable interest as an emerging modality for cancer treatment in recent
years. Radiation therapy (RT) has been widely used in the clinic as a traditional treatment method. However, RT and PTT treatments
are limited by side effects and penetration depth, respectively. In addition, hypoxia within the tumor can lead to increased resistance to
treatment.

Methods: We synthesized multiple sizes of AuPt by modulating the reaction conditions. The smallest size of AuPt was selected and
modified with folic acid (FA) for PTT and RT synergy therapy. Various methods including transmission electron microscope (TEM),
X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), and Fourier transform infrared spectroscopy (FITR) are used to
determine the structure and composition of AuPt-FA (AF). In addition, we researched the photothermal properties of AF with IR
cameras and infrared lasers. Flow cytometry, colony formation assays, CCKS, and fluorescent staining for probing the treatment effect
in vitro. Also, we explored the targeting of AF by TEM and In Vivo Imaging Systems (IVIS). In vivo experiments, we record changes
in tumor volume and weight as well as staining of tumor sections (ROS, Ki67, and hematoxylin and eosin).

Results: The AuPt with particle size of 16 nm endows it with remarkably high photothermal conversion efficiency (46.84%) and catalase
activity compared to other sizes of AuPt (30 nm and 100 nm). AF alleviates hypoxia in the tumor microenvironment, leading to the
production of more reactive oxygen species (ROS) during the treatment. In addition, the therapeutic effect was significantly enhanced by
combining RT and PTT, with an apoptosis rate of 81.1% in vitro and an in vivo tumor volume reduction rate of 94.0% in vivo.
Conclusion: These results demonstrate that AF potentiates the synergistic effect of PTT and RT and has the potential for clinical
translation.
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Introduction

Cancer is one of the deadliest diseases worldwide. For nearly a century, conventional cancer treatments such as clinical
surgery, chemotherapy, and radiotherapy have been the primary modalities for cancer treatment and palliation.'
Radiotherapy (RT) uses high-energy particles to target malignant tumors in a specific region, causing direct or indirect
DNA damage to cancer cells. Metal materials with high atomic numbers can generate more free radicals under radiation
due to the effects of Compton electron scattering, secondary electron scattering, and photoelectron absorption.>
Therefore, nanoparticles such as Au, Pt, Pb, Ir, Ru, Bi, etc. are often used as radiosensitizers to enhance the efficacy
of radiotherapy.* '® Photothermal therapy (PTT) is a novel modality for cancer treatment that utilizes specific materials to
convert near-infrared (NIR) light into heat. By maintaining the temperature at 45-55 °C, PTT can disrupt the metabolism

of cancer cells and induce cell apoptosis. This modality has good specificity and stability, which has enormous clinical
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potential and has attracted considerable interest.''"'> However, RT suffers from poor specificity and high toxicity to
normal tissues adjacent to the tumor. Similarly, PTT is limited by the low penetration depth of NIR light and can only
treat superficial malignant tumors."?

The tumor microenvironment (TME) is a unique and important characteristic of solid tumors, primarily characterized
by a high concentration of glutathione and H,O,, as well as an acidic environment."* Hypoxia is another prominent
feature of solid tumors, resulting from abnormal tumor metabolism and a heterogeneous vascular network. The lack of
oxygen can significantly increase the resistance of cancer cells to therapy, underscoring the critical importance of
providing sufficient oxygen in RT and PTT. There are many ways to address tumor hypoxia resistance, including
catalyzing H,O, to generate oxygen,'> transporting oxygen to tumor cells,'® hypoxic or low pH activated drugs,'” and
photosynthesis to generate oxygen.'® All of these methods have achieved excellent results in tumor treatment.

Gold (Au, Z=79) and platinum (Pt, Z=78) are promising candidates for cancer treatment due to their applications in
radiotherapy, drug delivery, photothermal therapy, and photodynamic therapy (PDT).'* A key property of Pt is its
ability to catalyze over-expressed H,O, in the TME to produce O,, thereby alleviating hypoxia.”*>® Moreover, the
combination of Au and Pt can greatly enhance the efficiency of photothermal conversion, as Pt shifts the optical
absorption from the visible to the near-infrared (NIR) region through a spectral coupling effect.?’*® Furthermore, Au
and Pt exhibit lower cytotoxicity to the body, resulting in fewer side effects. Therefore, the application of AuPt alloy is
extremely broad in various treatments. For example, the Wang group synthesized AuPt core-shell structures for
a combination of chemotherapy and photothermal therapy,®® while the Zhang group synthesized star-like Au/Pt enzymes
for PTT and PDT.*® Wang et al reported that the AuPtAg-GOx nanocomposites acted as nanozymes for immunotherapy
and PTT,*! and Song et al fabricated biomimetic DOX/AuPt for chemo-photothermal therapy.*> However, to the best of
our knowledge, there are few studies on AuPt nanoparticles for combined PTT and RT.

Nanoparticle size is a crucial factor that affects their function and application, including their efficiency in photo-
thermal conversion, circulation time, catalytic efficiency, etc.>® The size of AuPt nanoparticles also may influences their
ability to catalyze H,O, to O,. Moglianetti et al demonstrated that 5 nm Pt nanoparticles have higher catalytic ability in
horseradish peroxidase, catalase (CAT), and superoxide dismutase than 20 nm Pt nanoparticles at the same concentration,
due to their better dispersion and specific surface area.** In addition, smaller nanoparticles can more easily penetrate the
deep regions of solid tumours, enhancing the therapeutic effect.>> Previous studies have synthesized AuPt nanoparticles

with various sizes (30-100 nm) for different therapeutic applications.®'*¢°
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Here, we synthesized smaller AuPt nanoparticles (16nm) using a one-step method by controlling the pH value,
heating temperature, proportion of composite materials, and reaction speed. Our results have shown that AuPt nano-
particles have the strongest catalytic activity compared to other sizes (30 and 100 nm) based on the rate of oxygen
production in vitro. To enhance their targeting ability for RT and PTT, we have functionalized the nanoparticles with folic
acid (FA) (Scheme 1). It is important to note that AuPt-FA (AF) possesses several advantages: i) It exhibits very low
biological toxicity and side effects and high targeting ability; ii) Its photothermal conversion rate (46.84%) is higher than
most other materials in the NIR-I window (808 nm). iii) It exhibits a brilliant energy deposition that leads to ROS
improvement (77.81%) and a significant increase in lethality in tumor cells, and iv) they exhibit a synergistic effect
(94.10% tumor elimination) when combined with radiotherapy and photothermal therapy.

Materials and Methods

Materials

HAuCl,-3H,0, H,PtCls-6H,0, Pluronic F127 (F127), dicyclohexylcarbodiimide (DCC), folic acid, N-hydroxysuccinimide
(NHS), sulfo-cyanine3, ascorbic acid (AA) were obtained from Sigma Aldrich (Shanghai, China). Fetal bovine serum (FBS),
trypsin, Phosphate buffered saline (PBS), the electron microscope fixative (2.5% glutaraldehyde) and Roswell Park Memorial
Institute (RMPI) 1640 cell culture medium were obtained from Gibco (Shanghai, China). 4% Paraformaldehyde, anti-
pimonidazole, antibody 4,6-diamidino-2-phenylindole (DAPI), Cell counting Kit 8 (CCK 8), crystal violet staining solution,
0.1% Triton-X100,y-H2AX antibody, caspase 3 antibodies were purchased from Invitrogen Corp. (CA., USA). The other
materials used in vivo and vitro experiments were obtained from Sinopharm Chemical Reagent (China) and Aladdin-Reagent
(China).

Ascorbic acid Folic acid

AuPt AuPt-FA (AF)

+

apoptosis
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Damage
X-ray ROSf
HAuCI
® ¢ NIR 3 78
O H,PtCl,
O F127
Scheme | Synthesis of AF and its application in alleviating hypoxia for photothermal and radiation therapy.
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Material Characterization

Transmission electron microscope (TEM) (JEM-2100plus, Japan) was used to observe the morphology and structure of
nanoparticles. Phase structures were acquired by X-ray diffraction (XRD) (Bruker, XPert Pro, Netherlands). X-ray photo-
electron spectroscopy (XPS) (ESCA-LAB250Xi, Thermo Fisher Ltd., USA) was used to analyze element composition. The
zeta potential of nanoparticles was obtained by dynamic light scattering (DLS) (Zetasizer Nano ZSP, Malvern Instruments,
UK). Characteristic peak analysis using Fourier transform infrared spectroscopy (FTIR) (Nicolet 5700, Thermo Fisher Ltd.,
USA). The optical absorbance of nanoparticles was measured by UV-visible-NIR spectrophotometer (UV-2550, Shimadzu,
Japan). The concentration of gold and platinum was analyzed on ICP-MS (7500a, Agilent Technology Ltd., USA).

Synthesis of AF

The AuPt nanoparticles were prepared in one step: Briefly, 1.0 mL of H,PtCls (10 mM) solution and 1.0 mL of HAuCl,
(10 mM) were mixed with 40 mL DI water and 0.015 g of Pluronic F127 in a 50 mL glass bottle. The solution was
sonicated for 20 min and NaOH (1 M) was added to adjust the pH. Afterwards, AA solution (0.5 mL, 0.6 M) was added
and stirred for 3 h. After aging for 24 h, products were collected by centrifuge at 16,000 rpm for 5 min. The collected
black materials were washed with DI water and ethanol three times before being dried. Keep the ratio of Au and Pt
unchanged, and obtain AuPt of other sizes (30,100 nm) by changing the values of F127 and pH.

To successfully couple folic acid to AuPt, folic acid (60 mg), DDC (25 mg) and sulfo-NHS (25 mg) were mixed with
40mL of ethanol stirred overnight in dark for 48 h. Afterwards, AuPt (50 mg) was added to the solution and continued to
stir and ultrasonic. After aging for 10 h, materials were dialyzed and collected. Before completing experiments and tests,
the material is stored away from light.*

O, Catalyze Measurements of AF

The ability of materials in O, generation was investigated. H,O, (3.2 mM) and AF (100 pg/mL) were dissolved in 5 mL
of PBS. An oxygen probe (DOG-3082 oxygen dissolving meter) was used to monitor the generation of oxygen
every minute.

In vitro Photothermal Performance Studies

AF with different concentrations (0, 12.5, 25, 50, and 100 pg/mL) dispersed in PBS was irradiated by an 808 nm laser
with the energy density of 1.0 W/ecm?. The temperature was recorded by an IR camera thermal graphic system (HBT-2A,
Hao Bo Technology, China), and the time interval for each observation was 30s. Besides, the temperature change was
monitored for the same concentration (100 pg/mL) at different energy densities (0.75, 1, 1.5 and 2 W/cm?). Then, the
ON/OFF cycle irradiation experiment was completed to test the stability of AF photothermal conversion. The AF (100
pg/mL) solution was irradiated by laser (808 nm, 1 W/ecm?, 5 min), and data were recorded when the solution cooled
down to room temperature. This cycle was repeated 6 times.

Cell Culture

The 4T1 (mouse breast cancer cell line) purchased commercially from the Cell Bank of the Chinese Academy of
Sciences were selected for cell experiments. The 4T1 cells were cultured in medium 1640 with 10% fetal bovine serum,
1% antibiotics (penicillin-streptomycin, 10,000 U/mL ") at 37 °C in a proper atmosphere with 5% CO,. The cells were
seeded into 96-well or 6-well plates for different vitro experiments.

Cellular Uptake and Cytotoxicity of AF in vitro

To study the intracellular uptake of AF, cells (10° cells per well) were incubated in 6-well for 24 h and then cultured with
AF or AuPt for 4 h. Then, the medium was removed and the electron microscope fixative (2.5% glutaraldehyde) was
added for 10 min. The cells were collected and scraped from the culture dish by cell scraping. After centrifugation (1000
r/min, 5 min) and removal of the supernatant, 2 mL new electron microscope fixative was added and the cells were
continuously fixed for 2h at room temperature, and finally observed by microscope.
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The apoptosis situation and cytotoxicity were studied. 5x10° 4T1 cells were cultured in 6-well for 24 h. Afterwards,
cells were cultured with different concentrations of AF (0, 50, 100, 150, and 200 pg/mL) for 24 h. Subsequently, cells
were harvested and collected by centrifuging (2000 rpm, 5 min). After cells being washed three times with PBS and
dispersed in 500 pL binding buffer, Annexin V-FITC and PI were used to stain cells. Cell viability was analyzed by
a flow cytometer (cytoFlex S, BECKMAN, USA).

Colony Formation Assay

The long-term toxicity of different concentrations of AF to cells and the radiosensitivity enhancement ability were
investigated through cloning formation assay. 4T1 cells (1000 cells per well) were seeded in 6-well plates and treated by
AF (0, 50, 100, and 200 pg/mL) for 5 h. After being treated by ionizing radiation (6 Gy), cells continuously were cultured
for 8 days with the new medium. Finally, crystal violet was used to stain the cell clone cluster. The survival fraction is
obtained by counting the number of cell clones and comparing it with the control group.

Synergistic Therapeutic Effects in vitro

To study survival rate and combine therapy performance. About 2x 10° 4T1 cells per well were seeded in 96-well plates
for 24 h. Cells were treated by AF (0, 50, 100, 150, and 200 pg/mL) and irradiated with or without 808nm laser (1 W/
cm?, 5 min) and X-ray (6 Gy). After treatment for 24 h, 10 uL of CCK 8 was added and incubated for 2 h. UV-visible—
NIR spectrophotometer was used to analyze the optical density (OD) at 450 nm, and the survival rate was calculated
according to the formula:

Cell Vlablhty = (ODExperimental group*ODBlank)/(ODContrOI*ODBlank) x100% (l)

DNA Damage and Live/Dead Stain

4T1 cells were cultured in 24-well plates for 24 h at 37 °C. Cells were treated with (i) PBS, (ii) RT (6 Gy), (iii) AF, (iv)
AF+NIR (808 nm,1 W/em?,5 min), (v) AF+RT, (vi) AF+RT+NIR. After different treatments for 3 h, the cells were fixed
by paraformaldehyde for 15 minutes and washed with PBS three times, then treated with 0.2% Triton X for 5 min and
washed with PBS three times again. The cells were treated with 5% BSA as a block buffer for 2h. Finally, diluted DAPI
(1:500) and y-H,AX antibodies were used to stain cells. Images were observed and analyzed through a fluorescence
microscope (IX81) and the software Image]. Also, Calcein-AM/PI was applied to stain live/dead cells.

Flow Cytometry Measurements for ROS

4TI cells (10° cells per well) were incubated in 6-well for 24h. After being treated by medium with AF (100 pug/mL) for
4 h, cells were divided into 6 groups: (i) Control, (ii) RT, (iii) AF, (iv) AF+NIR, (v) AF+RT, (vi) AF+RT+NIR. After
treatment with or without X-ray (6 Gy) and 808 nm laser (1 W/cm? 5 min) for 30 min, cells were incubated with 20,70-
dichlorofluorescein diacetate (DCFH-DA) solution (10 uM) after collected. Serum-free medium was used to wash the
residue DCFH-DA three times. Finally, the generation of ROS was recorded by a flow cytometer.

Establish of Subcutaneous Tumour-Bearing Model

4T1 tumor model was established in female BALB/c mice aged 45 weeks and purchased from Vital River Company
(Beijing, China). All vivo experiments were proved by Wuhan University Animal Care Facility and National Institutions of
Health Guidelines. 100 pL of PBS containing 1x107 4T1 cells were subcutaneously injected into the left hind leg of mice.

In vivo Target and Photothermal Effect

When tumors reached 80 mm?, 1mg/mL Cy3-AF and Cy3-AuPt were dissolved in 100uL PBS and injected intravenously.
After 12 hours, the IVIS system (PerkinElmer IVIS Lumina LT Series I1I) was used to detect the distribution of materials
in mice.To test the photothermal effect in vivo, two groups of mice with different treatments (100 uL PBS,100 uL. AF
(1 mg/mL)) were irradiated (808 nm, 1 W/ecm?® 5 min) and temperature changes are recorded by IR camera.
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In vivo Antitumor Experiment

After the tumor volume reached about 200 mm?>, all mice were separated into 5 groups (5 mice per group): (i) PBS
(Control), (i) RT, (iii) NDs + NIR, (iv) NDs + RT, (v) NDs + NIR + RT. The PBS (200 pL) and 1 mg/mL of AF (200 uL)
were injected into the tail vein. After 24 h, the mice of the group (ii) and (v) were irradiated by a laser (808 nm, 1 W /
cm?, 5 min) and the mice of the group (ii), (iv) and (v) were treated by X-ray (6 Gy). Subsequently, Body weight and
tumor volume were recorded every 3 days, the formula was used to calculate tumor volume: tumor volume = tumor
lengthxtumor width?/2.

In addition, to detect ROS production in tumor cells, the fluorescent dye DHE (10 uM, 50 pL) was injected
intravenously into mice. The mice were sacrificed on the 19" day after various treatments. The blood and various
organs including heart, liver, spleen, lungs and kidneys of mice were collected and analyzed. Tumour samples were
collected and stored in paraffin. After tumors were cut into thick sections, hematoxylin and eosin (H&E) staining, Ki67

detection, and ROS staining analysis were used to observe the effect of treatment and toxicity on mice.

Statistical Analysis
Data analyses were conducted using the GraphPad Prism 8.0 software. Significance between every two groups was
calculated by the Student’s #-test. *P < 0.05, **P < 0.01, ***P < 0.005.

Result and Discussion
Synthesis and Characterization of AF

Nanoscale AuPt was obtained through a one-step synthesis. Briefly, F127 was used as a growth template, and AA was
used as a reducing agent to reduce HAuCl, and H,PtCls.*' By adjusting the concentration, stirring speed, temperature,
and pH value, small AuPt nanoparticles were obtained, with sizes mostly ranging from 12 nm to 24 nm and an average
diameter of 16 nm, as shown by transmission electron microscopy (TEM) (Figure la) and size distribution statistics
(Figure 1b). Moreover, High-resolution TEM images revealed lattice fringes with interplanar spacings of 0.236 nm for
Au (111) and 0.201 nm for Pt (200), indicating a face-centered cubic (fcc) structure. Additionally, the electron scanning
mapping diagram (Figure 1c) showed that Au and Pt were uniformly distributed throughout the material, rather than
forming a similar core-shell structure.**** Energy dispersive X-ray spectrometry (EDX) indicated that the mass
percentage of Au and Pt was approximately 60.78% and 39.22%, respectively (Figure S1).

X-ray photoelectron spectroscopy (XPS) images (Figures 2a,b and S2) showed peaks at 87.7 eV (4fs5,), 84.0 eV
(4f7,) of Au element and at 74.6 eV (4f55,), 71.3 eV (4f;),) for the Pt element. According to X-ray power dispersion
(XRD), the peaks of Pt ((111), (200), (220)) and Au ((111), (200), (220), and (311)) are clearly shown in Figure 2c,
consistent with the standard values. During the preparation process, folate was activated and connected to AuPt through
a reaction with DCC and sulphur-NH,. After centrifugation and freeze-drying, the resulting product, AF, was obtained
and stored. To confirm the successful connection of FA ligands to AuPt, we compared the characteristic peaks of AF, FA,
and AuPt using Fourier transform infrared (FTIR) spectroscopy. Folic acid has a benzene ring structure that typically
exhibits 2—4 absorption peaks between 1450 cm ™' and 1600 cm™'. Figure 2d shows that AF has corresponding absorption
peaks, indicating the successful modification of FA. The zeta potential of AuPt changed from —16.66 eV to —20.17 eV
after FA modification (Figure 2e), indicating the successful attachment of FA (—48.3 eV). The higher zeta potential
implies a stronger repulsive force between nanoparticle surfaces and a more uniform dispersion in solution. We compared
the changes in AuPt and AF solution before and after adding PBS solution for 24 h and observed that the folate ligand
effectively promoted the dispersion of nanoparticles in PBS (Figure S3). From the images, it is evident that the AuPt
group quickly aggregated in the PBS, forming a visible block and precipitating to the bottom of the glass bottle. This
would reduce the catalytic and photothermal functions of the nanoparticles. In contrast, the AF solution remained stable
in PBS. The UV-vis absorption spectrum (Figure 2f) at 300-900 nm with varying concentrations of AF (25, 50, 100, and
200 pg/mL) displayed a strong and flat light absorption spectrum, particularly at 808 nm, which is the laser wavelength
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Figure | (a) TEM and HRTEM image of AuPt. (b) Statistical graph displaying the measured diameter of AuPt. (c—e) Element mapping image of AuPt nanoparticles.
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Figure 2 (a and b) XPS spectra in the Au 4f and Pt 4f regions. (c) XRD patterns of AuPt. (d) FTIR spectra of AuPt-FA, AuPt and FA. (e) Zeta potential of AuPt, AuPt-FA,
and FA. (f) Concentration-dependent UV-vis—NIR absorption of AF.

selected for photothermal therapy. Higher light absorption results in a more efficient conversion of light energy into heat
energy, which is more effective in killing cancer cells.**

The ability of AuPt nanoparticles with different sizes to catalyze H,O, to generate O, was investigated. We obtained
AuPt nanoparticles of about 30 and 100 nm by varying the concentration, pH value, and composite materials, as shown
by TEM images (Figure S4a and c). The EDS diagrams (Figure S4b and d) revealed that the Pt content in AuPt (30 nm)
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and AuPt (100 nm) was about 38.33% and 32.74%, respectively, which were lower than the 39.22% of AuPt (16 nm). We
then measured the oxygen generation rate of 100 pg/mL of AuPt nanoparticles of different sizes in 10 mM H,0, using
a portable dissolved oxygen meter as indicated in Figure 3a. We observed significant differences in the catalytic enzyme
activity among the three sizes of materials. After 10 min of reaction, 100 pg/mL of AuPt (16, 30, and 100 nm)
respectively catalyzed H,O, to produce about 10.87, 13.91, and 15.8 mg/L oxygen, with no significant change in the
control group. These results indicate that AuPt (16 nm) exhibited the highest catalase-like activity, which could be
attributed to its larger surface area and higher Pt content.*> Moreover, we explored the catalase-like activity of 16 nm
AuPt with different concentrations (0, 50, and 100 pg/mL), and the results are presented in Figure 3b, which indicated
that higher concentrations resulted in faster O, production.

Photothermal Conversion in vitro

We further investigated the photothermal capacity of AF in vitro. AF samples with varying concentrations (0, 12.5, 25,
50, and 100 pg/mL) were irradiated with an 808 nm laser for 7 min (1 W/cm?), and the temperature changes over time
were recorded using infrared cameras (Figure 3c). The result showed rapid and concentration-dependent temperature
increases, followed by gradual plateaus due to heat dissipation. After 7 min, the temperature increased by 25.7, 18.5,
12.9, and 6.9 °C, for the groups with different concentrations, while the control group displayed almost no temperature
change. Additionally, we tested the speed of temperature increase of AF under different light powers (0, 0.75, 1, 1.5, and
2 W/em?). The temperature slowly rose to 10 °C with 0.75 W/cm? power irradiation and quickly rose to 49.5 °C with 2
W/em? power, as shown in Figure S5. High power radiation led to a faster temperature rise. To assess the photothermal
stability of AF, we subjected the material to 6 heat/cool cycles, with each cycle lasting for 13 min. The temperature
change curve in each cycle was consistent, as shown in Figure 3d, indicating that the material was stable under an 808
nm laser. U sing the calculation formula of photothermal conversion and the absorbance of AF at 808 nm, we obtained
a photothermal conversion rate of 46.84% based on the material cooling curve (Figure 3¢ and f).**” This value was
higher compared to larger AuPt nanoparticles (44.2% for ~30 nm and 41.3% for ~100 nm),”** as well as most other
materials such as Au (38.5%),*® black phosphorous (BP) (24.9%),* and Ni,S (43.8%),’® etc. Overall, these findings
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Figure 3 (a) Oxygen generation in H,O, solution (10 mM) with AuPt of different sizes at pH 6.75. Data points represent mean * s.d. (n = 3). (b) Oxygen generation in
H,O; solution (10 mM) using different concentrations of AuPt nanoparticles. Data points represent mean * s.d. (n = 3). (c) Temperature increases of AF solutions under
NIR irradiation (808 nm, | Wiem?, 7 min). (d) Six on/off cycles of NIR laser irradiation. (e and f) Heating and cooling curves and linear fitting of AF.
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demonstrate that AF possesses exceptional photothermal conversion and stability for PTT, indicating its potential for
killing tumor cells.

Cellular Uptake and Cytotoxicity of AF in vitro

After successfully synthesizing AF, we investigated its cellular uptake and cytotoxicity at various concentrations in vitro.
To verify the targeting ability of AF to tumor cells, we cultured AF and AuPt (50 pg/mL) with 4T1 cells for 4h. The
resulting microscope images (Figure 4a and b) revealed that more nanoparticles were present around the cells in the AF
group compared to the AuPt group. Next, 4T1 cells were treated with varying concentrations of AF (0, 50, 100, 150, and
200 pg/mL) for 24 h, followed by staining with Annexin V-FITC/PI Apoptosis Detection Kit, and analysis by flow
cytometry. As illustrated in Figure 4c, AF exhibited excellent biological compatibility at various concentrations. Even
when cultured with 200 pg/mL of AF, the cells maintained an 82.49% survival rate.

Therapeutic Effects of RT and PTT in vitro

We performed colony formation assays to determine the radiosensitizing effect of AF nanoparticles in the long term. We
investigated the effect of different concentrations of AF (0, 50, 100, 200 pg/mL) on cell proliferation and radiosensitivity
enhancement under 6 Gy radiation. Figures 4d and S6 illustrates that AF nanoparticles had no significant effect on cell
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Figure 4 (a and b) The TEM micrographs after a 4h incubation with AuPt and AF. (c) the survival rate of 4T cells after being cultured with different concentrations of AF.
Data points represent mean * s.d. (n = 3). (d) Clonogenic cell survival fraction of 4T | cells after exposure to different concentrations of AF and RT (6Gy). Data points
represent mean * s.d. (n = 3). (e) Cell viability of 4T cells after different treatments for 24 h. Data points represent mean * s.d. (n = 5). (f) Fluorescence staining diagram of
DAPI/y-H,AX and Live/Dead after different treatments. The nuclei were stained with DAPI (blue), DSBs were stained with y-H,AX (red), and live cells were stained green,
while dead cells were stained red. Statistical significance was evaluated using an unpaired Student’s t-test. ***p < 0.001.
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proliferation without radiation. However, it reduced the colony formation rate of irradiated cells in a concentration-
dependent manner. After 6 Gy irradiation, the cell colony formation rate was 25.3%, 16.1%, and 6.8%, respectively,
corresponding to each concentration. Compared with the only RT group (38.0%), the survival rate was reduced by
33.5%, 57.7%, and 82.9%, demonstrating a significant improvement in long-term treatment efficacy by AF.

We then performed CCKS assays to further investigate the effect of photothermal and radiotherapy at different
concentrations (0, 50, 100, 150, and 200 pg/mL), and treatment methods (AF, AF+RT, AF+NIR, and AF+NIR+RT). As
shown in Figure 4e, even at a low concentration of 50 pg/mL, AF significantly increased lethality compared with the
control group, from 95.0% to 86.7% (RT), from 96.9% to 89.1% (NIR), and from 91.1% to 74.9% (RT+NIR).
Remarkably, at a concentration of 200 pg/mL, AF exhibited a significant therapeutic effect with about 80% of cancer
cells killed only one day after RT and NIR treatment, demonstrating a synergistic therapeutic effect with great potential
for medical application.

To investigate the damage within cells, we used immunofluorescence staining and fluorescence microscopy to
examine the synergistic effect of AF on RT and PTT. DNA double-strand (DBS) breaks play a significant role in
DNA damage, and are the main reason for inducing cell apoptosis. The degree of DBS breaks in cells was qualitatively
analyzed by measuring the intensity of y-H,AX, while the nucleus was stained with DAPI. As shown in Figure 4f, the
signal of y-H,AX in the RT group did not change significantly, indicating low damage after only RT. In contrast, strong
fluorescent signals were observed in the RT+PTT synergistic group, indicating that the nanoparticles effectively damaged
DNA in the target cells as radiosensitizers and photothermal agents. To better visualize the effect of different treatment
methods for AF, live/dead cells were stained with calcein (AM)/propidium iodide (PI). The staining results also
demonstrated the synergetic therapeutic effect of AF.

The probe DCFH-DA test also demonstrated the same results, showing the ROS produced in cells after various
treatments of AF (100 pg/mL), including control, AF, RT, AF+NIR, AF+RT, and AF+NIR+RT. ROS plays an extremely
important role in cell metabolism and growth and is closely related to cell senescence, reproduction, and death. Excessive
ROS can result in excessive oxidation of cells, DNA damage, and metabolic dysfunction, eventually leading to cell
death.”! The size and shape of the peak indicated that the ROS in cells had significantly improved compared to the
control group after treatment with RT (7.12%) and AF+RT (12.66%) (Figure S7). Upon calculation, it can be deduced
that the increase in ROS increased by 77.81% with AF treatment. In addition, the ROS of the AF+RT+PTT group
increased by 26.64%, exceeding the sum of AF+RT and AF+PTT (23.11%), suggesting that RT and PTT had
a synergistic effect of 1+1 greater than 2 under certain conditions.

In vivo Targeting and Photothermal Effect

To investigate AF targeting in mice, Cy3 was labeled with AF and AuPt and injected intravenously. After 12 h, we
observed the AF signal in the tumour area using IVIS imaging (Figure 5a). The AF signal was approximately twice as
strong as that of AuPt, indicating excellent in vivo targeting. To confirm AF accumulation in the tumor and its
photothermal effect in vivo, AF (1 mg/mL) was intravenously injected into the tail of mice and PBS into the control
group. After irradiation, the temperature of the tumor area in the AF group rose significantly, from 23 °C to 50 °C for 5
min, compared to that in the control group (Figure 5b). These results confirm AF’s targeting and photothermal effect
in vivo.

In vivo RT and PTT Synergistic Treatment

To further investigate the therapeutic effect of AF in vivo, we established BALB/c mouse tumor models. Tumour size and
body weight, which reflect the health of mice, were recorded daily (Figure 5c¢ and d). As shown in Figure 5d, the tumor
volume of the control group increased rapidly from 207 mm? to 1449 mm®, a seven-fold increase by day 19. Moreover, the
RT group showed weak tumor growth inhibition (with a ratio of 79.1% compared to the control group) compared with the
AF+RT and AF+NIR groups, which had inhibition rates of 54.5% and 55.5%, respectively. These results demonstrate that
AF can enhance the effects of both radiotherapy and photothermal therapy in vivo. However, although AF significantly
enhanced tumor damage during RT or NIR treatment, the tumor volume still increased slowly. Notably, after RT and PTT
synergistic treatment, the tumor volume was only about 87.4 mm®, equivalent to a 6.0% reduction compared to the control
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Figure 5 (a) IVIS imaging of mice 4 h after AF and AuPt injection. (b) Real-time photothermal images. (c) Body weight curves. Data points represent mean * s.d. (n = 5). (d)
Tumor volume for the five groups. (e) Tumor weight curves. Data points represent mean * s.d. (n = 5). (f) ROS, K167, and H&E staining of the tumor area. Statistical
significance was evaluated using an unpaired Student’s t-test. ***p < 0.001.

group. After 19 days, the mice were euthanized and the tumors were completely removed for morphological analysis. The
changes in tumor weight in mice also support our findings, as shown in Figure Se. In order to study the metabolism of AF in
mice, blood was drawn at different times (0, 1, 2, 4, 8, 12, and 24h) to measure AF levels after intravenous injection. As
shown in Figure S8a, the AF content in mice decreased by nearly half after about 4h. In addition, after the mice were
euthanized, the AF content in various organs including heart, liver, spleen, lung, kidney and tumor was examined, and it
was found that the AF was mainly concentrated in the liver (Figure S8b).
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After slicing the tumors, ROS, hematoxylin and eosin staining, and Ki97 were used to analyze the apoptosis and
growth of tumor cells (Figure 5f). The results indicated that a large number of tumor cells underwent apoptosis and ROS
generation in group AF+NIR+RT, followed by group AF+RT and group AF+NIR, which suggests that AF can enhance
the treatment effect for tumors. Additionally, the Ki67 stain revealed that cell growth was significantly inhibited after the
synergistic treatment of RT and NIR. Furthermore, blood routine tests (including creatinine (CREA), blood urea nitrogen
(BUN), aspartate aminotransferase (AST), and alanine aminotransferase (ALT)) were conducted to examine the effects of
AF on the mice, and no significant changes were observed compared to the control group (Figure S9).

Conclusion

In this work, we synthesized novel AuPt nanoparticles in a single step and demonstrated their potential for combined RT
and PTT treatment. These nanoparticles were smaller in size than conventional ones, resulting in better photothermal
conversion and CAT enzyme activity. Additionally, we modified the nanoparticles with FA, which allowed for the
accurate targeting of cancer cells. In both in vitro and in vivo experiments, AF exhibited good biocompatibility and
excellent photothermal and radiotherapy performance. We also found that AF alleviated hypoxia by catalysing the
overexpression of H,O, in the TME, which significantly improved the therapeutic effect on tumours. In summary, our
results suggest that AF has great promise for cancer RT and PTT.
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