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Experimental section:
Cy5.5-labeled Bi2S3@C/Fe3O4 NPs

Amino modification of Bi₂S₃@C/Fe₃O₄ nanoparticles: First, Bi₂S₃@C/Fe₃O₄ 

nanoparticles were dispersed in an ethanol/water mixed solution (volume ratio 1:1). 3-

Aminopropyltriethoxysilane (APTES) was added to the dispersion at a concentration 

of 0.5 wt%, and the mixture was stirred at 60°C for 2–4 hours. This step introduced 

amino (-NH₂) groups onto the surface of the nanoparticles, providing reactive sites for 

subsequent dye conjugation. Conjugation of Cy5.5-NHS ester to amino-modified 

nanoparticles: The amino-modified Bi₂S₃@C/Fe₃O₄ nanoparticles were dispersed in 

PBS buffer (pH 7.4) at a concentration of 5 mg/mL and ultrasonicated for 10 minutes 

to prevent aggregation. Cy5.5-NHS ester (dissolved in a small volume of DMSO) was 

then added to the dispersion at a molar ratio of 1:10 (Cy5.5-NHS ester : nanoparticles). 

The mixture was shaken at room temperature for 2 hours in the dark, allowing the NHS 

ester group of Cy5.5 to react with the amino groups on the nanoparticles and form stable 

amide bonds. Purification of labeled nanoparticles: Unreacted Cy5.5-NHS ester was 

removed by dialysis using a dialysis bag with a molecular weight cutoff of 10 kDa, 

ensuring only Cy5.5-covalently labeled Bi₂S₃@C/Fe₃O₄ nanoparticles were retained 

for subsequent in vivo imaging experiments.

Magnetic targeted helmet production

Thin-layer CT scan was performed on the brain of mouse, and the helmet shape was 

designed for mouse according to the 3D reconstruction data of CT scan. Resin mouse 

helmet was constructed using 3D printing technology, and a NdFeB magnet (diameter: 

7 mm, height: 2 mm) was placed on the top of the helmet. The mouse wore helmet for 

12 h after each injection.

Histopathological evaluation of organ tissues

After 14 days of treatment, the mice were sacrificed and main organ tissues (heart, liver, 
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spleen, lung, and kidney) were collected for pathology analysis using the same tissue 

dissection process, and later subjected to hematoxylin and eosin (H&E) staining.
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Figure S1. HR-TEM image of Bi2S3@C/Fe3O4 NPs.
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Figure S2. Oxygen storage performance of Bi2S3@C/Fe3O4 NPs.

Hypoxia is a hallmark of solid tumors[1, 2], significantly enhancing cancer cells’ 

resistance to therapeutic interventions. This underscores the critical importance of 

adequate oxygenation in radiation therapy (RT) and radiotherapy (PTT). Liquid 

perfluorocarbon (PFC) possesses the unique ability to dissolve substantial amounts of 

oxygen and function as efficient oxygen carriers, making them suitable candidates for 

blood substitutes[3, 4, 5]. Near-infrared (NIR) light can induce rapid release of 

dissolved oxygen, leading to immediate oxidation, which is crucial for overcoming 

hypoxia-induced resistance to RT[6, 7, 8]. The yolk-shell structure of Bi2S3@C/Fe3O4 

NPs allows for effective PFC loading. Given that Bi2S3@C/Fe3O4 NPs have been 

validated as effective photothermal agents, they generate heat under NIR laser 

irradiation, thereby increasing the temperature and promoting the release of oxygen 

from the PFC-loaded NPs.

Upon adding NPs@PFC+O2 to deoxygenated water and irradiating the solution with 

an NIR laser, we observed a significant increase in oxygen concentration in real-time, 

as depicted in Figure S2. In contrast, the oxygen concentration decreased gradually in 

the absence of laser exposure. Unlike the open system used in these experiments, actual 

tumors represent a relatively closed environment, where the oxygen released by 

NPs@PFC+O2 may persist longer, enhancing tumor oxygenation and providing novel 

strategies for improving the hypoxic tumor microenvironment.
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Figure S3. TEM images of Bi2S3@C/Fe3O4 NPs endocytosed by U87MG-Luc cells 

after 6 h.
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Figure S4. (a) Model diagram and (b) physical image of the mouse magnetic helmet.
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Figure S5. Schematic diagram of photothermal therapy and radiotherapy for U87MG-

Luc tumor-bearing mice.
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Figure S6. H&E assay images of major organs from each group after 14 days of 

treatment.

Figure S7. The changes of mouse body weight post received various treatments.

Figure S8. Serum levels of alanine aminotransferase (ALT), aspartate 

aminotransferase (AST), and blood urea nitrogen (BUN) in mice during the treatment 

process.
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Figure S9. Dynamic light scattering analysis of the nanoparticles, showing the 

intensity-weighted hydrodynamic diameter (D=171.0nm) and polydispersity index 

(PDI = 0.170), which indicates excellent dispersion and stability.

Figure S10. Quantitative analysis of DNA damage in different treatment groups.

Figure S11. Quantitative analysis of fluorescence intensity in the intracranial region of 
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U87MG-Luc tumor-bearing mice injected with Cy5.5-labeled Bi₂S₃@C/Fe₃O₄ NPs.
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