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Experimental methods
In vitro cellular internalization: To facilitate the tracking of DCP within SCC-7 cells, DCP was fluorescently labeled with FITC. Briefly, 1 mL of FITC solution (1 mg/mL) was added dropwise into 1 mL of DCP suspension (2 mg/mL). The mixture was stirred continuously for 12 h in the dark, followed by centrifugating and washing with PBS for several times. For flow cytometry analysis, the SCC-7 cells were seeded into 12-well plates at a density of 1.0×105 cells per well and cultured overnight. Subsequently, the cells were incubated with 200 μg/mL DCP for different times (1, 2, 4, and 6 h). Next, the cells were harvested, washed with PBS, and analyzed using a flow cytometer (FACSVerse, BD, USA). For confocal observation, the cells subjected to the same treatments were fixed by 4% PFA, stained with DAPI and imaged using a confocal laser scanning microscope (CLSM, Axio-Imager LSM-800, Zeiss, Germany).
In vitro evaluation of O2 supply and GSH depletion: The O2-generating capability of DCP in SCC-7 cells was assessed using [Ru(dpp)3]Cl2 probe. Briefly, cells were seeded into 12-well plates at a density of 1.0×105 cells per well and cultured for 24 h. Subsequently, the cells were incubated with DLMSNs, DC, or DCP (at an equivalent DLMSNs concentration of 200 μg/mL) for 4 h. Following the treatments, the cells were incubated with [Ru(dpp)3]Cl2 (10 μg/mL) and then stained with DAPI for nuclear visualization. The red luminescence of [Ru(dpp)3]Cl2 was observed using CLSM.
Next, intracellular GSH depletion was quantified using Ellman’s reagent (DTNB). SCC-7 cells were seeded and treated as described above. After 12 h of incubation, the cells were washed three times with cold PBS and thoroughly lysed with a lysis buffer. The cell lysates were centrifuged, and the supernatants were collected and reacted with 5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB, 0.1 mmol/L). The absorbance at 412 nm was measured using a Multiskan GO reader (Thermo Fisher). The intracellular GSH concentrations were subsequently calculated according to a standard curve.
In vitro intracellular ROS detection: The intracellular generation of ROS was evaluated using 2’,7’-dichlorofluorescein diacetate (DCFH-DA) probe. SCC-7 cells were seeded into 12-well plates at a density of 1.0×105 cells per well and cultured for 24 h. Subsequently, cells were incubated with various formulations for 4 h. The concentrations of DLMSNs, DC, and DCP were set at 200 μg/mL, while PgCW was normalized to an equivalent hemin concentration (40 μg/mL) as that in the DCP group. For sonodynamic treatment, the corresponding groups were subjected to US irradiation (1.0 W/cm2, 1.0 MHz) for 5 min. After an additional 12 h of incubation, the cells were processed for ROS quantification and visualization. For flow cytometric analysis, the cells were stained with DCFH-DA (10 μmol/L) in serum-free medium for 30 min at 37 °C. After washing three times with PBS, the cells were harvested and the green fluorescence of DCF was quantified using a flow cytometer. For confocal observation, the cells subjected to the same treatments were fixed by 4% PFA, stained with DAPI and imaged using a CLSM.
Intracellular LPO detection assay: SCC-7 cells were seeded into confocal imaging dishes at a density of 1.0×105 cells per dish and subjected to the indicated treatments. Subsequently, the cells were incubated with the BODIPY 581/591 C11 probe (2 μmol/L, Beyotime, China) at 37 °C for 30 min in the dark. After removing the staining solution, the cells were washed twice with PBS. For nuclear visualization, the cells were counterstained with DAPI for 10 min at 37 °C. After two additional washes with PBS, the intracellular fluorescence signals were immediately visualized using CLSM.
Western blot analysis of GPX4: SCC-7 cells were seeded into 12-well plates (1.0×105 cells per well) and subjected to the indicated treatments. After 12 h of incubation, the cells were washed with cold PBS and lysed on ice for 1 h using SDS lysis buffer supplemented with a protease inhibitor cocktail (50:1, v/v). The lysates were centrifuged at 12,000 rpm for 10 min at 4℃, and the supernatants were collected. Protein concentrations were determined using a BCA Protein Assay Kit (SparkJade, Shandong, China).
For protein separation, 20 µg of total protein per sample was loaded onto 4–12% SDS-PAGE gels (Smart-Lifesciences, Changzhou, China) and separated via electrophoresis at 120 V for 40 min. The proteins were then transferred onto activated PVDF membranes at 250 mA for 1 h. The membranes were blocked with 5% BSA in TBST for 2 h at room temperature. Subsequently, the membranes were incubated overnight at 4℃ with primary antibodies against GPX4 (1:1000, Proteintech, Wuhan, China) and anti-β-actin (1:1000, Bioss, Beijing, China). After washing three times with TBST, the membranes were incubated with an HRP-conjugated goat anti-rabbit IgG secondary antibody (1:5000, SparkJade, China) for 2 h at room temperature. The protein bands were visualized using an ultra-sensitive ECL reagent (Meilunbio, Dalian, China) and imaged with a Tanon 3500 Chemiluminescence Imaging System.
Intracellular calcium overload assay: SCC-7 cells were seeded into 12-well plates and cultured overnight for adherent growth. The cells were then incubated with DLMSNs, DC, or DCP (at an equivalent DLMSNs concentration of 200 μg/mL) for 4 h. After the treatments, the cells were incubated with Fluo-4 AM (5 μmol/L, Beyotime, China) in serum-free medium for 30 min at 37 °C in the dark. Subsequently, the nuclei were counterstained with DAPI (Beyotime, China) for 10 min. Finally, the fluorescence images were recorded using CLSM.
Mitochondrial integrity assay: SCC-7 cells were seeded into confocal imaging dishes and cultured overnight. The cells were then incubated with DLMSNs, DC, DC + BAPTA-AM (10 μmol/L, SparkJade, Shandong, China) or DCP (at an equivalent DLMSNs concentration of 200 μg/mL) for 4 h After 12 h of incubation, the cells were washed with PBS and incubated with a JC-1 working solution (10 μg/mL) for 20 min at 37 °C in the dark. After being rinsed twice with PBS, the cells were immediately visualized using CLSM.
In vitro antitumor efficacy evaluation: Following a standard MTT assay protocol reported previously [1], SCC-7 cells were seeded in 96-well plates at a density of 5×103 cells per well and cultured for 24 h. For inhibitor groups, cells were pre-treated with 10 μmol/L BAPTA-AM or 2 μmol/L Fer-1 (SparkJade, Shandong, China) for 1 h. The cells were then incubated with various concentrations of DLMSNs, DC, DC, or DCP (50, 100, 150, and 200 μg/mL based on the DLMSNs carrier) for 4 h. For the ultrasound groups, the cells were exposed to US irradiation (1.0 W/cm2, 1.0 MHz) for 5 min. After an additional 24 h of incubation, 20 μL of MTT solution (5 mg/mL) was added to each well and incubated for 4 h. The culture medium was then replaced with 150 μL of DMSO to dissolve the formazan crystals. The absorbance at 490 nm was measured using a microplate reader to determine cell viability. Furthermore, the cytotoxicity of PgCW was evaluated using the same protocol at a fixed concentration of 40 μg/mL (normalized to the hemin content).
To visually assess the treatment efficacy, a Calcein-AM/PI double staining assay was performed. SCC-7 cells were seeded in 12-well plates and subjected to the same treatments as described above. After 24 h of incubation, the cells were washed with PBS and incubated with a working solution containing Calcein-AM (2 μmol/L) and PI (4 μmol/L) for 30 min at 37 °C in the dark. The live (green) and dead (red) cells were subsequently visualized using a fluorescence microscope (Axio Observer3, ZEISS, German).
The apoptosis-inducing effect was quantified via flow cytometry. SCC-7 cells were seeded in 12-well plates and received the same treatments. The cells were harvested and stained using an Annexin V-FITC/PI Apoptosis Detection Kit (Meilunbio, China) according to the manufacturer’s instructions. The percentage of apoptotic cells was analyzed using a flow cytometer.
In vitro induction of immunogenic cell death: We also evaluated the immunogenic cell death-inducing effect in SCC-7 cells. Cells were seeded into 12-well plates at a density of 1.0×105 cells per well and cultured for 24 h. Subsequently, the cells received the specified treatments and were incubated for an additional 24 h. To assess the surface exposure of calreticulin (CRT), the treated cells were incubated with an Alexa Fluor 488-conjugated anti-CRT antibody (Bioss, Beijing, China) according to the manufacturer’s protocol, followed by flow cytometric analysis and CLSM observation. To evaluate the translocation of high-mobility group box-1 (HMGB1), the cells were fixed, permeabilized with 0.1% Triton X-100 for 10 min, and successively incubated with a rabbit anti-HMGB1 primary antibody (ABclonal, Wuhan, China) and an Alexa Fluor 488-conjugated goat anti-rabbit secondary antibody (SparkJade, Shandong, China) for CLSM observation. For the determination of adenosine triphosphate (ATP) release, the cell culture supernatants were collected and analyzed using an ATP assay kit (Beyotime Biotechnology, Shanghai, China) with a multimode microplate reader (Ensight, Revvity, USA).
[bookmark: OLE_LINK18]Synergistic immunostimulatory effects in immune cells: SCC-7 cells were given the indicated treatments and further incubated for 24 h. The culture media were harvested and centrifuged at 300×g for 10 min to remove cell debris. The resulting supernatants were collected and used as tumor-associated antigens (TAAs) for subsequent experiments.
According to our previously established protocol [2,3], Bone marrow-derived dendritic cells (BMDCs) were harvested from the femurs and tibias of healthy C57BL/6 mice (4–6 weeks old). The cells were cultured in RPMI 1640 medium supplemented with 10% FBS, IL-4 (10 ng/mL), and GM-CSF (20 ng/mL) for 6 days, with the medium refreshed every 2 days. To evaluate DCs maturation, BMDCs were incubated with TAAs for 48 h. The cells were collected and stained with PE-labeled anti-CD11c, FITC-labeled anti-CD80, and APC-labeled anti-CD86 (BioLegend, San Diego, CA, USA) according to the manufactures’ instructions, and subsequently analyzed with a flow cytometer.
A co-culture system comprising BMDCs, T cells, and SCC-7 cells was established to further assess the antitumor immune responses [2]. SCC-7 cells were seeded in 12-well plates at a density of 1.0×105 cells per well and allowed to adhere overnight. Subsequently, BMDCs and T cells were added along with the TAAs. After 48 h of incubation, the suspended T cells were collected, washed with PBS, and stained with FITC-labeled anti-CD3 and APC-labeled anti-CD8 antibodies (BioLegend, San Diego, CA, USA) for 40 min. The frequency of CD3+ CD8+ T cells were analyzed using a flow cytometry. Meanwhile, the SCC-7 cells viabilities in different groups were assessed by MTT assay. 
[bookmark: OLE_LINK158][bookmark: OLE_LINK159]In vivo evaluation of sonodynamic performance: DHE was used as a fluorescence probe of ROS to evaluate the sonodynamic performance in SCC-7 tumor-bearing mice. Briefly, the mice were divided randomly into 8 groups (n = 3), including PBS (the control) ± US irradiation, DLMSNs ± US irradiation, DC ± US irradiation, and DCP ± US irradiation. These mice were administrated with 50 μL of sample solutions supplemented with DHE (1 mmol/L) through intratumoral injection at an equivalent DLMSNs dose of 37.5 mg/kg. At 4 h post-injection, the mice in the US irradiation groups were exposed to ultrasound with a power density of 2.0 W/cm2 at the tumor site for 5 min. At 30 min post-irradiation, the mice were euthanized, and their tumors were isolated for frozen-section. The obtained tumor sections were stained with DAPI and imaged using CLSM to observe the intratumoral DHE fluorescence.
In vivo antitumor efficacy and biosafety evaluation: SCC-7 tumor-bearing mice were randomly assigned into eight groups (n = 5). The mice received the indicated treatments twice on Day 0 and Day 4, respectively. The US parameters (2.0 W/cm2, 1.0 MHz, 5 min) were optimized based on preliminary screening of therapeutic frequency and power density. Higher power density (e.g., 2.5 W/cm2) was excluded to avoid confounding hyperthermia effects and potential tissue damage. Over a 14-day observation period, tumor volumes and body weights were monitored every 2 days. The tumor volume (V) was calculated using the following formula: V = (L × W2) / 2, where L and W represent the longitudinal length and the transverse width of the tumor, respectively. At the end of the experiment (Day 14), the mice were euthanized. The tumors were harvested, photographed, and weighed to compare the therapeutic outcomes.
For histological and biosafety examinations, the major organs (heart, liver, spleen, lungs, and kidneys) and tumor tissues were harvested, fixed in 4% paraformaldehyde, and embedded in paraffin. The tissues were then sectioned into 4-µm-thick sections. Hematoxylin and eosin (H&E) staining was performed on these sections to evaluate pathological changes. To assess cell proliferation within the tumors, immunohistochemical (IHC) staining for Ki67 (Abcam, Cambridge, UK) was conducted according to the manufacturers' instructions. All the above sections were next observed under a microscope. Additionally, blood samples were collected for routine hematological analysis and serum biochemical examinations to evaluate systemic toxicity.
For immunofluorescence analysis, paraffin-embedded tumor sections were deparaffinized in xylene (twice, 15 min each) and rehydrated through a graded ethanol series (100%, 95%, 90%, 80%, and 70%, 5 min each), followed by immersion in deionized water. Antigen retrieval was performed by heating the sections in a 0.01 mol/L sodium citrate buffer (pH 6.0) at 95 °C for 15 min. Subsequently, the sections were incubated with a rabbit anti-GPX4 primary antibody at 4 °C overnight. Subsequently, the samples were washed with PBS and incubated with an Alexa Fluor 488-conjugated goat anti-rabbit IgG secondary antibody (SparkJade, Shandong, China) for 2 h at 37 °C in the dark. Following three washes with PBS, the nuclei were counterstained with DAPI for 10 min at room temperature. Finally, the fluorescence signals were visualized and imaged using a CLSM.
In vivo evaluation of immune activation: SCC-7 tumor-bearing mice were randomly assigned into eight groups (n = 3) and received the same treatment as described above. At 2 d after the first treatments, blood samples were collected via retro-orbital venous plexus bleeding. The serum levels of TNF-α, IFN-γ, and IL-6 were quantified using ELISA kits (ABclonal, Wuhan, China) according to the manufacturer’s instructions. Subsequently, the mice were euthanized, and the tumors and spleens were harvested for the isolation of single-cell suspensions. Specifically, tumor tissues were minced into small fragments and enzymatically dissociated in a cocktail containing collagenase type IV (2 mg/mL, Biofroxx, Germany), hyaluronidase (0.2 mg/mL, Solarbio, China), and DNase I (0.04 mg/mL, Meilunbio, China) at 37 °C for 3 h with gentle agitation. Spleens were mechanically dissociated and passed through a 70-μm strainer. Red blood cells were removed using ACK lysis buffer. To evaluate DCs maturation, cells were stained with PE-labeled anti-CD11c, FITC-labeled anti-CD80, and APC-labeled anti-CD86 antibodies. To assess T cell activation and infiltration, cells were labeled with FITC-labeled anti-CD3 and APC-labeled anti-CD8 antibodies. For the identification of immunological memory, splenocytes were stained with FITC-labeled anti-CD3, PE-labeled anti-CD44, and APC-labeled anti-CD62L antibodies (BioLegend, San Diego, CA, USA). The stained cells were analyzed using a flow cytometer.
In vivo evaluation of the abscopal effect: SCC-7 tumor-bearing mice were randomly assigned into six groups (n = 5): Control ± US irradiation, DLMSNs + US irradiation, DC + US irradiation, and DCP ± US irradiation. One day prior to the initiation of treatment (Day ‒1), the distal tumors were established by subcutaneously inoculating SCC-7 cells into the contralateral left flank of the same mice. Following the commencement of treatment on the primary tumors, the volumes of the distal tumors were monitored every 2 days. At the end of the experiment (Day 14),the mice were euthanized, and the distal tumors were harvested, and photographed. In addition, immunofluorescence staining was performed to visualize the infiltration of cytotoxic T cells. Tumor sections were processed with anti-CD8 primary antibody (Bioss, Beijing, China) overnight at 4 °C, followed by staining with Alexa Fluor 488-conjugated goat Anti-Rabbit IgG (H+L) secondary antibody and DAPI, and finally imaged using a confocal microscope.
Hemolysis assay: The hemolytic behavior of DCP was evaluated by quantifying free hemoglobin in the supernatant after red blood cell (RBC) exposure. RBCs were isolated from Sprague–Dawley (SD) rats whole blood via centrifugation (1200 rpm, 10 min). The RBC pellet was washed with physiological saline until the supernatant was clear, and then resuspended in saline to obtain a 5% (v/v) RBC suspension. Subsequently, equal volumes of the DCP solution and the RBC suspension were mixed and incubated at 37 °C for 1 h. PBS and deionized water served as the negative and positive controls, respectively. After incubation, the mixtures were centrifuged, and the absorbance of the supernatant was measured at 541 nm using a microplate reader. The hemolysis ratio was calculated according to the following formula:
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Fig. S1 Quantitative analysis of GPX4 protein expression in SCC-7 cells treated with PgCW with or without US irradiation (1.0 W/cm2, 1.0 MHz, 5 min). Data are presented as mean ± SD (n = 3). Statistical significance was calculated via one-way ANOVA.
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Fig. S2 TEM images of DC prepared at various weight feeding ratios of DLMSNs-CA to CaCl2 ranging from 1:0.1 to 1:1.
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Fig. S3 TEM images of DCP prepared with increasing PgCW concentrations.
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Fig. S4 Size distribution of DCP.
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Fig. S5 (A) XPS survey spectrum, and (B) high-resolution N 1s spectrum of the DCP.
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Fig. S6 HRTEM image and corresponding line profiles of the DCP.
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Fig. S7 Pore size distribution curves of DLMSNs, DC, and DCP.
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Fig. S8 (A) Colloidal stability of DCP in water and 10% FBS over 14 days at 25 °C. (B) Changes in size and PDI of DCP after 3 repeated freeze-thaw cycles. Data are presented as mean ± SD (n = 3).
[image: S9]
Fig. S9 Quantitative absorbance intensities of oxidized TMB at 652 nm across different treatment groups. Data are presented as mean ± SD (n = 3). Statistical significance was calculated via one-way ANOVA.
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Fig. S10 Time-dependent UV–Vis absorption spectra illustrating GSH depletion by DCP, determined using Ellman’s reagent.
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Fig. S11 (A) Flow cytometric plots and (B) quantitative analysis of the mean fluorescence intensity in SCC-7 cells after incubation with FITC labeled DCP for 1 h, 2 h, 4 h and 6 h. Data are presented as mean ± SD (n = 3). Statistical significance was calculated via one-way ANOVA.
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[bookmark: OLE_LINK1]Fig. S12 (A) Flow cytometric plots and (B) quantitative analysis of the mean fluorescence intensity in SCC-7 cells processed by DCFH-DA after treatments of DLMSNs, DC, and DCP, with or without US irradiation (1.0 W/cm2, 1.0 MHz, 5 min). Data are presented as mean ± SD (n = 3). Statistical significance was calculated via one-way ANOVA.
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Fig. S13. CLSM images of intracellular Ca2+ levels in the SCC-7 cells stained with Fluo-4 AM after incubation with DLMSNs, DC, and DCP.
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Fig. S14 GSH concentrations in SCC-7 cells after incubation with DLMSNs, DC, PgCW, and DCP. Data are presented as mean ± SD (n = 3). Statistical significance was calculated via one-way ANOVA.
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Fig. S15 Quantitative analysis of GPX4 protein expression in SCC-7 cells treated with PgCW and DCP with or without US irradiation (1.0 W/cm2, 1.0 MHz, 5 min). Data are presented as mean ± SD (n = 3). Statistical significance was calculated via one-way ANOVA.
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Fig. S16 (A) CLSM images of SCC-7 cells stained with JC-1 after various treatments. (B) Cell viability of cells treated with DC in the presence or absence of BAPTA-AM. Data are presented as mean ± SD (n = 3). Statistical significance was calculated via one-way ANOVA.
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Fig. S17 Cell viability of SCC-7 cells treated with DCP under US irradiation (1.0 W/cm2, 1.0 MHz, 5 min) in the absence or presence of Fer-1. Data are presented as mean ± SD (n = 3). Statistical significance was calculated via one-way ANOVA.
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Fig. S18 Fluorescence microscopic images of Live/Dead stained SCC-7 cells after the treatments of DLMSNs, DC, and DCP.
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Fig. S19 Flow cytometric plots of apoptosis induction in SCC-7 cells after the treatments of DLMSNs, DC, and DCP with or without US irradiation (1.0 W/cm2, 1.0 MHz, 5 min).
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Fig. S20 Flow cytometric plots of SCC-7 cells with CRT immunofluorescent staining after treatments of DLMSNs, DC, and DCP, with or without US irradiation (1.0 W/cm2, 1.0 MHz, 5 min).
[image: Figure S11 细胞流式]
Fig. S21 (A) Flow cytometric analysis of CD80+ RAW264.7 cells and (B) CD80+ CD86+ CD11c+ BMDCs after 48-hour incubation with tumoral antigens derived from SCC-7 cells after the treatments of DLMSNs, DC, and DCP, with or without US irradiation. (C) Flow cytometric analysis of CD3+ CD8+ splenic T cells after 48-hour incubation with BMDCs and tumoral antigens derived from SCC-7 cells with various treatments. US irradiation (1.0 W/cm2, 1.0 MHz, 5 min) was applied in the above experiments.
[image: Figure S12 肿瘤生长曲线]
Fig. S22 Tumor growth curves of SCC-7 tumor-bearing mice receiving DLMSNs, DC, and DCP with or without US irradiation (2.0 W/cm2, 1.0 MHz, 5 min).
[image: Figure S13 小鼠体重]
Fig. S23 Body weights of SCC-7 tumor-bearing mice within 14 d after the treatments of DLMSNs, DC, and DCP, with or without US irradiation (2.0 W/cm2, 1.0 MHz, 5 min). Data are presented as mean ± SD (n = 5).
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Fig. S24 Microscope images of H&E-stained sections of major organs of SCC-7 tumor-bearing mice after the treatments of DLMSNs, DC, and DCP, with or without US irradiation (2.0 W/cm2, 1.0 MHz, 5 min).
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Fig. S25 Results of routine blood examination and blood biochemistry analysis including (A) alkaline alanine aminotransferase (ALT), (B) aspartate aminotransferase (AST), (C) uric acid (UA), (D) creatinine (CREA), (E) mean corpuscular hemoglobin (MCH), and (F) platelets (PLT) in SCC-7 tumor-bearing mice after the treatments of DLMSNs, DC, and DCP, with or without US irradiation (2.0 W/cm2, 1.0 MHz, 5 min). Data are shown as mean values ± SD (n = 3).
[image: 材料溶血]
Fig. S26 Hemolysis assay of DCP at various concentrations. Inset: photograph showing the color changes of the samples.
[image: Figure S16 动物流式]
Fig. S27 (A) Flow cytometric analysis of CD8+ CD3+ T cells in tumor tissues isolated from tumor-bearing mice after the treatments of DLMSNs, DC, and DCP, with or without US irradiation. (B) Flow cytometric analysis of CD80+ CD86+ CD11c+ DCs, and (C) CD8+ CD3+ T cells in splenic tissues isolated from tumor-bearing mice after various treatments. US irradiation (2.0 W/cm2, 1.0 MHz, 5 min) was applied in the above experiments.
[image: Figure S17 炎症因子]
Fig. S28 (A-C) Serum levels of the pro-inflammatory cytokines (A) TNF-α, (B) IFN-γ, and (C) IL-6 in blood samples from the tumor-bearing mice after the treatments of DLMSNs, DC, and DCP, with or without US irradiation (2.0 W/cm2, 1.0 MHz, 5 min). Data are shown as mean values ± SD (n = 3). Statistical significance was calculated via one-way ANOVA.
[image: CD 8染色]
Fig. S29 Representative CD8 staining images of distant tumors from mice subjected to different treatments. US irradiation (2.0 W/cm2, 1.0 MHz, 5 min) was applied in the above experiment.
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