Supporting Information 

Smart Tumor-Penetrating Nanocluster for Dual-Enhanced Magnetic Resonance Imaging and Synergistic Photothermal-Chemodynamic Treatment of Oral Squamous Cell Carcinoma
Hongtao Xu1, Han Cheng1, Fangjie Li, Boyang Peng, Rui Wang, Chongyang, Zheng*, Xiaojuan Huang *, and Zhiyuan Zhang*
H. Xu, H. Cheng, C. Zheng, X. Huang, Z. Zhang.
Department of Oral and Maxillofacial-Head & Neck Oncology, Shanghai Ninth People’s Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai 200011, P.R. China
College of Stomatology, Shanghai Jiao Tong University & National Center for Stomatology, Shanghai 200011, P.R. China
National Clinical Research Center for Oral Diseases & Shanghai Key Laboratory of Stomatology, Shanghai 200011, P.R. China
Shanghai Research Institute of Stomatology, Shanghai 200011, P.R. China
F. Li
Department of Oral and Maxillofacial Surgery, The First Affiliated Hospital of Huzhou University, Huzhou, 313000, P. R. China.
B. Peng
School of Computer Science and Engineering, University of New South Wales, Sydney, Australia
R. Wang
Department of Radiology, Shanghai Ninth People’s Hospital, Shanghai JiaoTong University School of Medicine
1 These authors contributed equally to this work. 
*Corresponding Authors
E-mail address: maisui518@163.com (X. Huang); cy.zheng0412@gmail.com (C. Zheng); zhzhy0502@126.com（Z. Zhang）
Authors: 
xuhongtao@sjtu.edu.cn (H. Xu); chhan_9h@sjtu.edu.cn (H. Cheng); hzyylfj@163.com (F. Li); z5499630@ad.unsw.edu.au (B. Peng); wangrui0323@sjtu.edu.cn (R. Wang).


Experimental Section
1. Materials
Ethanol (C2H5OH), ethylene glycol ((CH2OH) 2), and cobalt acetate (CH3COO) 2Co were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd; Manganese acetate Mn (CH3COO) 2 was purchased from China National Pharmaceutical Group Chemical Reagent Co., Ltd; Hyaluronic acid (C14H21NO11) n was purchased from Beijing Oka Biotechnology Co., Ltd; Cell Counting Kit-8 (CCK-8) was purchased from Biyun Tian Biotechnology Research Institute (China); LIVE/DEAD ™  Cell viability/cytotoxicity assay kit (Calcein AM/PI) was purchased from Thermo Fisher Scientific (USA), fetal bovine serum (FBS) and high glucose DMEM medium were purchased from Gibco (USA); 0.25% EDTA trypsin digestion solution, phosphate buffered saline (PBS), and penicillin streptomycin solution were purchased from Beijing Soleibao Technology Co., Ltd.
2. Synthesis of SDCM nanocluster
Dissolve 1 mmol (0.249 g) of cobalt acetate and 2 mmol (0.49 g) of manganese acetate in 60 mL of ethylene glycol, heating and stirring continuously until completely dissolved. Subsequently, heat the reaction mixture to 185°C and perform a reflux reaction for 2 hours. After the reaction is complete, centrifuge and wash the product with ethanol to remove impurities. Dry the resultant product to obtain the CMO precursor. The precursor is then subjected to thermal treatment in a high-temperature furnace at 220°C for 8 hours. Afterward, use an ultrasonic cell disruptor to pulverize the product for 40 minutes (ultrasonic duration: 3 s; interval: 7 s), yielding CMO nanoparticles. Finally, fully dissolve and uniformly disperse gelatin in a 60°C aqueous solution to form a clear gelatin solution with a concentration of 20 mg/mL. Add CMO nanoparticles to the gelatin solution at a mass ratio of gelatin to CMO nanoparticles of 100:1, stirring for 10 hours. Centrifuge and wash the product to obtain SDCM.
3. Analysis of extracellular matrix enzymes expression in TCGA database
The RNA-seq data of OSCC patients (primary tumors located in the base of the tongue, floor of the mouth, gum, other and unspecified parts of the mouth, other and unspecified parts of the tongue, and palate) were retrieved from TCGA, supplemented by normal samples from TCGA-HNSC. Cases with uncontrolled count data were excluded. Raw RNA-seq count data were downloaded from the GDC data portal in November 2024 and analyzed in the R software environment (version X.X.X). The data processing workflow included quality control, filtering out low-expression genes, normalization, and log transformation. Differential gene expression analysis was performed using the limma package with voom normalization to account for mean-variance relationships. Genes were defined as differentially expressed based on an adjusted p-value < 0.05 and logFC thresholds of >1 or <-1. The results were visualized using the pheatmap package for heatmaps and ggrepel for enhanced scatterplot annotation. All scripts and software dependencies were managed to ensure reproducibility. 
4. MMP9 expression in tumor and normal tissue validation
MMP9 expression was validated using Western blotting (WB), quantitative polymerase chain reaction (qPCR), and immunohistochemistry (IHC) in patient-derived tumor samples. For WB, tumor tissues were lysed in RIPA buffer supplemented with protease inhibitors, and total protein concentration was measured using a BCA protein assay kit. Equal amounts of protein were loaded onto SDS-PAGE gels, separated, and transferred to PVDF membranes. After blocking with 5% non-fat milk, the membranes were incubated overnight at 4°C with primary antibodies specific to MMP9, followed by incubation with HRP-conjugated secondary antibodies. Signals were detected using an enhanced chemiluminescence system.
For qPCR, total RNA was extracted from tumor samples using TRIzol reagent and reverse-transcribed into cDNA using a reverse transcription kit. qPCR was performed using SYBR Green master mix and primers specific to MMP9. GAPDH was used as the housekeeping gene for normalization, and relative expression levels were calculated using the 2^−ΔΔCt method.
For IHC, paraffin-embedded tumor sections were deparaffinized, rehydrated, and subjected to antigen retrieval. Sections were blocked and incubated with MMP9 primary antibodies overnight at 4°C, followed by HRP-conjugated secondary antibodies. Visualization was achieved using a DAB substrate kit, and slides were counterstained with hematoxylin. Stained sections were imaged using a Leica DM2500 microscope (Wetzlar, Germany).
5. Characterization of CMO NPs and SDCM nanocluster
The morphology of CMO nanoparticles and SDCM nanoclusters was analyzed using TEM (FEI Tecnai G2 F20 S-TWIN). Additionally, the morphological changes of SDCM and the release of CMO nanoparticles in the presence of MMP9 were characterized. XPS (Thermo Fisher Scientific EscaLab 250Xi) was employed to analyze the chemical composition of CMO nanoparticles, while XRD (Rigaku D/max2500) was used to characterize their crystalline phase. Furthermore, Zeta potential measurements (Malvern Zetasizer Nano ZS90) and FTIR analysis (Nicolet iS5) were conducted for further material characterization.
 6. MRI performance of CMO NPs and SDCM nanocluster in vitro
The T1-T2 MRI capabilities of CMO NPs and SDCM were evaluated using a 3.0-T MRI scanner (Premier, GE Healthcare, WI) across a gradient of Mn concentrations (0–1.6 mM). Subsequently, the MRI contrast performance of CMO NPs was further investigated under varying pH conditions (11.4, 8.7, 7.4, 6.5, and 4.2) and different GSH concentrations (0, 62.5, 125, and 250 μM) using the same imaging system. 
[bookmark: _Hlk140335171]7. Animals and OSCC mice model
All animal experiments were performed under the guidelines of the Laboratory Animal Ethics Committee in Ninth People’s Hospital Affiliated to Shanghai Jiao Tong University School of Medicine, approval number: SH9H-2022-A2-1. Female BALB/c mice (16-20 g, 4-6 weeks) were provided by the Experimental Animal Center (Jihui, China). For subcutaneous OSCC mouse model, CAL-27 cell suspension (100 μL, 1 × 107 cells/mL) was injected into the right backside flank of each mouse, which resulted in model establishment within 10 days. 
8. MRI performance of CMO NPs and SDCM nanocluster in vivo
For in vivo MRI, a 9.4T small animal magnetic resonance imaging system (Bruker BioSpec 94/20 USR) was used to image subcutaneous tumor-bearing mice at room temperature. Different groups of mice (n=3) were intravenously injected with CMO NPs, SDCM (2 mg/mL, 200 μL), or equivalent molar amounts of Gd-DTPA and SPIONs. Axial T1- and T2-weighted MRI images were collected at specific time points (pre-injection, 3 hours, and 6 hours post-injection). Signal intensities in tumor tissues and the back paraspinal muscle were compared to calculate the tumor-to-normal tissue signal ratio (T/N) and contrast enhancement. The ΔSNR was calculated using the formula:
ΔSNR=
Additionally, the full-width at half-maximum (FWHM) of signal peaks in the tumor core was analyzed using ImageJ. A line was drawn across the tumor core, and the "Plot Profile" function generated a grayscale intensity curve. The peak intensity was identified, and the half-maximum value was calculated. The distance between two points at the half-maximum intensity level on the curve was measured to determine the FWHM.
9. Dual-Contrast Enhanced Subtraction (DESI) Imaging processing methods
Our pipeline begins by loading the DICOM images, followed by non-rigid registration using the `non_rigid_registration` function. This function applies a fine-tuned B-Spline transformation provided by SimpleITK to align the T1 and T2 images, ensuring accurate spatial correspondence. Considering the adjustability, once the images are registered, a `translate_image` function is introduced, which enables manual correction of any residual misalignment between the T1 and T2 images. Further, we applied the `laplacian_filtering` function. This technique enhances high-frequency details, improving the clarity and definition of the target regions. Following sharpening, the core operation of DESI is performed using the `subtract_images` function, which subtracts the sharpened T2 image from the sharpened T1 image. This step isolates the signal differences between the two images, effectively diminishing background noise and accentuating regions of interest (ROI) in alignment with the principles of DESI.  The resulting subtracted image is then processed through the `enhance_subtracted_image` function, which normalizes the image and further enhances its contrast. This step improves the visibility of the regions of interest, ensuring they are visually prominent and easily distinguishable.  Finally, the `invert_image` function is applied to invert the pixel intensities, further emphasizing the high-contrast areas and providing additional clarity. This final enhancement step mirrors the inversion step used in the DESI procedure, ensuring that the regions of interest are optimally 'highlighted'.
10. Biodistribution Study of CMO NPs and SDCM in vivo
The biodistribution of SDCM was investigated in Balb/c tumor-bearing mice. Mice were intravenously injected with SDCM dispersion (2 mg/mL, 200 μL). At 3, 6, 12, and 24 hours post-injection, major organs (heart, liver, spleen, lung, and kidney) and tumors were collected and dissolved in aqua regia. Three mice were evaluated at each time point. The cobalt (Co) content in SDCM dispersion (1 mg/mL, 5 mL) and biological samples was quantified using inductively coupled plasma-optical emission spectrometry (ICP-OES).
11. Biocompatibility Assessment CMO NPs and SDCM in vivo
To evaluate biocompatibility, Balb/c mice were intravenously injected with SDCM dispersion (2 mg/mL, 200 μL), and assessments were performed on days 1, 2, 3, and 7 post-injection. Blood samples were collected prior to euthanasia for biochemical analysis, including liver function (ALB, ALT, AST) and kidney function (BUN, UA). After euthanasia, major organs (heart, liver, spleen, lung, kidney) were harvested and fixed in 4% formaldehyde. The tissue samples were dehydrated, embedded in paraffin, sectioned into 3-μm slices, and stained with hematoxylin and eosin (H&E). Finally, tissue sections were observed and imaged using a Leica DM2500 fluorescence microscope.
12. Chemodynamic activity assay of CMO NPs in vitro
To evaluate the hydroxyl radical (•OH) generation induced by the chemodynamic activity of CMO NPs, we introduced CMO NPs into aqueous solutions containing methylene blue (MB) in the presence of either H₂O₂ or GSH. The resulting mixtures were then characterized using UV-Vis-NIR absorption spectroscopy. Additionally, the degradation of MB was measured after treatment with varying concentrations of H₂O₂ (0, 12.5, 25, 50, and 100 mM) or CMO NPs (0, 12.5, 25, 50, and 100 μg/mL) to confirm •OH production.
13. Photothermal Effect of CMO NPs and SDCM
To evaluate the photothermal conversion performance, CMO NPs and SDCM dispersions with varying concentrations (0–1 mg/mL) were irradiated with an 808 nm laser (1.0 W cm⁻², Xilong Laser Technology Co., Ltd., China) for 10 minutes in a 24-well plate. The temperature changes in the suspensions were monitored every 10 seconds using a handheld infrared thermal camera (Fotric 226s, Fotric Co., Ltd., China). Additionally, the temperature variations of 1 mg/mL CMO NPs and SDCM dispersions were recorded under different laser intensities (0.5–1.0 W cm⁻²). Photothermal stability was assessed by subjecting a 1 mg/mL dispersion of CMO NPs and SDCM to three consecutive laser irradiation cycles (10 minutes per cycle) followed by natural cooling, and monitoring the temperature changes throughout the process.
The photothermal conversion efficiency (η) is calcuted by the following equations,

14.Cell culture, cytotoxicity and PT-CD Synergistic Therapeutic Performance of SDCM in vitro.
HaCaT and CAL-27 cell lines were procured from the Shanghai Institute of Cell Research, Chinese Academy of Sciences. Cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% qualified fetal bovine serum (FBS) and 1% penicillin/streptomycin (100 IU/mL penicillin and 100 μg/mL streptomycin) at 37°C with 5% CO₂ and 95% humidity. The biocompatibility of SDCM was evaluated using the CCK-8 assay. Cells were seeded into 96-well plates at a density of 1 × 10⁴ cells/well and incubated overnight (n = 3). Subsequently, SDCM dispersions (0–100 μg/mL) were added to the wells and incubated for 24 hours, with triplicate samples for each concentration. After incubation, cells were washed with PBS and replaced with 100 μL of fresh medium containing 10% CCK-8 reagent for a 2-hour incubation at 37°C. Cell viability was measured using a Biotek PowerWave XS2 microplate spectrophotometer (Biotek Instruments, USA).
The phototherapeutic effect of SDCM was evaluated in CAL-27 cells. For CCK-8 assessment, cells were incubated with DV-CO-containing medium (0–100 μg/mL) for 24 hours and subsequently exposed to 808 nm laser irradiation (1.0 W/cm²) for 5 minutes. Cell viability was then assessed using the CCK-8 assay.
To evaluate ROS production, CAL-27 cells were seeded into 6-well plates at a density of 2 × 10⁵ cells/well and incubated overnight (n = 3). The cells were then treated with SDCM dispersions (0–100 μg/mL) for 24 hours. After PBS washing, cells were stained with DCFH-DA (10 mM, diluted 1:1000 in serum-free DMEM) for 30 minutes. Stained cells were washed with PBS, and ROS fluorescence was observed under a fluorescence microscope (LUMEN DYNAMICS X-Cite 120Q, TWK, China).
To assess the PT-CD synergistic therapeutic potential of SDCM, CAL-27 cells were incubated with SDCM-containing medium for 24 hours and divided into four groups: Control, NIR, SDCM, and SDCM+NIR. Cells were exposed to 808 nm laser irradiation (1.0 W/cm²) for 5 minutes, followed by staining with Calcein AM (4 mM) and Propidium Iodide (PI, 2 mM), diluted in PBS at ratios of 1:2000 and 1:500, respectively. After a 20-minute incubation at 37°C in the dark, cells were washed with PBS, and live and dead cells were visualized and captured under a fluorescence microscope.
15. Antitumor efficacy of SDCM in vivo
To evaluate the in vivo antitumor efficacy of SDCM, a subcutaneous OSCC tumor model was established and randomly divided into three groups (n=5 per group): PBS + laser treatment, CMO NPs + laser treatment, and SDCM + laser treatment. The laser irradiation was performed using an 808 nm laser at a power density of 1.0 W/cm² for 10 minutes. The injection volume of nanoparticle dispersions was 200 μL (2 mg/mL), with PBS serving as the control. Irradiation was conducted every three days over a 14-day period. The weight and tumor sizes of the mice were recorded every two days during the treatment period.At the end of the treatment, tumors were harvested and fixed in 4% paraformaldehyde. Tumor tissues were then embedded in paraffin, sectioned into 5 μm slices using a microtome, and subjected to H&E, Ki-67, and TUNEL staining. The stained sections were observed under a Leica DM2500 microscope for analysis.

16. Statistical Analysis
Statistical analysis was performed using SPSS Statistics (version 29.0; IBM Corporation, Chicago, IL, USA) and GraphPad Prism 10.1 (GraphPad Software Inc., San Diego, CA, USA). All data in this study are presented as mean ± standard deviation (SD), and normality tests were conducted prior to data analysis. A t-test was employed to evaluate blood biochemical results, one-way ANOVA was used to compare cell viability, and repeated-measures ANOVA was applied to analyze tumor volume. Two-way ANOVA was conducted to quantify mean fluorescence intensity, relative optical density, and cell lethality. Statistical significance levels were denoted as *P<0.05, **P<0.01, ***P<0.001, and N.S. (not significant).
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Figure S1. (A) Size distribution of CMO NPs determined from ~50 particles. (B) Size of SDCM NCs measured using ImageJ software. (C, D) DLS size distribution by intensity for CMO NPs (C) and SDCM NCs (D).
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Figure S2. (A) XPS survey spectrum of CMO NPs. (B) High-resolution XPS spectrum of O 1s.

Figure S3.[image: ] (A) Pseudo-color maps showing the relaxation rates (r1 and r2) of CMO NPs at varying GSH concentrations. (B) Quantitative analysis of relaxation rates (1/T1 and 1/T2) of CMO NPs under different GSH concentrations.
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Figure S4. Biodistribution of cobalt in mice at pre, 3 h, 6 h, 12 h and 24 h after i.v. injection of 200 μL SDCM NCs dispersions (2 mg/mL).
Figure S5.[image: ] Measurement of FWHM in the tumor core after i.v. injection of various nanocontrast.
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Figure S6. (A) UV-Vis absorption spectra of MB solution in different conditions. (B) Absorption spectra of MB treated with different H2O2 concentrations. (C) Absorption spectra of MB with different CMO NPs concentrations and (D) absorbance along with increasing CMO NPs concentrations.
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Figure S7. (A) UV–vis-NIR absorption spectra of CMO NPs dispersions at different concentrations and (B) linear plot of CMO NPs absorbance at 808 nm across a range of concentrations. (C) Temperature elevation curves of CMO NPs (1 mg/mL) under NIR laser irradiation stimulated by NIR laser at various power densities. (D) Changes in CMO NPs dispersions temperature over three “on/ cold” NIR irradiation cycles.
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Figure S8. (A) UV–vis-NIR absorption spectra of SDCM dispersions at different concentrations and (B) linear plot of SDCM absorbance at 808 nm across a range of concentrations. (C) Temperature elevation curves of CMO NPs (1 mg/mL) under NIR laser irradiation stimulated by NIR laser at various power densities. (D) Temperature elevation curves of SDCM dispersions at various concentrations under NIR laser irradiation (1 W/cm2) (E) The temperature of SDCM with different concentration after 600 seconds irradiation and representative infrared thermal images of temperature changes (inset) (F) Changes in SDCM dispersions temperature over three “on/ cold” NIR irradiation cycles.
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Figure S9. (A) CCK-8 assays of relative viability with various concentrations of SDCM NCs in HaCaT cells. (B) Live/dead staining images of HaCaT after being treated by SDCM NCs, live cells (green) and dead cells (red).
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Figure S10. Live/dead staining images of Cal-27 after different treatment, live cells (green) and dead cells (red).
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Figure S11. H&E staining of the main organs collected from different groups of mice after treatment.
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Figure S12. Blood biochemistry examination from tumor-bearing mice after experiment.
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