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S1. Materials and Methods
[bookmark: OLE_LINK2]Reagents and antibodies. Vanadium (III) chloride (VCl3), 2-Aminoterephthalic acid (BDC-NH2), DSPE-PEG-NH2, n-(3-dimethylaminopropyl)-n’-ethylcarbodiimide hydrochloride (EDC), and N-Hydroxysuccinimide (NHS) were bought from Macklin (Shanghai, China). Itaconic acid, cholesterol and lecithin were bought from Shanghai Yuanye Bio-Technology (Shanghai, China). 4-Octyl itaconate (4OI) was bought from MedChemExpress LLC (MCE, USA). Nicotinamide adenine dinucleotide phosphate (NADPH), glutathione reductase (GR), Glutathione (GSH), the Cell Counting Kit-8 (CCK-8), Nicotinamide adenine dinucleotide phosphate (NADPH)/NADP+ assay kit (S0179), glutathione/glutathione disulfide (GSH/GSSG) assay kit (S0053), total superoxide dismutase (SOD) assay kit (S0101S), 2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI) (C1002), and 2’, 7’- dichlorodihydrofluorescein diacetate (DCFH-DA) probe were obtained from Beyotime Institute of Biotechnology (Haimen, Jiangsu, China). The Prime Script RT reagent Kit and SYBR® Premix Ex Taq™ II were obtained from Takara Biotechnology (Otsu, Shiga, Japan). Primary antibodies against CD86 (13395-1-AP), CD206 (18704-1-AP), NF-κB (10745-1-AP), NRF2 (80593-1-RR), HO-1 (10701-1-AP), -actin (66009-1-lg) as well as secondary antibodies were purchased from Proteintech Group (Rosemont, IL, USA). ELISA kits for IL-6, IL-1, TNF, IL-10, and TGF- were purchased from Shanghai Westang Bio-technology Co., Ltd (China). 
Synthesis of MVN. The synthesis of MVN was based on previous report[1]. 1.74 mmol VCl3 and 1.74 mmol BDC-NH2 were mixed with 5 mL deionized water. Following that, the mixture was transferred to the reaction vessel and heated in a vacuum drying oven for 3 h at 150 ℃. After reaction, the product was then centrifuged (10000 rpm, 15 min) and washed three times with water after cooling to room temperature, then stored at 4 ℃ for further study.
Synthesis of DSPE-PEG-4OI. 0.033 mmol 4OI, 0.05 mmol DSPE-PEG-NH2, 0.05 mmol EDC, and 0.05 mmol NHS were mixed with 5 mL DMSO. The tube then sealed and placed in the dark environment for 24 h with mild stirring. After 24 h, the collected products were transferred into dialysis bags, sealed with clips, and rotated slowly at a low speed. The water was changed every 3 h. One day later, the final products were placed in a freeze dryer for freeze-drying. Finally, collected the dried products and placed in a 4℃ refrigerator for further study.
Synthesis of LF@MVN-4OI. For the preparation of LF@MVN-4OI Liposome, lactoferrin (2 mg), lecithin (10 mg), cholesterol (2 mg), DSPE-PEG-4OI (2 mg), and MVN (5 mg) were dissolved in 5 mL chloroform/ethanol (v/v=1:1). The mixture was subjected to ultrasonic (200 W) for 10 min, then the solution was completely removed under rotary evaporation vacuum. After dispersing the product in water, LF@MVN-4OI liposome nanozyme systems were obtained. The preparation of Cy5.5-labeled LF@MVN-4OI liposome was similar with the above procedure, except for replacing DSPE-PEG-4OI (2 mg) with the mixture of DSPE-PEG-4OI (1mg) and DSPE-PEG-Cy5.5 (1mg).
[bookmark: OLE_LINK11]Characterizations of MVN, MVN-4OI, LF@MVN-4OI NPs. X-ray diffraction (XRD, Thermo Fisher Scientific, USA) and X-ray photoelectron spectroscopy (XPS, Thermo K-Alpha America Thermo, USA) were used to detect the crystal structure and valence state of the synthesized MVN, MVN-4OI and LF@MVN-4OI nanozyme to demonstrate its successful synthesis. Scanning electron microscopy (SEM, Zeiss, Germany) and transmission electron microscopy (TEM, JEOL-2100F., Japan) were used to analyze the morphology and size of the nanozyme. HPLC were applied to verify the successful loading of 4OI. FTIR (Nicolet iS50 FT-IR Thermo American, USA) was used to analysis the structural and functional group of the power and freeze-dried formulations. 
GPx-mimicking activity of MVN and LF@MVN-4OI. The GPx-mimicking catalytic activities of NPs were investigated with the GR-coupled assay[2]. In a typical coupled reaction, 2 mM GSH, 0.4 mM NADPH, 1.7 units GR, and 0.4 mM H2O2 were added in sequence into 50 mM phosphate buffer (pH = 7.4) containing 0, 15, 30, 60, 80 µg mL-1 MVN, LF@MVN-4OI NPs. Then the absorbance at 340 nm was recorded immediately after the solution was vortexed.
Quantification of 4OI loading content and in vitro release profiles by high-performance liquid chromatography (HPLC). Briefly, accurately weighed lyophilized LF@MVN-4OI powder was dispersed in appropriate organic solvent  and subjected to sonication for 30 min to fully extract encapsulated DSPE-PEG-4OI. The mixture was centrifuged at 12000 rpm for 15 min, and the supernatant was collected and filtered through a 0.22 μm organic filter membrane. The concentration of 4OI was determined using HPLC. HPLC detection conditions: A C18 reversed-phase column was adopted. Mobile phase: acetonitrile–0.1% aqueous formic acid solution; flow rate: 1.0 mL/min; detection wavelength: 210 nm. A series of 4OI standard solutions with gradient concentrations were prepared to establish the standard curve. Loading content (%) = (mass of 4OI detected in LF@MVN-4OI / mass of LF@MVN-4OI) ×100%.
For the in vitro release experiment, equal amounts of lyophilized LF@MVN-4OI were dispersed in dialysis bags (molecular weight cutoff = 3500 Da). The dialysis bags were immersed in release media with different pH values (pH 7.4 and pH 5.5), and incubated at 37 °C with gentle shaking (120 rpm). At predetermined time points (0.5, 1, 2, 3, 4, 6, 8, 12, and 24 h), equal volumes of release medium were withdrawn, and an equivalent volume of pre-warmed fresh corresponding medium was supplemented immediately. The collected samples were filtered by a 0.22 μm filter, and the concentration of released DSPE-PEG-4OI was quantified via HPLC using the same chromatographic parameters described above. The cumulative release percentage of 4OI at each time point was calculated accordingly.
[bookmark: OLE_LINK10][bookmark: OLE_LINK32]•OH scavenging activity of LF@MVN-4OI. •OH was produced by mixing 250 μL H2O2 (6 μmol mL-1) and 250 μL FeSO4 (60 μmol L-1) in PBS buffer for 30 min. As chromogenic substrate, TMB could be oxidized to produce oxTMB with strong absorbance at 652 nm. The absorbance is positively associated with the amount of the •OH.[3] In detail, different concentration of LF@MVN-4OI (0, 5, 10, 20, 40 μg mL-1) was incubated with the above •OH solution for 30 min. After centrifugation at 12000 g, TMB was added to quantify the absorbance to evaluate the inhibition rate.
O2•- scavenging activity of LF@MVN-4OI. O2•- was produced by mixing 250 μL xanthine (0.6 μmol mL-1) and 250 μL xanthine oxidase (0.05 U mL-1) in PBS buffer for 40 min. As chromogenic substrate, NBT could be oxidized to produce blue formazan with strong absorbance at 560 nm.[4] In detain, different concentration of LF@MVN-4OI (0, 5, 10, 20, 40 μg mL-1) was incubated with the above O2•- solution for 30 min. After centrifugation at 12000 g, NBT was added to quantify the absorbance to evaluate the inhibition rate.
DFT calculation. The DFT was used as implemented in the Vienna Ab initio simulation package (VASP) in all calculations. The exchange-correlation potential is described by using the generalized gradient approximation of Perdew-Burke-Ernzerhof (GGA-PBE). The projector augmented-wave (PAW) method is employed to treat interactions between ion cores and valence electrons. The plane-wave cutoff energy was fixed to 450 eV. Given structural models were relaxed until the Hellmann–Feynman forces smaller than -0.02 eV/Å and the change in energy smaller than 10-5 eV was attained. Grimme’s DFT-D3 methodology was used to describe the dispersion interactions among all the atoms in adsorption models. Grimme’s DFT-D3 methodology was used to describe the dispersion interactions among all the atoms in adsorption models.
The Gibbs free energy change is defined as: 
ΔG = ΔE + ΔZPE – TΔS
where ΔE is the reaction energy calculated based on DFT calculations, ΔZPE and ΔS are the zero-point energy difference and the entropy change between the products and reactants, respectively, and T is the temperature (298.15 K).
Hemolytic test. Fresh blood was collected from 6-8 weeks-old BALB/c male mice in anticoagulated tubes, centrifuged and the red blood cells (RBCs) were obtained. After dilution with PBS, the 2% RBCs suspension was added into tubes in the same volume, with therapeutic concentrations of MVN, MVN-4OI, or LF@MVN-4OI. Double distilled water and PBS were used as positive and negative controls, respectively. After 2 h incubation at 37 °C and centrifugation at 3,000 rpm for 5 min, the absorbance of the supernatant of each tube was measured at 540 nm by a microplate reader.[5]
[bookmark: OLE_LINK5]Cell culture and cytocompatibility. RAW264.7 cells were obtained from Procell Life Science & Technology Co., Ltd. (Wuhan, China) while the human umbilical vein endothelial cells (HUVECs) were bought from the American Type Culture Collection (ATCC) and cultured in Dulbecco’s modified Eagle medium (DMEM; Gibco, USA) containing 10% fetal bovine serum (FBS; Procell Life Science & Technology Co., Ltd., China) and 1% penicillin/streptomycin (Gibco, USA) at 37 °C with 5% CO2 in a humidified incubator. The protocol was approved by the Ethics Committee of Shanghai Jiao Tong University School of Medicine Affiliated Xinhua Hospital, and the ethics approval number was XHEC-F-2025-024.
[bookmark: OLE_LINK6]RAW264.7 cells and HUVECs were seeded in a 96-well plate with densities of 1 × 104 and 5 × 103 cells per well, respectively. After incubation for 24 h, the original medium was changed to a complete medium containing different concentrations (equivalent to 6.25, 12.5, 25, 50, 100, and 200 μg mL−1 of MVN) of MVN, MVN-4OI, and LF@MVN-4OI. RAW264.7 cells and HUVECs were incubated for 24 and 48 hours. Then, a CCK-8 kit was applied to detect the cytotoxicity according to the manufacturer’s instructions. PBS-treat cells served as control and the quantitative results were demonstrated as cell viability relative to the control group. To further determine the safe concentration of MVN, MVN-4OI, and LF@MVN-4OI, RAW264.7 cells and HUVECs were seeded in a 96-well plate and treated with MVN, MVN-4OI, and LF@MVN-4OI at a concentration of 25 μg mL−1 (equivalent to MVN), and the cell viability was evaluated by live/dead cell staining kits (Beyotime Institute of Biotechnology, Jiangsu, China)) composed of calcein-AM (green fluorescence) and propidium iodide (PI, red fluorescence) based on the manufacturer’s instructions. The cells treated with PBS served as control group and samples were images by a fluorescence microscope (Olympus IX73, Japan).
[bookmark: OLE_LINK3][bookmark: OLE_LINK7]Intracellular ROS and SOD activity detection. The intracellular ROS was detected using dichloro-dihydro-fluorescein diacetate (DCFH-DA) probe (Beyotime Biotechnology, China).[6] RAW264.7 cells (2.0 × 105 cells per well) were seeded into 6-well plates and incubated at 37°C overnight. Then, RAW264.7 cells were incubated with LPS (500ng mL-1) for 6 h after pre-treated with MVN, MVN-4OI, and LF@MVN-4OI at the optimized concentrations (equivalent to 25 µg mL-1 of MVN) for 2 h. Afterwards, the cells were stained with 10 μM DCFH-DA for 30 min at 37°C in dark. Then the ROS content in cells were evaluated using Flow Cytometry (Beckman CytoFLEX, China) and fluorescence microscope (Olympus IX73, Japan). 
Next, the SOD activity of macrophages incubated with MVN, MVN-4OI, or LF@MVN-4OI was detected according to the instruction of the SOD assay kit (WST-8, Beyotime Biotechnology, China). The RAW264.7 cells were cultured and treated as described above. Cell protein was isolated by RIPA and the protein concentration was detected by a BCA protein assay kit (Beyotime Biotechnology, China). After incubating the protein sample with the xanthine oxidase reagent for 30 minutes and the absorbance was measured at 450 nm. The SOD activity was calculated and expressed in unit/ml.
Measurement of GSH/GSH+GSSG ratio. The intracellular level of GSH/GSSG was detected by a GSH and GSSG Assay Kit (Beyotime Biotechnology, China) according to the manufacturer’s instructions. 2 × 105 RAW264.7 cells were cultured in six-well plates and pretreated with MVN, MVN-4OI, and LF@MVN-4OI with concentrations of 25 μg mL−1 (equivalent to MVN) for 2 h. then, cells were stimulated with 500ng mL-1 LPS for 18 h. Collecting the cells and the protein removal reagent was added. Then, liquid nitrogen and a 37°C water bath were used to perform two rapid freeze-thaw cycles on the samples. After centrifugation, the supernatant was collected. Take a part of supernatant for the determination of total glutathione. Another part of supernatant was used to detect the GSSG level after incubated with GSH scavenging auxiliary solution for 60 min at 25°C. The absorbance was detected at 412 nm, and the standard curve was used to quantify the content. The formula was shown as follow: GSH = Total Glutathione – GSSG × 2.
Measurement of NADPH/total NADP ratio. The intracellular level of NADPH/total NADP was determined using NADP+/NADPH Assay Kit with WST-8 (Beyotime Biotechnology, China) according to the manufacturer’s instructions. 2 × 105 RAW264.7 cells were cultured in six-well plates and pretreated with MVN, MVN-4OI, and LF@MVN-4OI with concentrations of 25 μg mL−1 (equivalent to MVN) for 2 h. then, cells were stimulated with 500 ng mL-1 LPS for 18 h. The cells were lysed and centrifuged for extraction of the supernatant. After the corresponding processing, the samples were measured at the absorbance of 450 nm. Perform quantification using a standard curve. The formula was shown as follows: [NADP+] = [NADPtotal] – [NADPH].
[bookmark: OLE_LINK12]Mass spectrometry analysis of the intracellular quantification of itaconate levels.  RAW264.7 macrophages were cultured in 10% FBS-supplemented DMEM at 37 °C with 5% CO, followed by LPS stimulation and corresponding experimental treatments as aforementioned. After treatment, cells were rinsed with ice-cold PBS to remove extracellular contaminants, and intracellular metabolites were immediately extracted using pre-chilled 80% methanol. Lysates were centrifuged at 12000 rpm for 15 min at 4 °C, and the supernatants were freeze-dried, reconstituted in 50% methanol, and centrifuged again to obtain purified samples for detection. Metabolite separation was performed on an ACQUITY UPLC HSS T3 column using a gradient elution of 0.1% formic acid water and acetonitrile at a flow rate of 0.4 mL/min. Itaconate was detected in ESI negative MRM mode with the transitions of m/z 129.0 → 85.0 (itaconate) and m/z 133.0. Absolute itaconate concentrations were calculated based on a standard curve. All assays were conducted with biological triplicates and technical duplicates, and quality control samples were applied to ensure stable and reliable quantification.
Seahorse Mitochondrial Stress Assay. Mitochondrial respiratory activity was assessed by real-time metabolic profiling using an Agilent Seahorse XF extracellular flux analyzer (Agilent). Briefly, RAW264.7 cells were seeded onto XF96 microplates at a density of 1.5 × 10⁴ cells per well and cultured overnight to allow full attachment, followed by the corresponding treatment regimens as aforementioned. Before metabolic measurement, culture medium was replaced with CO₂-independent Seahorse XF DMEM buffer (pH 7.4) supplemented with 10 mM glucose, 1 mM sodium pyruvate and 2 mM L-glutamine; cells were equilibrated in this assay medium at 37 °C for 60 min. The oxygen consumption rate (OCR) was continuously monitored under basal conditions and after sequential injection of oligomycin (1.5 μM), FCCP (1.0 μM), and rotenone/antimycin A (ROT/AA, 0.5 μM each) at the indicated time points. Basal respiration was calculated as the baseline OCR minus non-mitochondrial respiration (OCR after ROT/AA injection). ATP production was determined as the oligomycin-sensitive OCR (baseline OCR minus OCR after oligomycin injection). Maximal respiration was calculated as the OCR after FCCP injection minus non-mitochondrial respiration. Spare respiratory capacity was defined as the difference between maximal respiration and basal respiration.
[bookmark: OLE_LINK1]The antioxidant effect of LF@MVN-4OI in vitro. 2 × 105 RAW264.7 cells were cultured in six-well plates, pretreated with different treatment of MVN, MVN-4OI and LF@MVN-4OI for 2 h, and then stimulated with 500 ng mL-1 LPS for 18 h to induce cellular oxidative stress. Real-time quantitative polymerase chain reaction (RT‒qPCR) was used to detect the gene expression of nuclear factor erythroid 2-related factor 2 (Nrf2), quinone oxidoreductase 1 (NQO1) and heme oxygenase-1 (HO-1). Briefly, total RNA was extracted from cells with RNAiso Plus (TAKARA, Japan) according to the manufacturer’s instructions, then the RNA concentrations were determined use a NanoDrop spectrophotometer (Thermo Fisher Scientific, USA). cDNA was synthesized from 1 μg of RNA by reverse transcription using PrimeScript™ RT reagent Kit with gDNA Eraser (TAKARA, Japan). RT-qPCR was conducted using TB Green™ Premix Ex Taq™ II (Tli RNaseH Plus) (TAKARA, Japan) following the manufacturer’s instructions. PCR amplification was done on a QuantStudioTM Real-Time PCR detection system (Thermo Fisher Scientific). Relative quantification of gene expression was performed using the 2-ΔΔCt method. The primer sequences were provided in Table S1 (Supporting Information). Moreover, the protein expression levels of Nrf2, HO-1 and NF-κB were detected by western blotting. Total proteins were obtained by adding RIPA lysis buffer (Beyotime Biotechnology, China) and protease inhibitors (Beyotime Biotechnology, China). Then the concentrations of protein were detected by a BCA assay kit (Beyotime Biotechnology, China). Protein samples were loaded and separated by electrophoresis, then transferred to PVDF membranes (Millipore, USA). Following 1 h of blocking with a protein free rapid blocking buffer (Yamei, China) at room temperature, the membranes were incubated with primary antibodies against HO-1 (1:4000, Proteintech, USA), Nrf2 (1:5000, Proteintech, USA) and NF-κB (1:5000, Proteintech, USA) at 4 °C overnight. Next, after being washed with TBST for three times, the membranes were incubated for 2 h with secondary antibodies (Proteintech, USA), and the protein bands were visualized using an ECL detection system (Amersham ImageQuant™ 800, Japan). The gray values of the strips were analyzed using the Image J software.[7]
[bookmark: OLE_LINK4]Regulation of macrophage polarization in Vitro. 2 × 105 RAW264.7 cells were cultured in six-well plates and pretreated with therapeutic concentration of MVN, MVN-4OI, and LF@MVN-4OI (equivalent to 25 µg mL-1 of MVN) for 2 h. Then, the cells were stimulated with 500 ng mL−1 LPS for 18 h to induce the M1 phenotype. After total RNA was extracted, the RT-qPCR was applied to detect of the M1- related markers including tumor necrosis factor-𝛼 (TNF-), inducible nitric oxide synthase (iNOS), CD86, interleukin-6 (IL-6), and interleukin-1 (IL-1), and the M2-associated markers such as arginine-1 (Arg1) and CD206. The primer sequences were shown in Table S1 (Supporting Information). Cellular proteins were used to detected the expression levels of CD86 (1:2000, Proteintech, USA) and CD206 (1:1000, Proteintech, USA) by western blotting. In addition, flow cytometry and immunofluorescent staining were applied to measure the expression of an M1 macrophage marker (CD86) and an M2 macrophage marker (CD206) to assess the macrophages polarization from the M1 to the M2 phenotype. Specifically, the cells were washed mildly after removing the medium, and then blocked with CD16/32 (Elabscience Biotechnology, Wuhan, China) antibody for 15 min. Subsequently, the cells were double stained with CD86 (Elabscience Biotechnology, Wuhan, China) and CD206 (Elabscience Biotechnology, Wuhan, China) antibodies according to manufacturer’s instructions.[2]  After washing the cells, the macrophages polarization was detected by flow cytometry. For immunofluorescent staining, the macrophages were fixed, permeabilized and blocked with 4% paraformaldehyde/0.5% Triton/10% BSA protocol. Primary antibody against CD206 (1:200, Abcam) were incubated and followed by fluorescent second antibody (1:200, Abcam). Then the nuclei were counterstained with DAPI, and observed by a confocal microscopy. The cells were observed by a confocal microscopy and analyzed by Image J software. Similarly, CD86 (1:200, Abcam) was stained using the same methods. The ELISA Kits (Shanghai Westang Bio-technology, China) were used to detect the levels of inflammatory cytokines (TNF-𝛼, IL-6, IL-10, and TGF-) according to the manufacturer’s instructions after collecting the culture medium supernatants. The regulatory effect of MVN, MVN-4OI, and LF@MVN-4OI on macrophage polarization in a non-inflammatory environment was also detected using RT-qPCR. After co-culturing MVN, MVN-4OI, and LF@MVN-4OI with RAW264.7 cells for 12 h, the gene expression of Inflammatory-related factors was examined.
RNA sequencing analysis. RNA sequencing was used to investigate the underlying anti-inflammatory and antioxidant mechanism of LF@MVN-4OI. Briefly, RAW 264.7 cells were seeded in six-well plates at a density of 4 × 105 cells per well, then incubated with LPS for 18 h after pre-treated with various materials for 2 h. Then, the total RNA was collected using TRIzol reagent, and the RNA sequencing was examined by the Illumina NovaSeq™ X Plus (USA). GO enrichment analysis and KEGG pathway enrichment analysis were performed using NovoMagic (https://magic-plus.novogene.com). Three biological replicates in each group were used for RNA sequencing analysis.
The inflammatory targeting of LF@MVN-4OI in vitro and in vivo. First, the ability of LF@MVN-4OI to target inflammatory macrophages was examined. RAW264.7 cells were planted in 2 cm confocal dishes overnight and then incubated with (250 ng mL-1) or without LPS for 4 hours. Added Cy5.5-labeled MVN-4OI and LF@MVN-4OI, and incubated at 37°C for 2 hours and 4 hours, respectively. After washing with PBS for 3 times, the cell membrane dye DiO (Solarbio, Beijing, China) was added and incubated at 37°C for 20 minutes. The staining solution was removed and washed with PBS for 3 times. Fixed with 4% paraformaldehyde for 15 minutes, and then washed with PBS. Followed by staining with DAPI for 10 minutes. After the fluorescence quencher was added, laser confocal microscope (Ti2-E, NIKON, Japan) was employed to investigate the binding between NPs and RAW264.7 cells and the Image J software was applied to analyzed the fluorescence intensity.
Afterwards, the inflammatory lung target ability of LF@MVN-4OI in vivo was also detected. Specifically, mice were randomly divided into two groups: one group received intratracheal instillation of LPS (4 mg kg-1, i.t.) to establish an acute lung injury model, while the other group received an equivalent volume of PBS as the control group. One hour later, mice were injected with Cy5.5, Cy5.5-MVN-4OI, or Cy5.5-LF@MVN-4OI (with identical doses of Cy5.5) via the tail vein. At 4, 12, and 24 hours after i.v. injection, the mice were euthanized, and major organs were harvested for imaging using an IVIS spectrum system (PE IVIS Spectrum, USA). The fluorescence signal was quantified with Living Image software.
Establishment of acute lung injury mice model. Healthy BALB/c mice (male, 6–8 weeks-old and weighing 22–25 g) were purchased from Shanghai Lingchang Biotechnology Co., Ltd. (Shanghai, China) and acclimated for 7 days. All animals were housed under standard specific pathogen-free (SPF) conditions with free drinking and safe eating. The ambient temperature was maintained at approximately 25°C with a relative humidity of 55%. The study was conducted under the approval of the Ethics Committee of Shanghai Jiao Tong University School of Medicine Affiliated Xinhua Hospital (Approval Document No. XHEC-F-2025-024). All animals were taken good care of according to the Local Guide for the Care and Use of Shanghai Jiao Tong University School of Medicine Affiliated Xinhua Hospital.
All the mice were randomly divided into five groups (n=5 per group): control group (PBS, equal volume of LPS, i.t.), LPS (4 mg kg-1, i.t.) group, LPS+MVN (20 mg kg-1, i.v.), LPS+MVN-4OI (20 mg kg-1 equivalent to MVN, i.v.) and LPS+LF@MVN-4OI (20 mg kg-1 equivalent to MVN, i.v.). Except for the control group, all other groups received intratracheal instillation of LPS. One hour later, mice were administered MVN, MVN-4OI, or LF@MVN-4OI via tail vein injection respectively. Following continuing to raise for 24 hours, all mice were euthanized after collection of blood and bronchoalveolar lavage fluid (BALF). Lung tissues were harvested for subsequent analysis, with one portion allocated for detection of inflammatory cytokines and the other portion reserved for H&E staining and immunofluorescence staining.[8]
Therapeutic effects of LF@MVN-4OI in vivo. The establishment of the acute lung injury mouse model and the treatment procedures were performed as described above. Collected blood samples were allowed to stand at room temperature for 2 hours, followed by centrifugation at 3000 × g for 15 min to obtain supernatant. The levels of inflammatory cytokines TNF-α, IL-6, and IL-1β were measured using ELISA kits (Shanghai Westang Bio-technology, China). BALF was centrifuged, and the supernatant was collected. The cell pellet was resuspended in PBS for total cells count using an automated cell counter. Part of the collected supernatant was used to determine protein concentration with a BCA assay kit (Beyotime Biotechnology, China), while another aliquot was used to measure TNF-α, IL-6, and IL-1β levels by ELISA analysis. Lung tissues from a subset of mice were used for lung wet/dry weight ratio analysis. In other mice, lungs were collected after euthanasia: the left lobe was processed for H&E staining and immunofluorescence staining, and the right lobe was used for RT-qPCR and western blotting analysis. Specifically, for H&E staining, lung tissues were fixed in 4% paraformaldehyde, embedded in paraffin, sectioned, and stained with hematoxylin and eosin. Sections were mounted and scanned using a digital pathology slide scanner (KFBIO KF-PRO-120, China) to evaluate histopathological changes, which were quantified using a lung injury scoring system. For immunofluorescence staining, paraffin-embedded sections were deparaffinized, rehydrated, and washed with PBS. After incubation with appropriate primary antibodies overnight at 4°C and subsequent PBS washes, sections were incubated with fluorescent secondary antibodies. Slides were mounted with fluoroshield mounting medium containing DAPI and scanned using a digital slide scanner (PANNORAMIC SCAN II, China). Quantitative analysis of fluorescence intensity was performed using Image J software. Finally, total RNA and total protein were extracted from lung tissues for further examination of inflammatory cytokine expression levels, following previously described experimental procedures.
Biocompatibility of LF@MVN-4OI in vivo.  To investigate the safety profile of LF@MVN-4OI in vivo, BALB/c mice were administered therapeutic doses of MVN, MVN-4OI, and LF@MVN-4OI via tail vein injection once daily for 7 consecutive days. Blood samples were collected on day 7 for hematological analysis and hepatic/renal function analysis. Major organs (heart, liver, spleen, lungs, and kidneys) were harvested for histological examination by H&E staining. Additionally, lung tissues were subjected to TUNEL staining. Fluorescence signals from TUNEL staining were quantified using ImageJ software.[9] 
Statistical analysis. All the data were expressed as mean ± standard deviation (SD). After homogeneity test of variance, differences between two groups were analyzed using unpaired student's t test (two-tailed). One-way analysis of variance (ANOVA) with Tukey’s post hoc tests was used for comparisons among multiple groups. All statistical analyses were conducted with a GraphPad Prism 8.0 statistical software. Significant differences were determined as p <0.05.
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Figure S1. EDS mapping analysis of carbon (C), nitrogen (N), oxygen (O), and vanadium (V).

Figure S2. High-resolution X-ray photoelectron spectroscopy (XPS) spectra of C 1s, N 1s, and O 1s for LF@MVN-4OI.
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Figure S3. Hydrodynamic size stability of MVN over 7 days. Images are representative of at least three independent experiments. ns indicates no statistically significant difference between groups (P > 0.05).
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Figure S4. Detection of the GPx-mimicking catalytic activities at different concentrations of MVN (A) and LF@MVN-4OI (B) by the GR-coupled assay. 
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[bookmark: OLE_LINK8]Figure S5. Cell viability of RAW264.7 cells (A) and HUVECs (B) incubated with different concentrations of MVN, MVN-4OI and LF@MVN-4OI for 48 hours (n = 5). All data are represented as mean ± SD. ns, no significance, ** p < 0.01, *** p < 0.001.
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Figure S6. The protective effects of different concentrations of LF@MVN-4OI on inflammatory macrophages. A) Cell viability of LPS-induced inflammatory RAW264.7 cells (500 ng mL-1) incubated with different concentrations of LF@MVN-4OI for 24 hours (n = 5). B) Cell viability of H2O2-induced inflammatory RAW264.7 cells (500 µM) incubated with different concentrations of LF@MVN-4OI for 24 hours (n = 5). All data are represented as mean ± SD. * p < 0.05, *** p < 0.001.
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Figure S7. LF@MVN-4OI eliminates inflammatory factors in supernatant from macrophages culture. A) The TNF- levels in cell culture supernatant from different treatment groups (n = 5). B) The IL-6 levels in cell culture supernatant from different treatment groups (n = 5). C) The IL-10 levels in cell culture supernatant from different treatment groups (n = 5). D) The TGF-β levels in cell culture supernatant from different treatment groups (n = 5). All data are represented as mean ± SD. *** p < 0.001.
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Figure S8. The regulatory effect of LF@MVN-4OI on inflammatory factors under the basic conditions (without LPS stimulation). A-D) The gene expressions of pro-inflammation cytokines including IL-1 (A), TNF- (B), IL-6 (C), and iNOS (D) in macrophages with different treatments (n = 3). E, F) The gene expressions of anti-inflammation cytokines including HO-1 (E) and CD206 (F) in macrophages with different treatments (n = 3). All data are represented as mean ± SD. ns, no significance, *p < 0.05, ** p < 0.01, *** p < 0.001.
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[image: ]Figure S9. Mitochondrial respiratory function measured by Seahorse XF analyzer in inflammatory RAW264.7 macrophages. A) Time-course OCR profiles during mitochondrial stress assay. B-E) Quantification of basal respiration, maximal respiration, ATP production and spare respiratory capacity. Data are shown as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.
Figure S10. Intracellular itaconate and IRG1 expression in LPS-stimulated RAW264.7 macrophages with different treatments. A) LC-MS quantitative results of cellular itaconate (n=3). B) Relative IRG1 protein expressions detected by western blot, with original blots attached (n=3). All data are presented as mean ± SD; *p < 0.05, **p < 0.01, ***p < 0.001.

[image: ]
Figure S11. Venn diagram of gene expression. 
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Figure S12. Ability of Cy5.5-labeled MVN-4OI and LF@MVN-4OI to target to LPS-stimulated or -unstimulated macrophages after 2 hours incubation by confocal microscopy (A) and the corresponding quantification in cells (B) (n = 3). Scale bar, 10 μm. All data are represented as mean ± SD. *** p < 0.001.
[image: ]
Figure S13. Free LF competition assays support LF-dependent receptor-mediated uptake of LF@MVN-4OI in LPS-activated RAW264.7 macrophages. A) Representative confocal images of Cy5.5-labeled nanoparticles internalized by LPS-activated macrophages with or without free LF pre-saturation. Scale bar: 10 μm. B) Quantification of relative intracellular Cy5.5 fluorescence intensity. Mean ± SD, **p < 0.01, ***p < 0.001.
[image: ]
Figure S14. The percentage of total radiant efficiency accumulated in lungs with LPS treatment or LPS un-treatment after 4 h injection (n = 3). All data are represented as mean ± SD. * p < 0.05, *** p < 0.001.
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Figure S15. Ex vivo fluorescence images of cy5.5-labeled MVN-4OI and LF@MVN-4OI fluorescent signals in major organs collected from LPS (+) treated mice after 12 (A, B) and 24 (C, D) hour’s injection via IVIS imaging and the corresponding quantification (n = 3). All data are represented as mean ± SD. ns, no significance, ** p < 0.01, *** p < 0.001.
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[bookmark: OLE_LINK9]Figure S16. The percentage of total radiant efficiency accumulated in lungs with LPS treatment after 4 h, 12 h, and 18 h injection (n = 3). All data are represented as mean ± SD. *** p < 0.001.
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Figure S17. Lung injury scores of lung tissues from mice in different treatment groups after H&E staining (n = 5). All data are represented as mean ± SD. *** p < 0.001.
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Figure S18. The gene expression of GPX4 (A) and Fizz1 (B) in lung tissues from mice in different treatment groups. All data are represented as mean ± SD. ** p < 0.01, *** p < 0.001.

Table S1. The sequences of RT-qPCR primers. 
	Gene name
	Forward primer sequence (5’-3’)
	Reverse primer sequence (5’-3’)

	TNF-α
	GCCTCTTCTCATTCCTGCTTGTGG
	GTGGTTTGTGAGTGTGAGGGTCTG

	IL-6
	CTTCTTGGGACTGATGCTGGTGAC
	AGGTCTGTTGGGAGTGGTATCCTC

	IL-1β
	TCGCAGCAGCACATCAACAAGAG
	AGGTCCACGGGAAAGACACAGG

	HO-1
	ACCGCCTTCCTGCTCAACATTG
	CTCTGACGAAGTGACGCCATCTG

	Nrf2
	TGCCACCGCCAGGACTACAG
	GCGTGCTCAGAAACCTCCTTCC

	iNOS
	ACTCAGCCAAGCCCTCACCTAC
	TCCAATCTCTGCCTATCCGTCTCG

	CD86
	TGGCAGGACCAGCAAAAGTTGG
	TCGTGCGGCCCAGGTACTTG

	Arg-1
	GAAGACAGCAGAGGAGGTGAAGAG
	AGTCAGTCCCTGGCTTATGGTTAC

	CD206
	TGATTGGTGGCAATTCACGAGAGG
	AACAGGCAGGGAAGGGTCAGTC

	NQO1
	AGGATGGGAGGTACTCGAATC
	TGCTAGAGATGACTCGGAAG

	β-actin
	CTTGGGTATGGAATCCTGTGGCATC
	CAGCACTGTGTTGGCATAGAGGTC

	Keap-1
	TGGTCGCCCTGTGCCTCTATG
	ATGCCACTCGTCCCGCTCTG

	GPX4
	ATAAGAACGGCTGCGTGGTGAAG
	TAGAGATAGCACGGCAGGTCCTTC

	Fizz1
	TGGGTGTGCTTGTGGCTTTGC
	GCAGTGGTCCAGTCAACGAGTAAG
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