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[bookmark: OLE_LINK14][bookmark: OLE_LINK1][bookmark: OLE_LINK22]Membrane-coated Prussian Blue nanocomplex with enhanced enzyme-mimic activity alleviates senile osteoporosis by reducing osteoprogenitor cell senescence and macrophage inflammation
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Fig. S1. Material characterization and quantitative analysis of membrane protein retention. (A, B) EDS spectra and elemental composition of CPB and M@CPB. (C) FTIR spectra of CPB and M@CPB. (D) Representative confocal images showing colocalization of fluorescently labeled CPB and MΦm (CPB, red; MΦm, green). (E) Stability of M@CPB in DMEM containing 10% FBS over 14 days. (F) Quantification of membrane protein retention (CCR2, CD47, RANK, and TNFR2) in M@CPB relative to native MΦm. All quantitative data are presented as mean ± SD (n = 3).

Table S1. Quantitative characterization of membrane coating in M@CPB nanozymes.
	[bookmark: OLE_LINK2]Nanozyme
	Membrane coating efficiency
	Membrane protein copy number per nanoparticle (copies)
	Membrane protein density (copies/nm²)
	Inter-batch CV

	
	
	
	
	Hydrodynamic size
	Zeta potential
	Protein loading efficiency

	M@CPB
	99.13 ± 0.10%
	4777.72 ± 275.48
	0.06 ± 0.002
	1.94%
	1.45%
	5.77%


Membrane coating efficiency, membrane protein copy number per nanoparticle, and membrane protein density are presented as mean ± SD (n = 3). Inter-batch CV values were calculated from three independently prepared batches.

Table S2. Quantitative analysis of functional membrane protein retention in M@CPB.
	Protein
	Main functional role
	Normalized level in MΦm (%)
	Retention rate in M@CPB (%)

	CCR2
	CCL2-mediated inflammatory tropism
	100
	92.96 ± 6.71

	CD47
	Immune evasion (“don’t eat me” signal)
	100
	93.35 ± 8.67

	RANK
	RANKL binding; cytokine sequestration
	100
	92.46 ± 2.10

	TNFR2
	TNF-α binding; cytokine sequestration
	100
	92.83 ± 1.98


Retention rates were calculated based on densitometric analysis of Western blot bands after normalization to caveolin-1. MΦm was set as 100%. Data are presented as mean ± SD (n = 3).
[image: ]
Fig. S2. Screening of CPB concentration. (A–C) Cytotoxicity of CPB (0–50 μg/mL) in MC3T3-E1 cells, M0 macrophages, and M1-polarized macrophages (n = 5). (D, E) Flow cytometric analysis and quantification of intracellular ROS levels based on DCFH-DA mean fluorescence intensity in MC3T3-E1 cells. All quantitative data are presented as mean ± SD (n = 3 unless otherwise specified).
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Fig. S3. M@CPB reduces intracellular ROS levels in RAW264.7 cells. (A) Representative confocal images of intracellular ROS in RAW264.7 cells detected using the DCFH-DA probe. (B, C) Flow cytometric analysis and quantification of intracellular ROS levels based on DCFH-DA mean fluorescence intensity in RAW264.7 cells. All quantitative data are presented as mean ± SD (n = 3).
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[bookmark: OLE_LINK38]Fig. S4. M@CPB ameliorates mitochondrial dysfunction in RAW264.7 cells. (A) Representative confocal images of mitochondrial membrane potential (ΔΨm) in RAW264.7 cells assessed by JC-1 staining. (B) Line-scan analysis of JC-1 aggregates and JC-1 monomers in RAW264.7 cells. (C) Representative TEM images showing mitochondrial morphology in RAW264.7 cells.
[image: ]
[bookmark: OLE_LINK3]Fig. S5. Optimization of H2O2 concentration for induction of cellular senescence. Representative senescence-associated β-galactosidase (β-gal) staining images of MC3T3-E1 and RAW264.7 cells following treatment with different concentrations of H2O2. Images are representative of three independent biological experiments.
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Fig. S6. Comparison of the anti-senescence effect of M@CPB with NAC in MC3T3-E1 cells. (A) Representative confocal images of p21 in MC3T3-E1 cells following different treatments. (B) Quantification of p21 fluorescence intensity in MC3T3-E1 cells. All quantitative data are presented as mean ± SD (n = 3).
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Fig. S7. M@CPB reverses cellular senescence in RAW264.7 cells. (A) Representative senescence-associated β-galactosidase (β-gal) staining images of RAW264.7 cells. (B) Representative confocal images of γ-H2AX in RAW264.7 cells. (C) Representative confocal images of p16INK4a in RAW264.7 cells. (D) Representative confocal images of p21 in RAW264.7 cells. (E–G) Quantification of γ-H2AX, p16INK4a, and p21 fluorescence intensity in RAW264.7 cells. All quantitative data are presented as mean ± SD (n = 3).
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Fig. S8. M@CPB improves motor function and reduces depressive-like behaviors in SOP mice. (A–B) Movement trajectories and heatmaps from the open field test (OFT). (C–D) Movement trajectories and heatmaps from the elevated plus maze test (EPMT). (E) Total distance traveled in the OFT. (F) Time spent in the central zone in the OFT. (G) Total distance traveled in the EPMT. (H) Percentage of time spent in the open arms in the EPMT. (I–J) Total traversal time in the pole test. (K–L) Immobility time in the tail suspension test (TST). (M) Representative images of the three-point bending test. (N–P) Maximum load, fracture load, and bending stiffness of the tibia. All quantitative data are presented as mean ± SD (n = 6). Schematic illustrations were created using Figdraw.com (permission No. UOTYPb6db8).
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Fig. S9. M@CPB modulates serum metabolic profiles in SOP mice. (A) PCA score plot of serum metabolomics data from the Control, SOP, and SOP + M@CPB groups. (B) Venn diagram showing commonly detected metabolites among the three groups. (C) Numbers of upregulated and downregulated differentially abundant metabolites (DAMs) in the Control versus SOP and SOP versus SOP + M@CPB comparisons. (D) KEGG pathway annotation of DAMs in the SOP versus Control comparison. (E) KEGG pathway annotation of DAMs in the SOP + M@CPB versus SOP comparison. (F) Heatmap of metabolites associated with energy metabolism and antioxidant defense. (G) Heatmap of metabolites associated with inflammation-related metabolism. (H) Heatmap of metabolites associated with bone matrix-associated metabolism. Analyses were performed with n = 3 per group.
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Fig. S10. M@CPB favorable in vitro and in vivo safety profiles. (A–B) Cytotoxicity of M@CPB toward HepG2, HK-2, HUVECs, and MC3T3-E1 cells following 24 h of co-incubation with or without 400 μM H2O2 stimulation (n=5). (C) Hemolysis rates and representative images of red blood cells (RBCs) after 6 h of incubation with water, PBS, CPB (10, 20, 40 μg/mL), or M@CPB (10, 20, 40 μg/mL). (D) Representative morphological images of RBCs incubated with water, PBS, CPB (10 μg/mL), or M@CPB (10 μg/mL). (E) Representative images of zebrafish during 96 h of incubation (n=6). (F) Plasma turbidity assay for CPB, MΦm, and M@CPB. (G, H) Heart rate and body length of zebrafish in each group (n=6). (I) Representative H&E staining images of major organs (heart, liver, spleen, lung, kidney) from mice in different groups. (J–M) Evaluation of hepatotoxicity and nephrotoxicity by measurement of ALT, AST, CREA, and UREA levels (n=5). (N–Q) Complete blood count analysis for RBC, PLT, HGB, and WBC (n=5). All quantitative data are presented as mean ± SD (n = 3 unless otherwise specified).
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