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Supplementary Figures
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Figure S1. Zeta potential of recombinant human collagen (RHC), epigallocatechin-3-gallate (EGCG), and EGCG–RHC nanospheres (NSs). Zeta potential was measured in saline at 25 ℃ using a Malvern Zetasizer Nano S90 based on dynamic light scattering. Data are presented as mean ± SD (n = 3).
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Figure S2. Optimization of the EGCG: RHC mass ratio for nanosphere preparation.
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Figure S3. Storage stability of EGCG–RHC NSs under different conditions over 12 weeks. (a) Representative photographs showing the macroscopic appearance of EGCG–RHC NSs during storage. (b) Changes in average hydrodynamic size of EGCG–RHC NSs stored at 4°C in the dark, 25°C in the dark, and 25°C under light exposure. (c) Changes in polydispersity index (PDI) under the same storage conditions. Data are presented as mean ± SD (n = 3).

[image: ]Figure S4. In vivo skin penetration of FITC-labeled formulations. (a) Schematic of the in vivo skin penetration study. FITC-labeled RHC (FITC-RHC) or FITC-labeled nanospheres (FITC-NSs) were topically applied to mouse dorsal skin for 6 or 12 h, followed by skin harvesting and preparation of frozen sections for imaging. (b) Representative confocal fluorescence images of skin cryosections collected at 6 and 12 h after topical administration of FITC-RHC or FITC-NSs. Nuclei were stained with DAPI (blue) and FITC signals are shown in green. Scale bar: 200 μm. (c) Quantification of FITC penetration depth in skin sections at indicated time points. Data are presented as mean ± SD (n = 3). For each mouse, multiple sections were analyzed and summarized to obtain one value per animal for statistical comparisons. Statistical significance is indicated as ns, not significant (p ≥ 0.05), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 versus the indicated groups.


[image: ]Figure S5. NIH-3T3 cell viability under the same UVB irradiation and treatment conditions used for the scratch assay. NIH-3T3 fibroblasts were irradiated with UVB (120 mJ/cm2, 6 min) and then treated with RHC, EGCG, or EGCG–RHC NSs (0.01 mg/mL) for 24 h. Cell viability was determined by CCK-8 assay. Data are presented as mean ± SD. 



Supplementary Tables
Table S1. Encapsulation efficiency (EE) of EGCG in EGCG–RHC nanospheres (NSs). EGCG–RHC NSs were prepared at a stirring rate of 1000 rpm for 5 min with a mass ratio m(RHC):m(EGCG) = 1:1 in saline. EE (%) values from three independent batches and the corresponding mean ± SD are shown.
	Stirring rate (rpm)
	Time (min)
	m(RHC):m(EGCG)
	EE (%)
	EE (Mean ± SD, %)

	1000
	5
	1:1
	93.21
	94.94 ± 1.73

	1000
	5
	1:1
	94.94
	

	1000
	5
	1:1
	96.67
	


.
	System
	Protein-based component
	Particle size
	EGCG encapsulation efficiency
	Stability improvement factor / stability-related readout
	Transdermal or skin-delivery enhancement
	Main application
	Reference

	EGCG–RHC NSs
	Recombinant human type III collagen
	94.55 ± 2.32 nm; PDI 0.18 ± 0.01
	94.94%
	12-week colloidal stability under 4°C/dark and 25°C/dark conditions; EGCG chemical retention factor not directly determined
	2.04-fold higher skin permeation at 24 h compared with FITC–RHC
	Topical anti-photoaging; antioxidant delivery and ECM remodeling
	This study

	EGCG-loaded BLG–CA nanoparticles
	β-lactoglobulin–chlorogenic acid conjugate
	105.8–110.3 nm
	71.8–73.5%
	EGCG retention at 6 h: 65.5% in BLG–CA-high nanoparticles vs 18.8% for free EGCG; approximately 3.5-fold retention improvement
	NR
	EGCG stabilization and simulated gastrointestinal delivery
	[56]

	β-Lg–GA–EGCG complex nanoparticles
	β-lactoglobulin / gum arabic
	133 nm
	84.5%
	Improved EGCG stability and controlled gastrointestinal release; exact stability improvement factor NR
	NR
	Simulated gastrointestinal digestion / oral delivery
	[57]

	EGCG/gelatin/γ-PGA nanoparticles
	Type-A gelatin / poly-γ-glutamic acid
	155.1 ± 7.3 nm
	51.2–72.4%
	DPPH activity after 14 days: 86.2% for nanoparticles vs 39.1% for free EGCG; approximately 2.2-fold antioxidant-retention improvement
	NR for skin delivery; approximately 3.1-fold higher Caco-2 transport than free EGCG
	Functional food delivery; intestinal transport
	[26]

	EGCG-loaded BSA/PUL nanoparticles
	Bovine serum albumin / pullulan
	Approximately 350 nm by TEM for BSA/PUL carrier nanoparticles
	>99.0%
	High stability and continuous EGCG release over 6 h; exact stability improvement factor NR
	NR
	Antioxidant delivery / food-grade EGCG carrier
	[58]

	Zein–GA–EGCG complex nanoparticles
	Zein / gum arabic
	128.03–221.23 nm
	Up to 75.23%
	Lower EGCG release during simulated gastric digestion than Zein–EGCG nanoparticles; exact stability improvement factor NR
	NR
	EGCG protection and simulated digestion
	[59]


Table S2. Quantitative comparison of EGCG–RHC NSs with representative EGCG–protein or protein-containing nanosystems
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