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1. Results and Discussions
1.1 Preparation and characterization of the ionic NO donor NO Lip
Based on our previous work [1], cholesterol chloroformate (Cho-Cl) was used to modify hyperbranched polyethyleneimine (PEI) containing tertiary amine groups to obtain Cho-PEI. Cho-PEI was then used as a nitric oxide donor to load NO, yielding Cho-PEI/NONOate. As shown in Fig. S1b, the ¹H NMR spectrum displays characteristic signals of cholesterol at positions a and b, while peaks at positions c and d correspond to proton resonances of PEI in Cho-PEI, confirming the successful modification of PEI by cholesterol. Compared with pristine Cho-PEI, an additional signal peak appeared at δ ≈ 3.72 ppm after NO loading, which corresponds to the formation of the NONOate group, confirming the successful preparation of the NO donor Cho-PEI/NONOate. The chemical structures of Cho-PEI and Cho-PEI/NONOate were further verified by FTIR spectroscopy, which additionally confirmed the presence of the NONOate group (Fig. S2a). Cho exhibited a distinct absorption peak at 1780 cm⁻¹, corresponding to the acyl chloride group. In the FTIR spectrum of Cho-PEI, a new peak appeared at 1700 cm⁻¹, which is attributed to the stretching vibration of –CO–NH–, indicating that the acyl chloride group was converted into an amide bond. Meanwhile, the methylene stretching vibrations of the cholesterol moiety appeared at 2950 cm⁻¹ and 2880 cm⁻¹ (black boxed region), demonstrating the successful formation of amide bonds between Cho and PEI. After further NO incorporation, a new absorption band appeared at approximately 1600 cm⁻¹ in Cho-PEI/NONOate, which corresponds to the N=N stretching vibration [1], indicating the successful grafting of the NONOate group onto the Cho-PEI backbone. TEM observations revealed that NO Lip retained an intact, near-spherical morphology after phosphotungstic acid staining and exhibited a characteristic phospholipid bilayer structure (Fig. S2b). Dynamic light scattering analysis showed that NO Lip had an average particle size of 167.5 nm (Fig. S2c), which was consistent with the TEM results. The relatively small hydrodynamic diameter suggests that NO Lip possesses favorable potential for skin penetration and controlled release of active agents.
1.2 Effective concentration screening of NO Lip
The role of NO in regulating epidermal permeability barrier homeostasis has been well established [2], and NO can influence epidermal permeability; therefore, our attention was first focused on the paracellular pathway. Previous studies have shown that co-culturing NO donors with keratinocytes can widen intercellular spaces between epidermal cells and reduce transepithelial electrical resistance (TEER) by loosening tight junctions, thereby facilitating drug penetration [3]. To evaluate this possibility, a Transwell system was used to monitor changes in TEER across a cell monolayer. Once a HaCaT cell monolayer was established and exhibited stable TEER values, NO Lip at different concentrations was added to the Transwell inserts. As shown in Fig. S3a, TEER values significantly decreased after 6 h of co-culture with NO Lip at concentrations ranging from 2 µM to 40 µM. Subsequently, TEER values were measured after co-incubation of HaCaT cells with 2 µM NO Lip for 0, 6, and 12 h, showing a decrease at 6 h followed by recovery to baseline levels at 12 h (Fig. S3b), indicating that NO Lip reversibly enlarged the paracellular pathways. In addition, the cytotoxicity of NO Lip at different concentrations was evaluated using a CCK-8 assay (Fig. S3c), and cell metabolic activity remained above 95% when HaCaT cells were treated with NO Lip at concentrations ranging from 100 nM to 10 µM. Therefore, the appropriate working concentration range of NO Lip was further confirmed to be 2 – 10 µM.
Long-term exposure to UV radiation can induce DNA damage, oxidative stress, inflammation, and cell apoptosis [4]. UV radiation can interact with chromophores and photosensitizers within cells, leading to the generation of ROS, including superoxide anion radicals and hydroxyl radicals [5]. ROS can act as second messengers to activate the MAPK signaling pathway, thereby inducing the expression of matrix metalloproteinases (MMPs), which promote collagen oxidation and reduce the expression of type I and type III collagen [6]. Previous studies have reported that exogenous NO can reduce the S-nitrosylation and phosphorylation levels of p38, a key stress-responsive subfamily member of the MAPK pathway, whose activation further promotes MMP expression [7]. Therefore, a DCFH-DA fluorescent probe assay was designed to further investigate the role of moderate NO levels in regulating the ROS–MAPK–MMP axis. As shown in Fig. S3d, HaCaT cells produced low levels of ROS under normal conditions, whereas UVB irradiation markedly increased fluorescence intensity compared with the control group, indicating successful induction of oxidative stress. Notably, the fluorescence intensity of ROS was significantly reduced in the 2 µM NO Lip–treated group (Fig. S3e). Accordingly, 2 µM NO Lip was selected as the effective concentration for subsequent experiments.
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Fig. S1. HA and Cho-PEI/NONOate characterization. (a) 1H NMR spectra of HA. (b) 1H NMR spectra of Cho, Cho-PEI, and Cho-PEI/NONOate.
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Fig. S2. NO Lip characterization. (a) FTIR spectra of Cho, PEI, Cho-PEI, and Cho-PEI/NONOate. (b) TEM image of NO Lip. (c) Particle size distribution of NO Lip.
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Fig. S3. Effective concentration screening of NO Lip. (a) Effects of different concentrations of NO Lip (100 nM – 40 µM) on TEER changes in HaCaT cells. (b) Effects of 2 µM NO Lip treatment on TEER changes in HaCaT cells. (c) CCK-8 cytotoxicity assay of HaCaT cells treated with different concentrations of NO Lip (0 nM – 40 µM). (d) Effects of different concentrations of NO Lip on ROS generation in HaCaT cells. (e) Quantitative analysis of the mean fluorescence intensity of ROS in HaCaT cells treated with different concentrations of NO Lip. Data are presented as mean ± SD (n = 3 independent biological replicates).
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Fig. S4. UVB blocking efficiency of HA, Gel, and mN-Gel. Data are presented as mean ± SD (n = 3 independent samples).Significance was calculated versus the Control group unless otherwise indicated.
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Fig. S5. Screening of the effective UVB dose for model establishment and the effective concentration of mExos. (a) CCK-8 cytotoxicity assay of HaCaT cells under different UVB irradiation doses. (b) Effects of different concentrations of mExos on intracellular ROS generation in HaCaT cells. (c) CCK-8 cytotoxicity assay of mExos at different concentrations. Data are presented as mean ± SD (n = 3 independent biological replicates).
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Fig. S6. Fluorescence images of frozen skin sections after mExos-DiO treatment in a Franz diffusion cell for 24 h. (In the experiment, mExos were labeled with DiO (green). Data are presented as mean ± SD (n = 3 independent animals).
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Fig. S7. Oxidative stress and inflammation levels in the skin. (a - c) Contents of GSH, SOD, and MDA (n = 3). (d - e) Levels of TNF-α and IL-1β in UV-damaged skin tissue measured by ELISA (n = 3). Data are presented as mean ± SD. The value of n represents the number of independent animals. Significance was calculated versus the UV group unless otherwise indicated (a - c).
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Fig. S8. Representative fluorescence staining images showing ROS accumulation in the skin (n = 3). Data are presented as mean ± SD. The value of n represents the number of independent animals.
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Fig. S9. TUNEL immunofluorescence (IF) image analysis. (a) Representative IF images of mouse dorsal skin after treatment, showing TUNEL (green) and DAPI (blue) staining (n = 3). (b) Statistical analysis of the mean fluorescence intensity of TUNEL-positive cells (n = 3). Data are presented as mean ± SD. The value of n represents the number of independent animals.
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Fig. S10. Body weight change curves of mice during the treatment of skin photoaging (n = 7). Data are presented as mean ± SD. The value of n represents the number of independent animals.
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Fig. S11. Representative EVG staining images of photoaged mouse skin after treatment (n = 3). Data are presented as mean ± SD. The value of n represents the number of independent animals.
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Fig. S12. Complete blood count (CBC) analysis of mice after 8 weeks of treatment (n = 3). Data are presented as mean ± SD. The value of n represents the number of independent animals.
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Fig. S13. Representative photos of the back skin of photoaged nude mice at 8 weeks after treatment
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Fig. S14. Quantitative analysis of live/dead staining after different treatments. Data are presented as mean ± SD (n = 3 independent biological replicates).
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Fig. S15. Uncropped Western blot images corresponding to Figure 1f.
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Fig. S16. Representative photographs of the dorsal skin of BALB/c nude mice following exposure to different UV irradiation doses during the preliminary MED determination.



Table 1. Primer sequences for quantitative real-time PCR of differentially expressed genes (DEGs)
	Primer Name
	Primer Sequence (5' to 3')
	Base Number

	COL1A1
	F
	CTCCCAGAACATCACCTATCACT
	23

	
	R
	GGAGGTCTTGGTGGTTTTGTATT
	23

	[bookmark: _GoBack]COL3A1
	F
	GTGGCAATGTAAAGAAGTCTCTGAAG
	26

	
	R
	GGGTGCGATATCTATGATGGGTAG
	24

	GAPDH
	F
	CCTCGTCCCGTAGACAAAATG
	21

	
	R
	TGAGGTCAATGAAGGGGTCGT
	21



Table 2. Edema Degree Score
	Skin reactions
	Score

	No edema
	0

	Very slight edema (almost invisible)
	1

	Well-defined peripheral edema
	2

	Moderate edema (raised margin +1 mm)
	3

	Severe edema (raised margin more than 1 mm and extendingbeyond the affected area)
	4



Table 3. Erythema Degree Score
	Skin reactions
	Score

	No erythema
	0

	Very slight erythema (barely visible)
	1

	Clearly demarcated erythema
	2

	Moderate to severe erythema
	3

	Severe erythema (beet-red) to slight crusting
	4









Table 4. Irritation Degree Score
	Evaluation
	Score

	No irritation
	0.0

	Very slight irritation
	0.1 - 0.4

	Slight irritation
	0.41 - 1.9

	Moderate irritation
	2.0 - 4.9

	Severe irritation
	5.0 - 8.0



Table 5. Irritation Test Results
	Group
	Day 1
	Day 5
	Day 10
	Day 15
	Irritant
index

	
	Edema
	Erythema
	Edema
	Erythema
	Edema
	Erythema
	Edema
	Erythema
	

	PBS-1
	0
	0
	0
	0
	0
	0
	0
	0
	0

	PBS-2
	0
	0
	0
	0
	0
	0
	0
	0
	0

	PBS-3
	0
	0
	0
	0
	0
	0
	0
	0
	0

	mN-Gel-1
	0
	0
	0
	0
	0
	0
	0
	0
	0

	mN-Gel-2
	0
	0
	0
	0
	0
	0
	0
	0
	0

	mN-Gel-3
	0
	0
	0
	0
	0
	0
	0
	0
	0
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