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Text
1. Synthesis of HA-based hydrogel precursor
HMDA-Cytosine: A solution containing NaHSO₃ (5.2 g, 50.0 mmol) and HMDA (20 mL, 150.0 mmol) in 50 mL solvent (pH 7.1) was mixed with 3% (w/v) cytosine solution (2.0 g, 18.0 mmol), followed by the addition of hydroquinone (0.16 g, 1.5 mmol) as a radical scavenger. The mixture was stirred and reacted at 100 °C for 10 h, and most of the water in the reaction mixture was then removed by rotary evaporation. The residue was transferred into ethanol, and the crude product was collected by filtration and precipitation. Afterwards, the precipitate was washed with ethanol and purified by silica gel column chromatography using methanol/dichloromethane (1:1, v/v) as the eluent. The final product was obtained by rotary evaporation and vacuum drying.
HA-HMDA-Cytosine: Dissolve HA (200.0 mg, 0.5 mmol) in 80 mL of deionized (DI) water. Subsequently, EDC (480.0 mg, 2.5 mmol) and NHS (2.5 mmol, 287.5 mg) were added into the HA solution. The mixture was continuously stirred for 2 h to activate the carboxyl groups (–COOH) of HA, followed by the addition of cytosine-HMDA (2.1 g, 10.0 mmol). After adjusting the pH to 4.7, the reaction was stirred at room temperature for another 24 h. The reaction mixture was dialyzed (MWCO: 10 kDa) against dilute hydrochloric acid (pH 3–5) to remove unreacted cytosine-HMDA, EDC, and NHS, and then thoroughly dialyzed against deionized water. The final product was obtained by freeze-drying.
HA-SH-HMDA-Cytosine: Dissolve HA‑HMDA‑Cytosine (200.0 mg, 0.5 mmol) in 80 mL of deionized (DI) water. EDC (480.0 mg, 2.5 mmol) and NHS (287.5 mg, 2.5 mmol) were then added to the HA‑HMDA‑Cytosine solution. The mixture was stirred continuously for 2 h to activate the carboxyl groups (–COOH) of HA‑HMDA‑Cytosine, followed by the addition of cysteamine hydrochloride (114 mg, 1.0 mmol). The pH was adjusted to 4–5, and the reaction proceeded at room temperature for 24 h under dark conditions. The reaction mixture was dialyzed (MWCO: 10 kDa) against dilute hydrochloric acid (pH 3–5) to remove unreacted cytosine‑HMDA, EDC, and NHS, and then extensively dialyzed against DI water. The final product was obtained by freeze‑drying.
HA-SH: Its synthetic route was identical to that of HA-SH-HMDA-Cytosine, with HA-HMDA-Cytosine simply replaced by native HA. The final product was obtained by freeze-drying.


Figures[image: 透明质酸合成步骤]
Supplementary Figure 1 Synthetic route of HA hydrogel precursors. (A) Synthetic route of thiolated hyaluronic acid. (B) Cytosine functional modification of HA: the hydrophobic linker cytosine-HMDA was first synthesized; then HA-HMDA-Cytosine intermediate was prepared using HA as the raw material, and the final product HA-SH-HMDA-Cytosine was obtained via thiolation modification.
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Supplementary Figure 2 ¹H NMR spectrum of cytosine-HMDA. ¹H NMR (600 MHz, D₂O, δ): 7.36 (d, 1H, –N–CH=C–), 5.87 (m, 1H, –C=CH–C–), 3.38 (t, 2H, –N–CH₂–C–), 3.05 (t, 2H, –C–CH₂–NH₂), 1.79–1.70 (m, 2H, –C–CH₂–C–), 1.68–1.58 (m, 2H, –C–CH₂–C–), 1.54–1.40 (m, 4H, –C–CH₂–CH₂–C–).
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Supplementary Figure 3 1H NMR spectra of (A) Cytosine-HMDA, (B) HA-HMDA-Cytosine, (C) HA-SH-HMDA-Cytosine, (D) HA-SH. All 1H NMR spectra were acquired on a nuclear magnetic resonance (NMR) spectrometer. 1H NMR spectra were detailed below:
HA (A)
1H NMR (600 MHz, D2O, d): 4.6-3.3 (protons of HA), 2.00-1.80 (-COCH3).
HA-HMDA-Cytosine (B) 
1H NMR (600 MHz, D2O, d): 4.6-3.2 (protons of HA), 2.92-2.85 (-CH2-NH-CO-), 2.37-2.46 (-NH-CH2-C-), 2.07-1.96 (-COCH3), 1.70-1.60 (-C-CH2-C-), 1.55-1.45 (-C-CH2-C-), 1.45-1.25 (-C-CH2-CH2-C-).
HA-SH-HMDA-Cytosine (C)
1H NMR (600 MHz, D₂O, δ): 4.6–3.2 (protons of HA sugar backbone), 2.95–2.85 (-CH₂-NH-CO- and -CH₂-SH), 2.70–2.60 (-CH₂-CH₂-SH), 2.45–2.35 (-NH-CH₂-C-), 2.07–1.96 (-COCH₃), 1.70–1.60 (-C-CH₂-C-), 1.55–1.45 (-C-CH₂-C-), 1.45–1.25 (-C-CH₂-CH₂-C-).
HA-SH (D)
1H NMR (600 MHz, D₂O, δ): 4.6–3.3 (protons of HA sugar backbone), 2.95–2.85 (-CH₂-NH-CO-), 2.70–2.60 (-CH₂-CH₂-SH), 2.07–1.96 (-COCH₃).
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Supplementary Figure 4 Oscillatory rheological characterization of hydrogels. Frequency sweep results of Hybrid gels (A) and Covalent gels (B) with three different stiffnesses at 37 °C. The measurements were performed at a strain of 5% over a frequency range of 0.01–10 Hz. Data are presented as mean ± standard deviation (shaded regions), with samples independently prepared in triplicate (n=3).
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Supplementary Figure 5 Deformation of HA-based hydrogel under heavy compression.


[image: 1-NP染毒]
Supplementary Figure 6 Dose-dependent toxic effects of 1-NP on BEAS-2B 3D spheroids and 2D monolayer cells. (A) Representative bright-field microscopic images of BEAS-2B 3D spheroids treated with different concentrations of 1-NP for 48 h (Scale bar: 100 μm). (B, C) Cell viability curves of 1-NP against 3D spheroids (B) and 2D monolayer cells (C) determined by the CCK-8 assay. Data are presented as mean±SD (n=4).
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Supplementary Figure 7 1-NP exposure induces oxidative stress, cell membrane damage, and altered expression of injury‑related genes in BEAS-2B 3D spheroids. (A) Relative levels of MDA content in spheroids after treatment with different concentrations of 1-NP. (B) Relative expression levels of cell injury marker genes (REPS2, H3C12, PRKAA2, MK167) and membrane protection‑related genes (CLDN18, CDHR4) detected by qPCR. (C) Relative levels of LDH release in cell supernatant after treatment with different concentrations of 1-NP. Data are presented as mean±SD (n=4). Statistical analysis was performed using one‑way ANOVA followed by Dunnett’s post‑hoc test. ns, no significant difference, **P<0.01, ***P<0.001, ****P<0.0001 vs the ctrl group.
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Supplementary Figure 8 Effects of 1-NP exposure on the expression of tight junction‑related genes in BEAS-2B 3D spheroids. The relative expression levels of tight junction‑related genes (ZO-1, Occludin, Claudin1) after treatment with different concentrations of 1-NP were determined by qPCR. Data are presented as mean±SD (n=4). Statistical analysis was performed using one‑way ANOVA followed by Dunnett’s post‑hoc test. **P<0.01, ***P<0.001, ****P<0.0001 vs the ctrl group.


Tables
Supplementary table 1. Information on primers for quantitative RT-PCR
	Gene
	primers
	Sequence（5’— 3’）

	ZO-1
	Forward
	TTGTCTTCAAAAACTCCCAC

	
	Reverse
	GACTCACAGGAATAGCTTTAG

	Occludin
	Forward
	GGACTGGATCAGGGAATATC

	
	Reverse
	ATTCTTTATCCAAACGGGAG

	Claudin1
	Forward
	TCTTTATTGGCTGGGCAGGG

	
	Reverse
	TAAGAGCGGGGTACACGGTA

	REPS2
	Forward
	AGCACCTTATGAAGCTAGGCA

	
	Reverse
	GTCGGGGTAACTGCTGTTATC

	H3C12
	Forward
	GCTGCTCATCCGCAAACTG

	
	Reverse
	GCGTGAATAGCACAGAGGTTG

	PRKAA2
	Forward
	GTGAAGATCGGACACTACGTG

	
	Reverse
	CTGCCACTTTATGGCCTGTTA

	MK167
	Forward
	CACACCAACAAGCTCCAAGC

	
	Reverse
	CTGGTTTGGGTGTGTGCATG

	CLDN18
	Forward
	ACATGCTGGTGACTAACTTCTG

	
	Reverse
	AAATGTGTACCTGGTCTGAACAG

	CDHR4
	Forward
	CCAGGCTCAAAAGGTCTTCCA

	
	Reverse
	CAGGATTTCATAGCGCAGGTC

	GAPDH
	Forward
	GTCAAGGCTGAGAACGGGAA

	
	Reverse
	AAATGAGCCCCAGCCTTCTC




Supplementary table 2. Antibody information used in western blotting
	Antibodies
	Dilution Ratio
	Catalog Number
	Distributor

	ZO-1 tight junction protein Rabbit pAb
	1:1000
	511417
	Zen-Bioscience

	Occludin Rabbit mAb
	1:5000
	R381549
	Zen-Bioscience

	Claudin 1 Rabbit pAb
	1:1000
	343203
	Zen-Bioscience

	GAPDH pAb
	1:10000
	AF7021
	Affinity Biosciences

	Goat Anti-Rabbit IgG H&L(HPR)
	1:10000
	511203
	Zen-Bioscience
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