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Figure S1. SEM images of uncoated PC film and PC film coated with GO-Gel-Ca suspension containing 15% gelatin type A.
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Figure S2. Raman spectroscopic analysis of GO-Gel-Ca-coated PC film and pores located on the film. The optical image, D peak mapping image, and G peak mapping image correspond to the same region shown in Figure 2e. Raman intensity spectra correspond to the symbols indicated in each image.
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[bookmark: _Hlk189831853]Figure S3. SEM-EDS images for analyzing residual Cl on the GO-Gel-Ca-coated PC film.
Scale bar = 10 μm.
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Figure S4. SEM-EDS map sum spectrum for analyzing residual O, C, Cl, and Ca on the GO-Gel-Ca-coated PC film.
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Figure S5. Calibration curve of calcium release from the GO-Gel-Ca-coated PC film according to exposure time in distilled water.
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Figure S6. Fluorescence staining images of keratinocytes cultured on films prepared under different fabrication conditions and corresponding preprocessing results for image analysis. Thresholding was applied for fluorescence-positive area quantification.
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Figure S7. Culture time-dependent fluorescence-positive area (FPA) of Hoechst-positive keratinocytes quantified by computational image analysis. The values inserted above the graphs indicate the coefficient of variation (CV), defined as the ratio of the standard deviation to the mean.
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Figure S8. Image-based analysis of keratinocyte culture area according to film fabrication conditions. FPA was defined as the ratio of the fluorescence-positive area to the total analyzed area. Student’s t-test, n = 5, *p < 0.05, **p < 0.01, ***p < 0.001. n = 7.
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[bookmark: _Hlk189511106]Figure S9. ICP-OES-based analysis of calcium release from the Gel-Ca film over time.
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[bookmark: _Hlk189511144]Figure S10. qPCR-based analysis of culture time-dependent expression levels of transglutaminase-1 (TGM-1) and caspase-14 (CASP14) in keratinocytes. Student’s t-test, n = 7, *p < 0.05, **p < 0.01, ***p < 0.001. ns indicates not significant.
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Figure S11. Confocal fluorescence microscopy-based z-sectional image analysis of keratinocytes cultured under different film fabrication conditions.
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Figure S12. SEM image of the gold nanostructure-based working electrode in the bidirectional electrochemical oxygen depletion monitoring system. Scale bar = 500 nm.
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Figure S13. Analysis of signal reduction according to nitrogen purging time in Hanks’ balanced salt solution (HBSS)-based electrochemical monitoring solution and the corresponding oxygen-related signal calibration process.
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Figure S14. DPV signals and corresponding oxygen depletion index (ODI) of keratinocytes cultured on GO-Gel-Ca films for 24 h as a function of seeded cell number. Student’s t-test, n = 7, *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure S15. Quantitative analysis of DPV-based electrochemical oxygen dynamics.
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Figure S16. ODR analysis of keratinocytes cultured on the GO-Gel-Ca film according to culture time and detection direction. Student’s t-test, n = 7, *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure S17. Oxygen depletion rate analysis according to sensing position and GO-Gel-Ca film fabrication condition. Student’s t-test, n = 5, *p < 0.05, **p < 0.01, ***p < 0.001. ns indicates not significant.



	No.
	Gene
	Seq

	1
	KRT14
(Keratin 14)
	Fwd: TGGCAGAGATGAGGGAGCAGTA
Rev: GTGTTAGACGCCACCTCCTTGT

	2
	KRT10
(Keratin 10)
	Fwd: CCTGCTTCAGATCGACAATGCC
Rev: ATCTCCAGGTCAGCCTTGGTCA

	3
	IVL
(Involucrin)
	Fwd: ACAAGGGAAGAGAGAGCCACTG
Rev: TGTAGAGGGACAGAGTCAAGTTCA

	4
	FLG
(Filaggrin)
	Fwd: TGAAGCCTATGACACCACTGA
Rev: TCCCCTACGCTTTCTTGTCCT

	5
	TGM1
(Trans Glutaminase 1)
	Fwd: GAACGACTGCTGGATGAAGAGG
Rev: CTTGATGGACTCCACAGAGCAG

	6
	CASP14
(Caspase 14)
	Fwd: GGTGGATGTGTTCACGAAGAGG
Rev: CCTTCTTGAACCAGCTCTGCTTC

	7
	CASP3
(Caspase 3)
	Fwd: ATGGAGAACAATAAAACCT
Rev: CTAGTGATAAAAGTAGAGTTC

	8
	TFAM
(Transcription Factor A, Mitochondrial)
	Fwd: TGTTCACAATGGATAGGCAC
Rev: TCTGGGTTTTCCAAAGCAAG

	9
	MT-CO1
(Mitochondrially Encoded Cytochrome C Oxidase I)
	Fwd: GCCCCCGATATGGCGTTT
Rev: GTTCAACCTGTTCCTGCTCC


Table S1. Primer sequences for RT-qPCR
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