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Figure S1. Biomimetic hydrogel blanket assembling sequence and method. (A) Prepare 2 wt % alginate solution, 1 M CaCl2 solution, and polydimethylsiloxane (PDMS) plates (10 cm diameter, 5 mm thickness). (B) 0.4 ml of alginate solution is dispensed on the PDMS plate. (C) Place the cell culture insert on the alginate solution. (D) Press gently by hand to spread the solution flat. (E) Check that no air bubbles have penetrated between the solution and the membrane (if bubbles are observed, repeat steps A to D). (F) Calcium solution was added to the alginate solution around the membrane using a pipette for gelation (1 min). (G) Distilled water is poured evenly over the gelled alginate for unreacted ions to be washed away. (H) After that, lift the cell culture insert using forceps and check whether the alginate gel sheet is formed flat under the membrane (If the gel surface is not formed flat, repeat steps A to F). The gelled alginate was immersed in phosphate buffered saline solution to remove excess calcium ions, and the solution was changed once a day for a total of 3 days and stored at 4℃ until the experiment. Blanket-shaped hydrogel was immersed in Dulbecco's Modified Eagle Medium (DMEM, Gibco) 3 hours before cell experiments and UV sterilized for 1 hour on a clean bench. 
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Figure S2. Identification of chondrocyte stimulation effect of biomimetic hydrogel blanket. (A) Changes in cell morphology according to presence (hydrogel blanket) or absence of hydrogel blanket (Control) in chondrocyte. After incubation for 1 hour on a cell culture dish, images were taken with a phase-contrast microscope immediately after hydrogel blanket application. (B) Phase-contrast microscopy high-magnification images of cells cultured in Control and hydrogel blanket environments. (C) Comparison of cell spreading area of chondrocyte with and without hydrogel blanket stimulation. The cell spreading area was measured and compared by using Image-J (image processing program, National Institutes of Health) of more than 20 cells obtained from a phase contrast microscope. Statistical significance was tested using a Student's t-test. *** P < 0.001.  
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Figure S3. Optimization of direct contact pressing (DCP) culture with a biomimetic hydrogel blanket using cell reaction according to alginate gel concentration.  Phase-contrast microscopy images of chondrocytes cultured for 2 days in a hydrogel blanket environment with 2, 4, 6, and 8% alginate gel concentrations. Culture without hydrogel blanket (Control), 10x magnification (A) and 20x magnification (B).




Table S1. Detailed culture environment table for NC, NP, HC, HP. CO2 concentration, humidity %, dissolved oxygen %, N2 concentration, temperature, presence or absence of hydrogel blanket - each culture environment table. ‘Hypoxia’ was defined as an intentional regulation of oxygen partial pressure in a cell culture system, and ‘Normoxia’ was defined as a state in which oxygen partial pressure was not artificially controlled. ‘Pressing’ was defined as a direct contact pressing culture with a biomimetic hydrogel blanket applied and ‘Control’ was defined as hydrogel blanket not applied in the culture environment.
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Figure S4. Criteria and examples of chondrocyte by morphology. The shape of chondrocytes is divided into three types according to the classification criteria: shape 1, shape 2, shape 3 and examples of each shape.




Table S2. Detailed criteria for classification of chondrocyte shape. The shape of chondrocytes is divided into three types according to the classification criteria: shape 1, shape 2, and shape 3. Definition and type classification criteria of 'length', 'width', lamellipodia, and filopodia required for chondrocyte type classification.
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Table S3. Sequence list of primers used for gene analysis using real-time polymerase chain reaction (RT-PCR). Full names of Col1, Col2, AGC, SOX9, HIF-1α, TGF-β1, Smad2, Smad5, Runx2, and GAPDH. Reactive species, NCBI (National Center for Biotechnology Information) reference, sequence, and sequence length.
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Figure S5. Effects of Col1 and Col2 expression in chondrocytes according to direct contact pressing culture with a biomimetic hydrogel blanket application. Col1 and Col2 expression images of chondrocytes cultured for 2 days in a culture environment without hydrogel blanket (Control) and a culture environment with hydrogel blanket (All images were taken using a confocal microscope after immunofluorescence staining). Col1 fluorescence staining images of chondrocytes cultured in Control (A) and hydrogel blanket (D) environments. Col2 fluorescence staining images of chondrocytes cultured in Control (B) and hydrogel blanket (E) environments. Col1 and Col2 fluorescence merged images of chondrocytes cultured in Control (C) and hydrogel blanket (F) environments. Chondrocytes from Passage 4, cultured in 20% normoxia environment, fluorescently stained; cell nucleus (blue), Col1 (green), Col2 (red).




[image: fig. S6]

Figure S6. Comparison of expression of genes related to chondrocyte intrinsic properties by culture environment. Relative gene expression level of chondrocyte culture for 2 days in each external stimulus environment. Col1 (A), Col2 (B), SOX9 (C), Smad2 (D), Smad5 (E), Runx2 (F). All results were obtained from passage 2 chondrocyte. Statistical significance analysis was performed using one-way ANOVA test. Data represent mean ± s.d., *, **, *** indicate statistical significant difference when value compared to the each comparison group with * p<0.05, ** P<0.01, *** P<0.001. #, ##, ### indicate statistical significant difference when value compared to the ‘Normoxia Control (NC)’ condition with # p<0.05, ## P<0.01, ### P<0.001, (n=8).
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Figure S7. Distribution of cell morphology in passage 4 by culture environment. Cell morphology (A, upper row) and cell morphology classification results (A, lower row) by 'cell morphology classification criteria' after culturing chondrocytes for 2 days in each culture environment of NC, NP, HC, and HP. B, Cell shape occupancy rate analysis result by dividing the cell morphology observed in each environment into Shape 1, 2, and 3. The images of cells classified by shape are the size and shape of the actual cells obtained from a phase-contrast microscope, without modification. Numbers represent mean and standard deviation. The statistical significance test results are presented in ‘Figure S9’.
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Figure S8. Distribution of cell morphology in passage 9 by culture environment. Cell morphology (A, upper row) and cell morphology classification results (A, lower row) by 'cell morphology classification criteria' after culturing chondrocytes for 2 days in each culture environment of NC, NP, HC, and HP. B, Cell shape occupancy rate analysis result by dividing the cell morphology observed in each environment into Shape 1, 2, and 3. The images of cells classified by shape are the size and shape of the actual cells obtained from a phase-contrast microscope, without modification. Numbers represent mean and standard deviation. The statistical significance test results are presented in ‘Figure S9’.
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Figure S9. Comparison of morphological changes according to passage and culture environment of chondrocytes. The shape of chondrocytes is divided into three types according to the classification criteria: shape 1, shape 2, and shape 3. Morphological changes due to external environmental stimuli (NC, NP, HC, HP) and passage 2 (A), passage 4 (B), passage 9 (C). Each graph of a-c represents the mean, standard deviation, and raw data. ANOVA analysis and Tukey’s post-hoc test were performed for statistical significance verification. *, **, *** indicate statistical significant difference when value compared to the each comparison group with * p<0.05, ** P<0.01, *** P<0.001. #, ##, ### indicate statistical significant difference when value compared to the ‘Shape 1’ condition of each comparison group with # p<0.05, ## P<0.01, ### P<0.001. 
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Figure S10. Analysis of the effect of hydrogel blanket on Col2 and AGC recovering in relatively young and aged cells. Col2 (green) and AGC (yellow) gene expression by hydrogel blank application from relatively young cells [passage 2 (A, P2), passage 4 (B, P4)] to relatively old cells [passage 9 (C, P9)]. Immunofluorescence staining was used and observed with a confocal microscope. Culture conditions and staining color: NC, NP, HC, HP cultured for 2 days in each environment, Normoxia; 20% O2, Hypoxia; 1% O2 nucleus (blue), cytoplasm (red).
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Figure S11. Expression analysis of genes related to intrinsic properties of chondrocytes by passage and culture environment. Relative expression levels of passage 2 (P2), 4 (P4), 9 (P9) chondrocyte cultures for 2 days in each external stimulus environment. Col1 (A), Col2 (B), SOX9 (C), Smad2 (D), Smad5 (E), Runx2 (F). Statistical significance analysis was performed using one-way ANOVA test. Data represent mean ± s.d. *, **, *** indicate statistical significant difference when value compared to the each ‘NC’ group with * p<0.05, ** P<0.01, *** P<0.001. 
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Figure S12. Comparison of GAG amount according to culture environment and passage of chondrocytes. (A) Comparison of normalized GAG/DNA amount according to environmental culture of NC, NP, HC, HP and passage 2, 4 and 9 chondrocytes. (B) Comparison of GAG amount (μg) of chondrocytes according to environmental culture of NC, NP, HC, HP and Passage 2, 4, 9. (C) Comparison of DNA amount (μg) according to environmental culture of NC, NP, HC, HP and Passage 2, 4, 9. Data represent mean ± s.d., one-way ANOVA was used for statistical significance analysis. *, **, *** indicate statistical significant difference when value compared to the ‘NC’ condition with * p<0.05, ** P<0.01, *** P<0.001. 
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Figure S13. The result of Western blot analysis of the effect of passage and culture environment on chondrocyte gene expression. (A) Western blot results for the expression of Col1, Col2, AGC, SOX9, HIF-1α, TGF-β1, Smad2, Smad5, Runx2 and β-actin in Passage 2 (P2), Passage 4 (P4), Passage 9 (P9) chondrocytes cultured in NC, NP, HC, and HP environments. The result of quantifying the relative intensity of the protein band of Western blot: (B) Col1, Col2, AGC, and SOX9, (C) HIF-1α, TGF-β1, Smad2, Smad5, Runx2, and β-actin. 




Table S4. List of references, genes, and proteins for configuration signaling pathways (Figure 5) related to external environmental stimulation. 
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Culture conditions

Sample ID Abbreviation CO, Humidity (o)} N> Temp. Hb);:;ig:
Normoxia Control NC 5% 95 % 20 % 75 % 37°C X
Normoxia Pressing NP 5% 95 % 1% 94 % 37°C o
Hypoxia Control HC 5% 95 % 20 % 75 % 37 °C X
Hypoxia Pressing HP 5% 95 % 1% 94 % 37°C o
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Classification

Lamellipodium

Filopodium
Shape 1

Shape 2

Shape 3

Considerations
for cell shape
classification

Detailed description

*When a hypothetical line is drawn from each point of the cytoplasm, a line is drawn horizontally
at the longest length, and the length of the cell is defined as ‘a".

*We define the length as 'b' when the line perpendicular to the 'a' line is drawn through the
nucleus of the cell.

»|f the length of the lamellipodium is more than 2/3 of the total length of the cell, a line
perpendicular to the "a" line is drawn from the portion excluding the lamellipodium, and the
length of the cytoplasm is defined as "b".

*When the thickness of the part is in the range of b/2 ~ b/5, it is classified as 'lamellipodium’.

»When the thickness of the part is b/5 or less, it is classified as 'filopodium'.

*a / b value is less than 5 and filopodium is less than 2, or a / b value is 5 or more but less than
2 filopodium.

»|f a / b value is less than 5 and there are more than 3 filopodium

*a / b value of 5 or more and 3 or more lamellipodium are present.
*a / b value of 5 or more, and filopodium and lamellipodium are complex.
»The value of a / b is 5 or more and the length of filopodium is more than 1/2 of b.

»Cells not observing cell nuclei were considered as dead cells and were not classified.

*When the cells were overlapped with each other and the boundary and morphology of the
cytoplasm were not clearly distinguished from each other, it was excluded from the evaluation
because of the possibility of error in classification.

»When the photographed cells were located at the boundary of the image and the area was less
than 2/3, they were excluded from the classification.
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Reactive NCBI .
Target - Sequence(Forward primer)
] animal Reference - Length
protein . Sequence(Reverse primer)
species Sequence
HypOXIaulkr)]S:i?:Ilehf: clorts Human NM_001530.3 CTCTGAGGGGACAGGAGGAT 20
(HIF-1 3) - ' GCACCAAGCAGGTCATAGGT 20
Transforming growth
GGGCTACCATGCCAACTTCT 20
factor beta 1 Human NM_000660.6 GACACAGAGATCCGCAGTCC 20
(TGF-B1)
SMAD family member 2 CAATCGCCCATTCCCCTCTT 20
(Smad2) Human NM_005901.5 | AGTCTCTTCACAACTGGCGG 20
Runt related transcription
CCTCAGTGATTTAGGGCGCA 20
factor 2 Human NM_001024630.3 CAGAGGTGGCAGTGTCATCA 20
(Runx2)
SMAD family member 5 GGCCGAGCTGCTAATAAAGTTG 22
(Smads) Human NM_005903.6 | " \TTGGGTCAAGTCAGAGGC | 20
Collagen type | alpha 1
. TGACGAGACCAAGAACTGCC 20
‘g‘;‘;‘ Human NM_000088.3 GCACCATCATTTCCACGAGC 20
Collagen type Il alpha 1
: GGCATGCCCAAATAGCAGTC 20
‘g‘j‘l'; Human NG_008072.1 TTGATTTGGAGTCTCCCGCC 20
Aggrecan GTGAGGAGGACATCACCGTC 20
AGC Human BCO36445.1 AGACAAAAGGGGCTGTTGGA 20
Transcription factor Sox9 Human 746629 1 AGACAGCCCCCTATCGACTT 20
(Sox9 ' AGCTGTGTGTAGACGGGTTG 20
Glyceraldehyde-3-
GAAAGCCTGCCGGTGACTAA 20
phosphate dehydrogenase| Human NM_001256799.2 TTCCCGTTCTCAGCCTTGAC 20

(GAPDH)
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The genes and proteins referenced in the signaling pathway

Reference

No.

Col2 Smad2 Sox9 TGF-B AGC BMP2 R1
Smad2 Smad5 HIF-1a Runx2 R2
Co1 Col2 Smad2 Smad5 Sox9 TGF-B HIF-2a Runx2 R3
Col2 Smad2 Smad5 Sox9 TGF-8 AGC BMP2 HIF-1a HIF-2a Runx2 R4
Col2 Sox9 AGC HIF-1a HIF-2a Runx2 R5
Col2 Smad2 Smad5 Sox9 TGF-B AGC BMP2 HIF-1a HIF-2a Runx2 R6
Col2 Smad2 Smad5 Sox9 TGF-8 AGC R7

Smad2 TGF-8 R8, R9
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