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Figure S1. Effects of extrusion pressure, nozzle size, and printing speed on scaffold fidelity and structural dimensions of gelatin methacryloyl-based 
hydrogels with different concentrations. (A, B) Representative images of printed scaffolds fabricated from the G1 and G2 groups under varying printing 
conditions. (C, D) Quantitative analysis of scaffold filament diameter for G1 and G2, respectively. (E, F) Quantitative analysis of pore size for G1 and G2, 
respectively. Data are presented as mean ± standard deviation (diameter: n = 3 independent prints per condition; pore size: n = 4 independent prints per 
condition).
Note: √ indicates success and × indicates failure.  
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Figure S2. Effects of extrusion pressure, nozzle size, and printing speed on scaffold fidelity and structural dimensions of gelatin methacryloyl-based 
hydrogels with different concentrations. (A, B) Representative images of printed scaffolds fabricated from the G5 and G6 groups under varying printing 
conditions. (C, D) Quantitative analysis of scaffold filament diameter for G5 and G6, respectively. (E, F) Quantitative analysis of pore size for G5 and G6, 
respectively. Data are presented as mean ± standard deviation (diameter: n = 3 independent prints per condition; pore size: n = 4 independent prints per 
condition).
Note: √ indicates success and × indicates failure.  
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Figure S3. Validation of the maximum printable height for 900 μm diameter scaffolds. (A) Top and side views of scaffolds printed at a height of 9 mm. 
(B) Top and side views of scaffolds printed at a height of 9.9 mm. (C) Comparison structural integrity of the 9 mm and 9.9 mm scaffolds after freezing in 
−196 ℃.

Figure S4. Morphological comparison of ultraviolet-cured, four-layer scaffolds (900 μm diameter) before and after cryopreservation. Scale bar: 5 mm.
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Figure S5. Cell viability of 3T3 fibroblasts under different printing conditions. (A, B) Representative live/dead fluorescence images of constructs printed 
with the G1 and G2 groups, respectively. Scale bar: 100 μm; magnification: 20×. (C, D) Quantitative analysis of cell viability for G1 and G2 under varying 
printing conditions. Data are presented as mean ± standard deviation (n = 3 independent experiments for each condition, ns: not significant).

Figure S6. Cell viability of 3T3 fibroblasts under different printing conditions. (A, B) Representative live/dead fluorescence images of constructs printed 
with the G5 and G6 groups, respectively. Scale bar: 100 μm; magnification: 20×. (C, D) Quantitative analysis of cell viability for G5 and G6 under varying 
printing conditions. Data are presented as mean ± standard deviation (n=3 independent experiments for each condition; **p < 0.01, ***p < 0.001, ns: not 
significant).
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Figure S7. Cryopreservation performance of 3T3 fibroblasts using different antifreeze hydrogel formulations. (A) Representative live/dead fluorescence 
images of 3T3 cells following cryopreservation in the indicated hydrogel groups. Scale bar: 100 μm; magnification: 20×. (B) Quantitative analysis of post-
thaw cell viability. Data are presented as mean ± standard deviation (n=3 independent cryopreservation experiments per condition; *p < 0.05, ****p < 
0.0001, ns: not significant).
Abbreviations: DMSO: Dimethyl sulfoxide; GelMA: Gelatin methacryloyl; P: L-proline.

 
Figure S8. Optimization of the enzymatic digestion protocol for enhanced cell recovery. (A) Representative live/dead staining images of cells recovered via 
agitation-assisted and static methods. Scale bar: 100 μm; magnification: 20×. (B) Comparison of cell viability between the two digestion groups. Data are 
presented as mean ± standard deviation (n = 3 independent experiments for each condition; *p < 0.05).

Table S1. Thermal properties of materials used in the COMSOL finite element model

Parameter Symbol Value (Unit) Source

Density ρ 1,000 kg/m3 1

Thermal conductivity k 0.57 W/(m2·K) 1

Specific heat Cp 4.136 kJ/(kg⋅K) 1

Ratio of specific heats γ 1.33  1
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