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Abstract
Three-dimensional (3D) bioprinting enables the fabrication of engineered tissues, 
but cell damage during printing and limitations in long-term preservation hinder 
practical applications. Traditional cryoprotectants, such as dimethyl sulfoxide 
(DMSO), introduce cytotoxicity and require complex removal, restricting immediate 
tissue usability. Here, we present an integrated extrusion-based bioprinting and 
DMSO-free antifreeze hydrogel strategy to produce cell-laden constructs with high 
post-thaw viability and proliferative capacity. Systematic optimization of bioink 
composition (6% L-proline with varying gelatin methacryloyl concentrations), 
extrusion parameters, and crosslinking conditions enabled high-fidelity scaffold 
fabrication while preserving cell viability and proliferation. Numerical simulations 
guided the maximum printable heights for fibers of different diameters, supporting 
construct scalability. Storing cell-laden 3D-printed scaffolds in cryovials at −80 
°C effectively maintained high cell viability compared with alternative cooling 
protocols. Cells in 3D scaffolds exhibited superior post-thaw proliferation compared 
with two-dimensional culture, and the platform was validated using C2C12 
myoblasts, achieving high survival and robust recovery of proliferative capacity. This 
study establishes a practical and versatile framework for integrating bioprinting and 
cryopreservation to support the generation of cell-laden constructs with preserved 
viability and structural integrity for regenerative medicine applications.
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1. Introduction
Three-dimensional (3D) bioprinting has become a 
transformative technology for fabricating functional 
tissues and organs by precisely depositing cell-laden 
bioinks into predefined architectures.1,2 In recent years, 
this field has increasingly aligned with the concept of 
rational mechanical design of bio-metamaterials, in 
which structural architectures are deliberately engineered 
to regulate mechanical behavior and guide biological 
functions3. Within this context, the structural fidelity 
and biological functionality of printed constructs are 
highly dependent on the interplay between bioink 
properties, printing parameters, and quantitative 
structure–property–function relationships, as emphasized 
in advanced mechanostructure design frameworks.4-7 
Although extrusion-based bioprinting has advanced 
rapidly, the optimization of its key process parameters—
such as extrusion pressure, printing speed, and nozzle 
diameter—remains incomplete.8,9 These parameters 
collectively determine filament morphology, scaffold 
porosity, and mechanical integrity, directly influencing 
the reproducibility and biological performance of printed 
constructs.10,11 Excessive shear stress generated during 
extrusion, particularly under high pressures or through 
fine nozzles, can compromise cellular membranes and 
viability.12-14 Therefore, achieving a balance between 
printing precision and cytocompatibility is essential for 
constructing biofunctional tissues with high cell survival.

Beyond fabrication, the long-term preservation 
and “ready-to-use” capability of bioprinted tissues 
remain significant obstacles to their clinical translation. 
On-demand printing limits scalability, logistics, and 
availability for regenerative medicine applications.15,16 The 
integration of cryopreservation with bioprinting offers a 
promising approach for off-site manufacturing and long-
term storage.17,18 However, freezing and thawing processes 
can cause osmotic imbalance and ice crystal formation, 
resulting in structural deformation and cell death. 
Consequently, cryoprotective optimization of bioinks 
is critical to maintain both scaffold fidelity and post-
thaw cell function. Conventional cryoprotectants such as 
dimethyl sulfoxide (DMSO) and glycerol remain widely 
used, but their cytotoxicity and the need for complex 
removal procedures limit their applicability.19-21 Previous 
studies have shown that although DMSO-based systems 
can preserve cell viability above 80%, residual toxicity and 
impaired cell functionality after thawing remain persistent 
concerns, underscoring the need for safer, low-toxicity 
alternatives.22,23

In this context, L-proline (L-Pro) has emerged as 
a superior natural alternative due to its low toxicity 

and multifaceted cryoprotective mechanisms. 
Thermodynamically, L-Pro interacts with water molecules 
via strong hydrogen bonds, lowering the crystallization 
temperature and promoting the formation of a glassy 
state (vitrification), thereby inhibiting ice crystal growth 
and minimizing mechanical damage.24,25 Biologically, as a 
permeable osmoprotectant, it stabilizes the intracellular 
environment by binding to intracellular water; this 
mitigates the lethal increase in ionic strength during 
freezing and maintains electrolyte balance. Furthermore, 
acting as a molecular chaperone and antioxidant, it 
preserves cell membrane integrity, scavenges reactive 
oxygen species (ROS) to alleviate oxidative stress, and 
maintains protein structure and enzyme function.26,27 
These combined properties make L-Pro an ideal candidate 
for developing cytotoxicity-free cryoprotective bioinks.

To overcome the cytotoxic limitations of conventional 
cryoprotectants, our previous work established a low-
toxicity L-Pro-based hydrogel platform that enabled 
DMSO-free, high-efficiency cryopreservation of 3T3 
cells.28 Building upon this foundation, the present study 
introduces an integrated bioprinting–cryopreservation 
strategy based on a gelatin methacryloyl (GelMA)/L-Pro 
composite hydrogel to address the longstanding challenge 
of long-term storage and preservation of cell-laden 3D 
bioconstructs. This platform systematically investigates 
the interplay between printing parameters, crosslinking 
strategies, and cryopreservation performance, with the 
goal of achieving structurally precise, highly viable cell-
laden scaffolds with preserved proliferative capacity. 
Specifically, the printability and structural fidelity of 
GelMA/L-Pro bioinks were characterized under varying 
extrusion pressures, nozzle diameters, and printing speeds, 
leading to the identification of optimal, cell-compatible 
manufacturing parameters. Subsequent analyses evaluated 
post-printing cell viability and proliferation, as well as the 
effects of crosslinking method, cooling rate, and scaffold 
architecture on cryopreservation outcomes. Finally, C2C12 
myoblasts were employed to validate the generalizability 
of the optimized hydrogel system across different cell 
types. Collectively, this work establishes a DMSO-free, 
printable antifreeze hydrogel framework that improves 
biocompatibility and preservation performance, thereby 
supporting the broader application of 3D bioprinting in 
tissue engineering and regenerative medicine.

2. Materials and methods
2.1. Materials

Gelatin methacryloyl (amino substitution: 60 %; molecular 
weight = 100–200 kDa; Polydispersity Index = 1.5–2), 
lithium phenyl (2,4,6-trimethylbenzoyl) phosphinate 
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(LAP), and GelMA lysis buffer were purchased from 
Suzhou Yongqinquan Intelligent Equipment Co., Ltd. 
(China). Dulbecco’s modified Eagle medium, trypsin–
ethylenediaminetetraacetic acid, and penicillin–
streptomycin mixture were purchased from Gibco (United 
States). Acridine orange/propidium iodide (AO/PI) 
fluorescent dye was purchased from Guangzhou Broad 
Boju Technology Co., Ltd. (China). Cell Counting Kit-8 
(CCK-8) reagent was purchased from Dojindo Chemical 
Co., Ltd. (Japan). L-Pro was purchased from Shanghai 
MacLean Biochemical Technology Co., Ltd. (China). 
Phosphate-buffered saline was purchased from Tianjin 
Haoyang Biotechnology Co., Ltd. (China), and South 
American fetal bovine serum (FBS) was purchased from 
Gemini Biotechnology Co., Ltd. (China). Extrusion-type 
biological 3D printer (BP6601) was purchased from Suzhou 
Yongqinquan Intelligent Equipment Co., Ltd. (China).

2.2. Characterization of antifreeze hydrogels

2.2.1. Rheological analysis

The rheological properties of the hydrogel solutions 
were evaluated using a rotational rheometer (Discovery 
HR-2, TA Instruments, United States) equipped with a 
40 mm cone-and-plate geometry. To assess printability, 
flow sweep tests were performed at 25 °C. The viscosity 
was recorded as the shear rate increased logarithmically 
from 0.1 to 100/s. The sol–gel transition behavior and 
low-temperature storage modulus were characterized 
via oscillatory temperature sweeps. The temperature was 
ramped from 40 °C down to 4 °C and subsequently heated 
back to 40 °C at a rate of 5 °C/min. During the sweep, 
the strain and angular frequency were fixed at 1% and 5 
rad/s, respectively. The sol–gel transition temperature was 
defined as the intersection point of the storage modulus 
(G′) and loss modulus (G″) curves.

2.2.2. Swelling behavior

The swelling kinetics were analyzed using a gravimetric 
method. Photocured hydrogel samples (dimensions: Φ 4 
mm × 2 mm) were lyophilized and weighed to determine 
their initial dry weight (Wd). The dried samples were then 
immersed in PBS (pH 7.4) at 37 °C. At predetermined 
time intervals (0.25, 0.5, 1, 1.5, 2, 4, 6, 8, 10, and 12 h), the 
samples were retrieved, surface water was gently blotted 
with filter paper, and the samples were immediately 
weighed to record the swollen weight (Ws). The swelling 
ratio (SR) was calculated using Equation (1):

SR = (Ws − Wd)/Wd	 (1)

2.2.3. Mechanical testing

The mechanical strength of the photocured hydrogels was 
evaluated using a universal mechanical testing machine 
(Instron 5944, Instron, United States). Cylindrical samples 
(dimensions: Φ 4 mm × 2 mm) were placed between 
parallel compression platens and subjected to uniaxial 
compression at a constant strain rate of 3 mm/min until 
50% strain was reached. 

2.3. Effect of printing parameters on the fidelity of 
antifreeze hydrogel scaffolds

2.3.1. Preparation of antifreeze hydrogels with 
different concentrations

A total volume of 20 mL of PBS was added to a brown 
bottle containing the initiator LAP (0.05 g). The solution 
was heated in a water bath at 40–50 °C for 15 min, and 
was shaken several times during the process. Finally, the 
initiator standard solution (0.25% [w/v], 2.5 mg/mL) was 
obtained. Subsequently, 500 mg, 700 mg, and 1,000 mg of 
GelMA lyophilized material, respectively, were measured 
and placed in three 15 mL centrifuge tubes. Then, 600 mg 
of L-Pro was weighed and added to the three centrifuge 
tubes. Following this, 8 mL of the prepared initiator 
standard solution was added. The three centrifuge tubes 
were then placed in 37 °C hot water and shaken until 
the solid GelMA in the tubes was completely melted. An 
appropriate amount of initiator standard solution was 
added to adjust the final volume in the centrifuge tube to 
10 mL. Subsequently, the following antifreeze hydrogels 
were prepared: 6% L-Pro + 5% GelMA, 6% L-Pro + 7% 
GelMA, and 6% L-Pro + 10% GelMA.

2.3.2. Three-dimensional printing parameters of 
antifreeze hydrogels with different concentrations

Taking 6% L-Pro + 5% GelMA hydrogel as an example, 
the printing process is described in detail. After filtering 
the prepared hydrogel using a 0.22 μm filter, the 6% 
L-Pro + 5% GelMA hydrogel was placed in a light-proof 
brown barrel that matches the printer. The barrel was then 
placed in a 4 °C refrigerator for five minutes to pre-cool 
the hydrogel into a “jelly state” that was easy to print. At 
the same time, the printing parameters (printing speed, 
printing layer height, extrusion pressure, nozzle diameter, 
and path spacing, etc.) were set in the printing software 
(EFL_PotatoE, version 1.2.1). The temperature of the low-
temperature platform was set to the target temperature, 
and printing was performed after it stabilized. To facilitate 
subsequent data analysis, an experimental number was set 
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for each experimental group. The specific information is 
shown in Table 1.
Table 1. Three-dimensional printing experiment groups

Group Hydrogel composition Nozzle size

G1 6% L-Pro + 5% GelMA 25G（0.26 mm）

G2 6% L-Pro + 5% GelMA 27G（0.21 mm）

G3 6% L-Pro + 7% GelMA 25G（0.26 mm）

G4 6% L-Pro + 7% GelMA 27G（0.21 mm）

G5 6% L-Pro + 10% GelMA 25G（0.26 mm）

G6 6% L-Pro + 10% GelMA 27G（0.21 mm）

Abbreviations: GelMA: Gelatin methacryloyl; L-Pro: L-proline.

2.3.3. Diameter of antifreeze hydrogel scaffolds with 
different concentrations

Different scaffold structures were obtained by setting 
different printing parameters. The scaffolds were fabricated 
with a footprint of 12 mm × 12 mm, a 90° grid interlacing 
angle, and a 0.2 mm layer height. The printing process 
was systematically varied across three translation speeds 
(240, 300, and 360 mm/min) and a range of extrusion 
pressures (15 kPa, 20 kPa, 25 kPa, 30 kPa, 35 kPa, 40 kPa, 
45 kPa, 50 kPa, and 55 kPa). The architectural integrity 
of the resulting constructs was qualitatively assessed and 
classified as either successful (√) or failure (×). A construct 
was strictly defined as successful only when it fulfilled the 
following three criteria: (i) continuous filament extrusion 
without breakage or fragmentation; (ii) clearly resolved 
interconnected pores with no evidence of premature 
filament fusion; (iii) stable vertical stacking characterized 
by high structural integrity without collapse. Constructs 
failing to meet any of these requirements were categorized 
as failed instances of printing. Subsequently, the filament 
diameters and pore size of the successful scaffolds were 
quantified using ImageJ software (ImageJ, version 1.52) to 
establish the quantitative relationship between processing 
parameters and resultant structural dimensions.

2.4. Numerical simulation of printable height of 
hydrogel scaffolds with different diameters

During printing, vertical heat transfer within the scaffold 
gradually diminishes with increasing construct height, 
leading to a progressive rise in temperature at the top layers. 
Once a critical height is reached, insufficient cooling results 
in loss of mechanical support and collapse of the scaffold. 
For the 6% L-Pro + 7% GelMA hydrogel, experimental 
observations indicated that when the material temperature 
exceeded 20 °C, gel-to-sol transition occurred, and 
structural integrity could no longer be maintained. 
Accordingly, scaffolds composed of 6% L-Pro + 7% GelMA 

were printed on a low-temperature platform set at 5 °C 
using a 25G nozzle, with varying extrusion pressures and 
a printing speed of 360 mm/min. The designed scaffold 
footprint was 12 mm × 12 mm. COMSOL Multiphysics 
(COMSOL Multiphysics, version 6.0) was employed to 
simulate heat transfer within scaffolds of different filament 
diameters to determine the maximum printable height for 
each condition. A solid heat transfer model was used to 
calculate temperature distributions within the hydrogel at 
different printing heights and time points. In the model, 
the temperature of the cold platform (Tplat) was set to 5 
°C and the ambient air temperature (Tair) to 25 °C. The 
thermal conductivity of the hydrogel was set to 0.57 W/
(m2·K), and the specific heat capacity was set to 4.136 kJ/
(kg·K). All additional thermal and physical parameters 
of the hydrogel, including density and related properties, 
were obtained from the literature17 and are summarized 
in Table S1. Because heat is continuously dissipated from 
the scaffold surface to the surrounding air, vertical heat 
transport within the construct decreases with increasing 
height. Therefore, a temperature of 20 °C was defined as the 
critical threshold corresponding to the gel-to-sol transition 
of the hydrogel. By simulating constructs with increasing 
heights, the evolution of the 20 °C isotherm within the 
hydrogel was monitored. When the temperature at the 
top layer exceeded 20 °C under steady-state conditions, 
the height of the immediately lower layer was defined as 
the maximum printable height for that scaffold diameter. 
The detailed scaffold geometry and heat transfer boundary 
conditions are illustrated in Figure 1.

2.5. Optimization of printing parameters for cell-
laden antifreeze hydrogel scaffolds

2.5.1. Preparation of cell-loaded antifreeze hydrogels 
with different concentrations

The prepared 6% L-Pro + 5% GelMA, 6% L-Pro + 7% 
GelMA, and 6% L-Pro + 10% GelMA antifreeze hydrogels 
were filtered using a 0.22 μm filter, and the antifreeze 
hydrogels of different concentrations were evenly mixed 
with 3T3 cells (Beyotime Biotechnology, China) at a 
density of 1 × 105 cells/mL and placed in a 37 °C water bath 
for use.

2.5.2. Three-dimensional printing of cell-laden 
antifreeze hydrogels

The mixture of antifreeze hydrogel and cells was placed 
in a brown, light-proof cartridge, which was then placed 
in a 4 °C refrigerator for five minutes before printing. The 
6% L-Pro + 5% GelMA, 6% L-Pro + 7% GelMA, and 6% 
L-Pro + 10% GelMA antifreeze hydrogels were printed on 
a 5 °C cold stage using 25G and 27G needles at different 
extrusion pressures and a printing speed of 360 mm/min. 
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Briefly, cell viability was assessed using the AO/PI dual 
fluorescent dye, and proliferation was evaluated using the 
CCK-8 assay, as detailed in the subsection. . Using the 
antifreeze hydrogels from the G3 group, 2-, 4-, 6-, 8-, 10-, 
and 12-layer hydrogel scaffolds containing 3T3 cells were 
printed at an extrusion pressure of 35 kPa and a printing 
speed of 360 mm/min to investigate the relationship 
between cell survival, proliferation capacity, and printing 
layer height. In addition, two-layer scaffolds were printed 
on cryogenic plates set at 15 °C, 10 °C, 5 °C, 0 °C, and 
−5 °C under the same printing conditions to assess the 
effect of cryogenic plate temperature on cell survival and 
proliferation. 

The GelMA hydrogels were crosslinked by ultraviolet 
(UV) irradiation after adding a photoinitiator. As UV 
exposure may induce DNA damage, stress response, 
and oxidative stress, which may affect cell activity and 
function29,30, two-layer G3 scaffolds printed at 5 °C were 
irradiated at a wavelength of 405 nm and an irradiance 
of 25 mW/cm2 for 10, 30, 60, 120, and 180 s to evaluate 
the effect of UV exposure duration on cell survival and 
proliferation. 

2.5.3. Scaffold dissociation and cell recovery

A standardized enzymatic digestion protocol, enhanced by 
mechanical agitation and thermal assistance, was employed 
to recover cells from the GelMA hydrogel constructs. The 
cell-laden hydrogels were finely minced and transferred 
into centrifuge tubes containing a 0.3 mg/mL GelMA 
lysis buffer. For the agitation-assisted group, the samples 

were incubated at 37 °C with gentle orbital shaking (60–
80 rpm) for 15–30 min. Periodic manual pipetting was 
performed to accelerate matrix degradation. For the static 
control group, the fragmented hydrogels were incubated 
in the same digestion solution at 37 °C without agitation 
until complete dissociation was achieved. The resulting 
cell suspensions from all groups were centrifuged at 1,000 
rpm for five minutes. The supernatant was discarded, and 
the cell pellets were resuspended in a complete culture 
medium for subsequent viability analysis.

2.5.4. Quantitative viability and proliferation analysis

Immediate post-thaw viability was quantified using a dual-
fluorescence staining method. The cell suspension was 
mixed with AO/PI and analyzed using an automated JSY-
SC-031N cell counter (Boda Boju Technology, Guangzhou, 
China). For longitudinal proliferation assessment, the 
recovered cells were normalized to a seeding density of 1 × 
105 cells/mL and cultured in 96-well plates. The metabolic 
activity and proliferative kinetics were monitored by 
measuring the absorbance at 24, 48, and 72 h post-seeding 
using a microplate reader (SYNERGY H1 microplate 
reader, Thermo Fisher Scientific, USA). All assays were 
performed in triplicate to ensure statistical robustness.

2.6. Effect of cross-linking method on 
cryopreservation efficiency of cell-laden hydrogel 
scaffolds

3T3 cells at a density of 1 × 105 cells/mL were mixed 
evenly with 6% L-Pro + 7% GelMA antifreeze hydrogel. 

Figure 1. Bracket dimensions and boundary conditions for heat transfer simulation
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After co-culture for three hours, two layers of scaffolds 
were printed on a 5 °C cryostat using a 25G needle, 
35 kPa extrusion pressure, and a printing speed of 360 
mm/min. After printing the cell-laden cryoprotectant 
hydrogel into the desired structure, the scaffold was 
placed in a 4 °C refrigerator for five minutes for low-
temperature crosslinking. Alternatively, the printed 
scaffold was irradiated with a 405 nm wavelength curing 
light source with an irradiance of 25 mW/cm2 for 60 s 
for UV crosslinking, followed by cryopreservation using 
F-2 cooling. After seven days of cryopreservation, the 
cryoprotectant hydrogel scaffolds in the crosslinked group 
were rewarmed in a 37 °C water bath to release the cells. 
In the UV crosslinked group, the crosslinked hydrogel 
scaffolds were lysed using GelMA lysis buffer to release the 
cells. Cells from each experimental group were collected 
and assayed for cell viability and proliferation.

2.7. Cryopreservation efficiency of cell-laden 
hydrogel scaffolds under different cooling protocols

3T3 cells at a density of 1 × 105 cells/mL were mixed evenly 
with 6% L-Pro + 7% GelMA cryoprotectant hydrogel and 
co-cultured for three hours. Two layers of scaffolds were 
then printed on a 5 °C cold stage using a 25G needle, 35 
kPa extrusion pressure, and a printing speed of 360 mm/
min. After the cell-laden cryoprotectant hydrogel was 
printed into the desired structure, it was placed in a 4 °C 
refrigerator for five minutes to achieve low-temperature 
crosslinking. The printed cell-laden scaffolds were placed 
in cryovials and stored in programmed cooling (F-1), a 
−80 °C freezer (F-2), and liquid nitrogen (F-3). In F-1’, the 
3D-printed cell-laden scaffolds were placed directly in a 
programmed cooling box, then cooled in a −80 °C freezer 
overnight. Subsequently, they were transferred to liquid 
nitrogen for long-term storage. In F-2’, the 3D-printed 
cell-laden scaffolds were placed directly in a −80 °C freezer 
for three hours and then transferred to liquid nitrogen 
for long-term storage. In F-3’, the 3D-printed cell-laden 
scaffolds were placed directly in liquid nitrogen for long-
term storage. During rewarming, the scaffolds in F-1’, F-2’, 
and F-3’ were quickly placed in centrifuge tubes and then 
heated in a 37 °C water bath with shaking. Temperature 
profiles were monitored using thermocouples interfaced 
with an Agilent (United States) 34970A data logger. The 
thermocouple probes were embedded within the hydrogel 
scaffolds, and data acquisition was performed throughout 
the cooling process according to freezing protocols F-1 
through F-3’. Subsequently, the cryovials with the hydrogel 
scaffolds were placed in a 37 °C water bath for continuous 
agitation, during which temperature history was 
continuously recorded. The average cooling and warming 
rates were calculated over the temperature intervals of 

0 °C to −60 °C and −196 °C to 37 °C, respectively. All 
cryopreservation protocol details are summarized in Table 
S2.

2.8. Cryopreservation efficiency of cell-laden 
hydrogel scaffolds of different volumes and 
structures, and the effects of different culture 
methods on cell proliferation 

3T3 cells at a density of 1 × 105 cells/mL were mixed evenly 
with 6% L-Pro + 7% GelMA antifreeze hydrogels. After 
co-culture for three hours, two layers of scaffolds were 
printed on a 5 °C cold stage using a 25G needle, 35 kPa 
extrusion pressure, and a printing speed of 360 mm/min. 
After printing into the pre-defined structure, the cell-laden 
antifreeze hydrogels were cross-linked at low temperature 
with UV light. They were then cryopreserved using the F-2 
cooling protocol. After seven days of cryopreservation, the 
antifreeze hydrogel groups were rewarmed in a water bath, 
centrifuged, and resuspended in complete culture medium 
before being plated in culture flasks for two-dimensional 
culture. For the UV-crosslinked group, the cell-laden 
hydrogel scaffolds were rewarmed in a water bath and 
plated in 6-well plates. Complete culture medium was 
then added to the wells for 3D culture. Cell viability and 
proliferation were assessed by lysing the scaffolds with a 
lysis buffer to release the cells.

2.9. Cryopreservation efficiency of C2C12 myoblasts 
by antifreeze hydrogels

C2C12 myoblasts (Beyotime Biotechnology, China) were 
suspended in four distinct hydrogel prepolymer solutions 
(7% GelMA, 6% L-Pro + 5% GelMA, 6% L-Pro + 7% 
GelMA, and 6% L-Pro + 10% GelMA) at a final density 
of 1 × 105 cells/mL and incubated at 37 °C for three hours. 
Subsequently, the cell-laden bioinks were fabricated 
into bilayer scaffolds (12 mm × 12 mm) via extrusion 
bioprinting (nozzle: 25G; pressure: 35 kPa; speed: 360 mm/
min). Following fabrication, the scaffolds were equilibrated 
at 4 °C for five minutes and then cryopreserved according 
to the F-2 protocol. As a positive control, C2C12 cells (1 
× 105 cells/mL) suspended in 10% DMSO were subjected 
to the same freezing cycle. Post-thaw cell viability was 
assessed immediately, while proliferation kinetics were 
quantified after 24, 48, and 72 h of culture.

2.10. Statistical analysis

All experimental data are expressed as mean ± standard 
deviation, and all the experiments were performed in 
triplicate. Data were analyzed using one-way analysis 
of variance and Tukey’s multiple comparisons test in 
GraphPad Prism 9. The statistical significance was set as: 
ns, no significant; *p < 0.05; **p < 0.01; ***p < 0.001; and 
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****p < 0.0001.

3. Results and discussion
3.1. Three-dimensional printing of gelatin 
methacryloyl scaffolds with tunable shapes and 
structural complexity

Figure 2 presents a series of hydrogel scaffolds fabricated 
using GelMA as the bioink. Figure 2A–C illustrates three 
representative single-layer constructs—cylindrical, cubic, 
and cobweb-like scaffolds. These structures were formed 
through low-temperature physical gelation, which enabled 
rapid stabilization of the extruded filaments and maintained 
the designed pore geometry. The clear differences in 
architecture demonstrate the ability of GelMA to support 
both regular (cubic, cylindrical) and complex (cobweb-
like) patterning. Figure 2D,E displays multi-layered cubic 
scaffolds, which were subsequently crosslinked using UV 
irradiation to achieve enhanced mechanical stability and 
maintain vertical stacking integrity. Figure 2E confirms 
that the printed filaments retain uniform diameter and 
layer alignment during vertical buildup, indicating the 
good printability and shape-retention properties of 
GelMA under optimized printing parameters. Collectively, 
these results demonstrate that GelMA is a highly adaptable 
bioink capable of forming both simple and complex 
architectures through physical gelation and photo-
crosslinking. In combination with the BP6601 extrusion-

type bio-3D printer, this system enables the fabrication of 
customized, high-resolution scaffolds suitable for diverse 
tissue-engineering applications.

3.2. Rheological and mechanical properties 
suitability validation for extrusion-based 
bioprinting

Figure 3 illustrates the rheological and physical properties 
of the antifreeze hydrogel formulations. In the viscosity 
analysis (Figure 3A), the initial viscosity exhibited a 
positive correlation with increasing GelMA concentration. 
The 6% L-Pro + 10% GelMA group displayed the highest 
viscosity (0.018 Pa·s), followed by the 6% L-Pro + 7% 
GelMA (0.011 Pa·s) and 6% L-Pro + 5% GelMA (0.007 
Pa·s) groups. Crucially, as shown in Figure 3B, all groups 
demonstrated characteristic shear-thinning behavior, 
where viscosity decreased significantly with increasing 
shear rate. This property indicates their suitability for 
extrusion-based bioprinting by minimizing flow resistance. 
A corresponding trend was observed in the mechanical 
evaluation (Figure 3C), where the elastic modulus 
increased significantly with GelMA concentration. This 
structural reinforcement was further reflected in the 
swelling kinetics (Figure 3D); although all groups showed 
rapid water uptake within the first two hours, the 6% L-Pro 
+ 10% GelMA group exhibited the lowest equilibrium 
swelling ratio. This inverse relationship is likely attributed 

Figure 2. Hydrogel scaffolds of various geometries printed using gelatin methacryloyl as the bioink. (A) Cylindrical, (B) cubic, and (C) cobweb-like 
scaffold. (D) Multi-layer cubic scaffold. (E) Side view of the multi-layer cubic scaffold. 
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to the formation of a denser photocrosslinked network at 
higher polymer concentrations, consistent with established 
principles of hydrogel mechanics, where tighter mesh 
sizes restrict solvent penetration. Furthermore, the sol–
gel transition temperatures (Figure 3E) for the 10%, 7%, 
and 5% GelMA groups were approximately 22 °C, 20 °C, 

and 17 °C, respectively, confirming that higher GelMA 
concentrations result in elevated transition temperatures. 
In summary, these results provide physical validation for 
the L-Pro/GelMA bioink, demonstrating that material 
stiffness, swelling behavior, and printability can be 
precisely tailored to balance structural fidelity with the 
specific mechanical requirements of the target tissue.31,32

Figure 3. Physical and rheological characterization of the antifreeze hydrogels. (A) Viscosity measurements and (B) shear-thinning behavior of the 
different hydrogel groups. (C) Compressive modulus indicating the mechanical stiffness. (D) Swelling ratio of the hydrogels in phosphate-buffered saline 
over time. Data are presented as mean ± standard deviation (n = 3 independent experiments for each condition). (E) Sol–gel transition assessed by 
rheological temperature sweeps.
Abbreviations: GelMA: Gelatin methacryloyl; L-Pro: L-proline.
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3.3. Effects of extrusion pressure, nozzle size, and 
printing speed on the fidelity and diameter of the 
hydrogel scaffolds

The printability of the hydrogel bioinks was governed by 
a dynamic interplay between extrusion pressure, nozzle 
orifice size, and translation speed (Figure 4). For the G1 
group, structurally integrated scaffolds were achieved 
within a pressure window of 25–40 kPa at speeds of 240–

300 mm/min, and 30–45 kPa for 360 mm/min. Sub-optimal 
pressures resulted in discontinuous filaments due to 
insufficient material flow, whereas excessive pressures (>45 
kPa) induced over-extrusion and compromised structural 
fidelity. The G2 group, utilizing a finer 27G nozzle, yielded 
reduced filament diameters under equivalent pressures, 
a phenomenon attributed to the increased hydraulic 
resistance within the smaller nozzle lumen (Figure S1). 

Figure 4. Effects of extrusion pressure, nozzle size, and printing speed on scaffold fidelity and structural dimensions of GelMA-based hydrogels with 
different concentrations. (A, B) Representative images of printed scaffolds fabricated from the G3 and G4 groups under varying printing conditions. (C, 
D) Quantitative analysis of scaffold filament diameter for G3 and G4, respectively. (E, F) Quantitative analysis of pore size for G3 and G4, 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. 
Abbreviations: GelMA: Gelatin methacryloyl; L-Pro: L-proline.
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For the G3 (7% GelMA) and G4 (higher GelMA content) 
groups, the stable printing windows shifted to 30–50 kPa 
and 35–55 kPa, respectively. The higher viscosity and 
shear modulus of G4 necessitated elevated pressures to 
maintain continuous extrusion; however, this increased 
concentration significantly enhanced structural fidelity 
compared to the more dilute formulations. In groups G5 
and G6, the minimum pressure threshold for structural 
completeness positively correlated with printing speed 
(Figure S2). At elevated pressures, the risk of over-extrusion 
was partially mitigated by higher speeds, which reduced 
the material deposition volume per unit area. These 
observations underscore the delicate balance between 
rheological properties and process parameters required to 
achieve reproducible scaffold geometries33,34,35.

Quantitative analysis of filament diameters further 
revealed that extrusion pressure exerted a more pronounced 
effect on morphology than printing speed (Figure 4C,D). 
For instance, in group G1 at 30 kPa, increasing the speed 
from 240 to 360 mm/min reduced the filament diameter 
by approximately 21%, while increasing pressure from 15 
to 45 kPa at 360 mm/min produced a fourfold increase 
in diameter (Figure S1). This trend was consistent across 
groups G2–G6, where increasing GelMA concentration 
(from 5% to 10%) led to higher bioink viscosity, thereby 
requiring higher extrusion forces and yielding broader 
filaments. These results demonstrate that higher bioink 
viscosities correlate with increased shear resistance and 
enhanced filament stability.36 

Concurrent with the filament analysis, the scaffold 
pore size exhibited a significant negative correlation with 
extrusion pressure across all groups. In group G3, the 
mean pore size decreased from approximately 2,150 μm at 
30 kPa to 1,100 μm at 50 kPa (Figure 4E). This reduction 
is directly attributable to the expansion of filament width 
under elevated pressure, which encroaches upon the 
predefined grid spacing. Group G4 displayed a similar 
trend, with pore sizes decreasing from 2,180 μm to ~960 
μm as pressure increased to 55 kPa (Figure 4F). Similar 
variation patterns were observed in groups G1/G2 and G5/
G6 (Figures S1 and S2), confirming the universality of this 
relationship regardless of hydrogel concentration. 

Ultimately, while hydrogel concentration determines 
the baseline rheological resistance, extrusion pressure and 
printing speed serve as the primary modulators of scaffold 
porosity. Precise control over the internal porous network 
is essential for facilitating efficient nutrient diffusion 
and metabolic waste clearance, which are critical for the 
biological performance of cell-laden constructs during 
long-term culture and post-thaw recovery.

3.4. Numerical simulation of printable height of 
hydrogel scaffolds with different diameters

Numerical simulations of transient cooling revealed the 
thermal limitations governing scaffold fabrication (Figure 
5). Specifically, for a 600 μm scaffold, the 20 °C isotherm 
propagated to 6.0–6.6 mm within 240 s and plateaued at 
7.2 mm by 600 s, establishing 7.2 mm as the theoretical 
maximum height. For a 900 μm scaffold, the isotherm 
reached 9.0 mm at 600 s, with layers below 6.3 mm 
cooling rapidly (< 300 s). To experimentally validate these 
COMSOL predictions, multi-layered scaffolds (filament 
diameter: 900 μm; base: 12 mm × 12 mm) were fabricated 
via extrusion 3D printing on a 5 °C cooling stage. The 
experimental outcomes closely mirrored the simulation: 
scaffolds printed to a height of 9.0 mm maintained 
structural stability, whereas increasing the height to 9.9 mm 
resulted in structural instability and collapse (Figure S3). 
This failure at 9.9 mm empirically confirms the simulated 
thermal threshold. For larger diameters (1200 μm), while 
the maximum theoretical height increased to 10.8 mm, 
the upper layers required prolonged cooling (up to 1,800 
s). Collectively, these results highlight a critical trade-
off: while larger diameters permit greater build heights, 
they increase thermal inertia, delaying cooling in upper 
layers. Such prolonged cooling kinetics can compromise 
crosslinking efficiency and structural uniformity. 
Although our model assumes post-print cooling rather 
than simultaneous deposition and curing, the Fourier’s 
law of heat conduction provides a robust estimation of the 
thermal limits in cryogenic bioprinting, offering essential 
guidelines for balancing extrusion mechanics with heat 
transfer kinetics.

3.5. Effects of different printing conditions on cell 
survival rate

The influence of extrusion conditions on post-printing cell 
survival is presented in Figure 6. For the G1 group, cell 
viability remained above 95% across the pressure range 
of 15–45 kPa, showing no significant difference compared 
to non-printed controls (Figure S5). The G2 group, 
processed with a finer nozzle, exhibited a modest decrease 
in viability to 93.97% at 45 kPa, reflecting the impact of 
increased shear stress, yet survival remained within a high 
range (Figure S5). Similarly, G3 and G4 maintained high 
viability up to 45 kPa but showed significant reductions 
when pressure exceeded 50 kPa. In contrast, the more 
concentrated formulations (G5 and G6) displayed sharper 
declines: G5 dropped from 98.63% (control) to 81.49% at 
55 kPa, while G6 maintained control-level viability only at 
≤35 kPa, falling to 80.39% at 55 kPa (Figure S6).To provide 
a quantitative mechanistic understanding of these trends, 
particularly for the optimized G3 group, we estimated the 
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maximum wall shear stress (τw) acting on the cells using a 
simplified capillary flow model in Equation (2):

τw = R*ΔP/2/L	 (2)

where R is the nozzle radius, ΔP is the pressure drop, and 
L is the nozzle length37. As summarized in Table 2, the 
calculated τw increased linearly with extrusion pressure. 
For the G3 formulation, the theoretical maximum τw was 
estimated to be approximately 119 Pa. This value is orders 
of magnitude lower than the critical threshold typically 
associated with massive shear-induced cell damage (≈5 
kPa)38, confirming that our optimized printing parameters 
generate a mild mechanical environment. This quantitative 
analysis effectively rationalizes the high post-printing cell 

viability (>90%) observed in the G3 group. Collectively, 
these results establish a clear correlation between hydrogel 
composition, extrusion mechanics, and cell survival. 
While extrusion pressure is a direct determinant of shear 
stress, GelMA concentration emerged as the critical 
intrinsic factor. Higher concentrations significantly 
increased the hydrogel modulus (e.g., 6,073 Pa at 10% 
vs. 1,296 Pa at 5% GelMA), thereby necessitating higher 
extrusion forces that subject encapsulated cells to greater 
shear.39 As corroborated by our calculated stress values 
and viability data, while structural fidelity benefits from 
higher viscosity, bioink formulations must be optimized 
to balance mechanical strength with cellular protection to 
ensure bioprinting success.

Figure 5. Heat transfer simulations of multilayer G3 scaffolds with different diameters. (A, C, E) Temperature contour maps of scaffolds with diameters of 
600, 900, and 1,200 μm, respectively. (B, D, F) Corresponding temporal temperature profiles during printing.
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Table 2. Estimated maximum wall shear stress for the G3 
bioink

R (m) ΔP (Pa) L (m) τw (Pa)

0.00013 20,000 0.03 43.33333333

0.00013 25,000 0.03 54.16666667

0.00013 30,000 0.03 65

0.00013 35,000 0.03 75.83333333

0.00013 40,000 0.03 86.66666667

0.00013 45,000 0.03 97.5

0.00013 50,000 0.03 108.3333333

0.00013 55,000 0.03 119.1666667

3.6. Effects of different printing conditions on cell 
proliferation

The proliferation of encapsulated cells in G3 and G4 
hydrogels over 48 h is shown in Figure 7. In the G3 group, 
optical density values at 24 h for cells printed at 30, 35, 
and 50 kPa were slightly lower than those of the fresh 
control, but no statistically significant differences were 
observed across extrusion pressures. By 48 h, all pressure 
groups exhibited comparable proliferative activity to the 

fresh control, indicating rapid recovery from transient 
extrusion-induced stress. A similar trend was observed 
in the G4 group, where optical density values at higher 
pressures (40–55 kPa) were moderately reduced at 24 h, 
though all values remained above 0.9. After 48 h, OD values 
in all groups exceeded 0.95, confirming re-established 
growth kinetics. These results extend the viability findings 
in Figure 6 by showing that cells not only survived but 
also retained proliferative potential post-extrusion. 
The transient suppression of proliferation at 24 h likely 
reflects acute shear-induced stress during extrusion, 
consistent with prior reports of temporary cell cycle arrest 
or delayed metabolism.40 The subsequent recovery by 48 
h underscores the resilience of encapsulated cells within 
GelMA microenvironments. Moreover, the observation 
that both 5% and 7% formulations preserved proliferative 
activity suggests that moderate polymer concentration 
increases do not hinder long-term cell growth, provided 
extrusion parameters are appropriately controlled. 
Collectively, these results support the preservation of post-
printing cellular viability and proliferative potential within 
GelMA-based antifreeze hydrogels, highlighting their 
suitability for applications requiring stable cell growth 
during subsequent in vitro culture.

Figure 6. Cell viability of 3T3 fibroblasts under different printing conditions. (A, B) Representative live/dead fluorescence images (acquired using an 
automated cell counter with imaging capability as part of routine cell counting and viability assessment) of constructs printed with the G3 and G4 groups, 
respectively. Scale bar: 100 μm; magnification:  20×. (C, D) Quantitative analysis of cell viability for G3 and G4 under varying printing conditions. Data are 
presented as mean ± standard deviation (n = 3 independent experiments for each condition; *p < 0.05, **p < 0.01, ns: not significant).
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Figure 7. Proliferation rate of 3T3 cells in G3 and G4 groups after three-dimensional printing. (A) Cell proliferation images of G3 group, (B) 24-h cell 
proliferation of G3 group, (C) 48-h cell proliferation of G3 group, (D) cell proliferation images of G4 group, (E) 24-h cell proliferation of G4 group, (F) 48-h 
cell proliferation of G4 group. Scale bar: 100 μm; magnification: 20×. Data are presented as mean ± standard deviation (n = 3 independent experiments 
for each condition).
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3.7. Effects of scaffold height, cooling plate 
temperature, and ultraviolet crosslinking duration 
on cell viability and proliferation

To evaluate construct-scale influences, we examined multi-
layer scaffolds under varying environmental conditions 
(Figure 8). Increasing scaffold height (2–12 layers) did 
not significantly reduce cell viability or proliferation, 
demonstrating that multilayer stacking per se does not 
impair cellular function when printing parameters are 
optimized. This agrees with diffusion-based models 
showing that nutrient and oxygen transport remain 
adequate in relatively thin constructs.41 By contrast, the 
cooling stage temperature exerted a more pronounced 
effect. Printing at 15–5 °C preserved high viability (>96%), 
whereas lower temperatures (0 °C, −5 °C) reduced 
survival to 91–94%, accompanied by transient metabolic 

suppression. These effects reflect cold-induced stress 
responses, including changes in membrane fluidity and 
ion fluxes, but were reversible within 48 h, suggesting that 
sub-zero printing remains feasible if carefully controlled. 
Finally, UV crosslinking introduced delayed but significant 
cytotoxicity. While immediate viability remained high 
across all exposure times, proliferation was suppressed at 
≥120 s, consistent with ROS generation and DNA damage.42 
These results emphasize that excessive UV exposure 
compromises long-term function, even when short-term 
survival appears unaffected. Thus, crosslinking protocols 
should minimize irradiation time to balance structural 
fidelity with cell safety. Collectively, the results of Figure 
8 demonstrate that structural complexity (scaffold height) 
does not compromise cell survival or growth, whereas 
environmental factors, such as plate temperature and UV 
crosslinking time, exert more pronounced effects.

Figure 8. Cell survival and proliferation rates under different printing conditions. (A) Cell survival rate with different scaffold layer numbers. (B) Cell 
proliferation rate at 24 h. (C) Cell proliferation rate at 48 h. (D) Cell survival rate at different cryogenic cooling stage temperatures. (E) Cell proliferation 
rate at 24 h. (F) Cell proliferation rate at 48 h. (G) Cell survival rate at different ultraviolet irradiation times. (H) Cell proliferation rate at 24 h. (I) Cell 
proliferation rate at 48 h. Data are presented as mean ± standard deviation (n = 3 independent experiments for each condition; *p < 0.05, ns: not significant).
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3.8. Effect of cross-linking method on 
cryopreservation efficiency of cell-laden hydrogel 
scaffolds

To ensure that the recovery process itself did not introduce 
experimental bias, we performed a baseline analysis on the 
unfrozen control group. As shown in Figure 9A,B, both the 
frozen crosslinking group (91.71%) and the UV crosslinking 
group (90.45%) exhibited high and nearly identical cell 
viability after scaffold dissociation, with statistical analysis 
confirming no significant difference between the groups. 
These results validate that our optimized agitation-
assisted digestion protocol provides stable and efficient 
cell recovery. As illustrated in Figure S8, which presents 
the optimization of the enzymatic digestion protocol for 
enhanced cell recovery, the agitation-assisted dissociation 
group showed a significantly higher cell viability compared 
with the static method. Representative live/dead staining 
images (Figure S8A) highlight the predominance of live 
cells in the agitation-assisted group, while quantitative 
analysis (Figure S8B) confirms the improved recovery 
efficiency.Following this baseline validation, we assessed 

the post-thaw performance of the bioprinted constructs. 
As illustrated in Figure 9C, both groups maintained high 
post-thaw cell survival, with a predominance of viable cells 
(green fluorescence). Quantitative analysis (Figure 9D) 
confirmed comparable viability between the cryo-cycled 
(70.89%) and UV-crosslinked (73.13%) groups, with no 
statistically significant difference. These findings suggest 
that the crosslinking strategy does not fundamentally 
dictate cryopreservation efficiency, consistent with prior 
studies highlighting the dominant roles of cryoprotectant 
formulation and cooling–warming kinetics. However, the 
two strategies offer distinct advantages for downstream 
applications. The cryo-crosslinked hydrogels exhibit a 
reversible gel–sol transition, facilitating rapid and non-
invasive cell recovery for cell banking. In contrast, retrieving 
cells from UV-crosslinked networks requires enzymatic 
degradation; while not inherently cytotoxic, this process is 
time-consuming. Consequently, the reversible cryo-cycling 
approach represents a more practical and biocompatible 
strategy for cell retrieval, whereas the UV-crosslinked 
hydrogels provide a stable microenvironment, making 
them the superior choice for post-thaw 3D tissue culture.

Figure 9. Validation of cell recovery consistency and post-thaw viability across different crosslinking modalities. (A) Live/dead fluorescence images of 
cells before cryopreservation. (B) Cell viability after dissociation. Scale bar: 100 μm; magnification: 20×. (C) Live/dead fluorescence images of cells after 
thawing. Scale bar: 100 μm; magnification: 20×. (D) Cell viability after thawing.  Data are presented as mean ± standard deviation (n = 3 independent 
experiments for each condition; ns: not significant). 
Abbreviations: UV: Ultraviolet.
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3.9. Cryopreservation efficiency of cell-laden 
hydrogel scaffolds with different cooling methods

Figure 10A shows that post-thaw viability varied 
significantly across six cooling protocols, with F-2 yielding 
the highest survival (70.52%) and F-3’ the lowest (16.24%). 
Quantitative analysis (Figure 10B) confirmed this trend, 
with intermediate viabilities for F-1 (43.88%), F-3 (39.87%), 
F-1’ (49.18%), and F-2’ (54.56%). Statistical analysis 
indicated no difference between F-1 and F-1’, whereas 
direct freezing without cryotube placement improved the 
survival rates of F-2’ and F-3’ compared to their respective 
cryotube-based controls. These results highlight the critical 
role of cooling rate in determining cryopreservation 
success. The superior outcome of F-2 likely arises from 
enhanced vitrification and reduced ice crystallization. 
These observations align with the “two-factor hypothesis” 
of cryoinjury, which posits that rapid cooling minimizes 
solute effects, while slow cooling promotes ice formation.43 
Thus, optimizing cooling dynamics—particularly the rates 
of cooling and warming—together with hydrogel-mediated 
cryoprotective agent delivery, is essential for maximizing 
post-thaw viability in scaffold-based cryopreservation.

3.10. Cryopreservation efficiency of cell-laden 
hydrogel scaffolds with different volumes and 
structures, and the effects of different culture 
methods on cell proliferation 

Figure 11A shows that post-thaw viability of cells in printed 
fibers and multilayer scaffolds remained comparable across 
bioink volumes of 1–3 mL (72.90% vs. 73.58%, 72.74% vs. 
70.39%, 71.52% vs. 68.97%), with no significant differences 
between architectures. However, both formats exhibited a 
gradual decline in viability with increasing bioink volume, 
more evident in scaffolds. Post-thaw proliferation further 
revealed comparable growth in two-dimensional and 
3D cultures at 24 h, but cells in 3D scaffolds proliferated 
significantly faster by 48 h and 72 h (OD: 1.68 vs. 1.52; 2.37 
vs. 1.94, respectively) (Figure 11B). These results indicate 
that architectural configuration (fiber vs. scaffold) does 
not directly influence cryopreservation efficiency under 
standardized conditions, whereas larger construct volumes 
reduce survival, likely due to thermal gradients impairing 
uniform cooling and increasing ice crystal formation risk. 
Importantly, 3D hydrogel scaffolds provided a superior 
post-thaw microenvironment, enhancing proliferation 

Figure 10. Comparison of cell cryopreservation efficiency using hydrogel scaffolds with different cooling methods. (A) Fluorescence images of live and 
dead cells after rewarming. Scale bar: 100 μm; magnification: 20×. (B) Cell survival rate after rewarming. Data are presented as mean ± standard deviation 
(n = 3 independent experiments for each condition; *p < 0.05, **p < 0.01, ns: not significant).
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in a time-dependent manner. This effect can be 
attributed to their biomimetic properties, which support 
multidirectional cell–cell and cell–matrix interactions 
and better recapitulate in vivo conditions.44,45 Overall, 
these findings underscore the importance of construct 
scale in cryopreservation outcomes and demonstrate the 
advantage of 3D hydrogel scaffolds in sustaining post-thaw 
cell growth during in vitro culture.

3.11. Cryopreservation efficiency of C2C12 
myoblasts by antifreeze hydrogels

To evaluate the universality and comparative efficacy of the 
antifreeze hydrogel system, we extended our assessment 
to C2C12 myoblasts, including a standard cryoprotectant 
control (10% DMSO) and hydrogel control (7% GelMA 
without L-proline) for rigorous benchmarking. As shown 
in Figure 12A,B, the post-thaw viability of C2C12 myoblasts 
within the L-Pro/GelMA groups exhibited a concentration-

dependent decline. The 6% L-Pro + 5% GelMA group 
achieved the highest viability (77.37%), followed by the 7% 
GelMA (67.58%) and 10% GelMA (63.98%) formulations. 
In stark contrast, the L-Pro-free 7% GelMA control failed 
to provide adequate protection, resulting in a low viability 
(34.63%). Head-to-head control experiments using 3T3 
cell-laden scaffolds under matched scaffold geometry 
and cell density yielded consistent results (Figure S7). 
Specifically, the 10% DMSO group maintained a post-thaw 
viability of approximately 81.57%, while the 6% L-Pro + 
7% GelMA formulation achieved a comparable viability of 
78.86%, with no statistically significant difference between 
the two groups. These findings demonstrate that the L-Pro/
GelMA system provides cryoprotective efficacy similar to 
that of standard DMSO-based protocols, while avoiding 
the need for toxic organic solvents. Although the 10% 
DMSO positive control maintained high initial survival 
in both cell types, a pronounced divergence was observed 

Figure 11. Biological performance evaluation of bioprinted constructs across different architectures, volumes, and culture modalities. (A) Fluorescence 
images of live and dead cells with different structures and volumes. Scale bar: 100 μm; magnification: 20×. (B) Cryopreservation efficiency of hydrogel 
scaffolds and fibers of different volumes. (C) Comparison of cell proliferation capacity between three-dimensional (3D) and two-dimensional (2D) cultures 
after rewarming. Data are presented as mean ± standard deviation (n = 3 independent experiments for each condition; **p < 0.01, ns: not significant).

https://doi.org/10.36922/IJB025500515


International Journal of BioprintingInternational Journal of Bioprinting DMSO-free bioprinting for cryopreservation

Volume 12 Issue 2 (2026)	 18� doi: 10.36922/IJB025500515

during the subsequent recovery phase. Proliferative 
kinetics over 72 h (Figure 12C,D) revealed distinct recovery 
profiles. Within the L-Pro groups, while the 10% GelMA 
formulation showed a transient lag at 24 h compared to the 
5% group, all L-Pro-containing groups established robust 
growth by 48–72 h. Conversely, the control groups failed 
to sustain proliferation. The L-Pro-free group exhibited 
negligible growth, attributed to the critically low starting 
density and insufficient cell–cell synergistic interactions. 
Crucially, despite high initial survival, cells in the 10% 
DMSO group suffered from severe proliferation inhibition 
and eventual death over 72 h. This outcome confirms the 
cytotoxicity induced by residual DMSO in the absence 
of a post-thaw washing step, highlighting a significant 
limitation of conventional cryoprotectants in “washing-
free” scenarios.46,47

Taken together, these findings indicate that the 
L-Pro/GelMA system provides a favorable balance 
between immediate post-thaw survival and long-term 
cytocompatibility, particularly for applications in which 
post-thaw washing is not feasible. While DMSO offers 

effective short-term cryoprotection, its practical utility may 
be limited by the cytotoxicity associated with residual agent; 
in contrast, the L-Pro/GelMA system supports high initial 
viability together with sustained proliferative capacity 
during post-thaw culture. Furthermore, the observation 
that lower GelMA concentrations favored C2C12 viability 
highlights the importance of empirical optimization to 
minimize biomechanical stress. Collectively, these results 
support the potential of this platform as a versatile, 
cytocompatible, and DMSO-free cryopreservation strategy 
for preserving cell viability and structural integrity in 
regenerative medicine applications.

4. Conclusion
This study systematically elucidated the key parameters 
influencing the printing and cryopreservation of cell-
laden L-Pro/GelMA hydrogels, providing a framework for 
high-fidelity scaffold fabrication and reliable preservation 
of cell viability and proliferative capacity. Optimal 
extrusion pressures were identified for different hydrogel 
formulations: 25–40 kPa for 6% L-Pro + 5% GelMA, 30–50 

Figure 12. Cryopreservation effects of C2C12 myoblasts using different antifreeze hydrogels. (A) Fluorescence images of live and dead cells cryopreserved 
in different antifreeze hydrogel groups. Scale bar: 100 μm; magnification: 20×. (B) Cryopreservation cell survival rate. (C) Cell proliferation images after 
cryopreservation and thawing of different antifreeze hydrogel groups. Scale bar: 100 μm; magnification: 20×. (D) Cell proliferation rate after thawing. Data 
are presented as mean ± standard deviation (n = 3 independent experiments for each condition; *p < 0.05, ***p < 0.001, ****p < 0.0001, ns: not significant).
Abbreviations: DMSO: Dimethyl sulfoxide; GelMA: Gelatin methacryloyl; P: L-proline.
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kPa for 6% L-Pro + 7% GelMA, and 35–50 kPa for 6% 
L-Pro + 10% GelMA. Filament diameter increased with 
extrusion pressure and nozzle size but decreased with 
higher printing speed, reflecting the interplay between 
hydrogel rheology and deposition mechanics. Thermal 
simulations indicated maximum printable heights of 7.2–
10.8 mm depending on scaffold diameter, highlighting the 
role of heat transfer in construct scalability.

Cytocompatibility assessments confirmed that cell 
viability and proliferation were preserved within defined 
pressure ranges, while extreme baseplate temperatures 
(0 °C and −5 °C) and prolonged UV exposure (>60 
s) adversely affected post-printing biological activity. 
Cryopreservation efficiency was comparable between low-
temperature and UV crosslinking, though reversible low-
temperature crosslinking facilitates gentle cell recovery. 
F-2 cooling protocol enhanced post-thaw survival, whereas 
direct immersion in liquid nitrogen yielded lower viability. 
Notably, scaffold architecture (fiber versus multilayer) had 
minimal impact on preservation, but 3D hydrogel culture 
significantly improved post-thaw proliferation compared 
with conventional two-dimensional culture.

In summary, this study establishes a DMSO-free 
cryopreservation platform that effectively supports the 
preservation of 3T3 fibroblasts and C2C12 myoblasts, 
with lower GelMA concentrations proving beneficial for 
cell survival and recovery. Our findings underscore the 
importance of optimizing bioink formulations, printing 
parameters, and cooling protocols to balance scaffold 
fidelity, cell viability, and structural integrity. A limitation of 
the current study is that the post-thaw assessment focused 
primarily on viability and proliferation. Future studies 
should incorporate cell-type-specific functional assays 
(e.g., differentiation capacity and phenotype retention) 
to further validate post-thaw functionality. Overall, this 
platform offers a versatile strategy for cell banking and 
bioprinting-based tissue engineering.
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