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Abstract: Hydrogels, owing to their porous network structure resembling the extracellular matrix (ECM), have become
essential scaffold materials in the field of cartilage tissue engineering. Among them, gelatin methacrylate (GelMA) hydrogels
are widely used in bioink development due to their excellent biocompatibility, biodegradability, and tunable photo-crosslinking
properties. However, the high biocompatibility of pure GelMA often comes at the cost of mechanical strength, limiting its
applicability in cartilage regeneration. To overcome this trade-off, this study developed composite bioinks based on GelMA,
silk fibroin (SF), and polyethylene oxide (PEO) for fabricating porous hydrogel scaffolds, which were then systematically
characterized in terms of morphology, porosity, hydrophilicity, mechanical strength, rheological behavior, printability, and
cytocompatibility. In this design, PEO serves as a porogen to generate highly porous structures (porosity up to 88%), while SF
compensates for the mechanical loss caused by PEO, enabling the scaffold to retain a compression strength of up to 29.10 kPa.
Among the tested formulations, the 10% GelMA/1% SF/1.5% PEO (1%=0.01 g/mL) bioink exhibited excellent printability,
mechanical integrity, and cytocompatibility, and it supported a robust deposition of collagen II and aggrecan by chondrocytes
after printing. This work provides a versatile strategy for balancing the biocompatibility and mechanical robustness in bioinks,
offering a promising platform for next-generation cartilage tissue engineering scaffolds.
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1 Introduction

Articular cartilage defects resulting from trauma,
surgical resection, or degenerative conditions pose a
significant therapeutic challenge in orthopaedics due
to their low intrinsic healing capacity (Shi et al.,
2022; Xia et al., 2022; Xue NN et al., 2022; Yuan
et al., 2024). More specifically, defects that exceed a
critical size, typically defined as those with a diameter
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greater than 2 cm, cannot undergo effective self-repair,
often resulting in non-union or the formation of struc-
turally and functionally inadequate tissue (Zhang et al.,
2020; Findeisen et al., 2023). Current clinical strat-
egies rely mainly on autografts and allografts (Miiller
et al., 2016; Tuchman et al., 2016); however, these ap-
proaches face substantial limitations, including donor
site morbidity, limited tissue availability, and the
risks of immune rejection and disease transmission
(de Girolamo et al., 2019; Liu et al., 2022; He et al.,
2024). These constraints have motivated the develop-
ment of engineered scaffolds that replicate the key
structural and biological features of native cartilage
(Wang et al., 2020; Lee et al., 2022; Manohar et al.,
2024). To fabricate such complex scaffolds, three-
dimensional (3D) bioprinting has gained widespread
recognition as an emerging technology for creating
in vitro biomimetic models, especially in the fields of


https://crossmark.crossref.org/dialog/?doi=10.1631/jzus.B2500343&domain=pdf&date_stamp=2025-11-27

cartilage tissue engineering and organoid model con-
struction (Wang YT et al., 2024; Bai et al., 2025; Ma
et al., 2025).

Bioink plays a crucial role in 3D bioprinting, as
its performance directly affects the printing results and
subsequent applications. Many researchers have noted
that different printing methods have significantly dif-
ferent requirements regarding the performance of bio-
inks. For example, Ng et al. (2023) investigated the ef-
fects of the properties of polyvinylpyrrolidone-based
bioink on printing performance and cell proliferation
during the inkjet bioprinting process. In addition,
Yang et al. (2023) summarized the key characteristics
and improvement strategies of gelatin bioink in the
extrusion printing process and looked forward to the
development direction of functional ink for construct-
ing more complex tissue structures.

Hydrogels have emerged as promising bioinks in
the field of 3D bioprinting due to their high water con-
tent and porous network structure, which resemble ex-
tracellular matrix (ECM) and support nutrient diffu-
sion and cell infiltration (Liu et al., 2017; Zhang et al.,
2021). Gelatin methacrylate (GelMA), in particular,
has been widely used in scaffold fabrication because
of its excellent biocompatibility, biodegradability, and
controllable photo-crosslinking properties (Sharifi et al.,
2021; Chen et al., 2023). For instance, Wang Z et al.
(2024) designed an in vitro shCav3.3 ATDCS5-loaded
GelMA hydrogel model, providing a new strategy for
simulating the endochondral ossification (EO) pro-
cess in bone organoids. Jeong et al. (2024) successfully
prepared an oxygen-generating microparticle (OMP)
colloidal bioink for printing using GelMA/gelatin/
polyethylene oxide (PEO) and OMP. This bioink has
shown potential in solving the oxygen deficiency
problem of large printing scaffolds. However, the me-
chanical and biological performances of this bioink
are strongly dependent on its concentration: high con-
centrations yield dense networks with superior me-
chanical strength but restrict nutrient transport and
waste removal, thereby compromising cell viability
(Arguchinskaya et al., 2023); in contrast, low concen-
trations offer better conditions for cell proliferation
and differentiation, yet the resulting scaffold suffers
from poor mechanical integrity and has limited print-
ability (Xie et al., 2019).

Journal of Zhejiang University-SCIENCE B 2025 26(12):1156-1171 | 1157

In order to address the above challenges, PEO
has been introduced into GelMA hydrogels to induce
microporosity and enhance mass transport. This strategy
supports essential cellular processes such as prolifera-
tion and migration (Brunel et al., 2022). For example,
Jia et al. (2022) developed a photopolymerizable
GelMA/PEO bioink that successfully regenerated au-
ricular cartilage with high shape fidelity and ECM de-
position. Similarly, Ying et al. (2018) used 3D print-
ing to fabricate porous GeIMA/PEO hydrogels that
promoted cell viability and maintained structural sta-
bility. Nonetheless, while the incorporation of PEO im-
proves porosity and cell performance, it significantly
reduces the mechanical strength of the scaffold, limit-
ing its broader applicability in load-bearing contexts.

In order to mitigate the above drawbacks, me-
chanically robust biomaterials have been investigated.
Silk fibroin (SF), a natural protein with outstanding
mechanical properties and biocompatibility, has been
widely explored in tissue engineering (Zheng et al.,
2023). Combining SF with GelMA has been shown to
enhance mechanical strength without compromising
biological function or printability. Xue YM et al. (2022)
reported a nanofibrous SF-GelMA scaffold with im-
proved mechanical and biological performance, while
Hou et al. (2023) developed a composite scaffold in-
corporating melatonin that exhibited enhanced biome-
chanical characteristics and chondrogenic potential.

In this study, a porous biomimetic scaffold com-
posed of GelMA, PEO, and SF was constructed to
achieve both desirable porosity and high mechanical
strength (Fig. 1). PEO was employed to introduce a
highly porous internal structure, while SF was added
to reinforce mechanical stability. Subsequently, the
scaffold’s porosity, compressive modulus, swelling
behavior, rheological properties, printability, and cyto-
compatibility were systematically characterized, and
the optimal GeIMA/SF/PEO formulation was ident-
ified for 3D printing. Chondrocyte behaviors, including
viability, adhesion, and cartilage matrix formation,
were further assessed through live/dead staining, cyto-
skeletal visualization, and immunofluorescence assay.
This work presents a versatile strategy for engineer-
ing porous hydrogel scaffolds with tunable mechan-
ical and biological properties suitable for cartilage
regeneration.
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Fig. 1 Schematic of the preparation of GS/PEO porous hydrogel and the printing of 3D scaffolds. GelMA, G: gelatin
methacrylate; S: silk fibroin; PEO: polyethylene oxide; PBS: phosphate-buffered saline; UV: ultraviolet; ATDCS: mouse

chondrogenic progenitor cells.

2 Materials and methods
2.1 Synthesis of GelMA

The synthesis of GelMA was performed follow-
ing the protocol reported by Cao et al. (2021). Briefly,
10 g of gelatin (Macklin, Shanghai, China) was dis-
solved in phosphate-buffered saline (PBS) at a concen-
tration of 10% (volume fraction). Subsequently, 8 mL
of methacrylic anhydride (MA; Macklin) was added to
the gelatin solution at 500 pL/min over 16 min. After
2 h of reaction time, 400 mL of PBS was added to the
mixture to dilute and terminate the reaction. The result-
ing solution was transferred to a dialysis membrane
(molecular weight cutoff: 8000—14 000 Da) and dialy-
zed against distilled water for 7 d to remove unreacted
components. The dialyzed solution was then centri-
fuged at 4000 r/min for 10 min to remove insoluble
residues. The supernatant was collected, lyophilized,
and stored at —20 °C until further use. The degree of
methacrylation (DoM) of GelMA obtained by this
synthesis method was characterized by 'H nuclear
magnetic resonance (NMR) as 58.95% (Li et al., 2024).

2.2 In vitro culture of mouse chondrocytes

Mouse chondrogenic progenitor cells (ATDCS)
were provided by Wuhan Ponosi Life Technology Co.,
Ltd. (Wuhan, China), cultivated in Dulbecco’s mod-
ified Eagle’s medium (DMEM)/F12 containing 10%
(volume fraction) fetal bovine serum (FBS) and 1%

(volume fraction) penicillin/streptomycin, and incu-
bated at 37 °C with 5% CO,.

2.3 Preparation of the GS/PEO bioink

Different amounts of PEO (Macklin; molecular
weight (MW)=100000 Da, polydispersity index (PDI)=
1.13), GelMA, SF, and 0.3% (volume fraction) lithium
phenyl-(2,4,6-trimethylbenzoyl) phosphinate (LAP)
were dissolved in PBS to prepare bioinks with final
GelMA/SF/PEO concentrations of 10%/1%/0%, 10%/
1%/0.5%, 10%/1%/1.0%, and 10%/1%/1.5% (1%=
0.01 g/mL), and these formulations were designated
as GS/OPEO, GS/0.5PEO, GS/1.0PEO, and GS/1.5PEO,
respectively. The bioinks were cast into cylindrical molds
and exposed to ultraviolet (UV) blue light (405 nm,
5 mW/cm?) for 1 min to form hydrogels with a height
of 6 mm and a diameter of 9 mm for subsequent
characterization.

For the bioinks used for cell seeding, the prepara-
tion followed the same procedure as described above,
except that PEO, GelMA, SF, and 0.3% LAP were
dissolved in DMEM/F12. The pH was adjusted to 7
using 1 mmol/L NaOH, and the solution was filtered
through a 0.22 um membrane filter.

2.4 Preparation of GS/1.0PEQO bioinks with
different molecular weights of PEO

PEO of different molecular weights, GelMA,
SF, and 0.3% LAP were dissolved in PBS to prepare



bioinks with the final concentration of GelMA/SF/
PEO being 10%/1%/1.0%. The PEO molecular weights
used were 12000 Da (Macklin; PDI=1.05), 100000 Da,
and 300000 Da (Macklin; PDI=1.04), and these
formulations were designated GS/1.0PEO,y_5 00, GS/
1.0PEO, 4100000 @d GS/1.0PEO,y,_300000» TESPECtively.
The bioinks were cast into cylindrical molds and ex-
posed to blue light for 1 min to form hydrogels with a
height of 6 mm and a diameter of 9 mm for subse-
quent characterization.

For the bioinks used for studying printability, the
preparation followed the same procedure as described
above.

2.5 Gel permeation chromatography characterization

The molecular weight of GelMA was measured
by the gel permeation chromatography (GPC) system
(Agilent 1260 Infinity II GPC/SEC system). Briefly,
10 g of GeIMA was dissolved in PBS at 10% (vol-
ume fraction). Subsequently, the GeIMA solution was
filtered using a 0.22 pm filter and finally injected into
the chromatographic column. During the experiment,
the testing temperature was 45 °C, the solvent was
0.1 mol/L NaNO,, and the solvent flow rate was
1 mL/min.

2.6 Fourier transform infrared characterization

GS/PEO hydrogels were freeze-dried and ground
into powder for Fourier transform infrared (FTIR)
analysis. The scanning spectral range of the infrared
spectrometer was set to 4000-400 cm™, and the reso-
lution was set to 4 cm™.

2.7 Morphology observation

The prepared cylindrical hydrogels were im-
mersed in PBS for 24 h to remove the PEO from the
GS/PEO hydrogels, forming a porous structure. The
hydrogel samples were freeze-dried and sectioned
using a blade. The cross-sections were fixed on the
sample stage and sputter-coated with gold for 45 s.
The microstructures of the samples were observed
using a scanning electron microscope (SU8S010,
HITACHI, Japan) at an accelerating voltage of 5 kV.
Pore size and porosity were quantified using ImageJ
software based on scanning electron microscopy
(SEM) images, with three samples analyzed per

group.
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2.8 Swelling analysis

Lyophilized GS/PEO hydrogels were weighed to
obtain their dry weights. The hydrogels were then im-
mersed in PBS and retrieved at predetermined time in-
tervals (1, 2, 3, 4, 5,7, 9, 11, 18, 24, 30, 36, 42, and
48 h). At each time point, the cylindrical hydrogels
were gently blotted with sterile wipes to remove any
excess surface PBS, and the wet weight was recorded.
The swelling ratio (R, %) was calculated using the
following formula (Verma et al., 2007):

Ws B Wd

R, = == X 100%, (1)

where W, and W, are dry weight and wet weight,
respectively.

2.9 Degradation

The GS/PEO hydrogels were immersed in PBS
at 37 °C, with daily replacement of the PBS. The hy-
drogel samples were taken out at different time points
(1, 3, 7, 14, and 21 d) for lyophilizing and weighing.
The remaining mass (m,, %) of the GS/PEO hydrogels
was calculated as follows (Sang et al., 2023):

m, = % x 100%, ©)

0

where W, denotes the initial weight of the lyophilized
samples, and W, is the dry weight after several days of
treatment with PBS.

2.10 Contact angle measurement

Water contact angles were measured via the ses-
sile drop method. After 10 pL of deionized water was
dropped on the surface of each GS/PEO hydrogel,
measurements were taken using a Dino-Site digital
microscope (AD 4113T, Taiwan, China), and the drop-
let morphology was recorded with a high-speed cam-
era. The contact angle was analyzed in triplicate per
sample using the Dino Capture 2.0 software.

2.11 Compression test

Compression tests were performed on GS/PEO
hydrogels using a mechanical tester (INSTRON 3343,
Norwood, MA, USA) to evaluate their mechanical
properties. Cylindrical hydrogel samples were placed
between the compression plates and compressed at a
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rate of 0.8 mm/min. The compressive modulus was
calculated from the linear region of the stress—strain
curve within 10%-20% strain.

2.12 Rheological test

The rheological properties of the GS/PEO hy-
drogels were assessed using a rotational rheometer
(Brookfield R/S Plus, USA). For viscosity measure-
ments, 3 mL of hydrogel was loaded onto the testing
plate and equilibrated at 25 °C for 10 min. The shear
rate was swept from 0.01 to 1000 s™. To evaluate the
viscoelastic behavior of hydrogels with different PEO
concentrations, cylindrical samples (20 mm in diame-
ter and 1 mm in height) were prepared. The storage
modulus (G') and loss modulus (G") were recorded in
oscillatory mode over an angular frequency range of
0.1-100 rad/s. All oscillatory tests were conducted
at 25 °C, with a fixed frequency of 1 Hz and a strain
amplitude of 0.1%.

2.13 Optimization of parameters and printability
assessment of the GS/PEO bioinks

The parameter optimization and printability of
GS/PEO ink were evaluated using a 3D-BioLab sys-
tem (EnvisionTEC, Germany). During the printing
process, the platform temperature was maintained at
10 °C, the printing speed was 10 mm/s, and the nozzle
diameter was 210 um. The extrusion pressure was dy-
namically adjusted according to the requirements of
different bioinks to produce printed lines with smooth
surfaces and consistent widths. The diameters of the
filaments under different conditions were measured
using an optical microscope, and the degree of fila-
ment expansion () was calculated using Eq. (3) (Ning
et al., 2020):

p= Dy 3)

where D, denotes the actual filament diameter, and D,
is the theoretical diameter.

Multi-layer scaffolds were printed under optimal
extrusion pressure, and quantitative analysis of the
scaffolds was performed. According to the research of
Seymour et al. (2021), the ink spreading degree (S,)
and window printability (P,) of GS/PEO ink were cal-
culated as follows:

s, = % X 100%, )

LZ
P, = T6s Q)

where S, and S, represent the theoretical and actual
areas of the printed window, respectively, and L is the
perimeter of the window.

2.14 3D bioprinting

Before printing, all devices were wiped with
75% (volume fraction) alcohol and exposed to UV
light for 30 min to ensure sterility in the printing
room. GS/1.5PEO ink was prepared, and a grid with a
spacing of 1 mm (10 mmx10 mm) was printed at a
pressure of 3.5 bar (1 bar=1x10° Pa) and a speed of
10 mm/s at 10 °C. After the printing of each layer, it
was irradiated with a UV curing lamp for 15 s. Finally,
ATDCS5 was seeded onto the scaffold at a density of
1x10° cells/cm® and cultured in DMEM/F12 medium
containing 10% FBS and 1% penicillin/streptomycin.
The medium was changed every two days.

2.15 Cell proliferation assay

The proliferation of ATDCS in different hydrogel
groups was evaluated on Days 1, 4, and 7 using the
cell counting kit-8 (CCK-8; Abbkine, Wuhan, China).
Samples were first rinsed with sterile PBS and then
incubated with 300 pL of DMEM/F12 containing 10%
(volume fraction) CCK-8 solution at 37 °C for 1.5 h.
The supernatant was then transferred to a 96-well
plate, and the optical density was measured at 450 nm
using a Cytation 5 imaging reader (BioTek, USA).

2.16 Cell viability assay

For live/dead staining, scaffolds were immersed
in PBS containing 2 pumol/L calcein acetoxymethyl
ester (calcein-AM) at 37 °C for 30 min, rinsed twice
with sterile PBS, and then incubated in PBS contain-
ing 4 pmol/L propidium iodide (PI) at 37 °C for 10 min.
After staining, samples were washed with sterile PBS
and imaged using a Cytation 5 imaging reader (BioTek).
Live and dead cells were analyzed using ImagelJ soft-
ware, and cell viability was calculated as the percent-
age of live cells relative to the total number of cells.

2.17 Cell morphological analysis

On the fourth day of cultivation, the cell cyto-
skeleton was stained with phalloidin (Abbkine) and
4',6-diamidino-2-phenylindole (DAPI; Boster, Wuhan,
China). Firstly, the cells were fixed with 4% (volume



fraction) paraformaldehyde solution (PFA) for 30 min
and then permeabilized with PBS solution containing
0.1% (volume fraction) Triton X-100 for 20 min. Subse-
quently, the sample was stained with phalloidin in the
dark for 30 min. Finally, the cell nucleus was stained
with DAPI in the dark for 20 min. The scaffold was
washed twice with PBS at the end of each step, for
5 min each time.

2.18 Immunofluorescence evaluation

Immunofluorescence was performed to evaluate
the deposition of collagen II and aggrecan during car-
tilage formation and the differentiation process. After
14 d of cultivation, the scaffold was fixed in a 4%
PFA for 30 min, permeabilized with 0.5% Triton X-
100 for 15 min, and blocked with 5% (volume frac-
tion) goat serum for 1 h. Then, primary antibodies
were added, including rabbit anti-aggrecan polyclonal
antibody (1:200 (volume ratio, the same below),
ABclonal, China) and rabbit anti-collagen II poly-
clonal antibody (1:200, ABclonal), followed by in-
cubation overnight at 4 °C. Afterwards, the primary
antibodies were aspirated and the scaffold was incu-
bated with the secondary antibody (CY3-conjugated
AffiniPure rabbit anti-goat immunoglobulin G (IgG)
(H+L), 1:100, BA1034, Boster) at room temperature
for 1 h. Finally, the cell nucleus was stained with
DAPI solution for 30 min and the staining was evalu-
ated using a Cytotion 5 imaging reader (BioTek).

2.19 Statistical analysis

All data were presented as meantstandard devia-
tion. All the results were obtained in triplicate. Statisti-
cal analysis was performed using one-way analysis of
variance (ANOVA), and P<0.05 was considered sta-
tistically significant.

3 Results and discussion

3.1 Preparation and characterization of the GS/
PEO constructs

According to the GPC results, the weight-average
molecular weight (M) of GeIMA was 5629 g/mol,
while the number-average molecular weight (M)
was 4380 g/mol, with PDI of approximately 1.28.
This indicates that GelMA has a narrow molecular
weight distribution (Fig. 2a). Furthermore, the GPC
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chromatogram exhibited good separation and the sam-
ple components were relatively pure, with no signifi-
cant impurity peaks or heterogeneous components
observed. These results demonstrate that the synthesis
of GelMA offers good controllability (Fig. 2b).

The FTIR results showed that the absorption
peaks of PEO were mainly concentrated in the C—C
bond stretching vibration at 2871 ¢cm™ and the C-O
bond stretching vibration at 1094 cm™'. These two
peak segments of PEO disappeared in GS/0.5PEO,
GS/1.0PEO, and GS/1.5PEO, indicating that the PEO
had completely diminished (Fig. 2c).

The effect of PEO concentration on the fluidity
of GS/PEO bioink was determined using the inver-
sion test. The results showed that higher PEO concen-
trations led to slower flow of the GS/PEO bioink. The
GS/OPEO bioink flowed immediately to the bottom
upon inversion. In contrast, the GS/0.5PEO, GS/1.0PEO,
and GS/1.5PEO bioinks flowed slowly down the side-
wall after inversion. After 10 s of inversion, most of
the GS/0.5PEO bioink had flowed to the bottom, with
a small amount remaining on the sidewall, and the
GS/1.0PEO bioink had just reached the bottom, while
the GS/1.5PEO bioink continued to flow slowly along
the sidewall (Fig. 2d).

The excellent hydrophilicity of hydrogels facili-
tates the transfer of nutrients, maintains humidity, and
supports cell adhesion, proliferation, and migration
within the hydrogel (Li et al., 2023). The water con-
tact angles of GS/OPEO, GS/0.5PEO, GS/1.0PEO, and
GS/1.5PEO were measured to be 52.5°, 39.1°, 25.8°,
and 12.8°, respectively, demonstrating a clear trend of
improved hydrophilicity with increasing PEO concen-
tration (Fig. 2e). The surface morphology of GS/PEO
hydrogels revealed that after PEO leaching, a large
number of pores were left on the hydrogel surface and
the pore size increased with a higher PEO content
(Figs. 2f and S1). These pores facilitate water penetra-
tion into the hydrogel, allowing polar functional groups,
such as amide, carboxyl, and hydroxyl groups, in the
GelMA/SF hydrogel to interact more effectively with
water molecules (Lu et al., 2022). The resulting reduc-
tion in contact angle and improved surface hydrophi-
licity promote nutrient transport and ultimately sup-
port cell proliferation.

The interconnected porous structure within the hy-
drogel scaffold plays a critical role in supporting ECM
secretion, nutrient and waste transport, and cell prolif-
eration. SEM images revealed that the incorporation
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of PEO led to the formation of highly interconnected
and size-tunable micropores within the composite
hydrogel (Fig. 3a). Both pore size and porosity in-
creased with rising PEO concentration, with averages
of (57.29421.62) um and 22.67% for GS/OPEO, (83.48+
28.16) um and 42.07% for GS/0.5PEO, (121.99+
25.25) um and 62.85% for GS/1.0PEO, and (157.77+
18.06) um and 88.39% for GS/1.5PEO, respectively
(Figs. 3a and 3b). This phenomenon can be attributed
to the formation of spherical PEO droplets within the
precursor solution. As the PEO concentration increased,
the droplet size grew, resulting in the coalescence of
adjacent droplets. Upon the removal of PEO, larger
pores were left behind in the hydrogel matrix (Li et al.,
2022).

The mechanical properties of cartilage tissue en-
gineering scaffolds are crucial for determining the ap-
plication of such scaffolds (Appel et al., 2015; Wang
et al., 2021). Cartilage substitutes require scaffolds to
have the ability to resist abrasion caused by movement
or pressure from surrounding tissues (Pattanashetti

et al., 2020). The stress—strain curves and compres-
sive moduli are shown in Figs. 3¢ and 3d. The add-
ition of PEO led to greater deformation of the hydro-
gel under the same stress conditions, and the compres-
sive modulus of GeIMA was (25.31+1.08) kPa. In
contrast, GeIMA/0.5PEO exhibited a lower modulus
of (15.2242.11) kPa, indicating that the introduction
of PEO reduced the mechanical properties of the
GelMA hydrogel. By comparison, the compressive
modulus of the GS/OPEO hydrogel reached (45.12+
2.60) kPa, suggesting that the addition of SF effec-
tively enhanced the stiffness of GeIMA. Moreover, rela-
tive to GeIMA/0.5PEO, the GS/0.5PEO hydrogel
showed an increase of approximately 22 kPa. These
results demonstrate that in GS/PEO hydrogels, the
incorporation of SF compensates for the mechanical
loss induced by PEO. This effect is likely attributed
to the formation of interpenetrating polymer networks
(IPNs) between SF and GelMA, which stabilizes the
hydrogel network and enhances its mechanical strength
(Zheng et al., 2023). In fact, the compressive modulus
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of hydrogels should closely match that of native carti-
lage to preserve the chondrocyte phenotype (Zhang and
Yu, 2025). The compressive modulus of articular car-
tilage ranges from 0.02—1.16 MPa in the superficial
zone to 6.44—7.75 MPa in the deep zone, and scaf-
folds with a modulus within this optimal range have
been reported to support superior chondrogenic func-
tion. Among the GS/PEO hydrogels, GS/1.5PEO ex-
hibited a compressive modulus of (29.10+2.59) kPa,
comparable to that of GeIMA, which corresponds to
the cartilage superficial zone and suggests its suit-
ability for cartilage formation.

The swelling behavior of GS/PEO hydrogels is
shown in Fig. 3e. Hydrogels with higher PEO concen-
trations exhibited greater swelling ratios, and all

samples reached equilibrium within approximately
20 h. Notably, the incorporation of PEO signifi-
cantly enhanced the swelling capacity compared to
the PEO-free hydrogel. The swelling ratio increased
with PEO concentration, reaching 1500.04% for GS/
1.5PEO, 1280.91% for GS/1.0PEO, 1037.44% for GS/
0.5PEO, and 847.41% for GS/OPEO.

In order to investigate the persistence of mechan-
ical strength of the scaffold, we studied the degrada-
tion of GS/PEO hydrogels in PBS and measured the
degradation rate over time based on the remaining
mass. As shown in Fig. S2, the remaining mass of the
GS/PEO hydrogels kept stable throughout the 21-d
degradation period, indicating a highly stable material
structure without significant degradation. Therefore, the
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mechanical strength of the hydrogel scaffold can be
consistently maintained.

In order to evaluate the suitability of GS/PEO bio-
inks for extrusion printing, their rheological prop-
erties, including viscosity and viscoelasticity, were mea-
sured. The viscoelasticity test results indicated that G’
and G” of the GS/PEO bioinks decreased with in-
creasing PEO content. In all bioinks, the G' values
were significantly greater than the G” values, indicat-
ing elastic and highly structured properties after cross-
linking. This suggests that these bioinks maintain fa-
vorable shape fidelity after printing (Fig. 3f). Fig. 3g
shows the variation in GS/PEO bioink viscosity with
the shear rate. It can be observed that the viscosity of
these bioinks decreases as the shear rate increases,
demonstrating typical shear-thinning behavior. This is
a crucial property for extrusion-based printing pro-
cesses, as it facilitates ink flow during extrusion and
enables the rapid recovery of structural strength after
deposition. More importantly, the PEO concentration
significantly influenced the fluidity of the GS/PEO
bioinks. As the amount of PEO increased, the viscos-
ity of the bioinks also increased, correspondingly re-
ducing their fluidity. Specifically, GS/OPEO exhibited
the lowest viscosity (0.37 Pa-s) and the highest flu-
idity. After adding PEO, the viscosity gradually in-
creased: GS/0.5PEO showed a viscosity of 1.11 Pa-s,
GS/1.0PEO 1.32 Pa-s, while GS/1.5PEO reached the
highest viscosity (3.53 Pa-s) and the lowest fluidity.
These results demonstrate that the addition of PEO
not only preserved the shear-thinning behavior but also
significantly increased the overall viscosity of the
bioink, reduced the fluidity, and further optimized the
printability of the GS/PEO bioink (Isreb et al., 2019).

3.2 Printability analysis of the GS/PEQO inks

To study the effects of molecular weight on the
pore size and porosity of hydrogels, we prepared GS/
LOPEO, 120000 GS/1.OPEO, 1000000 GS/1.OPEO 300600
hydrogels. The internal structure, pore size, and poros-
ity of the GS/1.0PEO hydrogel, shown in Figs. 4a and
4b, increased with the increase in PEO molecular
weight, because the higher the molecular weight of
PEO, the more it tends to aggregate and form larger
emulsion droplets. Consequently, the pores left behind
after sacrificing the PEO become larger (Yi et al.,
2022).

Next, we systematically studied the effects of dif-
ferent molecular weights on ink printing performance

by adjusting the extrusion pressure (1.8-2.2 bar) and
printing speed (8—12 mm/s) under the conditions of
a nozzle diameter of 210 pm and a platform tempera-
ture of 10 °C. The printed results were recorded, di-
vided into three groups, and marked with correspond-
ing colors (Fig. 4c). The printability diagram shows
that the larger the molecular weight is, the smaller the
printability parameter range of GS/1.0PEO bioink. This
is because the larger the molecular weight of PEO is,
the greater the viscosity of GS/1.0PEO hydrogel; be-
sides, the material flow in the 3D printer nozzle is
limited, which hinders the printing of GS/1.0PEO
bioink (Isreb et al., 2019).

In order to achieve high shape fidelity in 3D-
bioprinted structures, we optimized the printing para-
meters and evaluated the printability of GS/PEO bio-
inks. During the extrusion process, different extrusion
pressures cause significant extrusion swelling effects
in the bioink, which in turn affects the accuracy of the
printing structure being formed (Fig. 5a). To quantify
this phenomenon, we explored the expansion of the
filament under different extrusion pressures (1.5 to
3.5 bar) using a 210 um diameter nozzle and a print-
ing speed of 10 mm/s at 10 °C and expressed the ex-
pansion using the f value. High print fidelity is ob-
served when the £ value is equal to or close to 1; con-
versely, values that substantially deviate from 1 result
in decreased printing precision (Ning et al., 2020). As
seen in Figs. 5b and Sc, the filament diameter and
[ value increase with higher extrusion pressure. At the
same extrusion pressure, the filament diameter de-
creases with increasing PEO concentration. From the
optical images of the filaments at different extrusion
pressures, we could observe that GS/OPEO can produce
continuous and uniform filaments under extrusion
pressures ranging from 1.5 to 3.5 bar. GS/0.5PEO
cannot produce continuous filaments at 1.5 bar, and
when the extrusion pressure exceeds 2.5 bar, the fila-
ments become uneven and rough. However, filaments
printed at 2.0 bar meet the requirements for continuity
and uniformity. GS/1.0PEO produces continuous
and uniform filaments at extrusion pressures of 2.5
and 3.0 bar, while GS/1.5PEO can only produce con-
tinuous and uniform filaments at an extrusion pressure
of 3.5 bar (Fig. S3). Therefore, after considering the
continuity, uniformity, and f values, we determined the
optimal extrusion pressures for the different materials
as follows: GS/OPEO at 1.5 bar, GS/0.5PEO at 2.0 bar,
GS/1.0PEO at 2.5 bar, and GS/1.5PEO at 3.5 bar.
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In the actual printing process, the intersection of
two filaments will diffuse due to gravity, resulting
in the S, of the window being smaller than the S,
(Fig. 5d) (Seymour et al., 2021). We evaluated the
properties of four different inks using S, as an indi-
cator. Fig. 5e showed that the spreading degree of the
GS/0PEO group is the highest (61.73%). After the add-
ition of PEQ, the spreading degree decreases, indicat-
ing that the ink has greater shape fidelity after adding
PEO. It can also be observed from the figure that there
is no significant difference in the spreading degree of
the three groups of bioinks: GS/0.5PEO (55.17%), GS/
1.0PEO (53.58%), and GS/1.5PEO (52.86%). Under

the optimal extrusion pressure conditions, multi-layer
scaffolds (1000 um distance) were printed using GS/
PEO inks of different formulations. Subsequently, the
P, values were calculated from the optical images
of the 2-layer scaffolds (Fig. S4). The P, values of
GS/0PEO, GS/0.5PEO, GS/1.0PEO, and GS/1.5PEO
were 1.020+0.011, 1.024+0.022, 1.028+0.029, and
1.039+0.044, respectively. These values are approxi-
mately equal to 1 (Fig. 5f). According to earlier re-
search (Seymour et al., 2021), all four types of ink
are capable of creating perfectly square windows.
The images of the 10-layer scaffold show that the
surface of GS/OPEO is severely irregular, resulting in
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poor print quality and indicating its low printability
(Fig. 5g). However, the addition of PEO has signifi-
cantly improved the stacking performance. Among the
tested formulations, GS/1.5PEO exhibited the highest
stacking height and the best shape fidelity, signifi-
cantly outperforming other ratios (GS/0.5PEO and GS/
1.0PEO). Therefore, GS/1.5PEO was identified as the
optimal choice.

3.3 Biocompatibility of the porous hydrogel scaffold

The biocompatibility of GS/PEO hydrogels was
evaluated using CCK-8, live/dead staining, and cyto-
skeleton staining. On the 4th and 7th days, all GS/
PEO hydrogels showed high cell proliferation rates
(Fig. 6a). Throughout the 7-d culture period, very few
dead cells were observed on the surface of all GS/
PEO hydrogels (Fig. 6b). With the number of culture
days passing, the cell number gradually increased,
and cell aggregation was observed, with a survival
rate of up to 94% (Fig. 6¢). This indicates that none
of the GS/PEO hydrogels exhibited cytotoxicity and
could support normal cell proliferation and metabo-
lism. Additionally, it was observed that as the PEO
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concentration increased, the number of live cells on
the hydrogels also increased. This is because with the
pore size and porosity of GS/PEO hydrogel becoming
larger, the transport of nutrients and metabolic waste
is enhanced, thus creating a more favorable environ-
ment for cell proliferation. In addition, the promotive
effect of PEO on cell proliferation might also be related
to the modulus of GS/PEO hydrogel. Rheological
analysis revealed that a higher PEO content led to a
lower storage modulus of the hydrogels (Fig. 3f). A
reduced storage modulus has been reported to corre-
spond to a faster relaxation rate, and such rapidly relax-
ing hydrogels enhance cell-matrix interactions, thereby
alleviating excessive actin activation and apopto-
sis, ultimately supporting long-term cartilage formation
(Huang et al., 2023). On the 4th and 7th days, the GS/
1.5PEO hydrogels exhibited the highest number of
live cells. After 4 d of culture, ATDCS cells were firmly
attached to the surface of each hydrogel, with cells
evenly distributed across the surface at a moderate
density. ATDCS5 cells showed a polygonal distribution
(Fig. 6d). On the basis of GS/PEO hydrogel character-
ization, printability, and biocompatibility, GS/1.5SPEO
bioink was selected for further experiments.
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Fig. 6 Biocompatibility of GS/PEO hydrogels. (a) Optical density at 450 nm. (b) Live/dead staining on Days 1, 4, and 7.
(c) Cell viability. (d) Skeleton staining on Day 4. The data are expressed as meansstandard deviation (SD), n=3. " P<
0.05, " P<0.01. G: gelatin methacrylate; S: silk fibroin; PEO: polyethylene oxide; DAPI: 4',6-diamidino-2-phenylindole.
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3.4 Cell behavior on the 3D scaffold

In order to evaluate the behavior of cells on 3D
scaffolds, a 3D scaffold was printed using GS/1.5PEO
ink and ATDCS5 was seeded onto its surface. The pro-
liferation of cells on 3D GS/1.5PEO scaffolds is shown
in Fig. 7a. The number of live cells was relatively small
on Day 1, but as the culture days passed, the number
of cells gradually increased. On Day 7, the scaffold
was covered by cells, suggesting that the 3D scaffold
constructed with GS/1.5PEO ink could effectively
maintain the adhesion stability of cells and promote
their growth. The skeleton staining results revealed
that the cell morphology is intact and normal, further
confirming that the 3D scaffold constructed with GS/
1.5PEO can support cell growth (Fig. 7b). As shown
in Fig. 7c, large amounts of collagen II and aggrecan
have been deposited on the scaffold, with collagen
II being the main structural protein of the cartilage
matrix, providing mechanical support, and aggrecan

(a) Day 1

Phalloidin

being the main proteoglycan in the cartilage matrix,
which is responsible for maintaining moisture and com-
pression strength. This indicates that our scaffold can
promote the secretion of cartilage matrix components
by chondrocytes during culture and also suggests
that chondrocytes begin to transform into articular car-
tilage on Day 14.

4 Conclusions

In order to address the issue that pure GelMA
cannot balance high biocompatibility and high me-
chanical strength, in this study, we developed a com-
posite bioink GS/PEO based on GeIMA, SF, and PEO.
The characterization of the GS/PEO bioink showed
that PEO acts as a porogen, generating a highly po-
rous structure with a porosity of up to 88%, while SF
compensates for the mechanical loss caused by PEO,
allowing the scaffold to maintain a compression strength

Fig. 7 Behavior of cells on 3D scaffolds. (a) Live/dead staining. (b) Skeleton staining. (¢) Immunofluorescence staining of
aggrecan and collagen II. DAPI: 4',6-diamidino-2-phenylindole.



of up to 29.10 kPa. Among the tested formulations,
the GS/1.5PEO bioink exhibited excellent printabil-
ity, mechanical integrity, and cytocompatibility, and
it supported the firm deposition of collagen II and
aggregation by chondrocytes after printing. Overall,
the novel GS/PEO bioink developed in this study
balances biocompatibility and mechanical strength,
with significant prospective applications in cartilage
tissue engineering.
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