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Abstract: Background: A suitable biomaterial scaffold is essential for building in vitro ovarian models.
This study developed a GelMA/HAMA (GH) hydrogel to support granulosa cell culture and to construct
a simplified coculture system for granulosa cell–endothelial cell interaction. Methods: GH hydrogel
was characterized by rheology, tensile testing, scanning electron microscopy, swelling, degradation,
and extract-based cytocompatibility. KGN granulosa cells were encapsulated in GH hydrogel, and an
aging-like model was induced with H2O2. A Transwell system and conditioned-medium experiments
were used to evaluate endothelial cell responses. Results: GH hydrogel showed light-triggered gelation,
predominantly elastic behavior, higher tensile performance than GelMA, lower swelling, and slower
degradation, with acceptable cytocompatibility at the tested range. In KGN-laden hydrogels, H2O2
treatment increased ROS and p16 expression while decreasing E2 secretion and StAR expression.
Conditioned medium from aging granulosa cells increased ROS and VCAM-1 and reduced HUVEC
viability. Conclusion: GH hydrogel provides a controllable matrix for granulosa cell culture and a
useful in vitro platform for studying aging-related granulosa cell–endothelial cell crosstalk.
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1. Introduction
In vitro ovarian models require not only appropriate cell sources but also suitable material platforms

capable of providing a permissive microenvironment for cell survival, phenotype maintenance, and
intercellular communication [1]. Conventional two-dimensional culture systems are easy to operate, but
they cannot adequately reproduce the hydrated, spatially organized, and matrix-dependent environment
surrounding ovarian cells [2,3]. For granulosa cells in particular, cell behavior is closely influenced
by extracellular matrix support and by soluble factor exchange with neighboring cell populations [4].
Therefore, the selection of a biomaterial scaffold is a key consideration when establishing an in vitro
model intended to study ovarian-related cellular responses [5–7].

Hydrogels are widely used in tissue-related in vitro models because of their high water content,
soft nature, and structural similarity to native extracellular matrices. Among them, gelatin methacrylate
(GelMA) has attracted considerable attention due to its good biocompatibility, photocrosslinkability,
and the presence of cell-interactive motifs derived from gelatin [8]. However, GelMA-only systems may
not always provide optimal hydration behavior, structural stability, or matrix composition for specific
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cell models [9]. Hyaluronic acid is an important component of the native extracellular environment in
many tissues, and its methacrylated derivative, HAMA, offers the possibility of introducing additional
hydrophilicity and matrix-related biochemical characteristics into photocurable hydrogel systems [10].
In this context, combining GelMA with HAMA represents a practical material strategy for constructing a
more suitable three-dimensional culture matrix. In the present work, GelMA and HAMA were combined
with LAP photoinitiator to prepare a photocrosslinkable GH hydrogel, which was subsequently used as
the matrix for granulosa cell encapsulation [11].

From a materials perspective, a hydrogel intended for cell-laden culture should meet several basic
requirements [12]. First, it should undergo reliable gelation under mild conditions to enable convenient
encapsulation and shaping. Second, it should possess appropriate viscoelastic and mechanical properties
to maintain structural integrity during culture. Third, its swelling and degradation behavior should
be sufficiently controlled to avoid excessive instability while still preserving a hydrated environment.
Finally, the material should exhibit acceptable cytocompatibility under the intended experimental
conditions [13]. In this study, the GH hydrogel was designed and characterized from these aspects,
including gelation behavior, rheological response, tensile properties, internal morphology, swelling,
enzymatic degradation, and extract-based cytocompatibility. These evaluations were necessary to
determine whether the material was suitable for subsequent biological experiments.

Based on this material platform, granulosa cells were encapsulated in GH hydrogel to establish a
three-dimensional ovarian-side model, and a Transwell system was further introduced to investigate
indirect communication between granulosa cells and endothelial cells through soluble factors. This
design did not aim to fully reconstruct the complexity of native ovarian tissue, but rather to provide a
controllable material-based in vitro system in which the influence of granulosa cell status on endothelial
cell responses could be examined under defined conditions. Accordingly, the purpose of this study was
to develop and characterize a GelMA/HAMA hydrogel platform for granulosa cell culture and to explore
its applicability in a simplified coculture model related to ovarian aging-associated microenvironmental
changes. The novelty of this study lies not simply in the use of GelMA, HAMA, or a Transwell system
individually, but in integrating a GelMA/HAMA hydrogel matrix with an aging-like granulosa cell
model and an endothelial cell response system. This design provides a simplified and controllable in
vitro platform for investigating soluble-factor-mediated communication between aging-like granulosa
cells and endothelial cells. Compared with conventional two-dimensional granulosa cell culture, the
present model provides a three-dimensional hydrogel microenvironment for granulosa cells. Compared
with more complex ovarian follicle or vascular niche models, this system is intentionally simplified to
focus on paracrine granulosa cell-endothelial cell interaction under defined experimental conditions.

2. Materials and methods
2.1. Materials

Gelatin methacrylate (GelMA), methacrylated hyaluronic acid (HAMA), and lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) were purchased from Aladdin (Shanghai, China). Dulbecco’s
modified Eagle’s medium/Ham’s F-12 (DMEM/F12), fetal bovine serum (FBS), penicillin–
streptomycin, phosphate-buffered saline (PBS), trypsin–EDTA, endothelial cell medium, Cell Counting
Kit-8 (CCK-8), type I collagenase, hydrogen peroxide (H2O2), and 2′,7′-dichlorodihydrofluorescein
diacetate (DCFH-DA) were purchased from Beyotime Biotechnology (Shanghai, China) or Gibco
(Grand Island, NY, USA). Human granulosa-like KGN cells were obtained from Procell (Wuhan,
China). Human umbilical vein endothelial cells (HUVECs) were obtained from ScienCell (Carlsbad,
CA, USA). The estradiol (E2) ELISA kit was purchased from Elabscience (Wuhan, China). TRIzol
reagent, reverse transcription kit, and SYBR Green qPCR master mix were purchased from Vazyme
(Nanjing, China).
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2.2. Cell culture
KGN cells were cultured in DMEM/F12 supplemented with 10% FBS and 1% penicillin–

streptomycin at 37◦C in a humidified incubator containing 5% CO2. HUVECs were cultured in
endothelial cell medium supplemented with 5% FBS, 1% endothelial cell growth supplement, and 1%
penicillin–streptomycin under the same conditions. The culture medium was changed every 2 days, and
cells at passages 3–6 were used for experiments.

2.3. Preparation of GelMA, HAMA, and GH hydrogel
GelMA and HAMA were dissolved in sterile PBS containing LAP under light-protected conditions at

37◦C until fully dissolved. The final concentration of the GH precursor solution was 10% (w/v) GelMA,
1% (w/v) HAMA, and 0.25% (w/v) LAP. Pure GelMA precursor was prepared at 10% (w/v) GelMA
with 0.25% (w/v) LAP and used as the control hydrogel where indicated. The precursor solutions were
sterilized by filtration through a 0.22 μm filter. For gel formation, the precursor was transferred into the
required mold or culture insert and exposed to 405 nm light at 10 mW/cm2 for 30 s.

2.4. Rheological characterization
Rheological measurements were performed using a rotational rheometer (MCR 302, Anton Paar,

Austria) equipped with a 25 mm parallel-plate geometry. Frequency sweep tests were conducted at 25◦C
over an angular frequency range of 0.1–100 rad/s at 1% strain, which was within the linear viscoelastic
region. The storage modulus (G′) and loss modulus (G′′) of GelMA and HAMA were recorded.

For time sweep measurements of GH hydrogel, the precursor solution was loaded directly onto the
rheometer plate and measured at a constant angular frequency of 1 rad/s and a strain of 1%. After an
initial baseline period, gelation was triggered by 405 nm light irradiation, and the changes in G′ and G′′
were monitored continuously for 300 s.

2.5. Tensile mechanical testing
Hydrogel samples were cast into dumbbell-shaped silicone molds with a gauge length of 10 mm,

width of 4 mm, and thickness of 2 mm, followed by photo-crosslinking under the same conditions
described above. Tensile tests were performed using a universal testing machine (Instron 3343, Instron,
USA) equipped with a 100 N load cell. The crosshead speed was set at 10 mm/min. Engineering stress
was calculated by dividing the tensile force by the initial cross-sectional area, and engineering strain was
calculated from the ratio of extension to initial gauge length. Representative stress–strain curves were
used for comparison.

2.6. Scanning electron microscopy
For SEM observation, GH hydrogel samples were first frozen at −80◦C and then lyophilized for

48 h. The dried samples were fractured to expose the internal cross-section and sputter-coated with gold
for 60 s using a sputter coater (SC7620, Quorum Technologies, UK). The samples were observed with
a scanning electron microscope (SU8010, Hitachi, Japan) at an accelerating voltage of 5 kV.

2.7. Swelling assay
Hydrogel samples with identical dimensions were prepared and weighed immediately after gelation

to obtain the initial mass. Samples were then immersed in PBS at 37◦C. At predetermined time points (0,
2, 5, 8, 12, 16, 20, 24, 30, 36, 42, and 48 h), the samples were removed, gently blotted with filter paper
to remove excess surface water, and weighed to obtain swelling ratio. The swelling ratio was calculated
using the following equation:

Swelling ratio (%)= (Wt − W0) /W0 × 100%

where W0 represents the initial mass of the hydrogel immediately after gelation, and Wt represents the
mass of the swollen hydrogel at each time point.
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2.8. Enzymatic degradation assay
GelMA and GH hydrogel samples of the same size and initial mass were incubated in PBS containing

1 mg/mL type I collagenase at 37◦C. At days 0, 1, 2, 3, 4, 5, 6, and 7, samples were collected, washed
briefly with PBS, gently blotted to remove excess liquid, and weighed. The remaining mass percentage
was calculated using the following equation:

Remaining mass (%)= Wt/W0 × 100%

where W0 represents the initial mass of the hydrogel before degradation, and Wt represents the
remaining mass of the hydrogel at each degradation time point.

2.9. Extract-based cytocompatibility assay
Sterile GH hydrogel was incubated in serum-free culture medium at extraction concentrations of 0.1

and 0.2 g/mL at 37◦C for 24 h to obtain hydrogel extracts. Cells were seeded into 96-well plates at a
density of 5 × 103 cells/well and cultured overnight. The medium was then replaced with blank control
medium or the corresponding extract-containing medium. After 24 h incubation, 10 μL CCK-8 reagent
was added to each well containing 100 μL medium and incubated for 2 h at 37◦C. Absorbance at 450 nm
was measured using a microplate reader (Synergy H1, BioTek, USA). Cell viability was normalized to
the blank control group.

2.10. Construction of the granulosa cell-laden GH hydrogel model
KGN cells were suspended in GH precursor solution at a final density of 1 × 106 cells/mL. The

cell-containing precursor was transferred into culture inserts or molds and crosslinked under 405 nm
light to form a granulosa cell-laden GH hydrogel model. For basic phenotype evaluation, the cell-laden
hydrogels were maintained in complete DMEM/F12 medium under standard culture conditions.

2.11. Establishment of the aging granulosa cell model
To induce an aging-like state, KGN-laden GH hydrogels were treated with 200 μM H2O2 for 24 h.

The control group was cultured in fresh medium without H2O2. After treatment, the samples were
washed twice with PBS and immediately used for downstream assays, including ROS measurement, E2
determination, and gene expression analysis.

2.12. Intracellular ROS assay
Intracellular ROS levels in KGN cells and HUVECs were measured using DCFH-DA. Briefly, cells

were incubated with 10 μM DCFH-DA in serum-free medium at 37◦C for 30 min in the dark, followed
by washing three times with PBS. Fluorescence images were collected under a fluorescence microscope
(IX73, Olympus, Japan), and the fluorescence intensity was quantified using ImageJ software. Relative
ROS levels were normalized to the corresponding control group.

2.13. E2 secretion assay
To evaluate granulosa cell function, culture supernatants were collected from the control and aging

KGN-laden GH hydrogel groups after 24 h incubation in fresh medium. The collected supernatants were
centrifuged at 1000× g for 5 min to remove debris. E2 levels were then measured using a commercial
ELISA kit according to the manufacturer’s instructions. Absorbance was measured with a microplate
reader, and E2 concentrations were calculated based on a standard curve.

2.14. Quantitative real-time PCR
Total RNA was extracted from KGN-laden GH hydrogels or HUVECs using TRIzol reagent.

Complementary DNA was synthesized from 1 μg RNA using a reverse transcription kit. Quantitative
real-time PCR was performed using SYBR Green Master Mix on a QuantStudio 5 Real-Time PCR
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System (Applied Biosystems, USA). Relative expression levels were normalized to GAPDH and
calculated using the 2−��Ct method.

The primer sequences were as follows:
StAR forward: 5′-TGGAGAGGCTTTCAAGGAGA-3′
StAR reverse: 5′-CCACACCTTGATGACCTTCC-3′
p16 forward: 5′-CGGCTGACTGGCTGGC-3′
p16 reverse: 5′-GGTCGGCGCAGTTGGGCTCC-3′
VCAM-1 forward: 5′-CAGGCTGTAAAAGAATTTGGAAAA-3′
VCAM-1 reverse: 5′-AAAGTGGTATTCAGGGGAAGTGTT-3′
AMH forward: 5′-CTGCTGCTGCTGCTACTTCT-3′
AMH reverse: 5′-GGGTCTTCCATGTTGATGGT-3′
GAPDH forward: 5′-GGAGCGAGATCCCTCCAAAAT-3′
GAPDH reverse: 5′-GGCTGTTGTCATACTTCTCATGG-3′

2.15. Transwell coculture system
A 12-well Transwell system with 0.4 μm pore-size inserts (Corning, USA) was used. HUVECs were

seeded into the lower chamber at a density of 1 × 105 cells/well and allowed to attach overnight. KGN-
laden GH hydrogels were placed in the upper Transwell inserts to form the ovarian-side compartment.
The control and aging granulosa cell models were cultured in the upper insert, while HUVECs in the
lower chamber served as the responder cells. The coculture system was maintained for 24 h under
standard culture conditions. This setup allowed soluble factors to diffuse across the membrane while
preventing direct cell–cell contact.

2.16. Preparation of conditioned medium
For conditioned medium experiments, control and aging KGN-laden GH hydrogels were washed

with PBS and then incubated in fresh DMEM/F12 containing 1% FBS for 24 h. The collected
supernatants were centrifuged at 1000× g for 5 min to remove suspended cells and debris. These
supernatants were defined as normal conditioned medium (Normal CM) and aging conditioned medium
(Aging CM), respectively.

2.17. Endothelial cell response assay
HUVECs were treated with blank medium, Normal CM, or Aging CM for 24 h. After treatment,

intracellular ROS was measured using 10 μM DCFH-DA. VCAM-1 expression was analyzed by
quantitative real-time PCR. Cell viability was assessed by CCK-8 assay. For the CCK-8 assay, HUVECs
were seeded into 96-well plates at a density of 5 × 103 cells/well, treated with the indicated media for 24
h, followed by incubation with 10 μL CCK-8 reagent in 100 μL medium for 2 h at 37◦C. Absorbance
was measured at 450 nm.

2.18. Statistical analysis
All quantitative data were obtained from at least three independent experiments and are presented

as mean ± standard deviation (SD). Statistical analyses were performed using GraphPad Prism 9.0
(GraphPad Software, USA). Comparisons between two groups were performed using an unpaired
Student’s t test. Comparisons among three or more groups were analyzed by one-way analysis
of variance (ANOVA) followed by Tukey’s post hoc test. A value of p < 0.05 was considered
statistically significant.

3. Results
Figure 1 illustrates the overall design of the in vitro coculture system used in this study. Granulosa

cells were first encapsulated in GelMA/HAMA hydrogel to establish the ovarian-side model. Based
on different treatment conditions, normal and aging granulosa cell groups were generated in the upper
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Transwell compartment. Endothelial cells were cultured in the lower chamber as the vascular-side
responder cells. This configuration enabled the two cell types to remain spatially separated while
allowing the exchange of soluble factors through the Transwell membrane. Therefore, the system
was designed to simulate paracrine communication between granulosa cells and endothelial cells
under controlled in vitro conditions. On this basis, the effects of normal or aging granulosa cell
microenvironments on endothelial cell status were subsequently evaluated.

Figure 1. Schematic illustration of the experimental design for the Transwell-based coculture system.
Normal and aging granulosa cell models were established in GelMA/HAMA hydrogel and cultured
in the upper Transwell insert, while endothelial cells were seeded in the lower chamber. This design
allowed soluble factors released from granulosa cells to diffuse across the membrane and influence
endothelial cells without direct cell–cell contact

The rheological properties of the hydrogel components and the mixed GH hydrogel are shown
in Figure 2. In the frequency sweep test (Figure 2A), both GelMA and HAMA exhibited G′ values higher
than G′′ throughout the measured frequency range. For both materials, G′ and G′′ increased gradually
with angular frequency. In addition, the modulus values of GelMA were consistently higher than those
of HAMA under the same testing conditions. The gelation behavior of the mixed GH hydrogel was
further evaluated by time sweep analysis (Figure 2B). At the initial stage, G′′ was higher than G′. With
increasing time, G′ rose rapidly and crossed G′′, after which G′ remained higher than G′′ for the rest
of the measurement period. At later time points, both curves tended to level off, with G′ maintaining
a markedly higher value than G′′. Together, these data indicate that the GH system underwent a time-
dependent sol-to-gel transition and formed a hydrogel with predominantly elastic behavior under the
tested conditions.

The tensile properties of GelMA and GH hydrogels are shown in Figure 3. Both materials exhibited
nonlinear stress–strain behavior, with stress increasing progressively as strain increased. Over the entire
strain range, the GH hydrogel displayed higher stress values than GelMA at comparable strain levels.
In addition, the GH hydrogel sustained deformation to a higher strain before reaching the end of the
curve, whereas the GelMA hydrogel showed a lower maximum strain. These results indicate differences
in mechanical response between the two hydrogels under tensile loading.
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Figure 2. Rheological characterization of GelMA, HAMA, and GH hydrogel. (A) Frequency sweep
curves of GelMA and HAMA, showing the storage modulus (G′) and loss modulus (G′′) over the tested
angular frequency range. (B) Time sweep curve of GH hydrogel during gelation. Changes in G′ and G′′
were recorded as a function of time, showing the evolution of viscoelastic behavior during the gelation
process

Figure 3. Tensile stress–strain behavior of GelMA and GH hydrogels. Representative stress–strain
curves of GelMA and GH hydrogels obtained from uniaxial tensile testing, showing their mechanical
response over the measured strain range

Figure 4A shows the internal microstructure of GelMA and GH hydrogels observed by SEM after
freeze-drying. Both hydrogels exhibited porous architectures with interconnected pore walls, indicating
the formation of continuous three-dimensional networks. Compared with GelMA, the GH hydrogel
showed a denser and more compact porous structure, suggesting that the incorporation of HAMA
influenced the internal network morphology of the hydrogel. The swelling behavior of the two hydrogels
is shown in Figure 4B. Both groups displayed rapid water uptake during the initial incubation period,
followed by a gradual approach to equilibrium. However, GelMA maintained a higher swelling ratio
than the GH hydrogel throughout most of the tested period and reached a higher equilibrium swelling
level. In contrast, the GH hydrogel showed a lower swelling ratio and a more restricted swelling profile,
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which may be attributed to the modified network structure after HAMA incorporation. These results
indicate that the GH hydrogel formed an interconnected porous matrix while exhibiting more controlled
swelling behavior than GelMA under the tested conditions.

Figure 4. Microstructure and swelling behavior of GH and GelMA hydrogel. (A) Representative SEM
image of the GelMA and GH hydrogel, showing its internal porous morphology after freeze-drying.
Scale bar: 10 μm. (B) Swelling curves of GH hydrogel and GelMA over the tested time period, showing
the time-dependent change in swelling ratio

Figure 5A shows the degradation behavior of GH hydrogel and GelMA under the tested conditions.
For both groups, the remaining mass decreased progressively over time, indicating continuous degra-
dation. GelMA exhibited a faster decrease in mass, with a more pronounced reduction throughout the
testing period. In contrast, the GH hydrogel retained a higher proportion of its mass at each time point
and showed a slower rate of mass loss. By day 7, the remaining mass of GH hydrogel was visibly higher
than that of GelMA. Figure 5B presents the cytocompatibility results of GH hydrogel extracts at different
concentrations. Compared with the blank group, the 0.1 g/mL group showed a slight decrease in cell
viability without a statistically significant difference. In the 0.2 g/mL group, cell viability was lower
than that of the blank group and showed a statistically significant difference. In addition, a significant
difference was observed between the 0.1 g/mL and 0.2 g/mL groups.

Figure 6 presents a simplified schematic of the Transwell-based coculture configuration used in this
study. Granulosa cells were encapsulated within the GH hydrogel and placed in the upper insert to form
the ovarian-side model. Endothelial cells were cultured on the bottom surface of the lower chamber.
The Transwell membrane physically separated the two cell populations while permitting the exchange
of soluble molecules across compartments. This setup was used to expose endothelial cells to factors
released from granulosa cells under defined conditions.
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Figure 5. Degradation behavior and cytocompatibility of GH hydrogel. (A) Enzymatic degradation
profiles of GH hydrogel and GelMA over 7 days, expressed as remaining mass percentage. (B) Cell
viability of cells cultured with different concentrations of GH hydrogel extracts, evaluated by CCK-
8 assay. Data are presented as mean ± SD. Statistical significance is indicated as follows: ns, not
significant; *p < 0.05

Figure 6. Schematic illustration of the Transwell-based coculture configuration. Granulosa cells
embedded in GH hydrogel were cultured in the upper Transwell insert, while endothelial cells
were seeded in the lower chamber. The system allows diffusion of soluble factors between the two
compartments without direct cell–cell contact

Figure 7 shows the characterization of granulosa cells cultured in GH hydrogel under control and
aging conditions. Compared with the control group, the aging model group exhibited a higher ROS
level. At the same time, E2 secretion was lower in the aging group than in the control group. In
addition, the expression of StAR was reduced in the aging group, whereas the expression of p16 was
increased. Statistical analysis indicated significant differences between the two groups for all measured
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parameters. These results indicate that the aging-treated granulosa cells displayed changes in oxidative
stress, hormone-related function, and senescence-associated markers under the tested conditions.

Figure 7. Characterization of the granulosa cell aging model in GH hydrogel. Relative ROS level,
E2 secretion, StAR expression, and p16 expression were measured to evaluate oxidative stress,
steroidogenic function, and senescence status in granulosa cells cultured in GH hydrogel under control
and aging conditions. Data are presented as mean ± SD. Statistical significance is indicated as follows:
**p < 0.01

Figure 8 shows the response of endothelial cells after exposure to different conditioned media.
Compared with the HUVEC control group, treatment with Normal CM resulted in a slight increase in
ROS level and VCAM-1 expression, while cell viability showed a small decrease. In the Aging CM
group, ROS levels were higher than those in both the control and Normal CM groups. Similarly, VCAM-
1 expression increased further in the Aging CM group compared with the other groups. In terms of cell
viability, a decreasing trend was observed from the control group to the Normal CM group and further
to the Aging CM group. Statistical analysis indicated a significant difference between the control group
and the Aging CM group for all three indicators.
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Figure 8. Effects of conditioned media from granulosa cells on endothelial cell status. Relative ROS
level, VCAM-1 expression, and cell viability of endothelial cells after treatment with control medium,
normal granulosa cell-conditioned medium (Normal CM), and aging granulosa cell-conditioned medium
(Aging CM). Data are presented as mean ± SD. Statistical significance is indicated as follows: ns, not
significant; *p < 0.05

4. Discussion
The Transwell-based design shown in Figure 1 was intended to provide a simplified platform

for studying the interaction between granulosa cells and endothelial cells [14]. In this system,
GelMA/HAMA hydrogel served as a three-dimensional matrix for granulosa cell culture in the
upper compartment, whereas endothelial cells were maintained separately in the lower chamber. This
arrangement reduced direct physical interference between the two cell populations and made it possible
to focus on diffusion-mediated paracrine effects. It should be noted that this model does not reproduce
the full structural complexity of ovarian or vascular tissues. Instead, it provides a controllable in vitro
setting for examining whether changes in granulosa cell state are accompanied by corresponding changes
in endothelial cell behavior. Therefore, the significance of this design lies primarily in establishing an
experimental framework for cell–cell interaction analysis rather than fully recapitulating the in vivo
microenvironment [15,16]. The main contribution of this model is the combination of three components:
a GelMA/HAMA hydrogel matrix for three-dimensional granulosa cell encapsulation, an H2O2-induced
aging-like granulosa cell state, and a Transwell-based endothelial response compartment. Therefore, the
platform differs from previous hydrogel-only or coculture-only systems by linking a defined hydrogel-
supported granulosa cell model with downstream endothelial cell responses. This arrangement allows
the effect of soluble factors released from aging-like granulosa cells to be evaluated under controlled in
vitro conditions.

Figure 2 provides rheological evidence for the viscoelastic characteristics of the precursor compo-
nents and the gelation process of the mixed system. The observation that G′ remained higher than G′′ for
both GelMA and HAMA in the frequency sweep test suggests that both materials displayed solid-like
behavior within the tested range. The higher modulus of GelMA relative to HAMA indicates that the
two components contributed differently to the overall mechanical response of the system. In the GH time
sweep curve, the crossover of G′ and G′′ followed by sustained dominance of G′ is consistent with gel
formation during the measurement period. This result supports the use of the mixed system as a stable
hydrogel matrix in subsequent cell culture experiments. These rheological results support the formation
of a stable hydrogel matrix suitable for subsequent cell culture experiments. The rheological results here
should be interpreted as evidence of gelation behavior and relative viscoelastic properties rather than as
a complete assessment of hydrogel function [17].
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The stress–strain curves in Figure 3 suggest that the GH hydrogel exhibited higher stress at similar
strain levels and a greater deformation range compared to GelMA under the tested conditions. This
difference may be related to the combined contribution of GelMA and HAMA in the mixed system,
which could influence the mechanical response during stretching. The data here support a difference in
tensile behavior between the two hydrogels but should be interpreted within the limits of the measured
stress–strain relationship [18].

The data in Figure 4 provide basic structural and hydration-related information for the GH hydrogel.
The porous morphology observed by SEM suggests that the hydrogel possessed an open internal network
rather than a compact bulk structure, which is a common feature of freeze-dried hydrated polymer
systems. At the same time, the swelling experiment showed that both GH hydrogel and GelMA were
able to absorb water rapidly at the beginning of incubation and then gradually reached a stable state,
indicating typical time-dependent swelling behavior [19]. The lower swelling ratio of GH hydrogel
relative to GelMA suggests that the incorporation of HAMA changed the hydration behavior of the
mixed system under the tested conditions. This difference may reflect changes in network composition
or the balance between water uptake and structural restriction, this difference may be related to changes
in network composition and water-retention behavior after HAMA incorporation [20]. Based on Figure 4
alone, it is more appropriate to conclude that GH hydrogel exhibited a porous structure and a lower
equilibrium swelling ratio than GelMA, rather than to make broader claims regarding its network
architecture or biological consequences.

The results in Figure 5 indicate that the GH hydrogel and GelMA exhibited different degradation
behaviors under the tested conditions. The slower mass loss observed for the GH hydrogel suggests
that the introduction of HAMA influenced the degradation profile of the system. However, the data
presented here are limited to overall mass change and do not provide information on degradation
mechanisms or intermediate structural changes [21]. The cytocompatibility results further show that GH
hydrogel extracts did not lead to a marked reduction in cell viability at lower concentration (0.1 g/mL),
while a moderate decrease was observed at higher concentration (0.2 g/mL). These findings suggest
that the hydrogel extract exhibited concentration-dependent effects on cell viability under the tested
conditions [22]. The data support that GH hydrogel shows a relatively slower degradation profile
compared with GelMA and maintains acceptable cell compatibility within the evaluated concentration
range, although further studies would be required to assess long-term biological responses.

The configuration shown in Figure 6 provides a controlled in vitro system for examining interactions
between granulosa cells and endothelial cells through soluble factor exchange. By spatially separating
the two cell types, the model reduces direct contact effects and focuses on paracrine signaling [23]. At the
same time, the use of GH hydrogel in the upper compartment provides a three-dimensional environment
for granulosa cells, which differs from conventional two-dimensional culture. However, this system does
not replicate the full structural or biochemical complexity of native ovarian or vascular tissues [24].
Therefore, the observations derived from this model should be interpreted as evidence of interaction
under simplified conditions rather than a complete representation of in vivo processes [25].

The data in Figure 7 provide a set of indicators describing the state of granulosa cells in the GH
hydrogel system under aging-related treatment. The increase in ROS suggests the presence of oxidative
stress, while the decrease in E2 secretion and StAR expression reflects changes in steroidogenic activity.
It should be noted that the increase in ROS observed in this study was mainly associated with H2O2
treatment rather than with the GH hydrogel itself. In this system, the GH hydrogel served as a three-
dimensional matrix for KGN cell encapsulation and culture, while H2O2 was used as the oxidative
stimulus to induce an aging-like cellular state. Therefore, the elevated ROS level reflects the oxidative
stress response of KGN cells within the hydrogel environment. Together with increased p16 expression
and reduced E2 secretion and StAR expression, this result supports the successful establishment of an
aging-like granulosa cell model in the GH hydrogel. The elevated p16 expression indicates an increase
in senescence-associated characteristics [26]. Taken together, these observations support that the applied
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treatment induced measurable changes in granulosa cell status within the hydrogel environment. These
results are limited to the selected markers and experimental conditions, and do not fully capture
the complexity of ovarian aging in vivo [27,28]. Therefore, the findings here should be interpreted
as evidence of an in vitro aging-like state rather than a direct representation of physiological aging
processes [29].

The data in Figure 8 show that conditioned media derived from granulosa cells under different states
were associated with measurable changes in endothelial cell behavior. The increase in ROS and VCAM-
1 expression in the Aging CM group suggests that factors present in this conditioned medium were
associated with elevated oxidative stress and inflammatory marker expression in endothelial cells [30].
At the same time, the observed reduction in cell viability indicates a change in cell status under
these conditions [31]. Compared with Aging CM, the effects of Normal CM on endothelial cells were
relatively modest, indicating that the state of granulosa cells may influence the composition of released
factors. However, the present data do not identify specific mediators responsible for these effects, and
the observed changes are limited to the selected endpoints. Therefore, the results support an association
between granulosa cell state and endothelial cell response under the tested conditions, but do not
establish a direct causal mechanism [32].

5. Conclusion
In this study, a GH hydrogel-based in vitro platform was established to support granulosa cell culture

and to investigate granulosa cell–endothelial cell interaction under Transwell conditions. Rheological
analysis showed that the mixed system underwent gelation and exhibited stable viscoelastic behavior,
while the tensile, swelling, and degradation results further indicated that GH hydrogel displayed material
properties distinct from those of GelMA alone. The hydrogel also showed acceptable cytocompatibility
within the tested concentration range, supporting its use as a cell culture matrix. Using this platform, an
aging-like granulosa cell model was generated in GH hydrogel. Compared with the control group, the
aging model showed increased ROS and p16 expression, together with reduced E2 secretion and StAR
expression, indicating that the treated granulosa cells underwent measurable changes in oxidative stress,
senescence-associated status, and steroidogenic function under the present experimental conditions.
Conditioned medium experiments further showed that endothelial cells exposed to medium derived from
the aging granulosa cell model exhibited higher ROS and VCAM-1 levels and lower cell viability than
the control group, while the changes induced by normal conditioned medium were relatively limited.
These results suggest that the state of granulosa cells may influence endothelial cell responses through
soluble factors. Overall, this work provides a controllable in vitro model for studying the interaction
between granulosa cell aging-like changes and endothelial cell status, although the specific mediators
and mechanisms involved require further investigation.
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