RESEARCH ARTICLE

ADVANCED
HEALTHCARE
MATERIALS

www.advhealthmat.de

Antioxidant and Anti-Senescence Polyvinyl Alcohol-Gallic
Acid Supramolecular Hydrogels for Stem Cell Culture

Yiduo Zhou, Matias L. Picchio, Yan Nie, Lei Wang, Oihane Sanz, Yue Liu, Xun Xu,
Lukas Prantl, Oliver Felthaus, Weiwei Wang,* Marcelo Calderon,* and Nan Ma*

Replicative senescence presents a significant challenge in mesenchymal stem
cell (MSC) expansion due to high reactive oxygen species (ROS) levels
generated during culture. Elevated ROS levels lead to oxidative stress, cellular
damage, and senescence, limiting the biomedical applications of MSCs. In
this study, a supramolecular thermo-reversible hydrogel composed of the
natural polyphenolic compound gallic acid (GA) and polyvinyl alcohol (PVA)
was designed to scavenge ROS and mitigate MSC senescence. The PVA-GA
hydrogel, stabilized by strong hydrogen bonding forces, exhibited an elastic
modulus comparable to that of human soft tissue and facilitated the sustained
release of GA over 14 days. It enhanced MSC survival, protected against
oxidative stress, reduced intracellular ROS levels, diminished mitochondrial
damage, and decreased cellular senescence. The hydrogel maintained the
multilineage differentiation potential and typical phenotype of MSCs.
Additionally, it preserved vascular endothelial growth factor (VEGF) secretion
from MSCs under oxidative stress and enhanced their pro-angiogenic effect.
The conditioned medium derived from MSCs in the hydrogel group promoted
migration and tube formation of human umbilical vein endothelial cells
(HUVECs). These findings suggest that the PVA-GA hydrogel holds significant
promise for the biomedical applications of MSCs, potentially addressing the
challenges posed by oxidative stress and cellular senescence.

1. Introduction

Mesenchymal stem cells (MSCs) are widely
recognized for their therapeutic potential in
treating various human diseases. The ver-
satility and multipotency of MSCs, along
with their capacity to modulate immune re-
sponses and secrete bioactive factors, make
them powerful tools for a wide range of clin-
ical applications.['?! As of our search date
(July 1, 2024), nearly 1500 clinical trials in-
volving MSCs have been registered on Clin-
icalTrials.gov using “mesenchymal stem
cells” as the Intervention/Treatment key-
words. This reflects a significant increase
over the past three decades since the first
report in 1995.5) Ongoing research contin-
ues to expand the therapeutic applications
of MSCs, establishing them as a corner-
stone of advanced therapeutic strategies.!*°]
However, to achieve a sufficient cell num-
ber for therapeutic use, MSCs must be ex-
panded through in vitro culture. Replicative
senescence, a naturally occurring event dur-
ing the culture process, leads to reduced cell
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proliferation and compromised cellular functions, which poses
significant challenges for their therapeutic applications.[*®] Key
features of replicative senescence include irreversible cell cycle
arrest, telomere shortening, chromatin remodeling, and the se-
cretion of pro-inflammatory cytokines and other components of
the senescence-associated secretory phenotype (SASP), such as
increased senescence-associated f-galactosidase (SA-f-Gal) ac-
tivity. These characteristics contribute to decreased therapeu-
tic efficacy.’! Reactive oxygen species (ROS) play a crucial role
in the process of replicative senescence. ROS can cause dam-
age to various cellular biomolecules, including DNA, proteins,
and lipids.[') Additionally, ROS can harm mitochondrial compo-
nents and activate senescence pathways, such as the p53/p21 and
p16™N*2 gignaling pathways.!"!] Such oxidative stress negatively
impacts the function of MSCs, leading to increased cell senes-
cence, apoptosis, mitochondrial dysfunction, and altered differ-
entiation potential.[12"1%] Therefore, sustainably mitigating excess
ROS in the MSC microenvironment could be an effective strategy
to enhance their therapeutic potential.

Various strategies have been developed to scavenge excess
ROS from the stem cell microenvironment. Our previous work
demonstrated the use of polydopamine (PDA) for the removal of
external ROS, which successfully preserved MSCs’ stemness and
mitigated senescence.['?] Recently, naturally derived compounds,
especially polyphenols, have shown significant potential in mit-
igating the aging process of cells.['*®) Among these, gallic acid
(GA) has been extensively studied and is recognized for its broad
spectrum of biological activities, including its antioxidant prop-
erties. GA effectively neutralizes free radicals, thereby protect-
ing cells from oxidative damage.l'®] Moreover, GA exhibits anti-
inflammatory, anticancer, and antimicrobial properties, making
it a versatile compound for therapeutic applications.?*?!] In the
context of stem cell research, GA has been identified as a gero-
protector, demonstrating senescence-attenuating effects on hu-
man MSCs.[?2] Hydrogels incorporating GA as a functional com-
ponent can effectively protect stem cells from oxidative stress,
thereby enhancing their proliferation, pro-angiogenic capacity,
modulation of inflammation, and differentiation potential.[2>-%%]
However, it is critical to note that GA can exhibit dual character-
istics, functioning as both an antioxidant and a pro-oxidant.l1%-2¢]
Its pro-oxidant properties are primarily associated with the induc-
tion of apoptosis by generating ROS that trigger programmed
cell death. In contrast, its antioxidant activity and free radical
scavenging ability play a protective role by safeguarding bio-
logical cells, tissues, and organs from oxidative stress-induced
damage. Since GA’s antioxidant or pro-oxidant behavior is influ-
enced by its concentration and the ROS levels in the surrounding
environment,[1*2!l the development of a precise and controlled
release system for GA is essential to protect cells from oxidative
stress and maximize its therapeutic potential.
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Recently, a novel supramolecular hydrogel composed of
polyvinyl alcohol (PVA) and GA has drawn substantial attention
for diverse biomedical applications such as wound healing, tis-
sue engineering, topical drug delivery, and 3D-bioprinting.[2-3]
PVA, a widely used synthetic polymer known for its excellent bio-
compatibility, chemical stability, and mechanical properties, was
used as a matrix material in such hydrogels, while GA was ap-
plied as a crosslinker. Structurally, the interaction between GA
and PVA is primarily driven by hydrogen bonds between the phe-
nolic hydroxyl groups in GA and the hydroxyl groups in PVA.
Additionally, z-7 stacking and hydrophobic interactions may also
contribute to the formation and stability of the hydrogel.?”] The
hydrogen bonding between GA and PVA drives both the forma-
tion and disassembly of the hydrogel, which can be leveraged to
achieve the sustained release of GA. Such interactions also af-
fect the properties of the hydrogel, including gelation kinetics,
phase transition temperatures, and viscoelasticity. By fine-tuning
the proportions of GA, the hydrogel can be endowed with distinct
biological functions and mechanical properties.

In this study, supramolecular PVA-GA hydrogels were pre-
pared based on the hydrogen bonding between the hydroxyl
groups of PVA and the galloyl units of GA (Figure 1A). The re-
lease of GA and its effect on human adipose-derived stem cells
(hADSCs) were investigated. Our results demonstrate that the
PVA-GA hydrogel effectively reduced oxidative stress in hADSCs,
maintained mitochondrial integrity, preserved the secretion of
vascular endothelial growth factor (VEGF) and the multipotency
of MSC differentiation under elevated oxidative stress, while also
mitigating cellular senescence. These findings highlight the po-
tential of PVA-GA hydrogels, in combination with stem cells, for
biomedical applications.

2. Results and Discussion

2.1. PVA-GA Hydrogel Formation Through Hydrogen Bonding

Small phenolic molecules, such as GA, have been demonstrated
to strongly bind to PVA in water, triggering the formation of
elastic hydrogels.[*! As illustrated in Figure 1A, robust hydro-
gen bonding between the hydroxyl groups of PVA and galloyl
units of GA renders highly stable networks. The prepared hydro-
gel could reversibly transition from a gel to a liquid state, with
controllable gelation dynamics via modulating the PVA:GA ratio
in the hydrogel (Figure 1B). As the GA concentration decreased,
the gelation kinetics slowed. Pure PVA could not form a stable gel
at 4 °C for 30 min. Gelation was rapidly achieved in 10 min for
hydrogels with GA concentrations of 2 wt.% and 1 wt.%. How-
ever, for the hydrogel with a GA concentration of 0.5 wt.%, the
gelation process was prolonged to 30 min. Fourier-transform in-
frared (FTIR) analysis revealed significant changes in the char-
acteristic vibrational modes of PVA and GA after hydrogel for-
mation (Figure 1C). Specifically, the band centered ~#3300 cm™!
attributed to -OH stretching in pure GA and PVA showed signif-
icant broadening, while the peak at 1695 cm™! corresponding to
-COOH stretching in GA red-shifted to 1680 cm™! in the PVA-GA
hydrogel. These results provide evidence that hydrogen bonding
is likely the primary driving force for the hydrogel assembly.?°]
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Figure 1. Preparation of PVA-GA hydrogels as a ROS scavenger. A) PVA-GA hydrogel is formed through hydrogen bonding between the hydroxyl groups of
PVA and the galloyl units of GA. GA is sustainably released from the hydrogel. Both the released and encapsulated GA react with ROS to reduce oxidative
stress in the cell culture environment, preventing mitochondrial damage caused by excessive ROS, mitigating hADSC senescence, and preserving VEGF
secretion. B) Thermo-reversible gel-sol phase transition of PVA-GA hydrogels with a fixed PVA concentration (10 wt.%) and varied GA concentrations.
C) FTIR spectra of PVA-GA hydrogel (GA 1wt.%) and the pure components. The peak at 1695 cm™, corresponding to -COOH stretching vibration in

GA, is red-shifted to 1680 cm™! in the PVA-GA hydrogel.

2.2. Physicochemical Properties of PVA-GA Hydrogel

The dynamic hydrogen bonds in the PVA-GA hydrogel enable
a low gel-to-sol phase transition temperature (T, of %52 °C,
as determined by the cross-over point of the elastic (G’) and vis-
cous (G”) moduli in dynamic mechanical thermal experiments
(Figure 2A). We then investigated the viscoelastic properties of
the PVA-GA hydrogel using small amplitude oscillatory shear
(SAOS). Amplitude sweeps showed a linear viscoelastic range
(LVR) of 3% for this gel (Figure S1A, Supporting Information),
while frequency sweeps revealed that G’ was higher than G”
across the typical range of 0.1-100 rad s~! without a cross-over
point, resembling the behavior of covalent-cross-linked hydrogels
(Figure S1B, Supporting Information). Notably, this is a signifi-
cant advantage of these hydrogels. While the supramolecular in-
teractions in PVA-GA systems effectively function like covalent
bonds, the hydrogels retain their ability to undergo thermal pro-
cessing due to their low Ty .

The strong binding between PVA and GA is also demonstrated
in the excellent mechanical performance of the hydrogel, exhibit-
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ing a stretchability of over 100%, a tensile strength of ~150 kPa
(Figure 2B), and a toughness of 90 k] m~3. Additionally, the
Young’s modulus of this material was 167 kPa, which is com-
parable to the stiffness of some biological tissues such as the
skin and certain regions of the heart (100-300 kPa).3!! The stress-
relaxation behavior of the hydrogel was also investigated to pro-
vide insights into the connectivity and chain mobility within the
network (Figure S1C, Supporting Information). The hydrogel
reached equilibrium stress at ~60% of the instantaneous values,
which is higher than that typically observed for supramolecular
hydrogels, 32! further supporting the unusually robust interaction
between PVA and GA. It is noteworthy that the relaxation time in
this network exceeds 600 s, resulting in materials with poor chain
mobility, likely limiting the adhesion of the hydrogel. In fact, the
hydrogel’s maximum adhesive stress and adhesion energy were
730 Pa and 256 m] m~? (Figure S1D, Supporting Information),
significantly lower than those reported for PVA hydrogels using
borax as a dynamic crosslinker.?3] Adhesion could be improved
by decreasing the GA amount in the gel formulation, but con-
centrations lower than the selected 1 wt.% result in slow gelation
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Figure 2. Mechanical properties and nano-morphology of PVA-GA hydrogels. A) Temperature sweep for the PVA-GA hydrogel (GA 1 wt.%). B) Stress
versus strain curve of the PVA-GA hydrogel (GA 1wt.%). C) Scanning electron microscopy (SEM) images showing the internal morphology of the PVA-
GA hydrogels with varying GA concentrations (0.5, 1, 2, and 5 wt.%); scale bar = 10 um. D) Young’s modulus maps of the hydrogel surface obtained
through AFM nanoindentation.
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kinetics (Figure 1B). When the hydrogel is applied for cell encap-
sulation, such slow gelation kinetics may lead to significant cell
sedimentation during the gelation process (Figure S2, Support-
ing Information). In addition, a prolonged period of incubation
at 4 °C may induce cell death.[3#

Conversely, increasing the polyphenol content can accelerate
gelation without compromising adhesion performance. How-
ever, the GA concentration significantly impacts the microstruc-
tural arrangement of these hydrogels and their mechanical prop-
erties. While 1 wt.% of GA yields well-interconnected, low-
porosity polymer networks with good elasticity, increasing con-
centrations up to 5 wt.% result in mechanically weak mate-
rials with a highly porous and globular internal morphology
(Figure 2C). Textural properties measured by N, physisorption
revealed that the pore volume (V,) of the hydrogels increased
from 0.016 to 0.067 cm® g~! for 1 wt.% and 5 wt.% of GA respec-
tively (Figure S3, Supporting Information). Increasing GA also
stiffened the material, as confirmed by atomic force microscopy
(AFM) indentation measurements of the hydrogel surface. The
Young’s modulus, as measured by nanoindentation, increased
from 6.3 + 2.4 to 107 + 26 kPa as the GA concentration increased
from 0.5 wt.% to 1 wt.% and reached 867 + 216 kPa for the hy-
drogel with 2 wt.% GA (Figure 2D). These results suggest that by
adjusting the PVA:GA ratio, the microstructures and mechani-
cal properties of the hydrogels could be precisely tuned, thereby
expanding their potential for a wide range of biomedical applica-
tions.

2.3. Release of Gallic Acid from Hydrogel

In stem cell therapy and tissue engineering, reducing oxidative
stress with bioactive substances that can be released in a sus-
tainable and controllable manner presents an effective strategy
to mitigate stem cell aging and modulate inflammation.3*! Such
materials can enhance stem cell function and promote tissue re-
generation by providing a consistent therapeutic environment
and prolonging effects. The slow disassembly of the PVA-GA hy-
drogel in physiological media, driven by solvation and disruption
of hydrogen bonding, would allow for the sustained release of
GA. To understand the release dynamics, we monitored the re-
lease of GA from hydrogels with varied compositions (GA 2 wt.%,
1 wt.%, and 0.5 wt.%) over a period of 14 d in distilled water.
As expected, the concentration-dependent release profile of GA
was observed. The release of GA from the hydrogel slowed down
with the decrease in GA concentration. The cumulative release
of GA from hydrogels with different GA concentrations reached
14.53%, 13%, and 6.56% over 14 d, respectively (Figure 3A).

These results indicate that the release profile of GA can be con-
trolled by adjusting its concentration to meet specific biomed-
ical requirements. The sustained release of GA from hydro-
gels may enable its long-term activity in cell culture, main-
taining effective GA concentrations while minimizing the un-
desired side effects associated with high GA concentrations.
In comparison to directly using a GA solution, incorporating
GA into the hydrogel would avoid the need for repeated GA
applications, making it more suitable for use as an implant
material.
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Figure 3. Release of GA from hydrogel and the effect of hydrogel dosage
and GA concentration on hADSC proliferation. A) Cumulative release of
GA from hydrogels with varying GA concentrations in distilled water (n =
3). B) Growth curves of cells in the presence of hydrogel (GA T wt.%) at
different dosages (n = 3, *p < 0.05 compared to the group without hydro-
gel, two-way ANOVA with Tukey’s multiple comparisons test). C) Growth
curves of cells treated with different concentrations of GA. The GA con-
centration in each group corresponds to that in the hydrogel samples pre-
sented in (B) (n=3, *p < 0.05 compared to the group without GA, two-way
ANOVA with Tukey’s multiple comparisons test).
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2.4. Pro-oxidative and Antioxidative Properties of GA

Given the dual pro-oxidant and antioxidant properties of GA,!192¢]
we first explored how these attributes are influenced by fac-
tors such as GA concentration, ROS levels, hydrogen bonding
between PVA and GA, and encapsulation within a hydrogel
matrix.

For pure GA, both autoxidation and antioxidant activities
exhibited a positive correlation with increasing concentrations
(Figure S4A,B, Supporting Information). This concentration-
dependent enhancement of GA’s dual activities can be attributed
to the reactivity of its phenolic hydroxyl groups. In autoxidation,
GA’s pro-oxidant behavior originates from the oxidation of its
hydroxyl groups by oxygen, forming quinone-like structures and
generating ROS. At higher GA concentrations, more molecules
are available for reaction, leading to greater ROS production.
Likewise, GA’s antioxidant activity—involving the donation of
electrons or hydrogen atoms from its phenolic hydroxyl groups
to neutralize free radicals or reduce oxidizing agents—also in-
creases with concentration.

To investigate how the behavior of GA varies under low and
high ROS conditions, its antioxidation capacity was quantified
under varying levels of oxidative stress. H, 0, /Fe’™ mixtures were
employed to generate highly reactive hydroxyl radicals (-OH),
simulating elevated oxidative stress conditions. We found that
when H,0, and Fe** concentrations remained below a critical
threshold (H,0,/GA molar ratio of 2.5), the total ROS levels
stayed consistently low, comparable to the control group (GA so-
lution without H,0, /Fe’*). However, once H,0, and Fe?* con-
centrations surpassed this threshold, ROS levels in the system
increased sharply, indicating that GA’s antioxidant capacity was
overwhelmed by escalating oxidative stress (Figure S4C, Support-
ing Information). This observation can be attributed to the inter-
play between GA’s antioxidant mechanisms and the ROS gen-
eration dynamics. At low H,0,/Fe** concentrations, -OH pro-
duction is limited and can be effectively neutralized by GA. As
H,0,/Fe’* concentrations surpass the threshold, the generation
of -OH exceeds GA’s neutralization capacity, resulting in a rapid
accumulation of total ROS. These findings indicate that GA ex-
hibits robust antioxidant activity under low ROS levels, under-
scoring its potential in biomedical applications in mild oxidative
environments.

We subsequently investigated whether PVA-GA hydrogen
bonding influences the pro-oxidant and antioxidant properties
of GA in solution. Compared to pure GA, the autoxidation level
of PVA/GA mixtures decreased slightly only when the PVA-to-
GA hydroxyl group molar ratio exceeded a threshold of 0.86
(Figure S5A, Supporting Information). These findings suggest
that hydrogen bonding with PVA may stabilize GA, thereby re-
ducing the reactivity of its hydroxyl groups with O,. This ef-
fect likely arises from a dense hydrogen-bonding network at el-
evated PVA levels, which subtly restricts GA’s molecular mobil-
ity or shields its reactive sites. In contrast, the antioxidation ca-
pacity of GA was not impacted by PVA across all tested ratios
(Figure S5B, Supporting Information). The consistent antioxi-
dant capacity of PVA/GA mixtures indicates that hydrogen bond-
ing with PVA does not substantially hinder the electron-donating
ability of GA’s phenolic hydroxyl groups. In summary, PVA-GA
hydrogen bonding subtly modulates GA’s pro-oxidant behavior
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at elevated PVA concentrations without compromising its an-
tioxidant function. These interactions appear to be subtle and
dynamic, preserving the availability of GA’s functional hydroxyl
groups for both pro-oxidant and antioxidant roles.

To examine how a hydrogel matrix influences GA’s pro-oxidant
and antioxidant properties, we prepared PVA-GA hydrogels and
compared them with pure GA solutions containing equivalent
GA amounts. Relative to pure GA, PVA-GA hydrogels exhibited
reduced autoxidation levels (Figure S6A, Supporting Informa-
tion). This observation aligns with findings from PVA/GA solu-
tions, reflecting the high molar ratios of PVA hydroxyl groups to
GA phenolic hydroxyl groups in the hydrogels (25.7, 12.9, and 6.4
for 0.5, 1, and 2 wt.% GA, respectively). The antioxidant capacity
was assessed using an Antioxidant Assay Kit, which quantifies
the reduction of Cu®** to Cu* by antioxidants. A significant re-
duction in detectable Cu* was observed in the PVA-GA hydrogel
system compared to pure GA (Figure S6B, Supporting Informa-
tion). Notably, the hydrogel with 0.5 wt.% GA, which has a higher
PVA/GA ratio than those with 1 and 2 wt.% GA, exhibited a more
pronounced decrease in Cu* at early time points (3 and 5 min),
suggesting that increased PVA content restricts Cu?* access to
GA. The polymer network in the hydrogel may adsorb Cu?* ions,
impede their diffusion to GA’s phenolic hydroxyl groups, or par-
tially immobilize GA, thereby reducing its availability for electron
donation. Furthermore, lower Cu* levels in the hydrogel groups
at later time points (10—40 min) indicate that the hydrogel may
also trap or adsorb Cu?, preventing its release into the solution
for detection. Collectively, these results highlight the scavenging
capabilities of PVA-GA hydrogels, underscoring their potential
for ROS sequestration.

2.5. Proliferation and Viability of hADSCs

The hydrogel, being a physically cross-linked structure com-
posed solely of PVA and GA, inherently lacks cell adhesion
sites, as demonstrated by the poor cell adhesion and spreading
(Figure S7A, Supporting Information). In this study, to investi-
gate the effect of GA on hADSCs without interference from other
components, the cells were co-cultured with the pure hydrogel in
an indirect-contact manner, meaning they adhered to the surface
of the tissue culture plate (TCP) rather than directly to the hydro-
gel. However, it is noteworthy that with a simple surface modifi-
cation, the hydrogel can facilitate direct cell culture. For instance,
coating the hydrogel surface with fibronectin, a typical extracel-
lular matrix protein that facilitates cell attachment, enabled cell
attachment and viability comparable to that on TCP (Figure S7,
Supporting Information).

The effect of GA on cells is both concentration- and duration-
dependent, with higher dosages exhibiting cytotoxicity.?!] Given
the sustained release of GA from the gel (Figure 3A), we hypoth-
esized that the hydrogel would maintain a lower concentration
of GA in the culture medium compared to the direct addition of
a GA solution. This would create a more moderate environment
conducive to supporting cell survival. To verify this hypothesis,
the cells were co-cultured with hydrogels containing 1 wt.% GA
for 7 d. The cell growth curves revealed that at a lower hydrogel
dose (< 4 uL well™" of a 24-well TCP), the cells displayed a typi-
cal proliferation curve with no significant impact. However, cell
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Figure 4. hADSC viability on hydrogels and in the presence of pure GA and PVA. A) Live (green)/Dead (red) staining of hADSCs after 48 h of culture
with hydrogels of varying dosages and GA concentrations. Pure GA and PVA were included for comparison. The amount of GA (for the hydrogel and
pure GA groups) and PVA (for the pure PVA group) in each well of standard 24-well TCP is indicated; scale bar = 200 um. B) Quantification of live and
dead cells under different conditions. For each group, 5 images were analyzed. Statistical significance (p < 0.05, one-way ANOVA with Tukey’s multiple
comparisons test) is indicated by * for comparisons of different GA or PVA dosages within each group, # for comparisons to the TCP control, and & for
comparisons between the hydrogel and pure GA groups with the same GA amount.

proliferation was significantly inhibited when the hydrogel dose
exceeded 8 uL well~! (Figure 3B). Compared to the hydrogel, pure
GA with an equal amount of GA showed a higher inhibitory effect
on cell proliferation (Figure 3C). A significant inhibition of cell
proliferation was observed when the GA concentration reached
40 pg mL™", corresponding to an equivalent amount of 8 pL of
hydrogel per well. These results support our hypothesis that the
sustained release of GA from the hydrogel reduces cytotoxicity.
Next, we examined the cell viability by co-culturing hADSCs
with the hydrogels, pure GA, and PVA for 48 h. According to the
Live/Dead staining results (Figure 4), cell viability decreased with
the increase in GA dose. For both the hydrogel group containing
2 wt.% GA and the pure GA group, almost no living cells were
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detected at the GA dose of 100 pg well~!. However, the cytotox-
icity of the phenolic molecule was diminished in the hydrogels
with 1 wt.% and 0.5 wt.% GA, showing viable cells even at the
high GA dose. This observation could be explained by the lower
GA release rate in such hydrogels, which decreased the local GA
concentration that the cells were exposed to. Such an effect of GA
release on cell survival could be further confirmed by the groups
with a GA dose of 60 pg well™!, as more viable cells were detected
when the GA concentration in the hydrogel decreased. In line
with the literature that PVA has a high cell compatibility,*®! we
did not observe cytotoxicity from PVA. These results indicate that
the cytotoxicity of PVA-GA hydrogel is primarily attributable to
GA rather than PVA. It has been reported that gallic acid under-
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goes autoxidation, particularly at relatively high concentrations,
leading to ROS-dependent cell death.3]

Utilizing a hydrogel with low GA concentrations would slow
the release of GA, minimize the peak concentration of GA, and
thereby reduce the associated cytotoxic effect. Therefore, optimiz-
ing the GA concentration within the hydrogel could be an easy
way to achieve the desired release profile, enhancing the biologi-
cal functions of hydrogels for long-term cell culture and tissue en-
gineering applications. Such controlled release mechanisms are
especially beneficial for applications requiring sustained delivery
of bioactive molecules to support stem cell survival and tissue
regeneration.

2.6. PVA-GA Hydrogel Removes ROS

ROS-induced oxidative stress is one of the primary factors
regulating cell senescence and increasing susceptibility to
senescence-related diseases.[*¥3%1 As primary cells, MSCs are par-
ticularly sensitive to oxidative stress, presenting stagnated pro-
liferation, elevated senescence, mitochondrial dysfunction, and
altered differentiation potential when exposed to high levels of
ROS.[15’39]

It is known that GA, a natural polyphenol, can donate hydro-
gen atoms from its phenolic hydroxyl groups to free radicals,
converting them into more stable and less reactive molecules.*"]
Therefore, we anticipated that the strong antioxidative activity of
GA could endow the PVA-GA hydrogel with a high capacity for
ROS scavenging, thereby mitigating ROS-induced MSC senes-
cence and preserving their functionality.

We first assessed the ROS scavenging capacity in a cell-free test
by incubating the hydrogel (GA 1 wt.%), as well as an equivalent
amount of pure GA and PVA, in 0.1 mM H, O, for 2 h. Compared
to the TCP positive control, both the PVA-GA hydrogel and pure
GA significantly reduced peroxide levels (Figure 5A). The perox-
ide level in the PVA group was similar to that in the positive con-
trol, indicating that GA, not PVA, is responsible for removing
ROS in the hydrogel. Notably, according to GA release kinetics,
only less than 10% of GA was released within 3 d, meaning that
most of the GA molecules in the PVA-GA hydrogel remained in
an “encapsulated” form during the test. These results indicate
that both encapsulated and released GA can scavenge ROS effec-
tively.

Further, we assessed whether the hydrogel could effectively re-
move ROS in a cell culture environment. To simulate a high ox-
idative stress microenvironment, H,0, was added to the hADSC
culture medium (FBS-free) to achieve a final concentration of
0.25 mM. After 2 h of treatment, the medium was replaced, and
the levels of superoxide and total ROS in the cells were mea-
sured after 24 h (Figure 5B,C). Additionally, live-cell ROS staining
was performed following the treatment described above to fur-
ther evaluate ROS levels within the cells. Both the hydrogel and
pure GA significantly reduced the intracellular superoxide and
total ROS levels, whereas PVA did not exhibit ROS scavenging
activity (Figure 5D,E).

As reported, ~80% of ROS are produced in mitochondria
during aerobic cell metabolism, specifically through oxidative
phosphorylation.[*! Excessive ROS, whether generated by mito-
chondria or originating from the microenvironment, can cause
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mitochondrial damage. As the energy powerhouse of cells, mito-
chondrial dysfunction impairs the energy supply, affecting criti-
cal processes such as protein synthesis, repair, and overall cellular
maintenance, which can accelerate cellular senescence and lead
to cell death, resulting in chronic inflammation and contribut-
ing to various diseases.[*>*] Given the observed effective ROS
scavenging capacity, we investigated whether the hydrogel could
prevent mitochondrial damage caused by excessive ROS. After
2 h of H,0, treatment, cells in the TCP and PVA groups exhib-
ited significantly transformed and fragmented mitochondria, in
contrast to the intact mitochondria in untreated cells. Conversely,
H,0, treatment did not alter the mitochondrial morphology in
the PVA-GA hydrogel and GA groups, which maintained their
normal elongated shape (Figure 6).

Since mitochondria are highly susceptible to oxidative
damage,[*®] our results demonstrate that the PVA-GA hydrogel
could significantly protect hADSCs against oxidative stress. By
preserving mitochondrial integrity and function, the PVA-GA hy-
drogel could potentially enhance the longevity and functionality
of hADSCs.

2.7. PVA-GA Hydrogel Mitigates Cellular Senescence

After a limited number of divisions, primary cells enter a state
of replicative senescence. It has been reported that MSCs exhibit
an increased percentage of senescent cells during in vitro cul-
ture, with associated abnormal morphology and proliferation ar-
rest after multiple passages.l*#7] Oxidative stress is considered a
primary cause of cellular senescence, as it induces DNA damage,
mitochondrial dysfunction, and activation of signaling pathways
that regulate growth arrest.[*84]

Based on the observed ROS scavenging capacity and mito-
chondrial protection effect of the PVA-GA hydrogel, we next as-
sessed the cellular senescence in hADSCs by quantifying the ac-
tivity of SA-f-Gal, a widely used biomarker for identifying and
measuring cellular senescence. The senescent hADSCs at pas-
sage 11 were cultured with the PVA-GA hydrogel, as well as pure
GA and PVA in an equivalent amount to that in the hydrogel.
As shown in both the quantification (Figure 7A) and the stain-
ing (Figure 7B) of SA-f-Gal, the PVA-GA hydrogel and pure GA
significantly mitigated hADSC senescence after 7 d and 14 d of
culture, which could be attributed to their ROS scavenging effect.
In contrast, cells cultured with pure PVA exhibited similar levels
of SA-pB-Gal to those of control cells in TCP, consistent with the
observation that PVA alone was ineffective in removing ROS.

As has been reported, mitochondrial ROS can induce
DNA damage and accelerate telomere-induced senescence.>%>!]
Therefore, reducing mitochondrial ROS is known to extend the
replicative lifespan of cells.l’?] In this senescence assay, no addi-
tional oxidative stress (H,O, treatment) was applied to the cells.
Consequently, the intracellular ROS were primarily generated by
mitochondria. These results, combined with the demonstrated
antioxidant and mitochondrial protective effects of the PVA-GA
hydrogel, suggest that the anti-senescence mechanism of the
PVA-GA hydrogel likely involves ROS scavenging, prevention of
mitochondrial oxidative damage, and maintenance of mitochon-
drial integrity and function.
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Figure 5. Antioxidant effect of PVA-GA hydrogel. A) Removal of peroxide by the PVA-GA hydrogel in a cell-free environment. Samples were incubated at
37 °Cwith 0.1 mM H, 0O, for 2 h, followed by quantlﬁcatlon of peroxide remaining in the solution (n > 3, *p < 0.05, one-way ANOVA with Tukey's multiple
comparisons test). B,C) Quantification of intracellular superoxide and ROS in hADSCs after 2 h of treatment with 0.25 mM H,O,, in the presence of PVA-
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comparisons test).

Cellular senescence can arise in response to various forms of
cellular stress or damage, which activate the DNA-damage re-
sponse (DDR) pathways. This activation, in turn, triggers the
P53/p21 and p16 signaling cascades, leading to cell cycle arrest
and the establishment of a senescent state.[**! In this study, we
evaluated the mRNA levels of p53, p21, and p16 in the cells and
observed that the presence of the hydrogel significantly down-
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regulated the expression of all three senescence genes. More-
over, cells in the hydrogel and GA groups maintained higher ex-
pression levels of OCT4, a critical stemness gene essential for
maintaining pluripotency and promoting self-renewal in stem
cells (Figure 7C). These findings highlight the potential role of
the hydrogel in mitigating cellular senescence at the genetic
level.
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Figure 6. Mitochondrial integrity protection by PVA-GA hydrogel. Representative live-cell staining of mitochondria (red) and nuclei (blue) of hADSCs
with or without H,0, (0.25 mM) treatment, in the presence of PVA-GA hydrogel, pure PVA, and GA; scale bar = 20 um.

2.8. Hydrogel Mitigated the Effects of ROS on Cell Differentiation

Stem cell differentiation potential is one of the most important
characteristics, playing a crucial role in stem cell therapy. It is
important to note that elevated levels of ROS can not only lead
to cellular damage and dysfunction but also influence cell differ-
entiation. Studies have reported that higher levels of ROS can
stimulate adipogenic differentiation of MSCs while inhibiting
osteogenesis.'>*] In this study, we treated cells with different
concentrations of H,0, (ranging from 0 to 0.25 mM) during the
differentiation induction process, to observe the effects of ROS
on stem cell differentiation with and without hydrogel. In line
with the literature, increasing concentrations of H,0, promoted
adipogenic differentiation while inhibiting osteogenic differenti-
ation in the TCP control group. Conversely, in the presence of the
hydrogel, both adipogenic promotion and osteogenic inhibition
were reduced, indicating that the hydrogel mitigated the effects
of elevated ROS levels on differentiation (Figure 8). Additionally,
flow cytometry analysis revealed that typical phenotypic markers
of MSCs, including CD271, CD73, CD90, and CD105, were well
maintained in the cells cultured with the hydrogel for 14 d com-
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pared to control cells (Figure S8 and Table S1, Supporting Infor-
mation).

Taken together, the results indicate that the PVA-GA hydrogel
effectively mitigated the effects of elevated ROS levels on differ-
entiation, while also preserving the phenotype and multi-lineage
differentiation potential of hADSCs, highlighting its good stem
cell compatibility for extended culture periods.

2.9. PVA-GA Hydrogel Preserves Pro-angiogenic Effect of
hADSCs under Oxidative Stress

The paracrine effects of stem cells are among the most critical
mechanisms by which stem cell therapy achieves its therapeu-
tic outcomes.>*] Among the secretome of MSCs, VEGF plays
a central role in key processes such as angiogenesis, tissue re-
pair, and wound healing.l*®! Exposure of stem cells to low doses
of oxidative stress can enhance VEGF paracrine secretion, pro-
moting angiogenesis and tissue repair. Conversely, higher levels
of oxidative stress markedly suppress VEGF secretion, impairing
the regenerative potential of stem cells and disrupting their ther-
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Figure 7. Anti-senescence effect of PVA-GA hydrogel. A) Relative SA-g-Gal activity in hADSCs after 7 and 14 d of culture, in the presence of PVA-GA
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mRNA in hADSCs cultured under different conditions. The values of cells cultured on TCP were normalized to 1 (n > 3, *p < 0.05).

apeutic efficacy.*”8 To investigate the potential protective effects
of hydrogels on VEGF secretion from cells under oxidative stress,
we treated hADSCs with H,0, (0.25 mM) for 2 h. After 7 days
of culture, the supernatants were collected to assess VEGF se-
cretion levels, which were then used as conditioned medium for
subsequent experiments. The results indicated that H,O, treat-
ment significantly reduced VEGF secretion in cells cultured on
TCP. However, in the presence of the hydrogel and GA, the cells
maintained higher VEGF secretion levels, comparable to those
of untreated cells. These results suggest that the hydrogel and
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GA preserve VEGF secretion under oxidative stress, potentially
by scavenging ROS from the environment (Figure 9A).

Next, we utilized the conditioned medium derived from hAD-
SCs cultured under different conditions to culture HUVECs. The
results of the wound healing assay demonstrated that HUVECs,
in the conditioned medium from the hydrogel and GA groups,
exhibited significantly faster migration compared to cells in con-
ditioned medium from the PVA and TCP groups (Figure 9B,C).
Similarly, the tube formation assay revealed that the conditioned
medium from the hydrogel and GA groups with H,O, treatment
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Figure 8. Differentiation capacity of hADSCs under varying concentrations of H,0,. A) Oil Red O staining (red) for adipogenesis (scale bar = 50 um)
and Alizarin Red S staining (red) for osteogenesis (scale bar = 200 pm) of hADSCs cultured with and without PVA-GA hydrogel. B) Quantitative analysis
of adipogenic differentiation (lipid area) and osteogenic differentiation (mineralization area) under varying H,0, treatments, comparing the TCP and
hydrogel groups (n > 3, *p < 0.05, two-way ANOVA with Tukey’s multiple comparisons test). * Indicates a significant difference between the TCP and
hydrogel groups (*p < 0.05), while # indicates a difference compared to the non-H,0O,- treated TCP group (*p < 0.05).

effectively stimulated tube formation in HUVECs (Figure 10). To-
gether, these findings demonstrate the ability of the PVA-GA hy-
drogel to preserve the pro-angiogenic capacity of MSCs under ox-
idative stress.

3. Conclusion

In this study, PVA-GA supramolecular hydrogels were synthe-
sized in a simple, eco-friendly, and cost-effective manner. These
hydrogels address the challenge of protecting stem cells from ox-
idative stress and senescence. A key innovation of our approach
is the sustained release of GA from the hydrogel, enabling ex-
tended biological activity. The PVA-GA hydrogel not only miti-
gates cellular senescence in MSCs by alleviating oxidative stress,
but also maintains mitochondrial integrity, preserves VEGF se-
cretion and the multipotency of differentiation under elevated ox-
idative stress.

Our findings highlight the potential of utilizing natural
polyphenol-based hydrogels for stem cell protection and therapy.
Although the physically cross-linked hydrogel lacks inherent cell
adhesion sites, modifications such as adding coatings or grafting
cell-adhesive molecules can facilitate direct contact culture with
cells. These modifications can enhance cell adhesion and pave
the way for advanced biomedical applications of such hydrogels
in diverse areas such as wound healing, tissue engineering, and
3D bioprinting. Additionally, the diverse beneficial properties of
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GA, such as its antibacterial, anticancer, anti-inflammatory, and
immunomodulatory effects, present promising opportunities for
further research. By optimizing the component ratios, the me-
chanical properties of these hydrogels can be tailored to meet spe-
cific application needs. Our study not only demonstrates the ef-
fectiveness of PVA-GA hydrogels in enhancing MSCs biological
functions but also offers a promising strategy for advancing stem
cell therapies and exploring their broader therapeutic potential.

4. Experimental Section

PVA-GA Hydrogel Preparation and Characterization: PVA (Mw =
145 kDa, 99.0-99.8 mol%, Merck, Darmstadt, Germany) and GA (>
99.0%, Merck, Darmstadt, Germany) were first dissolved in water at 90 °C
under magnetic stirring. The resulting homogeneous solutions were then
cooled to 4 °C until spontaneous gelation occurred. To prepare hydrogels
with varied PVA:GA ratios, the PVA was fixed at 10 wt.% while GA concen-
trations were varied (5 wt.%, 2 wt.%, 1 wt.%, and 0.5 wt.%).

The FTIR spectra of the hydrogels and pure compounds were recorded
in their dry state using a Nicolet iN 10 infrared microscope (Thermo Fisher
Scientific, Schwerte, Germany). The spectral range covered was 500-
4000 cm™", with data collected over 30 scans at a resolution of 4 cm~". The
internal microstructure of the hydrogels was examined using SEM (Supra
40 VP, Carl Zeiss, Germany). The hydrogels were freeze-dried and then im-
mersed in liquid nitrogen for 2 min before cross-sectioning. The samples
were coated with gold and observed using a field emission scanning elec-
tron microscope (Carl Zeiss-Sigma, Germany) at an acceleration voltage
of 3 kv.
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Figure 9. Effect of PVA-GA hydrogel on VEGF secretion from hADSCs and its impact on HUVECs migration. A) Quantification of VEGF-A in the condi-
tioned medium derived from hADSCs cultured under various conditions (n > 3, *p < 0.05, two-way ANOVA with Tukey’s multiple comparisons test). B)
Representative images of HUVECs at 0, 4, and 8 h after gap creation, cultured with various conditioned medium; scale bar = 100 pm. C) The percentage
of wound closure was measured to assess cell migration, with quantitative analysis presented for each time point (n = 8, *p < 0.05, two-way ANOVA

with Tukey’s multiple comparisons test).

The textural properties of the samples were characterized by N,
adsorption-desorption, performed at —196 °C in a Micromeritics ASAP
2020. Before the measurements, the samples were degassed at 30 °C for
48 h under vacuum. From N, adsorption-desorption isotherms, the total
pore volumes were calculated at a relative pressure P/Py = 0.99.

A rheological analysis was performed to assess the viscoelastic proper-
ties of the hydrogels using a Physica MCR 301 rotational rheometer (An-
ton Paar, Graz, Austria) equipped with an 8 mm parallel plate geometry.
The samples were prepared as 8 mm diameter discs. Amplitude sweeps
were conducted from 0.01% to 40% strain at a constant angular frequency
of 10 rad s~ and a temperature of 20 °C to identify the LVR. Following
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this, frequency sweeps were performed at a constant strain of 0.5%, over
a range of 0.1 to 100 rad s, at 20 °C. Additionally, temperature sweeps
were performed from 5 to 60 °C, with a heating rate of 2 °C min~1, at a fixed
frequency of 10 rad s™' and 0.5% strain to determine the gel-sol transition.
All samples were tested in duplicate, and representative curves were pre-
sented. The mechanical properties of the hydrogels were evaluated at 25 °C
using an Instron Universal Testing Instrument (model 3342) with a 50 N
load cell. Rectangular specimens (15 mm wide, 60 mm long, and 1 mm
thick) were used for uniaxial elongation tests with a constant stretching
speed of 60 mm min~". Stress relaxation measurements involved applying
a fixed strain of 50% for 600 s while recording the time-dependent stress.
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Figure 10. The impact of VEGF secretion from hADSCs on HUVECs angiogenesis. A) Representative images of HUVECs on Geltrex, cultured with various
conditioned medium. Capillary-like structures were observed; scale bar = 100 um. B) Quantitative analysis was performed to measure total tube length,
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Each sample was tested with six specimens, and the average values were
recorded.

The adhesive properties of the hydrogels were assessed using the probe
tack method on an Instron Universal Testing Instrument (model 3342).
Samples with a diameter of 1 cm and a thickness of 3 mm were tested.
This method involved applying a 6 nN compression force for 5 s using
a stainless-steel flat-ended probe with a diameter of 10 mm. The force re-
quired to detach the probe from the sample was quantified. The maximum
force observed during detachment indicated the tackiness of the hydrogel,
while the area under the stress-strain curve during this phase represented
the adhesion energy. The nanomechanical property of the hydrogel sur-
face was further characterized using an MFP-3D AFM (Asylum Research,
Oxford Instruments, UK) at room temperature in contact mode. A silicon
cantilever (OLYMPUS OMCL TR400 PB, Japan) with a pyramidal tip shape,
a tip radius of 7 nm, a half-angle of 36 degrees, and a spring constant of
0.8 nN nm~" was used. Measurements were performed with an indenta-
tion force (F) ranging from 1to 10 nN. The average Young's modulus (E)
was obtained based on 100 single indentations for each sample and calcu-
lated from the force-distance curves according to the Hertz model using
the software MountainsSPIP (Digital Surf, France).

To examine the release profile of GA from the hydrogel, 1 g of hydro-
gel was incubated in 2 mL of distilled water in a cell culture incubator. At
the specified time points, 1 mL of supernatant was replaced with an equal
volume of fresh distilled water, and the absorbance at 300 nm of the aspi-
rated supernatant was measured immediately using a microplate reader
(Infinite 200 Pro, Tecan Group Ltd., Mannedorf, Switzerland). The GA con-
centration was then determined based on a standard curve, established by
measuring the absorbance of GA solutions with known concentrations.

Pro-oxidative and Antioxidative Properties of GA:  To study GA autoxida-
tion, aqueous GA solutions (20-160 ug mL™") were incubated at 37 °C for
24 h. H,0, levels were measured using the Amplex Red Hydrogen Perox-
ide/Peroxidase Assay Kit (Thermo Fisher Scientific, Schwerte, Germany)
according to the manufacturer’s instructions. Total ROS levels were quan-
tified with the OxiSelect In Vitro ROS/RNS Assay Kit (Cell Biolabs, San
Diego, USA) following the provided protocol. To explore the effect of hydro-
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gen bonding between PVA and GA on autoxidation of GA, solutions with
varying PVA/GA ratios were prepared, maintaining GA at 80 ug mL™" and
PVA at 4-1600 ug mL~". Controls included pure water, PVA (62 pg mL™1),
and GA (80 pg mL™"). Additionally, PVA-GA hydrogels with different GA
concentrations were tested for autoxidation. Hydrogels containing 80 ug
GA were incubated in 1T mL water at 37 °C for 24 h, and total ROS levels
in the solution were measured using the OxiSelect kit. Controls were pure
water, PVA (800 ug mL~"), and GA (80 ug mL™").

The antioxidant capacity of GA was evaluated at concentrations of 20—
160 ug mL~" using the Antioxidant Assay Kit (Thermo Fisher Scientific,
Schwerte, Germany), which quantifies total antioxidant capacity by mea-
suring the reduction of Cu?* to Cu* by antioxidants. To assess perfor-
mance under varying ROS conditions, solutions of GA (200 pg mL™"),
H,0, (variable concentrations), and FeCl, (H,0,: Fe?* molar ratio of
30:1) were prepared. The amount of GA was kept constant across all so-
lutions to ensure that any observed changes in ROS levels were due to
varying oxidative stress rather than GA concentration. The amounts of
H,0,/Fe?* were varied to generate oxidative stress from low to high. Fe?*
was introduced to trigger the Fenton reaction, generating highly reactive
hydroxyl radicals. Total ROS levels were measured using a DCFH working
solution. Briefly, DCFH-DA (Abcam, Berlin, Germany) was hydrolyzed with
0.01 M NaOH in the dark at room temperature for 30 min, neutralized with
phosphate buffer, and added to the mixture. After 10 min of incubation in
the dark, fluorescence was recorded at 485/535 nm (excitation/emission)
using a microplate reader (Infinite 200 Pro, Tecan Group Ltd., Minnedorf,
Switzerland). The influence of PVA-GA hydrogen bonding on antioxidant
capacity was evaluated using solutions maintaining GA at 80 ug mL™" and
PVA at 4-1600 ug mL™", with controls of pure water, PVA (62 pug mL™"),
and GA (80 pug mL™"). For PVA-GA hydrogels, antioxidant capacity was
measured in hydrogels with 0.5, 1, and 2 wt.% GA, prepared in 96-well
plates (4.8 uL well™'), using the Antioxidant Assay Kit. Pure GA solutions
with equivalent GA amounts served as controls.

hADSC Culture: The hADSCs were isolated from lipoaspirate ob-
tained following liposuction of subcutaneous adipose tissue. The col-
lection of lipoaspirate and subsequent cell isolation were approved by
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the Ethics Committee of the University Hospital of Regensburg, Ger-
many, under protocol number 08/117, following informed consent from
the patient. The cells were maintained in a standard cell culture environ-
ment at 37 °C with 5% CO,, using Dulbecco’s Modified Eagle Medium
(DMEM; Thermo Fisher Scientific, Schwerte, Germany) supplemented
with 10% fetal bovine serum (FBS; Sigma—Aldrich, Hamburg, Germany),
100 U mL™" penicillin, and 100 ug mL~" streptomycin (both from Merck
Millipore, Darmstadt, Germany). The culture medium was refreshed ev-
ery 3 d, and cells were passaged at a ratio of 1:3 upon reaching ~90%
confluence.

The effect of hydrogel and its pure components (PVA and GA) on hAD-
SCs was examined, to understand their roles in regulating hADSCs. For
the cells co-cultured with hydrogel and pure PVA, a solution of PVA/GA or
pure PVA was first dropped onto the bottom of TCP (TPP Techno Plastic
Products AG, Trasadingen, Switzerland). After gelation at 4 °C for 30 min,
cells were seeded onto the TCP surface. For co-culture with GA, cells were
first seeded onto the TCP, then the GA solution was added into the culture
wells. For cells cultured directly on hydrogel, the TCP was first incubated
with a PVA-GA aqueous solution. After the water evaporated, a thin PVA-
GA hydrogel layer was formed for cell seeding and growth. For hydrogel
with fibronectin coating, the hydrogel layer was incubated at 4 °C overnight
with 10 pg mL™" of fibronectin. 2 mL of culture medium was used for all
groups, and the medium was refreshed every 3 d.

HUVECs Culture: The cells were maintained in a standard cell cul-
ture environment at 37 °C with 5% CO,, using EGM-2 Endothelial Cell
Growth Medium (EGM; Lonza, Walkersville, USA). The culture plates were
pre-coated with the EmbryoMax 0.1% Gelatin Solution (Merck Millipore,
Darmstadt, Germany). The culture medium was refreshed every 3 d, and
cells were passaged at a ratio of 1:4 upon reaching ~90% confluence.

Cell Proliferation and Viability:  The effect of hydrogel and pure GA on
hADSC proliferation was assessed using Cell Counting Kit-8 (CCK-8; Do-
jindo, Japan). The cells (passage 6) were seeded at a density of 5.0 x 10
cells/well into 24-well TCP containing different doses of hydrogels or pure
GA. From day 1 to day 7 post-seeding, the medium was replaced with
350 pL of medium containing 10% CCK-8 solution. After incubation at
37 °Cfor 2 h, the absorbance of the medium/CCK-8 mixture at 450 nm was
measured using a microplate reader (Infinite 200 Pro, Tecan Group Ltd.,
Minnedorf, Switzerland). The cell number was calculated using a standard
curve, which was established from various cell densities and correspond-
ing absorbance values.

A Live/Dead assay was performed to assess the cytotoxicity of different
components. Briefly, hADSCs (passage 6) were seeded into 24-well TCP at
a density of 1.0 x 10* cells/well. The wells contained either hydrogels with
different doses (containing 20, 60, 100 ug GA/well) or no hydrogel. For the
PVA group, the wells contained PVA gel with varied PVA amounts (0.4, 1.2,
2 mg/well). For the GA group, after cell seeding, a GA solution (1 wt.%)
was added to match the amount of GA present in the corresponding hy-
drogel. After 48 h of culture, the cells were stained with a Live/Dead Cell
Imaging Kit (Thermo Fisher Scientific, Schwerte, Germany) following the
provided protocol. Images were obtained using a confocal laser scanning
microscope (LSM780, Carl Zeiss, Jena, Germany). Image analysis was per-
formed using Image) software (version 1.54f, Wayne Rasband, National
Institutes of Health, USA).

ROS Removal Capacity of PVA-GA Hydrogel:  The capacity of the hydro-
gels to remove ROS was first examined in a cell-free system. Hydrogels
were prepared in a 24-well TCP at a dose of 20 uL well™" (GA 1 wt.%) and
incubated with 0.1 mM H, O, in distilled water at 37 °C. For comparison,
groups containing pure PVA and GA, in amounts equivalent to those in
the hydrogel, were included. TCP wells containing 0.1 mM H,O, served
as positive controls, while wells without H,O, served as negative controls.
After 2 h of incubation, the H,0, concentration was assessed using the
Amplex Red Hydrogen Peroxide/Peroxidase Assay Kit (Thermo Fisher Sci-
entific, Schwerte, Germany).

To further evaluate the ability of the hydrogel to protect cells from ox-
idative stress by reducing excessive intracellular ROS levels in living cell
cultures, hADSCs (passage 5) were seeded onto 24-well TCP at a density
of 1.0 x 10* cells well~1. Consistent with the cell-free test, the hydrogel
(GA 1 wt.%) dose was 4 pL well™!, and pure PVA and GA were added
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in amounts equivalent to those in the hydrogel. The cells were treated
with 0.25 mM H, 0O, (prepared with FBS-free DMEM) for 2 h, after which
the medium was replaced. To assess ROS levels, the superoxide and total
ROS in the cells were measured 24 h post-treatment using a cell-based
ROS/Superoxide Detection Assay Kit (Abcam, Berlin, Germany) following
the provided protocol. The fluorescence intensity of ROS and superoxide
was quantified using a microplate reader (Infinite 200 Pro, Tecan Group
Ltd., Mannedorf, Switzerland). Additionally, to visualize ROS and nuclei in
live cells, hADSCs were stained 24 h after H,O, treatment using the Cell-
ROX Green Reagent Kit and Hoechst 33 342 (both from Thermo Fisher
Scientific, Schwerte, Germany). Images were captured using a confocal
laser scanning microscope (LSM780, Carl Zeiss, Jena, Germany) under
consistent imaging settings across all samples. The MFI was quantified
using Image) software (version 1.54f, Wayne Rasband, National Institutes
of Health, USA). The total corrected fluorescence intensity within the re-
gion of interest (ROI) was then normalized by dividing it by the number of
cells in the ROI.

Cell Senescence: The senescence of hADSCs was examined by cultur-
ing the cells in the presence of hydrogel, pure PVA, and pure GA. For this
assessment, hADSCs (passage 11) were seeded into 24-well TCP at a den-
sity of 5.0 x 103 cells well™". The wells contained either 4 pL of hydrogel
(GA 1 wt.%) or no hydrogel. In the PVA group, PVA solution (10 wt.%,
4 ul) was added to the culture plate and allowed to gel before cell seed-
ing. In the GA group, after cell seeding, a GA solution (1 wt.%, 4 ul) was
added to the wells. The amount of pure PVA or GA used was equivalent to
that in the corresponding hydrogel. After 7 or 14 d of cultivation, the SA-
p-Gal activity was quantified using a cellular senescence activity assay kit
(Cell Biolabs, San Diego, USA). The fluorescence intensity of SA-f-Gal was
normalized to the total protein content in the cell culture, measured with
a BCA protein assay kit (Thermo Fisher Scientific, Schwerte, Germany).
Additionally, senescent cells were identified by staining for SA-g-Gal at
37 °C overnight using a staining kit (Cell Signaling Technology, Frankfurt
am Main, Germany). Images were captured using an Axiovert 40C micro-
scope (Carl Zeiss, Jena, Germany).

To further investigate cell senescence, hADSCs (passage 11) were cul-
tured for 14 days, and then the total RNA was isolated using a PureLink
RNA kit (Thermo Fisher Scientific, Schwerte, Germany) following the given
protocol. The cDNA was synthesized using the RevertAid First Strand
cDNA Synthesis Kit (Thermo Fisher Scientific, Schwerte, Germany) and
amplified using the PowerUp SYBR Green Master Mix (Thermo Fisher
Scientific, Schwerte, Germany) on a real-time PCR system (StepOnePlus,
Thermo Fisher Scientific, Schwerte, Germany).

The expression of the following genes was quantified using real-time
PCR with the corresponding primers: OCT4 (5'-
ACATCAAAGCTCTGCAGAAAGAACT-3’ and 5'-CTGAATACCTTCCCAAATA
GAACCC-3"), p53  (5'-TGACTGTACCACCATCCACTA-3" and 5'-
AAACACGCACCTCAAAGC-3"), p21 (5'-GAGACTCTCAGGGTCGAAAA-
3’ and 5-TTAGGGCTTCCTCTTGGAGA-3’), and pl6/NKA (5.
AGCATGGAGCCTTCGGCTGA-3" and 5'-CCATCATCATGACCTGGATCG-
3’). GAPDH was used as a housekeeping gene to normalize the AC; values
of target genes (AC, = G, target — C;,, GAPDH). The fold change of
expression (sample/control) was expressed as 2724C, (AAC, = AC,
sample — AG;, control).

hADSC Differentiation and Phenotype: hADSCs (passage 7) were
seeded into the 24-well TCP containing 4 pL of hydrogel (GA 1 wt.%)
and cultured in growth medium. The TCP without hydrogel served as the
control group. Once the cells reached desired cell confluence for differ-
entiation, the medium was switched from growth medium to either adi-
pogenic or osteogenic differentiation medium (StemPro Differentiation
Kit, Thermo Fisher Scientific, Schwerte, Germany), which contained vary-
ing concentrations of H,0, to induce stem cell differentiation. The dif-
ferentiation medium was refreshed every 3 d. Adipogenic and osteogenic
differentiation were assessed after 14 d and 21 d, respectively.

For assessment, cells were first rinsed with PBS and fixed with 3.7 wt.%
paraformaldehyde (Sigma-Aldrich, Hamburg, Germany) for 15 min. Af-
ter further rinsing with distilled water, cells were stained with 0.36 wt.%
Oil Red O (Sigma—Aldrich, Hamburg, Germany) in 60 vol% isopropanol
at room temperature for 15 min to visualize lipids in adipocytes. Alterna-
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tively, cells were stained with 40 mM Alizarin Red S (Sigma-Aldrich, Ham-
burg, Germany) in distilled water for 20 min to detect calcium deposits.
Images were captured using an Axiovert 40C microscope (Carl Zeiss, Jena,
Germany). Lipid and mineralization areas were quantified using Image)
software.

Flow cytometry analysis was performed to determine the effect of PVA-
GA hydrogel on the typical phenotypic surface markers of hADSCs. After 14
d of co-culture with the hydrogel, hADSCs were stained with CD90-FITC,
CD105-FITC, CD271-APC, and CD73-APC antibodies (Miltenyi Biotec, Ber-
gisch Gladbach, Germany). Corresponding isotype antibodies were used
as controls. Stained cells were then analyzed using a MACSQuant flow cy-
tometer (Miltenyi Biotec, Bergisch Gladbach, Germany), and the results
were processed with Flow]o software (Tree Star Inc., Ashland, OR, USA).

VEGF Secretion: The hADSCs (passage 6) were seeded into 24-well
TCP at a density of 1.0 X 10* cells per well. The hydrogel (1 wt.% GA) was
applied at a dose of 4 L per well, with pure PVA and GA added in equiv-
alent amounts to match the hydrogel composition. For the H,O,-treated
groups, the cells were exposed to 0.25 mM H,O, (prepared in FBS-free
DMEM) for 2 h. After treatment, the cells were cultured in low FBS (2%)
DMEM medium. After 7 days of cultivation, the conditioned medium was
collected. The concentration of VEGF-A was measured using the Human
VEGF-A ELISA Kit (Thermo Fisher Scientific, Schwerte, Germany), with
fluorescence intensity assessed via a microplate reader (Infinite 200 Pro,
Tecan Group Ltd., Médnnedorf, Switzerland).

Wound Healing Assay: The wound healing assay was performed by
seeding HUVECs into the Culture-Insert 3 Well in p-Dish (ibid, Grifelfing,
Germany) following the provided protocol. After cell attachment, cell-free
gaps were created to visualize cell migration. HUVECs were cultured with
different conditioned medium, and images were captured at 4 and 8 h us-
ing an Axiovert 40C microscope (Carl Zeiss, Jena, Germany). The scratch
areas were measured using Image), which automatically detects the edge
positions. The wound closure percentage was calculated by assessing the
change in normalized area relative to the original open area, using the for-
mula: Wound Closure % = [(A;— g — A, — an) / A; = o] X 100. In this formula,
A _ represents the area at the initial time point, while A, _ »,, denotes
the area after a specified incubation period (h).

Tube Formation Assay: The 24-well plate was pre-coated with Geltrex
LDEV-Free Reduced Growth Factor Basement Membrane Matrix (Thermo
Fisher Scientific, Schwerte, Germany). HUVECs were seeded at a density
of 5.0 x 10* cells well~!, and were cultured with different conditioned me-
dia for 12 h. Following this incubation, the cells were stained with Calcein
AM (Thermo Fisher Scientific, Schwerte, Germany), and images were cap-
tured using a confocal laser scanning microscope (LSM780, Carl Zeiss,
Jena, Germany). Image analysis was performed using a program devel-
oped for the Image] software. This plugin is an extension of the “Angio-
genesis Analyzer” for Image),[>°] written in the macro language of Image).

Cell Sedimentation: To detect the sedimentation of cells during the
gelation process after mixing with hydrogel, first, hADSCs were stained
using the CellTrace CFSE Cell Proliferation Kit (Thermo Fisher Scientific,
Schwerte, Germany) according to the provided protocol. The stained cells
were then incorporated into hydrogels with different GA concentrations
(0.5 wt.% and 1 wt.%). Images were captured at 0 and 30 min for the hy-
drogel (GA 0.5 wt.%) and at 0 and 10 min for the hydrogel (GA 1 wt.%),
corresponding to their respective gelation times. A confocal laser scanning
microscope (LSM780, Carl Zeiss, Jena, Germany) was used for imaging.

Statistical Analysis: The number of replications for each experiment
was indicated in the figure legends. Data were presented as mean value
+ standard deviation. Statistical analysis was performed using one-way or
two-way analysis of variance (ANOVA) as indicated for each experiment,
followed by Tukey’s test using the GraphPad Prism software (Version 10.0,
San Diego, USA). A p-value less than 0.05 was considered statistically sig-
nificant.
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