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Digital light processing (DLP) methods are constrained by the narrow range of cell-compatible resins, lim-
iting their use in biomedical applications that require varied mechanical and biofunctional properties.
Current bioresins based on natural polymers such as methacrylated gelatine or alginate usually lack
sufficient stretchability and toughness. In this study, we propose a post-processing strategy to tune the
mechanical and functional properties of a DLP printable polyethylene glycol diacrylate (PEGDA)/polyvinyl
alcohol (PVA) resin via simple treatment with 5% (w/v) tannic acid (TA) or borax (B). The TA treatment
reduced the resin’s toughness by ~17% and compressive modulus by ~16%, while B treatment increased
the toughness by ~53% and the compressive modulus by ~44% compared with non-treated hydrogels.
TA-treated hydrogels continuously released over 59% of the loaded TA, demonstrating antibacterial and
radical scavenging activities. Moreover, TA-treated hydrogels, DLP-printed in a tubular shape, demon-
strated the highest durability, remaining intact for ~32 cycles before failure, which was ~17 cycles more
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than that for the non-treated hydrogels. Our in vivo larval model further confirmed the hydrogels’ bio-
compatibility. This study offers a practical approach for post-fabrication tuning of the mechanical and bio-
active properties of DLP-printed PEGDA-PVA hydrogels, expanding the utility of existing resins for poten-
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1. Introduction

Photocurable 3D printing technology surpasses extrusion-
based 3D printing in terms of material versatility, print
speed, and reproducibility." Even low-light-intensity (15 mW
cm™?) commercial DLP 3D printers have the advantage of
being able to achieve high-resolution complex structures
(100 pm)*> compared with multiple extrusion 3D printers
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tial biomedical applications, such as soft tissue engineering.

using nozzles with nominal diameters of >250 um and lower
resolution.

However a significant limitation of DLP printing for the
tissue engineering sector is the narrow selection of biocompa-
tible resins and photoinitiators and achieving sufficient
stretchability and toughness.> Only few materials, such as
gelatin methacrylate (GelMA),” silk fibroin, chitosan methacry-
late, PEGDA,” x-carrageenan,® hyaluronic acid methacrylate,”
and norbornene,® have been successfully used for DLP bio-
printing in biomaterials engineering. Among these, PEGDA
excels owing to its rapid and efficient photocrosslinking
capabilities.

In contrast, GeIMA and methacrylated silk fibroin (SilMA),
although biocompatible, often require higher polymer concen-
trations (GelMA = 13%-15% w/v;>'® methacrylated silk fibroin
~ 30% w/v'') than PEGDA (~5%-10% w/v) or longer cross-
linking times (>1 min; PEGDA typically required <30 s) owing
to their limited number of crosslinkable moieties. This can
result in reduced resolution, limiting their versatility for high-
resolution DLP bioprinting applications.'?

DLP printing requires precise control of various fabrica-
tion parameters, such as the light intensity and step height.>
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Insufficient curing can lead to incomplete polymerization,
while excessive curing can cause attachment issues.
Achieving optimal crosslinking kinetics necessitates careful
adjustment of resin viscosity, concentration of crosslinkable
moieties, and the concentration of photoinitiators/
photoabsorbers.’

Various polyethylene glycol (PEG) and PEG-acrylate hydro-
gels have been developed recently for biomedical applications,
including for in vivo drug delivery"® and wound healing."*
However, their inherent brittleness limits their use in tissue
engineering.'®

To address the brittleness of low-molecular-weight (LMW)
PEGDA (<2 kDa), researchers have formulated PVA/PEGDA
resins,’®'” and it has been found that PVA’s hydrophilic and
flexible nature can improve the material’s mechanical
properties.'®'® 3D-printed PEGDA/PVA showed a self-healing
capacity®® and tunable swelling properties.>* The mechanical
properties of PVA hydrogels can be modified by creating PVA-
borax (sodium tetraborate decahydrate) complexes. Borax (B), a
boron-containing compound, can crosslink with polyols like
PVA through the formation of borate-ester bonds. These bonds
enhance the hydrogel’s mechanical properties, including its
elasticity, strength, and self-healing capabilities.’® Moreover,
the reversible nature of borate bonding allows for tunable
mechanical properties, depending on the pH and concen-
tration, and also supports network rearrangement under phys-
iological conditions,>® making borax a potential modifier for
bioresin-based hydrogel scaffolds. PVA-borax hydrogels are
easy to shape, have adjustable mechanical properties, and can
adhere to multiple surfaces.'®

Tannic acid (TA), a polyphenol molecule, has shown the
ability to improve the physical properties of hydrogels owing
to the abundant hydroxyl (OH) groups in its structure in the
forms of catechol and pyrogallol.”? The additional -OH
groups serve as crosslinking motifs through hydrogen
bonding, thereby facilitating the synthesis of hydrogels with
enhanced strength and elasticity.** For example, Chen et al.
showed that the incorporation of TA into the PEGDA hydro-
gel enhanced the hydrogel’s toughness, stretchability, self-
healing ability, and underwater adhesive properties.>®
Similarly, another study reported improved mechanical pro-
perties, bioadhesive strength, and antimicrobial activity in
PVA/ascorbic acid hydrogels following treatment with TA.>®
Beyond its mechanical contributions, TA also offers biologi-
cal functionality. Tannic acid is well known for its anti-
oxidant, antibacterial, and anti-inflammatory properties,
making it relevant for tissue engineering applications.?’
Thus, the incorporation of TA into the hydrogel structure can
result in a bioactive hydrogel with antioxidant, anti-
microbial, and anti-inflammatory properties, as well as an
adhesion capability.?®

In this study, we hypothesized that post-printing treatments
with TA and borax may enhance the mechanical properties
and bioactivity of the printed constructs by improving the flexi-
bility, toughness, and adding functionalities, such as anti-
microbial and free radical-scavenging activities.
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2. Results and discussion
2.1 Rational design of the biomaterial resin

Commercial low molecular weight PEGDA (e.g., 5 kDa) is
known to be brittle when used in light-based fabrication
methods.”® Meanwhile, it is known that PVA’s flexibility and
hydrophilic nature can improve the mechanical properties and
durability of the resulting structures.*® Therefore, to enhance
the flexibility of our PEGDA-based DLP-printed constructs,
various amounts of PVA (1-3 vol%) were incorporated in the
biomaterial resin formulations.

Several PEGDA-PVA biomaterial resins were prepared with
varying concentrations of PEGDA (6%-10% wt/v) and PVA
(1%-3% wt/v). These formulations were designated as PXPVAY,
where X and Y represent the concentrations of PEGDA and PVA
(% wt/v) (Fig. 1A). The viscoelastic properties of all these for-
mulations were assessed by a rheometer after the photocros-
slinking (Fig. 1B). All the prepared hydrogels exhibited a shear-
thinning behavior, with the viscosity decreasing as the shear
rate was increased from 0.01 to 100 1 s™*. The hydrogel with
the highest concentration of PEGDA (10% wt/v) and the lowest
concentration of PVA (1% wt/v) (P10PVA1) showed the highest
viscosity (Fig. 1B). This shows the importance of the PEGDA
concentration on the structural integrity of the hydrogel due to
its primary role in crosslinking. The hydrogel viscosity is a
critical factor for DLP printing, as the resin, once crosslinked,
needs to be stable enough to adhere to and hold on to the plat-
form upside down for the rest of the printing process.
Considering the hydrogel viscosity as a criterion for determin-
ing the mechanical strength, we selected two formulations
(P8PVA3 and P10PVA1) with the highest and lowest content of
PVA for further evaluation.

During the DLP-printing process (Fig. 1C), the build platform
lowers to cure a layer of the material according to the design.'®
To ensure quick gap refilling between printing stages and main-
tain an adequate resin level for subsequent layer curing, the
resin should exhibit flowability.>* Although a higher viscosity
can often enhance the structural integrity, it may hinder the
DLP-printing process by limiting the resin flow.” Ideally, bioma-
terial-based resins should exhibit viscosities below 10 Pa s, and
achieving this may require the addition of viscosity modifiers or
solvents.*” Successful DLP printing has been reported with resin
viscosities as low as 0.93 Pa s at a shear rate of 10 s~.** In our
work, the viscosities of the selected formulations (PSPVA3 and
P10PVA1) (Fig. 1D) were both below 10 Pa s, falling within the
recommended range for DLP printability.

Furthermore, amplitude sweep tests were performed on the
P8PVA3 and P10PVA1 biomaterial resins and hydrogels (Fig. 1E).
The results confirmed the dominance of the elastic behavior
over the viscous behavior for both hydrogels within their linear
viscoelastic region (LVR). P10PVA1 showed a storage modulus
(G) of approximately 6000 Pa in the LVR and a critical strain of
~3%, while PSPVA3 showed a G’ of ~1000 Pa and a critical strain
of ~22%. Based on these results, PSPVA3 was chosen as the
superior formulation for DLP printing. Although P10PVA1
showed a higher G’ in the LVR, P8PVA3 exhibited a higher critical

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (A) lllustration of the biomaterial resin formulations and the table specifying the amounts of PEGDA and PVA; LAP — lithium phenyl-2,4,6-tri-

methylbenzoylphosphinate, QY — quinoline yellow. (B) Viscosity plots for the various hydrogel formulations (representative plots, n

= 3). (C)

Schematic of the DLP-printing process, illustrating the material flowability and gap refiling during the curing of the preceding layer. (D) Viscosity
plots for the selected resins (P8PVA3, P10PVA1) (representative plots, n = 3). (E) Amplitude sweep tests for the selected resins (P8PVA3, P10PVA1) and
the corresponding hydrogels. G’ stands for storage modulus and G” for loss modulus (representative plots, n = 3).

strain, indicating its greater structural stability under defor-
mation. Additionally, the lower resin viscosity of P8PVA3
enhanced its flowability and suitability for DLP.

2.2 Fabrication of pre-designed models using DLP

The successful fabrication of pre-designed models using DLP
requires adjustments of the input parameters, including the

This journal is © The Royal Society of Chemistry 2025

layer exposure time, LED light intensity, and curing layer
height, as well as the concentrations of the photoabsorber and
photoinitiator.>* To identify the successful printing conditions
for our biomaterial resin (P8PVA3), we varied the layer thick-
ness (50, 100, 150, and 200 pm) and light intensity (5, 10, 15,
20, and 25 mW cm?), while keeping the exposure time at 8 s.
The resin could be successfully cured on the build platform

Biomater. Sci,, 2025, 13, 3689-3706 | 3691
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using a layer thickness of 100 pm, light intensity of 15 mW 50 um protrusions, they failed to detach from the platform,
em™?, and a curing time of 8 s (Fig. 2A, see the ticks in the likely due to the soft nature of the material (Fig. 2B). We could
diagram).* successfully obtain positive features sized 108.4 + 7.2 pm for
Quinoline yellow (QY) was utilized as a photoabsorber to the 100 um designs. These dimensional differences may be
prevent excessive crosslinking and optimize the print resolu- attributed to a slight overcuring of the resin.
tion.> However, the inclusion of QY at a concentration of To show the versatility of the PSPVA3 resin, various models,
0.01% (w/v) slowed the polymerization, requiring an extended including flower-shaped objects, vein-like structures, and
exposure time from 15 s to ~50 s for curing. To compensate crochet infills, were printed (Fig. 2C-E). Notably, despite the
for this, we increased the concentration of the photoinitiator high-water content of the resin formulations (>85% v/v), the 3D-
(LAP) from 0.2% (w/v) to 0.4% (w/v), which restored the curing printed structures exhibited fidelity, with sharp and well-defined
times to approximately 15-20 s. This observation aligns with edges. However, when the object printing height exceeded
previous reports suggesting that the QY concentration can also  30-40 mm, the samples deformed slightly due to drying.*® To
influence the photopolymerization kinetics.* address this limitation, environmental humidity control using
To assess the resolution limits of the DLP-printing process an enclosed, humidified printing setup or reducing the overall
with our resin, we designed a comb-hole model to include printing duration may help reduce drying-induced deformation
both protrusions (positive features) and hollow cavities (nega- and enable the fabrication of objects taller than 30-40 mm.
tive features) with increasing dimensions (Fig. 2B). We suc-
ceeded in printing 41 um holes, which were approximately
9 pm smaller than the designed size, demonstrating the pre- The acrylate groups of PEGDA undergo photopolymerization
cision of the system (Table 1). However, when fabricating in the presence of the LAP and upon exposure to visible light

2.3 Post-processing of the DLP-printed constructs
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Fig. 2 (A) Tuning the DLP-printing process for the P8PVA3 biomaterial resin; the layer exposure time was kept constant (8 s), while the LED light
intensity and curing layer height were varied; tests were performed in triplicate (n = 3) for each condition of the layer height and light power. (B)
Comb-shaped template with holes to assess the resolution of the printing technology and synthesized resin materials (size increments of 50, 100,
200, 400 pm, etc.). (C) Snowflake with crochet-inspired infill. (D) A 100 pm thin flower-shaped object. (E) Various geometries fabricated in a single
DLP process, arranging the parts for batch processing; note that some objects have support structures, which can be easily removed during post-
processing.

Table 1 Resolutions of the 3D-printed positive and negative features; n = 3, mean + SD

Designed size DLP-printed %difference from the designed size
Smallest positive feature 100 pm 108.4 £ 7.2 pm 8.4
Smallest negative feature (hole) 50 pm 41.2 + 3.8 um 17.6
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(>30 s, 405 nm) (Fig. 3A).”” The FTIR spectrum of PEGDA
displayed characteristic peaks at 2866 (C-H stretching),
1729 (C=0 stretching), and 1094 cm™" (C-O stretching).?®
FTIR analysis of the PEGDA-PVA hydrogel revealed a
characteristic peak in the range of 3100-3550 cm™" attri-
buted to the hydroxyl groups of PVA,* confirming the suc-
cessful incorporation of PVA into the PEGDA network
(Fig. 3D). The broad peak ranging from 3100 to 3550 cm™"
in the FTIR spectra of PVA and PEGDA-PVA suggests the
presence of hydrogen bonding between the hydroxyl groups
of PVA.*°

View Article Online
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To induce secondary crosslinking and enhance the bioactiv-
ity, PEGDA-PVA hydrogels were treated with 5% wt/v borax
(Fig. 3B) and 5% wt/v TA solutions (Fig. 3C). These treatments
further interlocked the PVA chains present in the hydrogels by
creating PVA-borax and PVA-TA complexes (Fig. 3B and C). The
chemical interactions between the two components can alter
the FTIR spectrum, often through the appearance of new
peaks or shifts in characteristic peaks.’” The characteristic
peak ranging from 3100 to 3550 cm™', attributed to the
hydroxyl groups of PVA in the FTIR spectrum of PEGDA-PVA,
was flattened and shifted to a range of 3200 to 3550 cm™" after
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treatment with borax, indicating the formation of borate-PVA
complexes as previously reported.*’

The broad peak at 3100 to 3550 cm™" in the TA-treated
hydrogel was similar to that of TA, suggesting potential surface
coverage of the hydrogel by TA. Strong hydrogen bonding
between TA and PVA was previously reported by Chen et al.,
who observed a shift in the hydroxyl group peaks from
3268 cm™" for TA and 3276 cm ™" for PVA to 3253 cm ™" in the
FTIR spectrum of PVA treated with TA.>* Fig. 3B and C show
images of the untreated and TA-treated P10PVA1 hydrogels.
The darker brown color of the treated hydrogel confirmed the
presence of TA on its surface.

The interlocking of PVA with borax and TA via di-diol and
hydrogen bonding, respectively, was expected to enhance the
mechanical and rheological properties of the hydrogel.
Therefore, the impacts of the TA and borax treatment on the

—— PEGDA10
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mechanical and rheological properties of the PEGDA-PVA
hydrogels were investigated (Fig. 4A-E).

Treatment with borax enhanced the compressive modulus
and toughness of both the PEGDA-PVA hydrogels (P8PVA3 and
P10PVA1) (Fig. 4B and C). After borax treatment, PSPVA3 exhibi-
ted an increase in compressive modulus from 9.2 + 1.2 kPa to
14.4 + 0.9 kPa, compared to a decrease to 7.6 + 0.5 kPa for the
TA-treated samples (Fig. 4B),"" which could be attributed to its
higher content of hydroxyl groups for crosslinking with borax.**
Indeed, the borate-ester bonds between the hydroxyl groups of
PVA act as physical crosslinking points within the matrix, thus
increasing both the rigidity and strength."® Previous studies have
reported an increase in the mechanical properties of PVA hydro-
gels with increasing borate crosslinking density, confirming the
positive correlation between the borate-ester interactions and
mechanical strength.*
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Fig. 4 (A) Stress—strain plot from the compression tests of various constructs, (representative plots based on n > 3). (B) Compressive moduli of the

hydrogels (n > 3, mean + SD). (C) Toughness of the hydrogel samples (>3, mean + SD). (D) Comparison of the number of compression cycles before
the failure of tubular grafts made of P8PVA3 with borax or tannic acid secondary crosslinking (n > 4, mean + SD). (E) Fabricated vein-like structure
(2 mm in diameter and 40 mm long) subjected to compression—relaxation forces, demonstrating the high shape-fidelity and stability of the biofabri-
cated structures with TA treatment. (F) Thin (2 layers) circle-shaped adhesive bandage, withstanding finger bending, top and side views. (G) Viscosity
of the P8PVA3 and P10PVAL hydrogels upon secondary crosslinking with borax (B) or tannic acid (TA) (representative plots, n = 3). (H) Swelling of the
constructs with and without secondary crosslinking with borax and tannic acid, (n = 3, mean + SD). () Degradation rate of the fabricated constructs
(n = 3, mean + SD).
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In contrast to borax treatment, the TA-treated hydrogels
exhibited a reduced compressive modulus and toughness com-
pared to the untreated hydrogels, while increasing the strain
(Fig. 4B and C). For example, the compressive modulus of
P10PVA1 decreased from 11.4 + 0.9 to 9.4 + 0.4 kPa after treat-
ment with TA. The reduction in the compressive modulus may
be attributed to hydrogen bond formation between the TA
molecules.*® It has been previously reported that a high con-
centration of TA can lead to intermolecular hydrogen bonding
between TA molecules, diminishing the tensile strength of PVA
hydrogels.** At elevated TA concentrations, the penetration of
TA into the hydrogel network may be hindered, limiting hydro-
gen bonding interactions with PVA and thus contributing to
the observed reduction in mechanical properties.*> Thus, the
reduction in mechanical properties observed in the TA-treated
hydrogels in our study may have resulted from the limited
penetration of TA into the hydrogel network. This interpret-
ation is supported by the similarity in the FTIR spectrum of
the treated hydrogels to that of pure TA (Fig. 3D).

The PEGDA hydrogels could be made more flexible by
incorporating PVA and by treatment with TA (Fig. 4D-F).
Unlike the PEGDA-only designs, the PEGDA-PVA (P8PVA3)-
printed tubes could be repeatedly compressed and still retain
their shape. Cyclic compression tests showed that the PSPVA3-
printed tubes after TA treatment (PSPVA3-TA) (Fig. 4D) had the
highest durability, remaining intact after ~32 cycles.
Significantly lower numbers of cycles were achieved for
P8PVA3-B and P8PVA3, namely only ~19 and ~14 cycles,
while the PEGDA-only tubes failed immediately. Furthermore,
the P8PVA3 tubes with TA treatment could be easily handled
and bent without breaking (Fig. 4E). In our next design, we
aimed to show the influence of TA treatment on the printed
constructs’ adhesiveness. Previous studies have shown that TA
interacts with polymers by forming multiple hydrogen bonds,
which enhances their adhesiveness to various substrates,
including skin, wood, plastic, and glass.** To explore this, we
fabricated a thin, bandage-inspired hydrogel sheet treated with
TA (Fig. 4F). When applied to the skin, this hydrogel construct
demonstrated adhesion, remaining intact through multiple
cycles of finger extension and flexion without detaching.

Fig. 4G shows that TA treatment enhanced the viscosity of
the P10PVA1 and P8PVA3 hydrogels by 13 and 6 times, respect-
ively, which could be due to hydrogen bonding between
the hydroxyl groups of TA and the alcohol and ether groups in
PVA and PEGDA.>>*® Borax treatment increased the viscosity of
the P10PVA1-B and P8PVA3-B hydrogels by 5 and 14 times,
respectively, due to the formation of borax-PVA complexes,
which created a tightly bonded network.'® However, at
shear rates above 1 s, the influence of the TA and borax treat-
ment was not evident, likely because higher shear rates
disrupt the hydrogel network, making it deform and flow more
easily.*®

2.4 Physical properties of the post-printing treated hydrogels

The swelling capacity is a crucial property of a hydrogel,
showing its ability to absorb fluid and create a swelled 3D
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matrix supportive for cell activities.*” The highest swelling
ratio of around 500% was achieved for the PSPVA3 hydrogel
after 4 h, while the P10PVA1 hydrogel with a lower content of
PVA swelled up to 350%, but after only 0.5 h (Fig. 4H). This
increased swelling capacity of the PSPVA3 hydrogel may be
linked to the presence of more -OH groups in the
P8PVA3 hydrogel, which could form more hydrogen bonds
with water. Borax treatment decreased the swelling ratio of
the P8PVA3 hydrogel to approximately 320%, while the
borax-treated P10PVA1 hydrogel did not show a significant
difference in  swelling ratio compared to the
P10PVA1 hydrogel. This may be justified by the presence of
more -OH groups in the P8PVA3 hydrogel, which were
responsible for creating complexes with borax, thereby tigh-
tening the hydrogel network. The hydrogels treated with TA
showed the creation of secondary crosslinks between TA and
the PVA and PEGDA through multiple hydrogen bonds,
which decreased their capacity to absorb water, similar to a
previous study that showed a lower swelling of the PEGDA
hydrogel after treatment with TA.>* The equilibrium swelling
was around 50% for the TA-treated hydrogels, which was
lower than for the non-treated samples, as was similarly
reported previously.*® All the hydrogels exhibited good stabi-
lity, with a low mass loss observed during three weeks of
incubation in PBS at 37 °C (Fig. 4I). Increasing the concen-
tration of PVA from 1% to 3% accelerated the degradation of
both untreated and borax-treated hydrogels. This effect is
attributed to the enhanced hydrophilicity imparted by the
hydroxyl groups of PVA. TA treatment resulted in improved
stability of the hydrogels via the formation of strong hydro-
gen bonds between its hydroxyl groups and the hydroxyl
groups of PVA, as similarly reported for TA-treated chitosan
hydrogel.*®

The morphology and porosity of the hydrogels, which play
crucial roles in cell adhesion, growth, and differentiation,*®
were examined using scanning electron microscopy (SEM).
The hydrogels displayed porous structures (Fig. 5A). Although
no surface differences were observed between the hydrogels
upon treatment with borax or TA, the internal structures
showed a decreased pore size. The observed reduced pore size
and porosity in the TA- and borax-treated hydrogels could be
attributed to the formation of denser structures due to the
intermolecular interaction from the hydrogen bonds of TA
with PVA and PEGDA as well as the borate-ester bonds
between borax and PVA.

Additionally, porosity and pore-size measurements were
carried out on freeze-dried hydrogels using micro-CT (micro-
computed tomography) analysis. This technique was used
because SEM could not provide clear information about the
internal porous structure of the tested materials and whether
it was homogeneous in the entire sample volume.>® Micro-
CT has previously allowed visualizing, analyzing, and charac-
terizing the 3D structure of hydrogels. For instance, Carvalho
et al.”' used this technique to visualize the porous structure
of chitosan-gelatin hydrogel hybrids. Also, Douglas et al.*?
successfully used micro-CT to check the homogeneity of chit-
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cate the presence of pores in the horizontal cross-section.

osan hydrogels. The micro-CT 3D visualization images of the
hydrogels are shown in Fig. 5B. It can be clearly observed
that the hydrogels presented porous structures. PSPVA3-B
displayed smaller pores compared to P8PVA3. This obser-
vation may be attributed to the formation of strong inter-
molecular borate-ester bonds between the borax and PVA,
leading to a denser and more compact hydrogel structure.
The lower porosity exhibited by the PSPVA3-TA hydrogel was
likely because the incorporation of TA into the hydrogel
network facilitated the formation of numerous hydrogen
bonds between the TA, PVA, and PEGDA, resulting in
increased structural densification and a subsequent
reduction in the average pore size. However, we acknowledge
that the freeze-drying process used for sample preparation
can introduce artifacts, such as shrinkage, collapse of the
pore structure, or alterations in the pore-size distribution
due to the sublimation of ice crystals. These changes may
not fully represent the native hydrated morphology.
Therefore, while micro-CT provides valuable insights into
the internal architecture, the results should be interpreted
with caution, and future work could benefit from comp-
lementary imaging methods that preserve the hydrated state
of the materials.
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2.5 Hydrogels properties upon tannic acid (TA) treatment

The release of bioactive molecules from hydrogels is crucial for
tissue healing by promoting cell proliferation, and differen-
tiation or by preventing inflammation.>® The structure of the
hydrogel matrix and the available active sites influence the
adsorption of the TA in the hydrogel and its release profile.>*
The loading efficiency indicates the amount of TA loaded in
the hydrogel with respect to the amount of TA utilized for the
functionalization of the hydrogels.>* Here, TA could be loaded
with an efficiency of 39.00 + 2.97% in the PSPVA3 hydrogel and
34.02 + 3.33% in the P10PVA1 hydrogel.

The in vitro release of TA from the PSPVA3-TA and P10PVA1-
TA hydrogels was investigated using UV spectrophotometry at
278 nm.>® It was found that the TA was gradually released to
the medium and the percentage release reached 64.36 + 0.47%
from the P8PVA3-TA hydrogel and 59.55 + 19.05% from the
P10PVA1-TA hydrogel in 10 days (Fig. 6A). The sustained
release of TA from the hydrogels could be attributed to the suc-
cessful functionalization of the hydrogels with TA through the
formation of hydrogen bonds between the hydroxyl functional
groups of TA with the functional groups of PVA and
PEGDA.>>* No significant difference was observed in the TA
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release profile between these two hydrogels, mainly because of
their similar swelling patterns (Fig. 4H). The presence of func-
tional hydroxyl and carbonyl groups in the PVA and PEGDA
structures could likely contribute to the release of TA due to
their role in aiding the swelling of the hydrogels and then
facilitating the release process.>* The release of a low concen-
tration of TA from the adhesive PVA-TA composite was reported
by Lee et al., which continued for 6 days.”® To understand the
release mechanism of TA from the hydrogels, we performed
release kinetic modeling as this can provide valuable infor-
mation about the mechanism controlling the TA release and
its release rate from the hydrogel matrix.® The cumulative
release data (Fig. 6A) obtained for the P8PVA3-TA and
P10PVA1-TA hydrogels were fitted into the three kinetic
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models, namely the zero-order (Fig. 6B), Korsmeyer-Peppas
(Fig. 6C) and Higuchi (Fig. 6D) models. It was found that the
Higuchi kinetic model could best explain the release mecha-
nism of TA from both the PSPVA3-TA and P10PVA1-TA hydro-
gels as the plot showed the highest coefficient of determi-
nation (R* > 0.97), suggesting that the release process of TA
could be controlled by Fickian diffusion.”” TA release also
showed good correlation with the Korsmeyer-Peppas model,
with good linearity (R* > 0.96). The Korsmeyer-Peppas model,
as a semi-empirical model, was applied to better describe the
release mechanism. In this model, depending on the release
exponent (n) value, the release mechanism is controlled by the
Fickian diffusive process (n ~ 0.45), representing anomalous
transport, which is a combination of diffusion and swelling
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Fig. 6 (A) Tannic acid release from P10PVA1-TA and P8PVA3-TA hydrogels, (n = 2, mean + SD); (B—D) kinetic tannic acid release models: (B) zero-
order; (C) Korsmeyer—Peppas and (D) Higuchi models. (E) Schematic illustrating the DPPH radical scavenging activity of tannic acid. (F) DPPH
radical-scavenging activities of the P8PVA3, P8PVA3-TA, and P8PVA3-B hydrogels (n = 2, mean + SD). (H) Inoculated agar plates with bacteria

exposed to the hydrogels after 1 day of incubation.
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(0.45 < n < 0.89), and swelling (7 > 0.89).>® The n value in our
study was measured as 0.47 for the PSPVA3-TA and P10PVA1-TA
hydrogels, indicating that an anomalous diffusion mecha-
nism, a combination of diffusion and polymer swelling or
erosion, mainly controlled TA release from the polymeric
matrix, with TA released with a kinetic constant K of 3.98 mg
mL~" h™* for P8PVA3-TA hydrogel and 3.40 mg mL™" h™**
for P10PVA1-TA. Upputuri et al. reported that the release of
green tea polyphenol encapsulated in casein nanoparticles was
controlled by an anomalous diffusion mechanism by achieving
n values ranging from 0.54 to 0.71 for different loading con-
centrations, pH, and temperature.>® Another study by Ciolacu
et al. showed that the composition of cellulose-lignin hydro-
gels controlled the release of a polyphenolic extract of grape
seed from the hydrogels, and the release behavior was shown
to be controlled by an anomalous diffusion mechanism in
several hydrogel compositions.®® Biomaterials with antioxidant
activity have shown promising results in scavenging free rad-
icals and reducing the oxidative stress caused by ROS. Tannic
acid as a bioactive molecule possesses antioxidant activity due
to its hydroxyl groups in the catechol and galloyl groups.>* For
instance, the DPPH radical-scavenging activity was 96% for a
TA-treated phenolated chitosan-alginate hydrogel and 84% for
a silk-wool hydrogel functionalized with TA.*®*®" We investi-
gated the antioxidant activity of PBPVA3 hydrogels treated with
TA and borax, by performing a DPPH radical-scavenging
activity assay (Fig. 6F). The results reveal that PSPVA3 did not
have antioxidant activity, while PSPVA3-B hydrogels had low
antioxidant activity. However, the TA-treated hydrogel demon-
strated a 79.38 + 0.17% DPPH radical-scavenging activity. This
result aligns with the findings of Hong and Azadikhah et al.,
who found that PVA and PVA-chitosan hydrogels could sca-
venge 92% and 90% of DPPH free radicals when treated with
TA.®>% We expect that the released TA, having a high amount
of OH functional groups, could scavenge free radicals by
donating hydrogen atoms to the DPPH free radicals and con-
verting them to stable reduced DPPH molecules (DPPH-H)
without oxidative activity (Fig. 6E).®*

We carried out antibacterial tests to evaluate the bacterial
response to TA-treated, borax-treated, and non-treated
P8PVA3 hydrogels (Fig. 6G). The PSPVA3 hydrogel showed no
visible antibacterial activity, with E. coli and S. aureus growth
comparable to the control. The PS8PVA3-B hydrogel exhibited
antibacterial effects, likley due to the antimicrobial properties
of borax.®® Almost no E. coli or S. aureus could be seen after co-
culture with P8PVA3-TA, which may be attributed to the anti-
bacterial activity of TA.°® In a previous study, a crosslinked
scaffold based on glycol chitosan (GCS) with PEGDA displayed
antimicrobial activity against S. aureus, with an inhibition rate
of 80%.°” While in another study, a double-network (DN)
hydrogel dressing based on PEGDA and catechol-modified hya-
luronic acid (C-HA) showed slight antibacterial activity against
both S. aureus and E. coli, with antibacterial rates consistently
less than 25%.°® The results demonstrate that the TA-treated
and borax-treated hydrogels possessed superior antimicrobial
activity.
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2.6 Cytocompatibility assessment of the treated hydrogels

To assess the cytocompatibility of the PEGDA-PVA hydrogels,
we performed in vitro cultures of 3T3-L1 fibroblast cells with
the hydrogels and assessed their viability using the MTS assay
after 24, 48 and 120 h (Fig. 7A-C). We found that the cell viabi-
lity remained above 70% at all the tested time points (24, 48,
and 120 h), indicating the biocompatibility of the hydrogels in
accordance with ISO 10993-5:2009.%° Furthermore, no signifi-
cant differences in cell viability were observed among the
different hydrogel formulations (Fig. 7A-C), suggesting that
the presence of B and TA in the hydrogels did not negatively
affect the cell viability at the tested conditions. However, the
cell viability of the hydrogels was lower compared to the
control (cell culture plates) at all the time points (24, 48, and
120 h). This reduction may be attributed to a decrease in the
number of cell adhesion sites on the hydrogels relative to the
standard cell culture plates or gelatin-coated plates surfaces,
as previously reported.”® Additionally, the lower viability might
also have resulted from the leaching of unreacted components
or pH changes induced by the presence of the polymers. A
color shift in the culture medium to yellow during the assay
suggested potential acidification, although no direct pH
measurements were performed to confirm this. Therefore,
further studies are needed to investigate the underlying causes
of the reduced cell viability of the hydrogels compared to the
control, which represents a limitation of the current study.

Performing live/dead staining (Fig. 7D), no excessive cell
death was noted for any of the samples and the cultured 37T3-
L1 fibroblast cells exhibited good, elongated morphologies
with clearly manifested F-actin fibers (Fig. 7E). These results
confirmed the hypothesis that B and TA treatment can be used
as a strategy to enhance materials’ mechanical properties
without compromising cell viability. It was reported that func-
tional coatings could be applied to the polymer surface to
facilitate cell attachment and the formation of a uniform layer
of endothelium.”

To further evaluate the samples’ biocompatibility, in vivo
tests were performed on a larval model (Galleria mellonella).
The G. mellonella model has several advantages over the mam-
malian model, e.g., it does not require ethical approval, larval
maintenance is inexpensive, manipulation is easy, and its
allow rapid experimental execution.”> We first investigated the
ingestion of the samples by G. mellonella. The ingestion
(Fig. 8A and C) was at a similar level and did not result in
larval mortality. The ingestion levels for PSPVA3 and P8PVA3-
TA were comparable and did not result in larval mortality,
whereas PSPVA3-B led to irregularities in the structure of the
epithelial cells (Fig. 8Diii) and showed slight adverse effects on
larval health.

Additionally, in the test assessing larval mortality (Fig. 8B)
when wrapped with the samples (Fig. 8E), the highest mor-
tality rate of 1 out of 3 larvae was observed in the larvae
wrapped with P8PVA3-B, compared to no death incidents for
the larvae wrapped with PSPVA3. In summary, the use of
P8PVA3-B correlated with a certain level of undesired effects.

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Cell viability results after (A) 24 h, (B) 48 h, and (C) 120 h for cells cultured with PEGDA, P8PVA3, P10PVA1 and borax- or tannic acid-treated
samples (cells cultured on a culture plate were used as an experiment control, showing 100% viability), (n = 4, mean + SD, populations were signifi-
cantly different from the control at p = 0.05). (D) Live/dead staining of 3T3-L1 cells cultured with different hydrogels. (E) Confocal images showing
the cell cytoskeleton stained in green (Alexa Fluor 488-Phalloidin) and nuclei in blue (Hoechst).

Therefore, this sample requires further scrutiny, particularly in
in vivo experiments using mammalian models, to evaluate the
potential adverse effects.

3. Conclusions

In this project, we designed a two-component biomaterial
resin composed of PEGDA and PVA. The light-triggered
polymerization of PEGDA and the creation of an interpenetrat-

This journal is © The Royal Society of Chemistry 2025

ing network composite with PVA resulted in a robust and flex-
ible PEGDA-PVA hydrogel. Secondary crosslinking achieved by
borax or TA treatment reduced the brittleness of the PEGDA-
only hydrogel, while gradual TA release endowed the hydrogel
with antimicrobial and antioxidant activities. DLP-printing
technology allowed the fabrication of complex architectures,
including hollow features with sharp edges, which are other-
wise difficult to achieve with conventional extrusion-based
printing processes. The PEGDA-PVA hydrogel, enhanced by
borax and TA post-treatments, demonstrated improved
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Fig. 8 (A) Reduction in the mass of samples being digested by larvae after 168 h of the experiment (n = 3, mean + SD). (B) Mortality rate of the
larvae after exposure to the samples (n = 9, mean + SD). (C) i—ii — ingestion of the P8PVA3-B sample by the larvae; iii — PBPVA3-B sample after
168 h; (D) i — a distinct epithelium with an organized structure, suggesting that the tissue was in a physiological state, without visible signs of pathol-
ogy, such as damage, inflammatory infiltrates, or cell degeneration (P8PVA3); ii — gut content (P8PVA3-TA); surrounding tissue appeared structurally
intact and normal, suggesting no visible pathology. iii — irregularities in the structure of epithelial cells, indicating damage or a response to a stress

factor (P8PVA3-B); (E) i—iii — larvae wrapped in the samples.

mechanical properties, antioxidant activity, and precision in
DLP fabrication. However, acquiring a hydrogel with hierarchi-
cal porosity and controlling the lyophilization conditions,
which could influence the microstructure and morphological
properties of the hydrogels, remain challenges that need
further exploration in future works. In addition, our future
works will explore the optimum concentration of TA and B for
the post-treatment of the DLP-printed PEGDA-PVA hydrogel.

4. Experimental section
4.1 Materials

Poly(vinyl alcohol) with a molecular weight of 72 000 g mol ™,
and ethanol were purchased from Chem-Lab (Zedelgem,
Belgium). Sodium tetraborate decahydrate 99.5% ACS (Borax)
reagent was purchased from Thermo Fisher Scientific (MA,
USA). Tannic acid (95%), with a molecular weight of 1701.23 g
mol~, was purchased from Acros Organics (under Thermo
Fisher Scientific, MA, USA). poly(ethylene glycol) diacrylate
(PEGDA) with a molecular weight of 700 g mol ™", 2,2-diphenyl-
1-picrylhydrazyl (DPPH), lithium phenyl-2,4,6-trimethyl-
benzoylphosphinate (LAP) with a purity > 95%, and quinoline
yellow as well as the inhibitor remover were provided by
Sigma-Aldrich (St Louis, MO, USA). Phosphate buffer saline
(PBS) was purchased from Invitrogen (St Louis, MO, USA).
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4.2 Resin formulation and hydrogel preparation

The resin was prepared by mixing PEGDA and PVA solutions
with a photoinitiator (LAP) and photoabsorber (QY). Before
that, stock solutions of PVA (6% w/v), PEGDA (20% v/v), and
borax (5% w/v) and TA (5% w/v) were prepared. PVA was dis-
solved in deionized water and heated and the inhibitor was
removed from PEGDA using a filtration column and supplier-
recommended inhibitor removers.”® Next, a photoinitiator,
LAP, was added to each formulation for photocrosslinking
(0.2% w/v).

For treatment of the hydrogels, two formulations P10PVA1
and P8PVA3 were treated with TA and borax by immersing in
TA and borax solutions for 72 h at room temperature in the
dark for the TA-treated samples. Finally, they were washed with
distilled water to remove un-bonded TA and borax from the
hydrogels. For the cytotoxicity experiments, the as-prepared
resins were filtered through a 0.22 pm membrane for
sterilization.

4.3 Characterization

Fourier-transform infrared spectroscopy (FTIR). FTIR was
used to determine the chemical structure of the hydrogels as
well as their pure components. The resolution was 4 cm™",
recorded within a range of 400-4000 cm™' using a Bruker
Alpha II instrument.”

Rheological properties. The rheological properties of the

biomaterial resins and hydrogels, with and without borax and
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TA treatment, were investigated using a rheometer (Anton
Paar, MCR 302). The plate-plate measuring system was used at
a temperature of 25 °C, with a 25 mm diameter probe, and the
gap between the two plates was 1 mm. To test the rheological
parameters of the composite resins, the gap was set to
0.3 mm. The sample was placed on the rheometer plate, and
the excess was trimmed before the test. The viscosity of each
sample was then recorded.”

Printability of the hydrogels. The hydrogels were 3D printed
utilizing a DLP printer (ASIGA MAX 27X), with a 405 nm light
source. Quinoline yellow, a water-soluble food dye, was used as
a photoabsorber to ensure high-resolution printing.

To test the printability, the prepared PEGDA-PVA resin was
transferred into a vat. The pre-designed models were converted
into stereolithography (STL) files and sliced in the Z direction,
considering the build layer thickness. The following slices
were projected for every layer to create the pre-designed 3D
object. The resin material was exposed to light irradiation
(405 nm, 5-25 mW cm™?) to cure the subsequent layers. Once
printing was completed, the 3D hydrogel was removed from
the build platform and washed with distilled water to remove
any non-cured polymer.**

Compression tests. Compression tests (Shimadzu AGS-X,
load cell of 20N) were carried out to verify changes in the
mechanical performances of the PEGDA-PVA and pure PEGDA
hydrogel and to determine the impact of the two TA and borax
treatment strategies. Each hydrogel was placed between the
machine’s plates to undergo a single compression test at a
crosshead speed of 1 mm min~". The hydrogels’ compressive
modulus was determined based on the slope of the linear
region in the 0%-5% strain range of the stress—strain curves.”®
The toughness was determined by integrating the stress-strain
curve, and was expressed as the mechanical deformation
energy per unit volume before fracture.””

Antioxidant activity. The TA-treated hydrogels’ antioxidant
activity (% A) was identified according to the DPPH free
radical-scavenging activity method described in the litera-
ture.*® Hydrogels were immersed in 1 mL of DPPH solution
(0.4 mM in ethanol 100%) and incubated at 37 °C in the dark
for 30 min. After 30 min, the UV absorbance of the samples
was measured at a wavelength of 517 nm using a microplate
reader spectroscope (BioTek Instruments Epoch, USA). The %
A of the hydrogels was then calculated according to the follow-
ing equation (eqn (1)):

Abcontrol - Absample

% A=
Abcontrol

x 100, (1)

where Abconiror and Abgample represent the absorbance of the
control (DPPH solution) and the sample (DPPH solution with
hydrogel), respectively.

Swelling and degradation. The swelling properties of the
hydrogels with and without borax and TA treatment were inves-
tigated (n = 3).”® The hydrogels were first freeze-dried,
weighed, and then immersed in 3 mL of PBS (1x) in a sealed
24-well plate, and kept at 37 °C. After 15 min, 30 min, 1 h, 2 h,
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4 h, and 6 h of incubation in PBS, the samples were removed
and excess PBS was drained off with a paper towel, and then
the sample mass was recorded. The swelling ratio was calcu-
lated according to eqn (2).

(mwet - mdry)

SR (%) =~
dry

X 100 (2)

To investigate the degradation properties, the hydrogels
with and without borax and TA treatment were first freeze-
dried, weighed, and immersed in about 2-3 mL of PBS in a
sealed 24-well plate, and kept at 37 °C. After various days, the
samples were removed from the PBS and freeze-dried again.
The remaining mass was calculated according to eqn (3).

Mdayn

RM (%) = x 100 (3)

Mdayo

In vitro release of tannic acid from the hydrogels. The cumu-
lative release of TA from the TA-treated hydrogels was deter-
mined by UV-Vis spectroscopy (Lambda 25 UV/VIS spectro-
meter) using a previously described method.” Briefly, the
hydrogels were incubated in 15 mL PBS at 37 °C in the dark.
Then, 1 mL of release media was withdrawn periodically for
analysis with the UV spectrophotometer. The removed media
was replaced with fresh media to keep the volume constant.
The cumulative release of TA from the hydrogels was then
quantified by measuring the UV-Vis absorbance of the TA in
the release media according to the TA calibration curve
obtained at a wavelength of 278 nm. The calibration curve was
generated using TA standard solution ranging from 0.005 to
0.06 mg mL ™" with an R” value of 0.9953.

Kinetic modeling of tannic acid release. The kinetics of TA
release from the hydrogels was investigated by applying three
kinetic release models, namely the zero-order, Korsmeyer—
Peppas, and Higuchi models, as described by the following
equations (eqn (4)-(6)).>* The models were applied to the
mean values from the cumulative release data (Fig. 6A):

F =Kyt (4)
M,
ﬁt = Kipt" (5)
e
F = Kyt!/? (6)

where F and M,/M, are the cumulative release of TA from the
hydrogels at time ¢; and Ko, Kyp, and Kj, represent the rate con-
stants of the zero-order, Korsmeyer-Peppas, and Higuchi
kinetic models, respectively.”® To understand the mechanism
of TA release, the exponent n value was calculated from the
Korsmeyer-Peppas equation (eqn (5)) by plotting the first 60%
of the cumulative release data.’” The coefficient of determi-
nation (R?), calculated by fitting the kinetic data into the
simple linear regression model, was used to determine the
most appropriate model for describing the release mechanism
of TA from the hydrogel.

Biocompatibility and cell staining. The 3T3-L1 fibroblast cell
line was used to investigate the properties of the PEGDA-PVA
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hydrogel material in vitro. The 3T3-L1 fibroblasts cells were
maintained with Dulbecco’s minimal essential medium (high
glucose), supplemented with 10% FCS, 100 ug mL™" penicillin,
100 U mL™" streptomycin (Thermo Fisher Scientific), in a
humidified CO, cell incubator (37 °C, 5% CO,).*

To evaluate the hydrogels’ biocompatibility and ability to
serve as a support for cell growth and proliferation, the cells
were cultured with the hydrogels for 24, 48, and 120 h. Cell via-
bility was assessed using the MTS assay (CellTiter 96®
Aqueous One Solution Cell Proliferation Assay, Promega,
Madison, WI, USA). First, samples were washed with fresh cell
medium, then, 100 pL of cell medium with 15 pL of MTS
reagent was added to each well containing the sample. Control
wells containing cells grown in the absence of hydrogels were
used to normalize the cell viability to 100%. Samples were
incubated at 37 °C for 3 h and protected from light.®!
Following incubation, the supernatant was recovered and
transferred into a clean 96-well plate. The samples’ absorbance
was read at 492 nm using a microplate reader (Epoch,
BioTek®, USA). The cell viability was calculated at various
times to compare the absorbance values of the control
wells containing cells grown in the absence of the hydrogel®®
(eqn (7).

Absorbance of sample
Absorbance of control

Viability = 100 (7)

The distribution of live/dead cells cultured within the
hydrogel specimens after 48 h was evaluated by incubating the
cells at 37 °C for 45 min with 10 ug mL™" Hoechst and 10 pM
ethidium homodimer diluted in DPBS. Cytoskeleton staining
(F-actin) was performed with 10 pg mL™" Hoechst and 2 pM
Alexa Fluor 488 - Phalloidin in DPBS, with 1% BSA.

Briefly, after washing the samples with DPBS and cell fix-
ation for 20 min at 4 °C with 4% paraformaldehyde (PAF), the
live and dead cells (blue- and red-colored cells, respectively)
were observed through a fluorescent microscope (ZOE, Bio-
Rad, Hercules, CA, USA). To evaluate the cellular morphology,
the cells were fixed with 4% PAF for 30 min, followed by stain-
ing with 10 pg mL™" Hoechst and 2 pM Alexa Fluor 488 -
Phalloidin ((ab176753) - Abcam, Cambridge, UK) in DPBS,
and 1% BSA at room temperature for 90 min. The samples
were observed under a ZEISS LSM900 confocal, inverted micro-
scope (Airscan mode, 10x, 20x objectives). Micrographs were
randomly taken during the observation.*®

Antibacterial activity. The antibacterial activities of the
P8PVA3 hydrogel and B- and TA-treated hydrogels were
assessed against Gram-negative Escherichia coli (E. coli, ATCC
27195) and Gram-positive Staphylococcus aureus (S. aureus,
ATCC 25923) using a previously reported method.*® Briefly,
single colonies of E. coli and S. aureus were inoculated into
10 mL of sterile liquid Muller-Hinton (MH) broth medium
(Sigma-Aldrich St Louis, MO, United States).®* After that, 1.5 x
10° CFU mL™" of bacteria was prepared by diluting the bac-
terial suspension with sterile PBS (0.01 mM, pH 7.4). The bac-
terial suspension was then treated differently on agar plates:
(a) bacteria alone; (b) bacteria + PSPVA3; (c) bacteria + PSPVA3-
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TA. All the tested bacterial species were incubated at 37 °C for
24 h.®® After 24 h of incubation, the bacteria colonies grown
on the agar plates were photographed.

Scanning electron microscopy. To investigate the surface
topography and porosity, different hydrogels samples were
examined by SEM (FEI Quanta 200 FEG). The freeze-dried
samples were first cross-sectioned and coated with platinum
before the SEM observations.®*

X-Ray computed microtomography (Micro-CT) analysis. The
hydrogels were scanned with a micro-CT scanner (NEOSCAN
N80, Mechelen, Belgium) to investigate the porosity and pore
size of the 3D structure. The scanned images were acquired by
scanning the scaffolds at 50 kV, 80 uA, with an image pixel size
of 2.0 pm, rotation step of 0.2°, and averaging (Nframes) of 8
frames without a filter. The scanned images were further
reconstructed by adjusting the parameters of misalignment
correction and beam hardening at —10.0 and 20 pixels,
respectively, with a ring correction of 10 and beam hardening
of 20%, which were then 3D visualized using the software. To
measure the porosity and pore size of the samples, object ana-
lysis was performed on 3 different single slices within the
volume of interest (VOI). The analysis results are the average of
the obtained data from 3 single slices of each sample.

Digestion of the samples by Galleria mellonella larvae and
histopathological examination of larval tissue. G. mellonella
larvae were reared at 30 °C in darkness. Sixth-instar larvae,
each weighing 0.2 + 0.02 g, were selected for the experiments.
Each sample type was sectioned and weighed; an approxi-
mately 0.05 g piece was introduced to an individual larva and
incubated for 168 h. The sample was weighed every 24 h.
Subsequently, the larvae were fixed in 2% formaldehyde and
subjected to histopathological examination using standard
hematoxylin and eosin (H&E) staining. A total of nine larvae
were used for this experiment.

Cytotoxicity of locally applied samples on G. mellonella
larvae. Sixth-instar larvae, each weighing 0.2 + 0.02 g, were
selected for the experiments. The larvae were embedded
within the samples. In addition to PSPVA3, PS8PVA3-B, and
P8PVA3-TA, a usability control (sterile cotton material soaked
with the pesticide permethrin) and a growth control (sterile
cotton material soaked with saline) were employed. Nine
larvae per group were used, totaling 45 larvae for this experi-
ment. The experiment was conducted over 168 h, with the
daily monitoring of larval mortality. Death was defined by
immobility, melanization, and a lack of response to physical
stimuli.

4.4 Statistical analysis

Data are shown as the mean + standard deviation (SD), with
the number of independent samples (n) indicated in the figure
captions. Given the small sample sizes in this study, non-para-
metric statistical methods were used to ensure the robustness
of the analysis without reliance on normality assumptions.
The Kruskal-Wallis test was employed for comparisons
between groups in the mechanical tests (compressive
modulus, toughness, and number of compression cycles), fol-
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lowed by Dunn-Sidak’s test for the post-hoc pairwise compari-
sons. For the cell viability results, the timepoint was treated as
an independent factor, and the Kruskal-Wallis test was used
for group comparisons, with the significance level reported in
the figure captions. In-depth pairwise comparisons for cell via-
bility were not performed due to the limited statistical power.
All the statistical analyses were performed using Origin Pro
2021.
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