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Abstract

Immunoregulation is an emerging treatment strategy to promote wound healing by mod-
ulating the local immune system at the wound site. In this study, an extracellular matrix
biomimetic and polysaccharide-based hydrogel was engineered to regulate the wound
immune environment through Michael-type addition between maleimidyl pullulan and
chitosan modified with hydroxyproline. The proposed hydrogel exhibited favorable in-
jectable and self-healing properties, which facilitated the full coverage of irregularly shaped
wounds. A natural polyphenol, epigallocatechin-3-gallate (EGCG), was incorporated into
hydrogels, which thereby exhibited excellent biocompatibility, good reactive oxygen species
(ROS) scavenging ability, anti-inflammatory activity, and antibacterial properties against
S. aureus and E. coli. Furthermore, evaluations of a full-thickness skin defect mice model
showed that the hydrogel with EGCG effectively alleviated the inflammatory response
by reducing pro-inflammatory cellular infiltration and down-regulating the inflammatory
cytokine TNF-o, while up-regulating anti-inflammatory cytokine IL-10. Notably, a faster
wound healing rate was also achieved by the better promotion effect of the hydrogel on
increasing the formation of re-epithelialization, granulation tissue generation, collagen
deposition, and angiogenesis. Therefore, our immunoregulatory strategy showed great
potential in the design of biomaterials for wound management.

Keywords: immunoregulation; anti-inflammation; wound healing; polysaccharide; EGCG

1. Introduction

As the outer barrier of the body, the skin has evolved a set of complex and efficient
immunoregulation mechanisms to maximally restore the tissue function and integrity when
damaged [1]. Cells of the immune system are important participants in the wound repair
process, in which skin injuries, if not treated promptly and effectively, are susceptible
to excess oxidative stress arising from ROS and bacterial infection [2-5]. This can result
in a sustained influx of pro-inflammatory cells, primarily composed of neutrophils and
macrophages, at the wound site, which then promotes the excessive secretion of inflam-
matory cytokines and the expression of proteases [6,7]. Meanwhile, dermal reconstitution
and blood vessel growth were significantly hindered by the high wound protease levels,
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which not only destroyed the local extracellular matrix, but also degraded growth fac-
tors [8,9]. These resulting consequences would prolong the transformation of wound from
inflammation to proliferation, thus delaying the formation of new healthy tissues [10,11].
Therefore, it is of clinical importance to engineer novel wound dressings with the capacity
to prevent bacterial invasion, scavenge ROS, and alleviate the inflammatory response and
oxidative stress at the wound site, which expedites wound healing quickly and effectively.
Compared with the traditional gauze and bandages dressings with low bioactivity and
degradation [12,13], hydrogel has showed unparalleled advantages as potential candidates
for wound dressings not only because of their biocompatibility and biodegradability, but
also due to their customizable multifunctionalities (e.g., anti-inflammatory, antioxidant,
and antibacterial properties) and tailored mechanical properties [14-17].

Apart from satisfactory antibacterial and antioxidant abilities of biomaterials, a
suitable immune microenvironment is essential after biomaterial imposition for wound
healing, which influences numerous physiological processes, including angiogenesis, re-
epithelialization, and tissue remodeling [18,19]. An uncontrolled inflammatory reaction
to implants may result in foreign body reactions, such as fiber encapsulation and im-
plant defeat, ultimately inhibiting wound healing [20]. Thus, the strength and duration
of inflammation would eventually decide the biocompatibility and dependability of the
biomaterial implanted in body. Macrophages, as critical regulatory cells in the immune
microenvironment, exhibit dynamic changes in phenotypes and functions during tissue
regeneration [21-23]. M1-type macrophages, observed mainly in the initial tissue injury re-
sponse, increase the expression of pro-inflammatory cytokines to promote innate immunity
and wound debridement. However, persistent inflammatory response could prolong the
wound healing process. M2-type macrophages produce anti-inflammatory cytokines and
uptake pathogens, which help to resolve inflammation and accelerate tissue formation and
remodeling [24,25]. Therefore, the convertible transformation of macrophages from M1-
type to M2-type dominates the wound healing process. The active tuning of macrophage
polarization has been considered an effective design strategy for biomaterials to exploit the
host immune response, thus enhancing biomaterial-tissue incorporation and tissue repair.

Macrophages could also incisively sense immune signals at the wound site where bio-
materials were implanted and accordingly showed different phenotypes. For instance, the
polarization of macrophages can be regulated not only by the physicochemical properties
of biomaterials, such as hydrophilicity and hydrophobicity [26], surface softness and hard-
ness [27], and the components of materials [28], but also by the active compounds loaded in
the biomaterials such as cytokines [29], inorganic metal ions [30], plant-derived drugs [31],
and so on. These findings suggest that the immune response at the wound site can be
modulated by tailoring the physicochemical properties of implanted biomaterials, thereby
regulating macrophage polarization and promoting the transition from the inflammation
to proliferation in wound repair process.

Natural polysaccharides, such as chitosan, hyaluronic acid, and pullulan, have been
frequently used in hydrogel-based wound dressings due to their intrinsic biocompati-
bility and physicochemical and biological properties similar to those of the extracellular
matrix [32,33], thereby providing a new and healthy niche for cell infiltration and prolif-
eration. Epigallocatechin-3-gallate (EGCG) is a well-known natural polyphenol extracted
from green tea and exhibits cardiovascular protection, anti-oxidative and antibacterial
properties [34-36]. However, the rapid metabolism and light sensitivity of EGCG limit
its bioavailability, while the direct administration of EGCG at the wound site may induce
toxicity due to its high local concentration, thus leading to an ineffective therapeutic ef-
fect [37,38]. Therefore, EGCG was generally combined with nanoparticles or encapsulated
into hydrogels to enhance its stability and bioavailability [39,40]. Furthermore, it also
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inspires us to investigate the therapeutic effects of EGCG on wound healing, especially its
influences on the local immune microenvironment and angiogenesis at the wound site.

In this paper, we developed an extracellular matrix biomimetic (ECM) and polysaccharide-
based hydrogel dressing incorporated with EGCG to study its influences on the regulation
of immune microenvironment at the wound site (Scheme 1). The Pullulan and chitosan
were chosen as hydrogel backbones for their excellent bioactivity in immune regulation and
tissue repair. Hydroxyproline was an amino acid found in collagen elastin that was an im-
portant component of ECM and could improve wound healing by promoting the expression
of new collagen and the repair of damaged epithelial structures [41,42]. Then, it was grafted
to chitosan to recapitulate the glycoprotein components in ECM [43-45] and improve the
solubility of chitosan in water and its compatibility. Subsequently, hydroxyproline-modified
chitosan reacted with 3-maleimidopropionic acid-modified pullulan through Michael-type
addition to engineer the composite hydrogel. It not only exhibited injectability, self-healing,
and tailored mechanical properties, but also excellent biocompatibility, antioxidant, and
antibacterial properties. Notably, when evaluated in a full-thickness skin defect mice model,
it can obviously reduce wound inflammation and accelerate wound healing by increasing
angiogenesis, collagen deposition, and granulation tissue formation. Taking these advan-
tages into account, our immunomodulation-based strategy has shown great potential for
clinical application.
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Scheme 1. Schematic illustration of the preparation of polysaccharides-based hydrogel with multi-
functional properties and its therapeutic effect for skin regeneration.



Gels 2025, 11, 732

4 0f22

(a)

(o]
o )
DCC/HOBt
% + I N _\)LOH —_—
OH DMSO H
o

Pullulan

(b)

2. Results and Discussion
2.1. Synthesis of Pul-Mal and CS-Pro

Inspired by the proteoglycan in ECM, chitosan was modified with L-hydroxyproline to
recapitulate the glycoprotein components in ECM. Pul-Mal was prepared through esterifica-
tion between pullulan and 3-maleimidopropionic acid (Figure 1a). Then the multifunctional
hydrogel was formed by homogeneously mixing Pul-Mal and CS-Pro containing different
concentrations of EGCG through Michael-type addition (Figure 1c) [46]. The successful
synthesis of Pul-Mal and CS-Pro was determined by 'H NMR and FT-IR spectra.
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Figure 1. Synthesis process of Pul-Mal (a) and (b) CS-Pro. (c) Illustration of Michael-type addition
between Pul-Mal and CS-Pro.

As shown in Figure 2a, compared with the spectra of Pullulan, the new characteristic
absorption peak at 6.84 ppm in Pul-Mal was ascribed to the 'H proton peak of -CH=CH- in
the maleimide group [47], while the peaks at 2.75~2.83 ppm were assigned to the methylene
(-CH;-CH>-) of maleimide adjacent to the amide bond. Moreover, the lyophilized Pul-
Mal showed new absorbance bands at 1700 cm~! and 1680 cm ™! in the FT-IR spectrum,
corresponding to the stretching vibration of -C=0 and -C=C- from the maleimide group,
respectively (Figure 2b). The above results confirmed the successful grafting of maleimide
to pullulan. The degree of substitution (DS) of 3-maleimidorpopionic acid in Pul-Mal
was calculated by the ratio of the peak area corresponding to the hydrogen atom of the
-C=C bond in the maleimide groups (5 = 6.84 ppm) to the peak area corresponding to
the hydrogen atom (6 = 5.24~5.44 ppm) on the main chain of pullulan, and the DS was
about 6%.

As shown in Figure 2c, the characteristic peaks at 3.07 ppm and 3.64~3.83 ppm corre-
sponded to H protons at positions 1, 2, 3, 4, and 5 of the CS, respectively [48]. Compared
with CS, the peaks at 1.82 ppm, 2.35 ppm and 4.62 ppm in the spectra of CS-Pro corre-
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sponded to the 'H absorption peaks at position “a”, “b” and “c” of L-hydroxyproline,
respectively. In the FT-IR spectra of Chitosan (Figure 2d), the peak at 3226 cm~! and
2863 cm~! was attributed to the stretching vibration of -OH bond and that of C-H, respec-
tively. In addition, the adsorption peak at 1615 cm ™!, 1514 cm !, 1383 cm ! and 1120 cm ™!
was assigned for the -C=0 stretching vibration of amide I band, bending vibration of the
N-H (amide II band), OH bending and anti-symmetric stretching vibration of the C-O-C
bridge, respectively [49,50]. In the spectra of CS-Pro, the adsorption peaks at 3352 cm ™!
and 2852 cm ! correspond to the stretching vibrations of N-H and -CH, in hydroxyproline,
respectively. Moreover, the intensity of the -C=0O stretching vibration increased, while that
of the N-H bending decreased, which could be attributed to the formation of an amide bond
between hydroxyproline and chitosan. These results confirmed that the hydroxyproline
was successfully grafted to the chitosan. Through 'H NMR spectrum of CS-Pro, the DS of
hydroxyproline in CS-Pro was calculated from the peak area corresponding to the hydrogen
atom at the “c” peak of hydroxyproline (6 = 4.68 ppm) to the peak area corresponding to
the hydrogen atom at the chitosan backbone (“1”, 6 = 2.98 ppm). The DS of hydroxyproline
was calculated to be about 53%. As seen in Figure 3a, the successful preparation of hydrogel
was also characterized by FT-IR. Compared with Pul-Mal, the hydrogel had a weak peak at
1680 cm ™!, indicating that the -C=C- group in 3-meleimidopropionic acid was consumed by
Michael addition. Meanwhile, there was e new peak at 1248 cm ™!, which was ascribed to
the stretching vibration of C-N due to the reaction between Pul-Mal and CS-Pro. Moreover,
the new peak at 1521 cm~! was ascribed to deformation vibration of the benzene form
EGCG, conforming that EGCG was encapsulated into hydrogels.
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Figure 2. (a) "H NMR and (b) FT-IR spectra of Pullulan, Pul-Mal and Mal. (c) 1H NMR and (d) FT-IR
spectra of CS, CS-Pro, and L-hydroxyproline.
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Figure 3. (a) FT-IR spectra of EGCG, Pullulan, CS-Pro and Hydrogel. (b) SEM images and pore size
(c) of hydrogels (*** p < 0.001).

2.2. Physicochemical Properties of the Composite Hydrogels

Furthermore, the surface morphology of the hydrogels was characterized through
SEM. The images obtained in Figure 3b indicated that the prepared hydrogels possessed
a three-dimensional porous structure, which helped to improve water absorption, drug
release, nutrient transportation, cell migration, and proliferation [51]. As shown in Figure 3c,
the pore diameter of Gel 1, Gel 2, and Gel 3 was 105.9 £ 27.7 pm, 121 + 42.4 um, and
144.2 + 44.1 um, respectively. This result showed that pore size of hydrogels increased
with the gradual increase in EGCG concentration, which might be because the addition
of EGCG waken the cross intensity of hydrogels. Furthermore, an appropriate swelling
ratio was necessary for wound dressings to maintain a moist environment in the wound,
which would promote wound healing. Interestingly, the addition of EGCG also influence
the swelling ratio of hydrogels. As shown in Figure 4a, swelling ratio of hydrogels in
the equilibrium stage first increased and then decreased. It showed that the composite
hydrogels exhibited a strong water absorption capacity, with swelling ratios of 3353%,
3908%, and 3755% after immersion in PBS solution, respectively. That suggested these
hydrogels possessed excellent ability to absorb tissue exudate and maintained a most
environment, which benefited to reduce infection and accelerate the wound healing. To
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attain effective therapeutic outcomes, a sustained release of EGCG was preferred at the
wound site. Then the in vitro release behaviors of EGCG in the hydrogels were investigated.
As shown in Figure 4b, Gel 2 and Gel 3 exhibited a continuous release profile without
significant burst release, and the release rate in 96 h for Gel 2 and Gel 3 was 27% and 38%,
respectively. The accumulative release rate of Gel 2 was lower than that of Gel 3. That was
because Gel 2 had a more compact network structure than Gel 3.
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Figure 4. (a) Swelling ratio of hydrogels. (b) Release profile of EGCG in the composite hydrogels.
(c) Time sweep, (d) Strain sweep, (e) Frequency sweep, (f) Viscosity of hydrogels. (g) Extrusion of Gel 1
through the needle. (h) Continuous time sweep of Gel 1 with alternate strain for three cycles (low strain
at 1% for 100s and high strain at 700% for 100 s). (i) Macroscopical self-healing property of Gel 1.

Hydrogel-based wound dressings with suitable mechanical properties are highly
appreciated when used in medical applications. Herein, the rheological properties of
hydrogels were characterized by a rheometer. As shown in Figure 4c, the storage modulus
(G”) and loss modulus (G”) in the time sweep test increased along with time, and the value
of G" was still larger than G”, indicating the formation of a gel. It was worth noting that
the value of G’ decreased with the gradual growth of EGCG concentration, indicating that
the addition of EGCG might weaken the hydrogel network. That was probably due to the
hindering effect of EGCG to the cross-link of hydrogel backbones. When subjected to the
strain sweep, G’ kept relatively stable during the linear viscoelastic regime (Figure 4d).
As the strain continuously rose, the G” gradually decreased until a certain point, where
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G” was larger than G’, indicating the collapse of the hydrogel structure. In 0.1~10 Hz
frequency sweep range (Figure 4e), G’ was larger than G”, exhibiting the stable structure
and elasticity of hydrogel. However, when the frequency increased, G’ gradually decreased
to the crossing point where G” exceeded G’, denoting the disruption of hydrogel network.
In brief, both strain sweep and frequency sweep results showed that the addition of EGCG
weakened the mechanical properties. In Figure 4f, the viscosity of hydrogels decreased
along with the increase in shear rate from 1 to 100 s~!, showing that hydrogels possessed
the shear-thinning property. This would allow the hydrogel to be injected directly and fully
cover the irregularly shaped wound site (Figure 4g). Moreover, when applied in medical
applications, the structure of hydrogels is inevitably damaged or deformed by external
forces, thus compromising their therapeutic efficacy. Therefore, hydrogels with self-healing
properties can restore their network structure through reversible chemical bonds, thus
extending their usage lifespan. In this study, the step strain test was conducted to evaluate
the rheological recovery behavior of hydrogel (Figure 4h). Taking Gel 1 for example, under
1% strain, G’ was larger than G”, indicating the formation of a gel network. When under
high strain (700%), G” was larger than G’, and the network structure of hydrogel was
destroyed. Interestingly, when the strain was adjusted to low strain (1%), G’ was again
larger than G” during the test, meaning the restoration of the hydrogel network structure.
Figure 4i exhibited the macroscopic self-healing test of Gel 1. Two pieces of hydrogels with
different colors could integrate after contacting for 1 h owing to a Michael-type addition
between the unreacted amine group from chitosan and the maleimide group from Pul-Mal.

2.3. Antibacterial Properties of Hydrogels

Microorganism invasion can result in an adverse and persistent inflammatory response,
in which macrophages and neutrophils accumulate at the wound site and then secrete
inflammatory cytokines, activate the production of metalloproteinases, and destroy the
newly formed and regenerated tissue [52,53] thus hindering tissue repair and wound
healing [54,55]. Therefore, the antibacterial activities of hydrogels were investigated against
E. coli and S. aureus. In Figure 5a,b, the hydrogels showed EGCG content-dependent
antibacterial activity. The kill ratio of Gel 1, Gel 2, and Gel 3 for E. coli was 14.5%, 28.9%
and 65.8%, while that for S. aureus was 54.5%, 65.7% and 84.1%, respectively. Moreover,
as shown in Figure 5c, compared with the control group, SEM images revealed that the
cell wall of bacteria cultured with hydrogels was significantly damaged, confirming the
outstanding inhibiting efficiency of hydrogels, which was attributed to the synergistic effect
of EGCG and chitosan.

2.4. Biocompatibility of Hydrogels

The biocompatibility of biomaterials when used in vivo is a widely concerned issue.
Hence, a hemolysis test was conducted to evaluate the blood compatibility of hydrogels. In
the hemolysis evaluation, deionized water was considered as the positive control group,
while PBS buffer solution served as the negative control group. As shown in Figure 5d,
compared with the positive control group, the supernatant in the hydrogel treated groups
was clear and transparent, with no blood cell precipitation at the bottom. The hemolysis
ratios of all groups (Figure 5e) were lower than the international standard of 5% [56].

Furthermore, the biocompatibility of the prepared hydrogels was evaluated through
coculture between L1929 cells and hydrogel extract. The results of Live/Dead staining in
Figure 5f exhibited that green fluorescence labeling live cells, was observed in all hydrogel
groups. After 5 days’ incubation, compared with the control group, the hydrogel groups
with EGCG showed no large area of cell death. The cell viability rates in all groups
were higher than 70% (Figure 5g), which met the international biomaterial standards
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(ISO 10993, 2009) [15]. These results exhibited that the prepared composite hydrogels
possessed excellent cytocompatibility.
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Figure 5. (a) Photographs and (b) bacterial killing ratios of hydrogels against S. aureus and E. coli.
(c) SEM images of S. aureus and E. coli after being cultured with hydrogels. Orange arrows indicated
the damaged cell wall of bacteria. (d) Hemolytic photographs and (e) Statistical hemolysis ratios of
hydrogels. (f) Images of L929 cells after being cultured with hydrogel extract for 1, 3, and 5 days by
Live/Dead fluorescence staining. (g) Survival rates of 1.929 cells incubated with hydrogel for 1, 3,
and 5 days via CCK-8 assay. (h) DPPH scavenging efficiency of hydrogels (*** p < 0.001).

2.5. Antioxidant and Anti-Inflammatory Activities

Excessive production of ROS can disrupt the intracellular balance between oxidation
and antioxidation, leading to oxidative damage in the wound environment and thereby ag-
gravating the inflammatory response and delaying tissue repair and wound healing [23,57].
Herein, hydrogel dressings with strong ROS scavenging ability are beneficial for adjusting
the wound microenvironment and promoting wound healing. The efficiency of scavenging
DPPH was investigated to assess the antioxidative activity of the hydrogels. In Figure 5h,
the DPPH scavenging rates of the hydrogels increased with the gradual increase in EGCG
concentration, likely due to the multiple phenol groups of EGCG.

Furthermore, the intracellular ROS levels of macrophages (RAW 264.7) cells in re-
sponse to lipopolysaccharide (LPS) treatment were detected by DCFH-DA staining for
evaluating the scavenging efficiency of our hydrogels on ROS. DCFH-DA could enter
the macrophages and easily oxidized by intracellular ROS into a compound with high
fluorescence [16]. In Figure 6a, the control group presented no obvious green fluorescence,
while the LPS-treated group showed strong green fluorescence. That indicated LPS in-
duced macrophages to produce excessive ROS. However, as shown in Figure 6b,c, the
green fluorescence of the hydrogel groups was significantly reduced compared with the
LPS-treated group. These results indicated that the composite hydrogels with EGCG had a
favorable antioxidative ability and possessed great potential to clear free radicals, which
was beneficial for relieving inflammatory responses at the wound site.
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intracellular ROS level of RAW264.7 cells after different treatments. *** p < 0.001.

2.6. In Vivo Wound Closure and Healing

A full-thickness skin defect mice model was used to evaluate the promoting effect
of hydrogels on wound healing. As shown in Figure 7a—c, the wound healing process of
full-thickness skin defect mice model was photographed on day 0, 4, 7, 10, and 14. On the
7th day after wound formation and hydrogel treatment, the control group had the highest
wound area, at 64% (Figure 7d). However, compared with the control group, Gel 1 and
Gel 2 significantly reduced the wound area, with the increase of 18% and 21% in closure
percentage, respectively. Notably, Gel 3 achieved a healing rate of 65%, demonstrating
the most effective therapeutic effects. On day 14, the wound area in all groups shrank,
while Gel 3 exhibited the best performance with a wound closure percentage of 93%.
Nevertheless, the wound regions were still observed in other groups, while the wound
areas of the control group, Gel 1, and Gel 2 were 18%, 14%, and 10%, respectively. These
results indicated that EGCG from the hydrogel significantly promoted wound healing.

2.7. Histological and Immunohistochemical Evaluation of Wound Regeneration

To assess wound healing equality, tissue sections from the wound site on days 7 and
14 were excised for H&E staining and Masson staining. Wound closure was a key indicator
for evaluating the wound healing process. The length of wound tissue and the thickness
of epidermis and granulation tissue on day 14 were measured from the images of H&E
(Figure 8a). On day 14, compared with other groups, Gel 3 showed superior healing
efficiency in reducing wound length, with a wound distance of 2456 um (Figure 8b). In
contrast, the control group, Gel 1, and Gel 2 had a wound distance of 8892, 5790, and
3342 um, respectively. Moreover, the thickness of epidermis and granulation tissue was
also an important indicator for wound healing. On day 7, the granulation tissue in all
groups was loose and incomplete, as shown in Figure 8a. However, on day 14, the Gel 3
group had a much thicker layer of epidermis and granulation tissue than the other groups.
In addition, Masson staining was performed to assess the collagen deposition, which was
colored blue. The hydrogel groups possessed the highest amount of collagen, as indicated
by the images of the stained tissue, which showed a deeper blue color compared with the
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control group. These results suggested that the hydrogel exhibited excellent therapeutic
effects in promoting wound healing, likely due to the antioxidative properties of EGCG
and its ECM-mimicking structure.

(a) % ‘e i “ A
Skin H&E Staining and Immunohistochemistry
Healthy mouse punch Treatment Observation Masson’s trichrome staining
Staining
Day 0 Day 0 Day 0, 4, Day 7, 14 Day 14

7,10, 14

Day 4 Day 7 Day 10

Day 14

(©

Gel 1

Gel 2

Gel 3

Figure 7. In vivo experiments on wound healing in the full-thickness mouse skin defect model.
(a) Schematic diagram of the experimental schedule. (b) Photographs of representative repaired
wounds in different groups at days 0, 4, 7, 10, and 14, respectively. (c) The schematic diagram of
wound healing process subjected to different treatments. (d) Quantitative analysis of the wound
remaining area in different groups (* p < 0.05 and *** p < 0.001).

It has been acknowledged that the wound inflammation microenvironment is of great
importance in the wound healing process and tissue repair. Severe inflammation can
recruit more monocytes and macrophages to accumulate in wounds, which further secrete
inflammatory cytokines, promote the production of metalloproteinases, and impair wound
healing, thus creating a vicious cycle [58,59]. To assess the degree of inflammatory response
at the wound site, the infiltration of immune cells, including monocytes and macrophages,
was quantified by CD11b staining. As shown in Figure 9a, the control group had the
highest number of CD11b cell infiltration, and the infiltration rate of CD11b cells was 68%,
indicating a serious inflammatory response, while that of Gel 1, Gel 2, and Gel 3 was, 45%,
39% and 19%, respectively. Among the various immune cells, macrophages play a crucial
role in mediating the inflammatory response and are typically divided into two main
types: pro-inflammatory M1 macrophages and anti-inflammatory M2 macrophages [60].
M1-type macrophages are a crucial indicator for the inflammatory response and produce
substantial amounts of pro-inflammatory cytokines, facilitating the effective control and
clearance of infections [61]. Meanwhile, M2-type macrophages are anti-inflammatory and
possess the ability to upregulate anti-inflammatory cytokines that expedite tissue repair and
wound healing [62,63]. Therefore, the M1-type and M2-type macrophages at the wound site
were stained with CD86 (green) and CD206 (red) for visual observation, respectively. As
presented in Figure 9b—d, the control group exhibited strong green fluorescence, suggesting
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a high infiltration rate of M1 macrophages and a serious inflammatory environment. In
contrast, the number of M1 macrophages in the hydrogel groups decreased significantly
along with the increase in EGCG concentration, implying a low degree of inflammatory
response. It is noteworthy that the gradual decrease in M1 macrophages and increase in
M2 macrophages, is a crucial event in the transition of wound healing from inflammation
to the proliferation stage [64]. Interestingly, compared with the control group, a larger
amount of M2 macrophages was observed in the hydrogel group with EGCG (Figure 9e).
These results suggested that EGCG could effectively reduce the influx of immune cells
and alleviate the inflammatory response by promoting the transition from the M1-type to
the M2-type, subsequently facilitating wound repair. This was further confirmed by the
expression of various cytokines at the wound site.

(a) Control Gel 2 Gel 3

Hematoxylin&Eosin
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Figure 8. Therapeutic effects of hydrogels on wound healing. (a) Representative images of H&E and
Masson histological staining of wound sections on day 7 and day 14. Quantitative analysis of the
length of wound distance (b), epithelial thickness (c), and granulation tissue thickness (d) on day 14.
*p <0.05,*p <0.01, and *** p < 0.001.
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As depicted in Figure 10a—c, the higher expression of TNF-« in the control group
indicated a more serious inflammatory response than other groups. Meanwhile, a higher
production of IL-10 in the hydrogel groups manifested a weaker inflammatory response,
compared with the control group. These results suggested that EGCG, with its ROS scav-
enging ability, can attenuate the inflammatory response by downregulating TNF-« and
upregulating IL-10, thereby benefiting reduction in the inflammatory response and acceler-
ating wound healing. Additionally, vascularization is considered an important event in
wound healing, as tissue regeneration relies on blood vessels to transport oxygen and nutri-
ents [65,66]. Therefore, the expression levels of platelet endothelial cell adhesion molecule-1
(CD31) and a-smooth muscle actin (x-SMA) were assessed through immunofluorescence
staining to evaluate neovascularization and maturation [67]. As shown in Figure 10bf,
all the hydrogel groups exhibited higher expression levels of CD31 and a-SMA than
the control group, while the Gel 3 group showed the highest expression of CD31 and
x-SMA, suggesting EGCG possessed better angiogenesis ability and could effectively drive
wound repair.
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Figure 9. Immunofluorescent images of wound sections on 4th postoperative day. (a) Representative
images and (c) quantitative analysis of CD11b staining. (b) Representative images and (d,e) quan-

titative analysis of CD86/CD206 immunofluorescence staining of wound sections. * p < 0.05, and
***p <0.001.
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Figure 10. (a) Immunofluorescence images of TNF-« and IL-10. (b) Immunofluorescence images of
CD31 and a-SMA. Quantitative statistics of the expression level of immunohistochemical TNF-« (c),
IL-10 (d), CD31 (e), and a-SMA (£). *** p < 0.001.

3. Conclusions

In summary, a polysaccharide-based and ECM biomimetic composite hydrogel was
engineered through Michael-type addition between maleimidyl pullulan and chitosan
modified with hydroxyproline. The engineered hydrogels showed good viscoelasticity,
self-healing properties, and ECM-mimicking structure. Natural polyphenol EGCG was
loaded into the hydrogels, exhibiting a sustained release profile that exerted multiple
synergistic effects, including antioxidative, antibacterial, and anti-inflammatory activities.
Notably, when applied in a full-thickness mouse skin defect model, the sustained release
of EGCG could regulate the inflammatory response at the wound site, facilitating the
transition of macrophages from the M1 to the M2 phenotype, thereby allowing the wound
healing process to transition smoothly from the inflammatory phase to the proliferative
phase. Most importantly, the hydrogel-treated group achieved a faster wound healing rate
by promoting re-epithelialization, granulation tissue generation, collagen deposition, and
angiogenesis. Therefore, considering all the benefits, our proposed hydrogel dressing has
great potential in clinical trials related to skin injury management.
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4. Materials and Methods
4.1. Materials

Chitosan (CS with a degree of deacetylation of 90%, My, ~ 2 X 10° Da), L-
hydroxyproline (99%), Pullulan (M,, ~ 5 x 10° Da), 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (EDC-HCI, 98%), Epigallocatechin-3-gallate (EGCG,
98%), dimethyl sulfoxide (DMSO, >99.8%) 2-Morpholinoethanesulfonic Acid (MES,
>99.5%), 1-hydroxybenzotriazole (HOBT, 99%), N-Hydroxysuccinimide (NHS, 98%),
3-maleimidopropionic acid (Mal, >97%), 2,2-diphenyl-1-(2,4,6-trinitrobenzene) hydrazine
(DPPH, >98.5%), 2',7'-dichlorodihydrofluorescein diacetate (DCFH-DA, 97%), dicyclohexyl-
carbodiimide (DCC, 99%), were purchased from Aladdin (Shanghai, China). All of the
other commercial reagents and solvents were used without further purification.

4.2. Preparation of Pullulan Modified with Maleimide (Pul-Mal)

Pullulan modified with maleimide was synthesized according to the reported method
with slight modifications [47]. 1 g of pullulan polysaccharide, 0.62 g of DCC, and 0.3 g
of HOBT were dissolved in 30 mL of DMSO. 0.25 g of 3-maleimide propionic acid was
dissolved in 10 mL of DMSO and then added into the aforementioned solution. The
mixture reacted at 37 °C for 48 h and dialyzed in deionized water with a dialysis membrane
(8000-14,000 Da, Yuanye, Shanghai, China) for 5 days. After freeze-drying, the product
was stored in a refrigerator at —20 °C for further use.

4.3. Chitosan Functionalized with L-Hydroxyproline (CS-Pro)

Firstly, 2 g chitosan was dissolved in 200 mL 1% acetic acid aqueous solution. Then,
1.6 g of L-hydroxyproline, 1.6 g of NHS, and 2.8 g of EDC-HCl reacted in 50 mL of MES
buffer (pH 5.0) for 30 min and then added into chitosan solution and reacted for 24 h. Finally,
the mixed solution was dialyzed in water using a dialysis membrane (8000-14,000 Da,
Yuanye, China) for 5 days, and then lyophilized to obtain the product.

4.4. Chemical Characterization of Synthesized Polymers

The chemical characterization of CS-Pro and Pul-Mal was studied by Fourier transform
infrared spectroscopy (FT-IR) and nuclear magnetic resonance (‘"H NMR).

FT-IR spectra of CS-Pro, CS, pullulan, and Pul-Mal were characterized within the
range between 4000 and 400 cm~! on FTIR spectrometer (Thermofisher IS50, Thermo
Fisher Scientific, Waltham, MA, USA) with a resolution of 4 cm L

Nuclear magnetic resonance (*H NMR): 20 mg CS-Pro, CS, pullulan, and Pul-Mal
were dissolved in 700 uL D,O. The spectra were conducted by HNMR spectrometer at
600 MHz (JEOL ECZ600R/S3, JEOL, Tokyo, Japan).

4.5. Preparation of the Composite Hydrogels

0.06 g Pul-Mal was dissolved in 1 mL PBS (pH 7.4, 10 mM) to obtain 6% w/v Pul-Mal
solution. A 3.5% w/v CS-Pro solution was prepared by dissolving 0.175 g CS-Pro in 5 mL
of PBS. Subsequently, 0.05 g and 0.15 g of EGCG were added into the CS-Pro solution,
respectively. Finally, the hydrogel was engineered by blending a 6% Pul-Mal solution and
CS-Pro/EGCG solution in equal volumes at room temperature. The as-prepared hydrogels
with 1% and 3% EGCG content were designated as Gel 2 and Gel 3, respectively. In the
meantime, the hydrogel without EGCG served as the control group and was designated
as Gel 1.
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4.6. Characterization of Hydrogels
4.6.1. Hydrogel Morphology

The prepared functional hydrogels were freeze-dried and then cut into slice samples.
Subsequently, the platinum layer needs to be sprayed on the surface of the slices. Finally,
the internal microstructure of the hydrogels was characterized using a scanning electron
microscope (SEM) (Hitachi S-4800, Hitachi, Tokyo, Japan).

4.6.2. Swelling Rate Test

The swelling rate test was carried out in deionized water at room temperature. The
freeze-dried hydrogels were first weighed (W,) and then soaked in PBS solution. Then,
the hydrogel was removed at a predetermined time interval, and then weighed (W;) after
the elimination of the water on the surface of hydrogel. Finally, the swelling rate was
determined through the below equation:

Swelling rate = Ws —We x 100%
We

4.6.3. Release Profile of EGCG in Hydrogels

Firstly, EGCG solutions of 2 ug/mlL, 5 ug/mL, 10 ug/mL, 20 ng/mL, 50 ng/mL and
100 ug/mL were prepared with deionized water, and the absorption value of different
concentrations was measured by a UV-Vis spectrophotometer at 272 nm (PerkinElmer
Lambda 950, PerkinElmer, Waltham, MA, USA) to make the standard curve of EGCG.
Then, 2 mL of Gel 1, Gel 2 and Gel 3 was first prepared according to the preparation of
the composite hydrogels described in Section 4.5. Then, the composite hydrogels were
immersed in a conical beaker with 400 mL of deionized water at room temperature. 3 mL
of hydrogel extract solution was collected at predetermined time intervals and measured
using a UV-Vis spectrophotometer at 272 nm. After that, 3 mL of deionized water was
added the conical beaker to make sure that the volume of water was still 400 mL. Finally,
the release amount of EGCG was calculated according to the standard curve.

4.7. Rheological Analysis

A TA rheometer (DHR-2, TA Instruments, New Castle, DE, USA) in oscillation mode
was used to characterize the Rheological properties of the hydrogels, which was described
in a previous report [68]. All tests were conducted at 37 °C. Time sweep was conducted
for 30 min at a frequency of 1 Hz and strain of 1%. The strain sweep was performed
from 0.1% to 700% to determine the linear viscoelastic regime at a frequency of 1 Hz. A
frequency sweep was conducted from 1 to 100 rad /s with a strain of 1%. The continuous
step strain time sweep was performed to test the rheological recovery properties of the
hydrogel at a frequency of 1 Hz. The viscosity of hydrogels was conducted at different
shear rates (0.1-100 s—!). Two disk-shaped hydrogels were prepared with a diameter of
8 mm and a thickness of 2 mm, while one of the hydrogels was stained with methylene
blue. Then, the two hydrogels were cut in the middle, and the two semi-disk-shaped
sections of hydrogels with different color were in close contact. the two pieces were left
standing at room temperature for 1 h. Finally, this new hydrogel was tested for self-healing
and photographed.

4.8. Antibacterial Activity

The antibacterial ability of hydrogels was evaluated against S. aureus (ATCC 6538)
and E. coli (ATCC 25922) according to the previous report [69]. Briefly, 0.02 g hydrogel was
added into a glass tube with 10 mL LB medium and 10 pL bacterial suspension of E. coli
(1 x 10’ mL~Y) or S. aureus (1 x 107 CFU mL~!). The tube without hydrogel was considered
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as the control group. Then the mixed solution was cultured at 37 °C for 6 h. Finally, a
UV-Vis spectrophotometer was used to measure the absorption value of the solution at
600 nm. The antibacterial rates of hydrogels were calculated by the below equation:

Mc — Mg

100%
Mo x 100%

Antibacterial rate =

where M and M, are the adsorption of the sample group and the control group, respectively.

4.9. Antioxidant Performance

The antioxidant efficiency of the prepared hydrogel was evaluated using a DPPH
free radical scavenging assay [70]. Firstly, DPPH was dissolved in ethanol to obtain a
concentration of 100 pM. Subsequently, 2 mg Gel 1, Gel 2, and Gel 3 were added to 5 mL of
DPPH solution, respectively. The mixture was stirred at room temperature and incubated in
the dark for 30 min. Then, a UV-Vis spectrophotometer was used to measure the absorption
value of the solution at 517 nm. Finally, the scavenging efficiency of hydrogels on free
radicals was calculated through the following formula:
DPPH scavenging rate = %

c

x 100%

where A, and A are the absorbance of the blank sample and the sample group, respectively.

4.10. Intracellular ROS Scavenging Activity

The antioxidative effect of hydrogels on intracellular ROS was evaluated on RAW
cells. Briefly, RAW 264.7 cells were seeded into a 24-well plate and then cocultured with
LPS or hydrogel extract for 24 h, respectively. The group without LPS and hydrogel served
as the control group. 10 uM DCFH-DA was added into RAW 264.7 cells, and the cells were
incubated for 20 min at 37 °C in the dark. The intracellular ROS level was then evaluated
using the plate reader. Meanwhile, the fluorescence intensity in the cells was observed by a
fluorescence microscope. Lastly, the performance of hydrogels in clearing the intracellular
ROS was assessed using flow cytometry [71].

4.11. Hemolysis Test

The anticoagulant tube was used to store the fresh blood from male mice. Subsequently,
20 pL blood and 1 mL deionized water were added to the centrifuge tube and set as the
positive group. In the negative group, 20 pL blood and 1 mL PBS buffer were added to
the centrifuge tube. In the experimental group, 20 puL blood, 1 mL PBS buffer and 20 mg
hydrogel were added to the centrifuge tube. All samples were incubated at 37 °C for 1 h
and then centrifuged at 3000 rpm for 5 min. Subsequently, a microplate reader was used to
detect the absorption value of the solution at a wavelength of 540 nm. Finally, the hemolysis
ratio of hydrogel was calculated by the below equation:

As— A 100%

Hemolysis ratio = Ao A

where Ag was the absorption value of the experiment groups, Ag and A; were the absorption
values of the positive group and negative group, respectively.

4.12. Cytocompatibility Test

In this experiment, the cytotoxicity of the hydrogel was determined by mouse embry-
onic fibroblast cells (L929, CCL-1, obtained from Procell Life Science & Technology Co., Ltd.,
Wuhan, China) through the Cell Counting Kit-8 (CCK-8) method [44]. 1 x 10° cells/mL
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of 1929 cells were seeded on the surface of the hydrogel in a 96-well plate and then in-
cubated in an incubator with 5% CO; at 37 °C for 1, 3, and 5 days, respectively. Cells in
the control group were cultured in a medium without the presence of hydrogel samples.
Subsequently, the cell viability was determined through a standard CCK-8 assay. Moreover,
the morphology of cells after being co-incubated with hydrogel extract for 1, 3, and 5 days
was characterized using Live/Dead staining and a laser confocal fluorescence microscope
(CLSM, Leica TCS SP5 11, Leica, Vizsla, Germany).

4.13. Full-Thickness Skin Wound Model

The promotion effects of hydrogels on full-thickness skin wounds were evaluated
according to the previous report [45]. Male mice, aged 7 weeks, were raised under con-
trolled conditions for one week prior to the operation to adapt to the environment. Then,
the mice were anesthetized using the intraperitoneal injection method with 50 mg/kg
pentobarbital sodium, and a full-thickness wound with a diameter of 15 mm was created
on the shaved back using a biopsy punch. Subsequently, various types of hydrogels were
used to treat the wounds for 14 days, while the group treated with physiological saline
served as the negative control. Each group contained 6 animals. Digital images of wounds
on days 0, 4, 7, 10, and 14 were photographed, and the wound area was measured using
Image] 1.47 software. All in vivo animal experiments have been granted permission by
the Animal Ethical Committee of Tongji Medical College, Huazhong University of Science
and Technology (HUST), and the ethical approval number is 4441. All animal procedures
strictly abided by ARRIVE guidelines and were carried out in accordance with the UK’s
Animals (Scientific Procedures) Act 1986 and related guidelines.

4.14. Histology and Immunohistochemical Staining

To evaluate the wound healing quality, the healed skin was collected on 4th postopera-
tive day and fixed with paraformaldehyde solution (4%) for further immunohistochemistry
staining (CD11b expression), immunofluorescence staining (CD86 and CD206 expression).
In addition, the healed skin was also excised on days 7 and 14 for H&E staining and Masson
trichrome staining. Histological sections were examined under light microscopy and scored
for collagen deposition, the length of the wound distance, and the thickness of epidermal
and granulation tissue.

To further evaluate angiogenesis at the wound site, CD31 and «-SMA immunofluores-
cence staining were performed, while (interleukin-10) IL-10 and (tumor necrosis factor o)
TNF-« immunofluorescence staining were used to assess inflammation [72]. Briefly, the
wound skin tissues on day 14 were collected and fixed with paraformaldehyde solution
(4%). Subsequently, the tissues were embedded in paraffin and sectioned at a thickness of
8 um. After being fixed with 4% paraformaldehyde at room temperature for 20 min, tissue
sections were incubated in a blocking solution containing 6% fetal bovine serum. Then,
they were incubated overnight at 4 °C with primary antibodies against CD31, «-SMA,
IL-10, and TNF-a. The expression level was analyzed statistically using Image].

4.15. Statistical Analysis

The data are expressed as the mean =+ standard deviation (SD) of the three measure-
ments, utilizing GraphPad Prism 8 software. Additionally, SPSS software (Version 26.0,
SPSS Inc., Chicago, IL, USA) was used to perform a one-way ANOVA analysis to assess
the statistical significance of the differences. The significance levels were established at the
following thresholds: * p < 0.05, ** p < 0.01, and *** p < 0.001.
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