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Damaged skin cannot prevent harmful bacteria from invading tissues, causing infected wounds or even severe
tissue damage. In this study, we developed a controlled-release antibacterial composite hydrogel system that can
promote wound angiogenesis and inhibit inflammation by sustained releasing Cu-Epigallocatechin-3-gallate (Cu-
EGCG) nano-capsules. The prepared SilMA/HAMA/Cu-EGCG hydrogel showed an obvious inhibitory effect on
Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus). It could also promote the proliferation and

migration of L929 fibroblasts. In vivo full-thickness infected wound healing experiments confirmed the angio-
genesis and inflammation regulating effect. Accelerate collagen deposition and wound healing speed were also
observed in the SiIMA/HAMA/Cu-EGCG hydrogel treated group. The findings of this study show the great po-
tential of this controlled-release antibacterial composite hydrogel in the application of chronic wound healing.

1. Introduction

The skin is the largest multilayered organ of the human body,
including the epidermis and dermis, as well as a barrier to protect the
body from excessive evaporation of water and pathogens [1-3]. How-
ever, once the entire epidermis are seriously injured, the skin will lose its
most basic protection, and may be accompanied by severe microbial
infection, lading to prolonged healing process or form nonfunctional
scars [4-7]. Antibiotics have been widely used to treat this problem, but
it inevitably leads to the emergence of drug resistance [8,9]. Ideal
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wound dressings need to provide a solid barrier against external in-
fections and guide skin cell integration and infiltration for wound
healing [10,11]. Adequate mechanical strength and moisture retention
ability, good biocompatibility and easy adhesive for cells are all essen-
tial for wound dressing [12,13]. Among these various dressings, poly-
meric hydrogels can maintain good hydrophilicity and have adjustable
physical and biocompatibility, which are considered the most promising
wound dressing candidate [14,15].

Hyaluronic acid (HA) is a natural polymer found in the human body
that has good biocompatibility [16]. In the epidermal repair phase,
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Scheme 1. (A) Schematic of the synthesis of Cu-EGCG. (B) Schematic illustration showing the synthesis of HAMA and SilMA. (C) Application of the SiIMA/HAMA/

Cu-EGCG hydrogel for infected wound healing and skin reconstruction.

CD44 receptors interact with HA, promoting the progression of a series
of re-epithelialization processes, such as angiogenesis, cell migration,
proliferation, deposition of type II collagen, adhesion to ECM compo-
nents, and the recruitment of neutrophils [17,18]. However, their poor
mechanical strength and low adhesion to cells hinder their application
in the biomedical field [19]. Changing the molecular weight or devel-
oping HA-chemical derivatives are helpful to composite more adaptive
hydrogels.

Silk fibroin (Sil), the fiber portion isolated from silkworms, has been
explored for wound healing, bioartificial skin grafts and other biomed-
ical applications due to its mechanical properties and excellent
biocompatibility [20,21]. It is constituted by amino acid sequence
Gly-Ser-Gly-Ala-Gly-Ala [22], thus has high affiliation to cells and tissue.
The p-sheet structure of Sil can be modified by physical or chemical
cross-linking methods, such as methacryloyl substitution [23]. There-
fore, we plan to form a hydrogel with a double network structure using
methacrylated hyaluronic acid (HAMA) cross-linking with
methacrylate-modified silk fibroin (Sil-MA) to prepare a composite
hydrogel with good biocompatibility and mechanical properties that
better meets the application requirements of wound dressings.

Epigallocatechin 3-gallate (EGCG) is the most abundant catechin in
tea [24]. Researchers have found that EGCG exhibits a wide range of
beneficial effects, including anti-inflammatory, antiaging, antioxidative,
angiogenesis, anticarcinogenic, and antimicrobial effects [25,26].
However, shortcomings such as low bioavailability and excessive
metabolism of EGCG limit its development [27]. A wide variety of metal
ions and phenolic molecules yielding modular libraries of metal-
—phenolic complexes are emerging as a strategy for assembling drug
delivery platforms [28]. Among many metal ions, we chose copper ions
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as the metal ligands of the complex. The robust chelation of copper ions
with EGCG not only imparted antibacterial and anti-inflammatory
abilities but also promoted wound angiogenesis, which is more condu-
cive to accelerating wound healing [25].

Here, we aim to construct a metal polyphenol capsule (Cu-EGCG),
which was formed by a simple one-step ion/molecular assembly process
and loaded into a SilMA/HAMA hydrogel wound dressing to achieve
continuous release of EGCG and copper ions (Scheme 1). The stability,
swelling, compressibility and rheological properties of hydrogels were
systematically studied and evaluated. The in vitro cytotoxicity of SiIMA/
HAMA/Cu-EGCG hydrogel to L929 fibroblast cells was also evaluated. In
addition, the antibacterial activity against Escherichia coli (E. coli) and
Staphylococcus aureus (S. aureus) was also further tested. Finally, the
therapeutic effect of the HAMA/SiIMA/CuEGCG hydrogel on the skin
defect model was evaluated by wound repair, histopathological exami-
nation, and immunofluorescence staining. Few hydrogels were reported
to contain inherent properties that promote angiogenesis while pre-
venting bacterial infection, this unique multifunctional hydrogel will
show effective anti-infective ability, enhance angiogenic activity, and
accelerated infected skin wounds healing speed through
immunoregulation.

2. Materials and methods
2.1. Materials
Cocoons were obtained from Xiaoya Wei Silkworm Business

Department (Guangxi, China). Sodium carbonate (AR, 99%) was pur-
chased from Aladdin (Shanghai, China). Lithium bromide, methacrylic
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anhydride (MA), glycidyl methacrylate (GMA) and 4-dimethylamino-
pyridine were obtained from Macklin Inc. (Shanghai, China). Hyal-
uronic acid (200 kDa) was purchased from Freda Biochem Co., Ltd.
(Shandong, China). Escherichia coli (E. coli ATCC 8099) and Staphylo-
coccus aureus (S. aureus ATCC 6538) were purchased from Luwei Mi-
crobial Sci&Tech Co., Ltd. (Shanghai, China). LB agar medium was
obtained from Guangdong Huankai Microbial Science and Technology
Co., Ltd. (Guangzhou, China). Dulbecco’s modified Eagle’s medium
(DMEM) and fetal bovine serum (FBS) were purchased from Gibco
(USA).

2.2. Synthesis of Cu-EGCG

First, PSS was dissolved in 20 mM CaCl, and Na,COs3 solution at a
concentration of 1 mg/mL. Then, NayCO3 solution was quickly added to
CacCl2 solution (the ratio of the volume is v: v = 1: 1), stirred violently,
centrifuged for 5 min to collect the sediment, and washed with deionized
water 3 times. An additional 500 pL EGCG (0.5 mL, 24 mM), CuCl; (0.5
mL, 24 mM) aqueous solution, and 5 mL MOPS buffer (100 mM, pH 8.0)
were added to each sample and vortexed again for 30 s. Excessive EGCG
and CuCl, were removed by washing to obtain CaCOj3 particles coated
with Cu-EGCG. The above steps were repeated 2 times to obtain CaCO3
particle-coated Cu-EGCG with three layers.

2.3. Synthesis of SilMA and HAMA

Silk fibroin was obtained after optimization as previously described
[29]. 10 g of cocoons was immersed in 1 L of 0.05 M NayCOg solution,
boiled for 30 min, and then washed with distilled water several times to
obtain degummed silk fibroin. Then, the degummed silk fibroin (Sil) was
dried in a drying box for 36 h. To obtain methacrylated silk fibroin
(SilMA), 10 g degummed SF was dissolved in 9.3 M lithium bromide
(LiBr) solution at 60 °C for 1 h and then slowly dripped with 6 mL
glycidyl methacrylate (GMA). After 8 h of reaction, the solution was
filtered through a magic filter cloth and dialyzed with distilled water in a
dialysis bag (12000-14000 Da) for 3-5 days. The obtained solution was
freeze-dried to obtain spongy SilMA.

Methacrylated hyaluronic acid (HAMA) was synthesized according
to modified synthetic methods reported in the literature [30]. 1 g of HA
was completely dissolved in 100 mL of ultra-pure water. Next, 3 mL of
methacrylic anhydride (MA) was slowly dripped, and the pH was kept at
approximately 8.5 by adding 5 mol/L sodium hydroxide. After 8 h of
reaction at room temperature, the solution was dialyzed with distilled
water in a dialysis bag (12000-14000 Da) for 3-5 days. The obtained
solution was freeze-dried to obtain spongy HAMA.

2.4. Preparation of SiIMA/HAMA hydrogels

First, a SiIMA aqueous solution with a concentration of 10% was
prepared, and HAMA solutions of different concentrations (1% (w/v),
1.5% (w/v), 2% (w/v)) were mixed in the SilMA solution at a volume
ratio of 1:1. Next, a concentration of 0.1% LAP was added to the mixed
solution as a photo initiator. The solution was irradiated with blue light
(405 nm) for 10 s to induce photo crosslinking.

2.5. Characterization

2.5.1. 1H NMR and SEM test

The nanoparticle size of Cu-EGCG was analyzed through DLS on a
Zetasizer Nano-ZS (Malvern Instruments, Malvern, UK). The chemical
structures of Sil, SiIMA, HA, and HAMA were obtained by 1H NMR (600
MHz Inova-600, Varian, CA) utilizing D20 as the solvent. Fourier
transform infrared spectroscopy (FTIR) spectra of Sil, SilMA, HA, and
HAMA were recorded with FTIR spectroscopy (iS10, Thermo Electron,
USA). The microscopic morphology of Cu-EGCG and freeze-dried
hydrogels was observed by scanning electron microscopy (SEM; S-
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3400, Hitachi, Japan).

2.5.2. Rheological and compression test

The rheological properties of the SilMA/HAMA hydrogel were
determined using a rheometer instrument (Malvern, Worcestershire,
UK). Rheological measurements were performed with a stainless-steel
parallel plate rotor with a diameter of 25 mm. G’ characterizes the
elastic modulus of the sample, and G” characterizes the viscous modulus
of the sample. Dynamic strain sweeps were performed from 0.1 to 10
rad/s at room temperature to determine the linear viscoelasticity range
of the hydrogel, and the storage modulus (G’) and loss modulus (G")
curve were recorded.

2.5.3. Mechanical properties analysis

For the compression tests, the cylindrical hydrogel samples (®12
mm x 6 mm) were placed between the self-levelling plates and com-
pressed at a rate of 10 mm/min until the compression ratio was 80%.

2.5.4. Swelling test

The swelling properties of hydrogels were evaluated by the gravi-
metric method. The SiIMA/HAMA hydrogel was weighed (W) and then
immersed in PBS solution at room temperature. After a fixed time, the
swollen hydrogel was removed from water, dried with clean filter paper,
and weighed (W,). The swelling ratio was calculated using the following
equation:

Swelling ratio (%) = (W, — W) / Wy x 100

2.5.5. Invitro degradation test

The biodegradability of the hydrogel was studied by enzyme
degradation experiments. Briefly, the hydrogels were immersed in PBS
solution (pH = 7.4) containing 0 or 1000 U/mL lysozyme, and degra-
dation was observed at 37 °C. At predetermined time intervals, the
hydrogels were removed, washed with ultrapure water, lyophilized, and
weighed (Wy). The weight remaining ratio of the hydrogel was calcu-
lated using the following equation:

Weight remaining ratio (%) = W,/W, x 100

2.5.6. Invitro Cu®" release

The release of Cu?* was detected by ICP-MS. Briefly, 1 mL of
hydrogel was placed in 10 mL of PBS solution (pH = 7.4) at 37 °C, the
release medium was collected at different times, and the same volume of
PBS was replenished. The content of Cu®" in the collected PBS super-
natant was detected by ICP-MS, and the cumulative release rate was
calculated using the following equation:

Cumulative release ratio (%) = Cumulative released amount /Total loaded mass

x 100

2.6. In vitro antimicrobial activity assay

Gram-positive bacteria (Staphylococcus aureus, S. aureus) and gram-
negative bacteria (Escherichia coli, E. coli) were selected as model bac-
teria for the experiment. First, the hydrogel sample (200 pL) was placed
in a 24-well cell culture plate, and 1 mL bacterial suspension (1 x 10°
CFU/mL) was added to a 24-well plate. After incubation at 37 °C for 12
h. After 24 h of incubation at 37 °C, 100 pL of bacterial solution was
added to LB agar plates and incubated in a bacterial incubator at 37 °C
for 24 h. The colonies on the plate were counted and photographed.
Antibacterial viability was calculated using the following formula:

Antibacterial viability (%) = B,/B. x 100%

B and B, are the colony numbers for the experimental and control
groups, respectively.
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2.7. Biocompatibility test in vitro

The biocompatibility of hydrogels was evaluated using the indirect
contact method (sample extracts) and direct contact method. The indi-
rect contact method was as follows: L929 cells were seeded in 24-well
culture plates (5 x 10* cells) and then treated with different hydrogel
extracts (hydrogel: DMEM at a mass ratio of 1:5) for 1, 2 and 3 days.
Subsequently, 10 pL CCK-8 solution was added to the cells in each well.
After 2 h of incubation, the absorbance was measured at 450 nm using a
microplate reader. The cell viability was calculated using the following
formula:

Cell viability (%) =A,/A. x 100%

As and Ac are the absorbance for the experimental and control
groups, respectively.

The direct contact method was as follows: the hydrogel was placed in
a 24-well plate, and then the L929 cell suspension (5 x 10* cells) was
added to the surface of the hydrogel. After 1, 2 and 3 days of incubation,
the cells were stained with a live-dead cell staining kit and the Actin
Cytoskeleton Staining Kit according to the manufacturer’s instructions
(Biyuntian, Shanghai, China). The medium was changed every two days.
Finally, the stained cells were observed under an inverted fluorescence
microscope (Nikon TE 2000-U, Tokyo, Japan).

Bioactive Materials 24 (2023) 69-80
2.8. Cell migration study

The migration capability of L929 cells was assessed with a scratch
wound assay [31]. L929 cells were seeded in 24-well plates (1 x 10°
cells/well) and incubated in FBS-free medium for 24 h. Then, a 20 pL
pipette tip was used to create scratches on the cell monolayer. The
floating cells and debris were removed by washing with PBS. Next, the
cells were treated with different hydrogel extracts. After 8 h, 24 h and
32 h of incubation, the cells were rephotographed with a light micro-
scope, and cell migration was calculated using the following formula:

(So —S1)

Cell migration (%) = x 100%
SO and St are the scratch area at 0 h and the designated time,
respectively.

2.9. Tube formation assay in vitro

Matrigel was thawed on ice overnight at 4 °C, and 100 pL of diluted
Matrigel was placed in each well of a 48-well plate. Next, 300 pL
HUVEGs (1 x 10* cells) were evenly seeded on Matrigel and treated with
hydrogel extract. After 4 h of incubation at 37 °C, tube formation was
photographed with a microscope. The number of junctions and total
tube length were calculated using ImageJ software. Concentrations of
PDGF and VEGF were measured using ELISA kits (Meimian, Jiangsu,
China).
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Fig. 2. Physical properties, mechanical properties

and antimicrobial properties of the hydrogels. (A) The
swelling ratio of hydrogels. (B) Rheological proper-
ties. (C) Hydrogel viscosity with frequencies ranging

from 0.1 to 10 Hz. (D) Compressive curve of hydro-

gels. (E) The weight loss curve of hydrogels in PBS
containing either 0 or 1000 U/mL lysozyme. (F) Cu-
mulative release of Cu?". (G) Images of agar plates of

E. coli and S. aureus treated with SilMA/HAMA/Cu-
EGCG hydrogels with different Cu-EGCG concentra-

tions. (H) Antibacterial ratio of E. coli and S. aureus
treated with hydrogels.
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2.10. Polarization of macrophages

Macrophage RAW 264.7 cells at a density of 5 x 10* cells were
seeded on a 24-well plate and polarized into the M1 type by incubation
with 100 ng/mL LPS. Next, the cells were treated with hydrogel extract
and incubated for 24 h. The percentage of macrophages with the M1 or
M2 subtype was sorted by flow cytometry using antibodies against the
M1 macrophage marker (CD86) and the M2 macrophage marker
(CD206).

2.11. In vivo wound healing assessment

2.11.1. Model establishment

All animal experimental protocols were reviewed and approved by
the Animal Protection and Use Committee of Ruige Biotechnology. First,
female Sprague—-Dawley (SD) rats were anesthetized by intraperitoneal
injection (1% sodium pentobarbital, 45 mg/kg). The hair around the
surgical site was shaved using an animal electric shaver, followed by
hair removal with a Veet depilation cream. Four round model wounds
(12 mm) with skin defects were made on both sides of the back of each
rat, followed by adding 40 L of mixed bacteria E. coli (1 x 108 CFU/mL)
and S. aureus (1 x 108 CFU/mL). After 24 h of infection, the wounds
were treated with gauze, Cu-EGCG, SilMA/HAMA, SilMA/HAMA/Cu-
EGCG and Aquacel Ag. Finally, the wound was covered with Tega-
derm dressing (3 M Company). At specific time points, the wound was
observed and photographed with a camera, and the wound area was
evaluated using IPP 6.0 software. The rats were euthanized on the 3rd,
7th, 10th and 14th days after hydrogel treatment, and the wounds and
surrounding healthy skin tissue were excised for subsequent
experiments.

2.11.2. In vivo evaluation of antimicrobial efficacy

To determine bacterial growth in rat wounds, skin tissue from day 3
was homogenized with 2 mL of sterile saline, followed by serial dilutions
of the tissue homogenate. One hundred microliters of homogenate were
placed on gram-negative bacterial selection medium (selective culture of

T
E. coff
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T
S. aureus

E. coli) and mannitol salt agar medium plates (selective culture of
S. aureus). The plates were placed in a 37 °C biochemical incubator for
upside-down culture. After 24 h of culture, the number of bacteria on the
medium was observed and recorded.

2.11.3. Histology analysis

Skin samples were first fixed in 4% paraformaldehyde, dehydrated in
graded ethanol and xylene, embedded in paraffin, and cut into 4 pm
sections. The sections were stained with hematoxylin and eosin (H&E)
and Masson staining for histological study. Finally, the images were
collected and analyzed under a microscope.

2.11.4. Immunohistochemistry evaluation

For immunohistochemistry, paraffin sections were deparaffinized,
antigen retrieved, fixed with 3% BSA, and then blocked for 30 min at
room temperature. Sections were then incubated with primary anti-
bodies (a-SMA, CD31, IFN-y, TNF-a, IL-4, TGF-f1, CD206, CD68 and
iNOS), washed with PBS and then incubated with secondary antibodies.
Finally, the nuclei were counterstained with DAPI, and images of the
stained samples were collected with an inverted fluorescence micro-
scope (Nikon TE2000-S, Japan) after mounting.

2.12. Statistical analysis

All experiments were repeated three times or more. Data are
expressed as the mean + standard deviation (SD), and statistical sig-
nificance was analyzed using R software (R version 3.5.3). A p value of
<0.05 was considered statistically significant, and * represents p < 0.05,
** represents p < 0.01, and *** represents p < 0.005.
3. Results and discussion

3.1. Characterization of the hydrogel

The purpose of promoting wound angiogenesis and inhibiting
inflammation is to accelerate wound healing. In this study, EGCG and
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copper ions were utilized to construct coordination networks to form
metal polyphenol capsules. Scanning electron microscopy confirmed the
microscopic morphology of metal polyphenol-encapsulated Cu-EGCG
nanostructures (Fig. 1A). From the dynamic light scattering (DLS) data,
the average size of Cu-EGCG was 123.4 + 5.3 nm, and the PDI was 0.29
(Fig. 1B). EDS confirmed the presence of copper in Cu-EGCG, accounting
for 8.2% (Fig. 1C).

To accurately deliver EGCG to the wound site and release poly-
phenols in a controlled-release manner, SIMA/HAMA hydrogels were
developed to load metal polyphenol capsules. The composite cross-
linking of SiIMA and HAMA can form a double network hydrogel with
good biocompatibility and better mechanical properties. In this study,
GMA was used to modify silk fibroin to obtain SilMA, and MA was used
to modify hyaluronic acid to obtain HAMA. Fig. 1D shows the appear-
ance of a hydrogen absorption peak (6.11 ppm) on the methyl acrylyl
group, indicating that the methyl acrylyl group was successfully grafted
onto sil, which confirmed the successful preparation of SilMA [32].
Fig. 1E shows the absorption peaks of the methacrylate group (6 = 5.72
ppm and 6.19 ppm), verifying the successful binding of
methacrylate-related motifs to HA [32].

In the presence of the LAP photoinitiator and ultraviolet light, the
SiIMA/HAMA solution formed a stable hydrogel (Fig. S1). The
morphological characteristics of SIMA/HAMA hydrogels after lyophi-
lization were observed by SEM. SEM images of hydrogels showed
interconnected and uniform porous microstructures (Fig. 1F). The pore
size increases with the addition of HAMA (Fig. S2), which is due to the
enhanced degree of crosslinking of the SiIMA/HAMA hydrogel and the
change in the internal structure of the hydrogel. This loose and porous
network structure facilitates cell adhesion and migration, maintains a
moist environment, absorbs wound exudate, and accelerates wound
healing [33,34].
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3.2. Swelling property test of hydrogels

Hydrogels swell to different degrees in the environment of body
fluids. The proper swelling rate is very important to maintain the
structure of hydrogels [35]. Fig. 2A shows that the swelling ratio of
SilMA/HAMA hydrogels decreases with increasing HAMA concentra-
tion. The addition of HAMA resulted in the formation of hydrogels with
higher crosslinking strength, so the equilibrium swelling ratio of the
hydrogels decreased. All hydrogels reached the swelling equilibrium
state at 3 h and maintained a stable swelling rate in the subsequent time,
which indicated that the hydrogels had relatively good dimensional
stability. Good swelling properties are beneficial for the hydrogel dres-
sing to absorb wound exudate [36].

3.3. Rheological and compression analysis

When the elastic modulus is greater than the viscosity modulus, the
hydrogels are in the gel state. When the hydrogels are gelatinized, G’ is
always greater than G” with increasing time and angular frequency,
indicating that the hydrogels can stably appear in the gel state (Fig. 2B
and C). The ideal hydrogel should have good mechanical properties to
maintain its convenience and integrity [37]. As shown in Fig. 2D, the
compressive strength of the SiIMA hydrogel was 70.1 kPa. In addition,
the SilMA/1.5%HAMA hydrogel had a maximum compression perfor-
mance of 151 kPa compared with the other groups, which could be
because the SiIMA/1.5%HAMA hydrogel may have a good crosslinking
degree and the best mechanical properties. All results showed that the
compressive strength of the SiIMA/HAMA hydrogel can be adjusted by
changing the concentration of HAMA, and the adjustable compressive
strength of the material means that it can be better applied to various
tissues and organs, making it a biomaterial with a number of current and
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Fig. 4. The evaluation of macrophage polarization in RAW264.7 cell. (A) PDGF-BB and VEGF concentrations by ELISA. (B) CD86 and CD206 expression on RAW
264.7 cells were analyzed by flow cytometry. (C) Relative expression of CD86, CD206 and M1/M2 value according to flow cytometry results.

potential biomedical applications [38].

3.4. Degradation and release of Cu?* from hydrogels in vitro

The degradation curves of SilMA and SilMA/1.5%HAMA hydrogels
in the absence of lysozyme and the concentration of lysozyme at 1000
U/mL are shown in Fig. 2E. In addition, the weight loss rate of the
hydrogels with lysozyme was faster than that without the enzyme. The
degradation rate of the SilMA/1.5%HAMA hydrogel group was rela-
tively slower than that of the pure SilMA hydrogel group, which should
be attributed to the relatively higher degree of cross-linking of these two
groups of hydrogels. Fig. 2F shows the release curve of Cu-EGCG loaded
with the hydrogel. The release of Cu®>" tends to be flat after 96 h, indi-
cating that the release of Cu®" is effectively prolonged under the dual
action of hydrogel and metal polyphenol capsules [25].

3.5. Antibacterial activity evaluation

Microbial infection is the main challenge of wound healing [5]. The
ideal wound dressing should have good antibacterial properties to pro-
mote wound healing [39]. As shown in Fig. 2G and H, the colony map of
E. coli was similar to that of S. aureus. Compared with the SiIMA/HAMA
control group, the SIIMA/HAMA/Cu-EGCG hydrogel had a better anti-
bacterial effect, among which the SilMA/HAMA/Cu-EGCG (200)
hydrogel had the best antibacterial effect, and the colonies of E. coli and
S. aureus on agar plates were the least abundant. We speculated that the
reason for the high antibacterial activity of the SiIIMA/HAMA/Cu-EGCG
hydrogel is that the Cu-EGCG in the hydrogel can release Cu®" into the
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bacteria and interact with the proteins in the bacteria and the phos-
phorus and sulfur groups of DNA, thus producing excellent antibacterial
activity [40,41].

3.6. Biocompatibility evaluation

Biocompatibility is an important factor for the safe application of
hydrogels in biomedicine [42]. As shown in Fig. S3, the concentration of
100 pg/mL Cu-EGCG was selected as the optimal concentration for the
following experiment. As shown in Fig. 3A, after coculture of hydrogel
and L929 cells for 3 days, the cell survival rate reached more than 100%,
indicating that the hydrogel had no toxicity and was conducive to cell
proliferation. After culture with L929 cells for 3 days, almost all
hydrogels expressed green fluorescence, and few cells died (Fig. 3B). The
actin cytoskeleton staining images showed that the cells were attached
to the hydrogel and were able to spread at 1, 2 and 3 days (Fig. S4). All
experimental results showed that the SiIMA/HAMA/Cu-EGCG hydrogel
had good biocompatibility and promoted cell proliferation to provide a
favorable environment for cell growth, so it has the potential to be used
as a hydrogel dressing.

3.7. Cell migration, scratch and macrophage polarization assay

The effect of the hydrogel on L929 migration was evaluated by a
scratch test. The number of migrating cells in the SilMA/HAMA/Cu-
EGCG group was significantly higher than that in the SilMA group,
and the ability of the samples in each group to promote the migration of
L929 cells was in the order of SIIMA/HAMA/Cu-EGCG > SilMA/HAMA
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skin tissues for each group.

> SilMA (Fig. 3C). The mobility of SiIMA/HAMA/Cu-EGCG reached
80% or more within 32 h (Fig. 3D), which indicates that hydrogel
samples can promote cell proliferation.

In addition, the angiogenic properties of the prepared materials were
evaluated by tube-forming experiments using matrix glue. As shown in
Fig. 3E, compared with the SilMA group, the effect of the SIMA/HAMA
groups on tubule formation was very small, while the SilMA/HAMA/Cu-
EGCG group had obvious tubule formation and branching points
(Fig. S5), which may be because of Cu-EGCG on blood vessel formation.
As compared to the blank control group cultured with HUVECs without
hydrogel extract, SiIMA/HAMA/Cu-EGCG group showed the highest
concentration of PDGF-BB and VEGF (Fig. 4A), which was due to that
Cu®* could increase the expression level of PDGF-BB and VEGF [25].

According to different functions and phenotypes, Macrophages can
be divided into proinflammatory classically activated (M1, CD68) and
anti-inflammatory alternatively activated (M2, CD206) macrophages
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[43,44]. Fig. 4B and C showed macrophages treated with the
SilMA/HAMA/Cu-EGCG hydrogel could upregulate of CD206 expres-
sion levels and downregulate of CD86 levels. These results suggest that
the SilMA/HAMA/Cu-EGCG hydrogel has the intrinsic ability to recul-
ture macrophages from the M2 phenotype to the M1 phenotype.

3.8. Wound healing examination

On the -1st day, the initial wound size of the five groups was basically
the same (Fig. 5A). On the 3rd day, there was no obvious contraction in
the blank control group, wound healing was better in the SiIMA/HAMA/
Cu-EGCG hydrogel group (41.7%) and SilMA/HAMA group (38.6%),
which were significantly higher than those of the blank control group
(19.3%) (Fig. 5B). On the 7th day, all the wounds in the five groups
began to form scabs, and the wounds contracted obviously, among
which the hydrogel group healed the best. On the 14th day, the hydrogel
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group showed the smallest scar area. Prior studies have shown that the
release of Cu?* in the hydrogel to the wound site could promote wound
healing [45]. In addition, electroactive materials could also accelerate
wound healing. The above results showed that the synergistic effect of
Cu®*" and EGCG in hydrogels can promote the healing of infected
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3.9. Histological analysis

To further study the effect of the hydrogel on wound healing, the
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M1/M2.

77



N. Liu et al.

Bioactive Materials 24 (2023) 69-80

Sil-MA/HAMA/

>

Control Cu-EGCG Sil-MA/HAMA

TGF-B1

@)

IL-4

TNF-a
Day 3

Day 7

IFN-y
Day 3

Day 7

Cu-EGCG

Aquacel Ag
o 604 simamamacuEscs Aquacel Ag
5 o
L0
@
Q xix
S20
- A
= *x
g |
Qo
= D3 D7
6
o5 [ B Control [ CuEGCG | SIMAHAMA
R SiIMAHAMA/CU-EGCG Il Aquacel Ag
E e ik
" 40
= s
'“2> wx
=, o
2 20
(=%
A
=)
=0

D3 D7

B Control [l Cu-EGCG
60{  SIMAHAMACU-EGCS

SIMAHAMA]
Aquacel Ag

TNF-a positive ratio (%)
T
%

W Control
80 SIMAHAMAICU-EGCG

CUEGCG - SINAHANMA

Aquacel Ag

INF-y positive ratio (%)

Fig. 8. Immunofluorescence staining study of inflammatory levels. Inmunofluorescence staining of TGF-p1 (A), IL-4 (C), TNF-a (E) and IFN-y (G) in wounds on day 3
and day 7. Quantitative analysis of TGF-p1 (B), IL-4 (D), TNF-a (F) and IFN-y (H) in wounds on day 3 and day 7 by immunofluorescence staining.

wound healing process was observed by hematoxylin eosin (H&E) and
Masson staining. The thickness of granulation tissue on the 3rd day
compared with the control group indicated different degrees of wound
healing in each group (Fig. 5C), which indicated that all rats had normal
metabolic function. The thickness of granulation tissue in the SilMA/
HAMA/Cu-EGCG group was larger than that in the different groups on
the 7th day, and the growth of capillaries and the recovery of skin ap-
pendages were observed on the 14th day, which indicated that the
wound tissue slices in the SiIMA/HAMA/Cu-EGCG group showed a
faster healing effect.

In addition, Masson staining was performed on different groups to
reflect the deposition of collagen. As one of the main components of the
dermis, collagen deposition plays an important role in wound healing.
The increase in collagen content in the wound further promoted faster
wound regeneration. Additionally, in the SilMA/HAMA/Cu-EGCG
group, the area of collagen deposition at the wound was larger, and
the collagen fibers were dense.

3.10. Analysis of antibacterial properties in vivo

In addition to being able to resist external bacteria from entering the
wound tissue, wound dressings should also have effective antibacterial
properties. As shown in Fig. 6A and B, the number of colonies of E. coli
and S. aureus of SiIMA/HAMA/Cu-EGCG was much smaller than that of
the other groups, and the statistics further showed that the bacterial
survival rate of the SiIMA/HAMA/Cu-EGCG group was extremely low,
which demonstrated that SiIMA/HAMA/Cu-EGCG has excellent anti-
bacterial properties. Prior studies showed the antimicrobial principle of
Cu-EGCG as follows: First, the direct interaction between the copper
surface and the bacterial outer membrane caused the rupture of the
bacterial outer membrane. Then, the copper surface acts on the holes in
the bacteria’s outer membrane, depriving the cells of essential nutrients
and water, resulting in shrinking [46].
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3.11. Immunofluorometric assay

In the proliferative phase, the formation of new capillaries, the
remodeling of blood vessels, and the formation of new granulation tissue
are necessary processes for wound healing. The formation of new blood
vessels is a key factor in wound healing [47,48]. As shown in Fig. 7A,
more new blood vessels were observed in the SiIMA/HAMA/Cu-EGCG
group-covered wounds than in the other groups. Quantitative analysis
of immunofluorescence staining showed that the expression levels of
CD31 and o-SMA in the SiIMA/HAMA/Cu-EGCG group were signifi-
cantly higher than those in the other groups on day 7 (Fig. 7C and D).
The results showed that the SiIMA/HAMA/Cu-EGCG hydrogel has a
good ability to promote angiogenesis and is more conducive to pro-
moting the three-dimensional assembly and reconstruction of the
vascular network, which can provide nutrients for the regeneration of
epithelial cells, accelerate the process of re-epithelialization, and
significantly promote wound healing [49,50].

Macrophages have two different phenotypes, namely, proin-
flammatory (M1) and anti-inflammatory (M2) phenotypes, and the
transformation of macrophages from the M1 phenotype to the M2
phenotype is a potential method to treat inflammation [46,51]. As
shown in Fig. 7B and E, the iNOS (M1 marker) signal in the
SilMA/HAMA/Cu-EGCG group decreased, and the CD68 (M2 marker)
signal became apparent compared to other groups, indicating that the
macrophages were effectively repolarized from M1 to M2. The results
indicated that the SilMA/HAMA/Cu-EGCG group could play an
anti-inflammatory role by regulating the polarization of macrophages
and then regulating the expression of inflammatory cytokines. There-
fore, changing the immunoregulatory balance between M1 and M2
macrophages, resulting in faster and larger M2 macrophage infiltration,
which may be a potentially beneficial trigger for rapid angiogenesis and
treatment of diabetic wound healing.

The inflammatory level of rat wounds was further evaluated by
immunofluorescence staining. TGF-p1 triggers fibroblasts and myofi-
broblasts to produce new ECM, which plays a central role in
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fibrinogenesis [52]. In addition, IL-4 is an anti-inflammatory cytokine
that can induce polarization of macrophages [53]. The expression of
TGF-f1 and IL-4 at the wound site in the SiIMA/HAMA/Cu-EGCG group
was significantly upregulated and was highest (Fig. 8A-D). TNF-a and
IFN-y are markers of inflammation, which involved in regulating the
immune response, cell survival and apoptosis [54]. Meanwhile, the
expression of TNF-a and IFN-y at the wound site in the
SilMA/HAMA/Cu-EGCG group was significantly downregulated and
was the lowest (Fig. 8E-H). In summary, SiIMA/HAMA/Cu-EGCG can
regulate the secretion of anti-inflammatory cytokines, inhibit the
expression of TNF-a, change the wound microenvironment from a
proinflammatory state to a promlytic state, and promote matrix regen-
eration and vascular remodeling.

4. Conclusions

The purpose of this study was to construct a controlled-release
antibacterial compound hydrogel for promoting chronic wound heal-
ing. The SiIMA/HAMA hydrogel was successfully prepared by a light
curing method and loaded with metal polyphenol capsules (Cu-EGCG) to
achieve sustained release of copper ions. The hydrogel has good me-
chanical properties and biocompatibility. Hydrogel containing Cu-EGCG
can significantly promote the proliferation and migration of L929 fi-
broblasts. The antibacterial activity in vitro and in vivo showed that the
hydrogel containing Cu-EGCG had excellent antibacterial activity and
effectively reduced the number of bacteria in infected wounds of rats.
The results of animal experiments showed that the SilMA/HAMA/Cu-
EGCG hydrogel can promote infected wound healing in rats, increase
collagen deposition, promote angiogenesis, reduce bacterial numbers,
and balance inflammatory infiltration. All results showed that the
SilMA/HAMA/Cu-EGCG hydrogel with good biological activity and
antibacterial properties has great potential in accelerating wound
healing, especially in infected wounds.
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