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Current therapeutic strategies for chronic refractory wounds remain challenge owing to their unfavorable wound
microenvironment and poor skin regeneration ability. Thus far, a regimen for effective chronic refractory wounds
management involves bacterial elimination, alleviation of oxidative stress, inhibition of inflammatory response,
and promotion of angiogenesis. In this work, an injectable glycopeptide hydrogel based on phenylboronic acid-
grafted e-polylysine (EPBA) and poly (vinyl alcohol) (PVA) with pH/reactive oxygen species (ROS) dual-
responsive properties was prepared, which exerted intrinsic antibacterial and antioxidant properties. ROS-
responsive micelles (MIC) loaded with herb-derived Astragaloside IV (AST) are introduced into the hydrogel
before gelation. Attributed to the acidic condition and oxidative stress microenvironment of wound bed, the
hydrogel gradually disintegrates, and the released EPBA could help to eliminate bacterial. Meanwhile, the
subsequential release of AST could help to achieve anti-oxidation, anti-inflammatory, proangiogenic effects, and
regulation of macrophage polarization to accelerate chronic wound healing. In addition, the wound repair
mechanism of composite hydrogel accelerating skin regeneration was assessed by RNA-sequencing, exploring a
range of potential targets and pathway for further study. Collectively, this multifunctional hydrogel dressing,
matching different healing stages of tissue remodeling, holds a great potential for the treatment of chronic re-
fractory wounds.

1. Introduction

Skin, as the human body's largest defensive organ, acts as the pri-
mary barrier to defend against external environmental hazards [1-3].
Owing to the accidental trauma, diabetes, immune-imbalance condi-
tions, and other elements, the process of skin regeneration may be
compromised, leading to chronic wounds following skin trauma [4].
Nowadays, managing chronic wounds is gradually emerging as a sig-
nificant clinical dilemma to public health [5]. Within wound microen-
vironment, bacterial can proliferate significantly and cause wound
infection [6]. Further, bacterial infections can contribute to chronic
refractory wounds, an increase in wound area, permanent tissue dam-
age, and even systemic infections [7,8]. During the repair progression of
chronic refractory wounds, immune responses, especially through the
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modulation of macrophage polarization and phenotypes [9], play a
virtual role in skin repairing and tissue regeneration. In response to
wound microenvironment, macrophages could differentially polarize
into pro-inflammatory macrophages (M1 type) and secrete significant
amounts of pro-inflammatory cytokines in the early inflammatory stage
[10]. M1 phenotype macrophages act an essential role in bacterial
elimination and pathogen eradication when infection occurred. In con-
trary, M2 phenotype macrophages contribute to inhibiting inflamma-
tion and promoting skin regeneration and wound healing in the later
stages of repairing [11,12]. Nevertheless, owing to the widespread
proliferation of bacterial and heightened inflammation in chronic re-
fractory wounds, macrophages have a tendency to polarize into the M1
phenotype. This result in the failure of the phenotypic transition from
M1 to M2 type, causing an ongoing recruitment and activation of pro-
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inflammatory cells, along with delayed wound healing [13,14]. There-
fore, a promising wound dressing could prevent overactivation of M1
macrophages and promote macrophage polarization toward M2 to
regulate immune response [15], thereby effective accelerating chronic
wound healing.

Eliminating bacterial infection is an essential step for the promotion
of chronic wound healing, which significantly improve the unfavorable
conditions within the wound area. To eliminate bacterial infection,
systemic or local administration of antibiotics are still the major anti-
bacterial strategy owing to its advantages of outstanding sterilization
ability. Nevertheless, owing to the abuse of antibiotics in the past few
decades, multidrug-resistant superbugs have emerged and become a
worldwide challenge for public health [16,17]. Antibacterial poly-
peptides such as e-polylysine (EPL) have been extensively employed in
chronic wounds owing to its superior biosafety (approved by FAD in
USA) and wide-ranging antibacterial activity [18-20]. After eliminating
bacterial infection and inhibiting inflammatory response, boosting
angiogenesis could remarkably promote tissue repairing [21]. Astraga-
loside IV (AST), one of the primary active components extracted from
Radix astragali, a classic Chinese herb medicine, is well regarded as a
cardiovascular protector since it has various pharmacological perfor-
mances, including antioxidative stress, suppressing inflammation, and
promoting angiogenesis [22,23]. Also, increased studies confirmed that
AST could accelerate wound healing through promoting macrophages
polarize into M2 phenotypes [24]. Unfortunately, low water solubility,
poor bioavailability, low penetration and rapid metabolism of AST
hinders its clinical application in chronic wound treatment. Conse-
quently, it is an urgent demand to prepare an intelligent material system
which could efficiently improve drug solubility and bioavailability,
achieve desired therapeutic effects, and promote tissue regeneration.
Thus far, numerous biomaterials have been developed for treating hard-
to-heal wounds, such as porous foams, lyophilized sponges, biocom-
patible membranes, nanofiber, and smart hydrogels [25,26]. Among
these biomaterials, hydrogels are recognized as the most hopeful bio-
materials for wound dressing owing to their three-dimensional porous
networks, superior swelling capabilities, controllable physical proper-
ties, and good biocompatibility [27-29]. They can absorb wound exu-
dates to maintain a moist condition, and have been utilized as a material
system to encapsulate therapeutic agents to accelerate tissue remodeling
[30,31]. Hence, the development of an intelligent hydrogel wound
dressing possessing antibacterial, anti-inflammation, antioxidant, and
angiogenesis ability holds significant importance for accelerating
chronic wound healing.

Inspired by the above considerations, we have constructed a smart
responsive multifunctional hydrogel dressing with injectability,
inherent antibacterial properties, and pH/ROS dual-responsiveness. As
illustrated in Scheme 1, phenylboronic acid (PBA)-grafted e-polylysine
(EPBA), and poly (vinyl alcohol) (PVA) solution were applied to
construct the EPBA-PVA hydrogel through a dynamic phenylboronic
acid—diol ester bonds. Following that, the AST-loaded micelles
(MIC&AST) assembled from amphiphilic DSPE-thioketal-PEG (DSPE-
TK-PEG) with a ROS responsive function were synthesized, which can
achieve inflammation-induced AST release in the bacterial-infected
wound microenvironment. Finally, MIC&AST was introduced to the
EPBA-PVA hydrogel before gelation, and the EPBA-PVA@MIC&AST
(EPMA) smart responsive multifunctional hydrogel with sequential drug
release and pH/ROS dual-responsive properties was developed.
Following the injection of hydrogel into the chronic wound site, the EPL
in the composite hydrogel enable excellent broad-spectrum antibacterial
ability. The secondary release of MIC&AST eradicated ROS and stimu-
late the polarization of macrophages toward the M2 phenotype, thus
effectively ameliorating inflammation and accelerating skin regenera-
tion in the proliferation phase. Meanwhile, the sustained release of AST
from micelles could effectively promote angiogenesis and accelerate
skin regeneration. Taken together, the intelligent EPMA hydrogel with
cascading functional activities possessed great promise in the treatment
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of chronic refractory wounds.
2. Materials and methods
2.1. Materials

4-Formylphenylboronic acid, e-polylysine (EPL) and sodium cyano-
borohydride (NaBH3CN) were obtained from Energy Chemical
(Shanghai, China). Poly (vinyl alcohol) (PVA1788) were purchased from
Haohong Scientific (Shanghai, China). Astragaloside IV (AST) was pur-
chased from Yuanye Bio-Technology (Shanghai, China). DSPE-thioketal-
PEG (DSPE-TK-PEG) was purchased from Ruixi Chemical (Xi'an, China).

2.2. Synthesis and characterization of EPBA

To prepare EPBA, 4.00 g of EPL was firstly weighed and dissolved in
80 mL of deionized water, then 2.65 g of 4-Formylphenylboronic acid
was dissolved in 80 mL methanol and added to EPL solution under
magnetic stirring. After reacted for 4 h in room temperature, 1.11 g of
NaBH3CN was slowly added to the reaction mixture and reacted over-
night. The crude product was then dialyzed (MWCO = 1.0 kDa) against
deionized water for 5 days, and centrifuged (3000 rpm, 5 min) to obtain
the EPBA solution. EPBA was obtained as white solid after lyophiliza-
tion. The structure of EPBA was characterized by FTIR, 'H NMR and UV
spectra.

2.3. Synthesis and characterization of MIC&AST

The AST (mg) and DSPE-TK-PEG (mg) were dissolved in 1 mL of
dimethyl sulfoxide, and the solution was added dropwise to deionized
water under ultrasonic dispersion. The obtained solution was dialyzed
(MWCO: 1000 kDa) against deionized water for 48 h and then filtrated
through 0.45 pm filter to remove large aggregates, and the MIC&AST
was prepared. The zeta potential and size distribution of MIC&AST were
then evaluated by a Zetasizer (Malvern Zetasizer Nano ZS90). The mass
of encapsulated AST was determined by HPLC.

2.4. Fabrication and of characterization of the EPBA-PVA and EPMA
hydrogels

A PVA solution (10%, w/v) was obtained by dissolving the PVA solid
to deionized water under 80 °C with magnetic stirring. EPBA solution
(5%, w/v) was added to PVA solution with a ratio of 1:1 in volume to
fabricate EPBA-PVA hydrogel. MIC&AST (AST 80 puM) was added to
EPBA-PVA hydrogel to fabricate EPMA hydrogel. The morphologies of
the EPBA-PVA and EPMA hydrogel were detected by SEM and EDS. The
rheological properties, swelling ratio, degradation rate, adhesion prop-
erty, pH/ROS-responsive abilities of the hydrogels were also evaluated.
The details were presented in the Supporting Information.

2.5. Biocompatibility of the EPMA

The hemolysis test was conducted to detect the blood compatibility
of the hydrogels. The cytocompatibility of the hydrogels was determined
by using Human umbilical vein endothelial cells (HUVECs) and Mouse
fibroblasts cells (3 T3-L1) cells. Blood compatibility of hydrogels was
tested by hemolysis test. The biocompatibility of the hydrogels was
determined by live/dead staining and cell counting kit-8 (CCK-8) Kkit.
The details were presented in the Supporting Information.

2.6. Antioxidant efficiency and antibacterial property of the EPMA

The antioxidant property of the hydrogels was determined by two
methods (DPPH free radical scavenging assay and reactive oxygen spe-
cies assay). The antibacterial abilities of the EPMA were comprehen-
sively evaluated by the optical density (OD) 600 method, standard plate
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counting assay, and Live/Dead staining. The morphological changes of
bacterial after different treatments were observed using SEM. Gram-
positive Staphylococcus aureus (S. aureus) and gram-negative Escher-
ichia coli (E. coli) were selected as models to detect the antibacterial
performance of the EPMA [32]. The details were presented in the Sup-
porting Information.

Transmittance (%)
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2.7. Cell scratch assay

3 T3-L1 cells (2 x 10°/well) were seeded into a 6-well plate and
cultured for 24 h. Meanwhile, lipopolysaccharide (LPS, 10 pg mL ™) was
introduced and the cells were incubated for another 2 h. After that, a
sterile pipette tip was utilized to create a scratch in the cell monolayer.
The unattached cells were then removed by washing with PBS, and
various hydrogels were applied to the cells. Finally, cell images were
acquired with fluorescence microscopy and analyzed by Image J
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Fig. 1. (a) Schematic illustration of the fabrication of EPBA-PVA hydrogel. (b) FTIR spectra of PBA, EPL, PVA, EPBA and EPBA-PVA hydrogel. (c) H NMR spectra of
PBA, EPL and EPBA. (d) UV spectra of PBA and EPBA. (e) 1H NMR spectrum of DSPE-TK-PEG. (f) TEM image of MIC&AST. (g) TEM image of MIC&AST treated with
H20,. (h) Schematic illustration of ROS-responsive MIC&AST. (i) Zeta potential of MIC, AST, MIC&AST and MIC&AST treated with ROS. (j) Average size of MIC, AST,
MIC&AST and MIC&AST treated with ROS. (k) Particle size distribution of MIC&AST and MIC&AST treated with ROS.
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software.

2.8. The anti-inflammatory effects of the EPMA and the transformation of
macrophages phenotype

LPS-induced RAW 264.7 cells were utilized to explore the anti-
inflammatory effects of the EPMA through enzyme-linked immunosor-
bent assay (ELISA) and immunofluorescent staining. Flow cytometry
and immunofluorescent staining were conducted to investigate the
transformative effect on macrophage phenotype of EPMA. The details
were presented in the Supporting Information.

2.9. Angiogenesis efficiency of the EPMA

To determine the effect of the EPMA hydrogel on angiogenesis,
HUVECs were applied to test the vascularization of EPMA through
transwell assay, tube formation, ELISA, and immunofluorescent stain-
ing. The details were shown in the Supporting Information.

2.10. In vivo wound healing assessment of the EPMA

An animal model of S. aureus-infected full-thickness skin was con-
structed to explore the wound repair performance of hydrogel. In detail,
Sprague-Dawley rats weighing 250-300 g were applied to established a
standardized full-thickness wound using a round punch with a diameter
of 20 mm. Afterwards, rats were then randomly divided into five groups
(n = 5), and each animal was dropped with 200 pL of S. aureus solution.
The wound surface was filled with 100 pL of EPMA hydrogel, MIC&AST
solution, EPBA-PVA hydrogel, Hydrosorb, or left undressed. Afterwards,
the wounds were covered with a sheet of 3 M Tegaderm Film and fixed
with bandages, and the dressings were renewed every 3 days. The
wounds were captured at different time points to investigate the wound
repair effect. To investigate the wound healing period, spread plate
method, ELISA, histology analysis, immunofluorescence, and immuno-
histochemistry staining were carried out. The details were presented in
the Supporting Information.

2.11. Statistical analysis

Results are expressed as the mean =+ standard deviation. Student's t-
test and one-way ANOVA was used for statistical analysis. NS represent
no significant difference. Statistical significance was defined as a p-value
less than 0.05.

3. Results and discussion

3.1. Fabrication and characterization EPBA polymer and MIC&AST
micelle

The fabrication process of EPBA is shown in Fig. 1a. The structure of
EPBA was characterized by FTIR, 'H NMR and UV. In the FTIR spectrum
of EPBA (Fig. 1b), the peaks at 1350 and 1090 cm ‘were attributed
stretching vibration peak of B— O and B — C respectively. The peaks at
1150 and 850 cm ™! in the FTIR spectrum of PVA and EPBA-PVA were
attributed as the C— O and C — C stretching vibration of PVA respec-
tively. As shown in Fig. 1¢, two main characteristic peaks at 7.42 and
7.66 ppm were assigned as hydrogen on the aromatic ring of phenyl-
boronic acid. The characteristic carbon peaks (128.5-134.6 ppm) of
aromatic ring on phenylboronic acid were also detected on the *C NMR
spectrum of EPBA compared with that of EPL (Fig. S1). As shown in
Fig. S2, the characteristic peaks of phenylboronic acid on PBA and EPBA
were identical, which indicated the presence of phenylboronic acid on
EPBA. In addition, the UV spectrum of EPBA (Fig. 1d and S3) also
indicated the absorbance band (295 nm) of phenylboronic acid. The
results of FTIR, NMR and UV verified the introduction of phenylboronic
acid of EPL and the grafting rate of PBA was approximately 32.6%. The
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structure of DSPE-TK-PEG was characterized by 1 NMR (Fig. 1e). The
peaks at 3.36 and 1.54 ppm were corresponded to TK bonds, which is in
accordance with previous literature [33]. In addition, the characteristic
peaks at 3.55 ppm and 1.25 ppm were attributed to PEG block and DSPE
block, respectively. The loading efficiency of AST was determined by
HPLC and calculated to be around 27.4% (Fig. S4). The micelle exhibits
ROS-sensitivity due to the presence of TK bond (Fig. 1h). TK is a subclass
of the thioether group, which is cleaved to a thiol-containing group and
acetone upon exposure to ROS, while being considered biodegradable,
non-toxic and amenable to incorporation into other polymers or con-
jugates [34]. In detail, the first oxidation step occurs at the thioether unit
of TK bond, which triggers the functional group degradation to form a
sulfenic acid intermediate and a thiocarbenium ion intermediate. Hy-
drolysis of the latter produces the corresponding thiol, which rapidly
reacts with the sulfenic acid to produce a disulfide-based byproduct
[35]. Thioketal was a group sensitive to ROS, while insensitive to acid-,
base-, protease and reducing environments. Since higher levels of
intracellular ROS are generated constantly in chronic wound, thioketal
linkers could be specifically cleaved by ROS and respond to the wound
ROS micro-environment instead of pH microenvironment [36]. There-
fore, the micelles (MIC&AST) will break down under high ROS levels in
chronic refractory wounds to release loaded drugs. As shown in Fig. 1f,
TEM image of MIC&AST indicated that the highly uniform nanoparticles
were prepared successfully, and the morphology of MIC&AST collapsed
to irregular shape under ROS condition (Fig. 1g). The zeta potential
(Fig. 1i) of micelles converted from —0.18 mV (MIC) to —8.39 mV
(MIC&AST) and the average size (Fig. 1j) of micelles increased from
108.37 nm (MIC) to 131.63 nm (MIC&AST), which also indicated the
encapsulation of AST. Moreover, the zeta potential and average size of
MIC&AST markedly increased after under ROS condition, and new
curves were also observed in the size distribution of MIC&AST after
treated with ROS (Fig. 1k). Conclusively, a ROS-responsive MIC&AST
was successfully prepared, which was further applied in fabrication of
therapeutic hydrogel in the next step.

3.2. Fabrication, characterization and mechanical properties of the
EPBA-PVA and EPMA hydrogels

The EPMA hydrogel was prepared by mixing the EPBA@MIC solu-
tion (containing 500 pg mL~! MIC&AST) with the PVA solution
(Fig. 2a). The uniform porous structure of the EPBA-PVA and EPMA
hydrogels were observed by SEM (Fig. 2b and S5), which are beneficial
to drug loading and cell recruitment. In addition, the homogeneous
distributions of C, N, O, B, S were investigated by EDS analysis (Fig. 2b
and $6), which further verified the formation of a homogeneous struc-
ture and successful encapsulation of AST. Swelling and degradation
behavior are the essential properties of hydrogel wound dressing,
because the former property could ensure the hydrogel absorb the
wound exudates and prevent the growth of bacteria, while the latter
could make the hydrogel more compatible with the biological healing
process [19]. As illustrated in Fig. 2¢, both of the EPBA-PVA and EPMA
hydrogels exhibit high water retention. The swelling ratio increased
rapidly within the first 6 h and reached equilibrium within 12 h.
Moreover, the swelling ratio of both hydrogels exhibited a downward
trend at 48 h, which is due to the partial degradation of the hydrogel
after soaking in a simulated physiological microenvironment for a long
time. The in vitro degradation behavior of the hydrogels was revealed in
Fig. 2d, both of the hydrogels exhibited continuous degradation
behavior within 7 days, which is beneficial to the removal of dressings
while protecting the new tissue from damage.

The rheological properties of the EPBA-PVA and EPMA hydrogels
were measured by a rheometer, storage moduli (G) reflecting the elastic
properties and loss moduli (G") reflecting the viscous properties of the
hydrogel were recorded. The frequency sweep of the hydrogels was
shown in Fig. 2e, G significantly exceeded G" and displayed a frequency-
dependent performance with frequencies varying from 0.1 to 100 rad
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Fig. 2. (a) Gelation photos of the EPMA hydrogel. (b) SEM images and EDS elemental mapping of the EPMA hydrogel. (c, d) Swelling and degradation behavior of
the EPMA hydrogel. (e-g) Frequency sweep tests, strain sweep tests and continuous step-strain tests of the EPBA-PVA and EPMA hydrogels. (h) Photographs of EPMA
hydrogel of injectability and good writing ability. (i) Self-healing behavior of the EPMA hydrogel. (j-k) pH/ROS dual responsive behavior and AST release kinetics of

the EPMA hydrogel.

s~1, indicating the elastic network is formed. Moreover, the rheological
properties of both hydrogels w.ere highly similar, which indicate that
the hydrogel could still maintain stable rheological properties after the
introduction of MIC&AST. As shown in Fig. 2f, the G” values surpassed
the corresponding G’ values at 1000% of applied strain, indicating the
disintegration of the hydrogels. And then a continuous step strain test
(strain between 1% and 1000%) were carried out. As evidenced by
Fig. 2g, the hydrogels experienced a significant decrease in G' and G"
under a 1000% applied strain, with G" outperformed G'. After two cy-
cles, G' and G" quickly returned under a 1% applied strain, indicating
that the hydrogels demonstrated remarkable self-healing capabilities.

3.3. Mechanical properties of the hydrogels

An adequate mechanical strength is important for a hydrogel dres-
sing to avoid the breakage caused by body movement. Therefore, the
compression and testing properties of the hydrogels have been investi-
gated. As shown in Fig. S8, the compressive strength of EPBA-PVA and
EPMA hydrogels was approximately 22 kPa at a high strain of 80%.
Meanwhile, the load-unload compression stress-strain curves indicated
that the hydrogel could withstand a high compression strain of 80%
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without fracture. Meanwhile, the tensile testing of the hydrogel was
further performed. As shown in Fig. S9, the results of Young's modulus
showed no significant difference between the EPBA-PVA and EPMA
hydrogel groups, and the elongation at the break of the two groups
remained as high as over 400%. Taken together, all the above results
demonstrated that the hydrogel exhibited superior mechanical strength,
which have the potential to meet the mechanical needs of soft tissues
related applications.

3.4. Adhesion properties of the hydrogels

The lap shear tests were applied to investigate the tissue adhesive
properties of the hydrogels to porcine skins. As shown in Fig. S10, the
adhesion strength of EPBA-PVA and EPMA hydrogel to the porcine skin
tissue was approximately 40 kPa, and no significant difference was
observed between the two groups, demonstrating that the introduction
of MIC&AST had no obvious effect on the adhesion property of hydro-
gels. In addition, the adhesion property of the EPMA hydrogel was
further investigated by tissue adhesion. As shown in Fig. S11, the EPMA
hydrogel was capable of adhering to major organs including the heart,
liver, spleen, lung and kidney without falling out under gravity. Thus,
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these results demonstrated that the excellent adhesion of the EPMA
hydrogel could provide a stable connection between the wound and the
dressing.

3.5. Self-healing, injectable, pH/ROS dual responsive behavior and drug
release kinetics of the EPMA hydrogel

The dynamic formation-dissociation cycles of the boronic ester
bonds could give the EPMA hydrogel excellent self-healing and inject-
ability properties. As a result, the hydrogel could effectively fill irregular
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wound beds and quickly repair damaged dressings caused by regular
body movements [37]. As presented in Fig. 2h, the hydrogel could be
continuously injected with a syringe to form the letter “XSJ”, indicating
the good injectability of the EPMA hydrogel. Thereafter, the EPMA
hydrogel was cut into pieces and dyed in various colors to investigate its
macroscopic self-healing ability. As depicted in Fig. 2i, the dyed EPMA
hydrogel pieces were attached to the finger firstly, and then contact with
the two pieces for a duration of 2 min, the hydrogel demonstrated the
ability to repair itself and withstand the bending force from the finger
without exhibiting any cracks.
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Fig. 3. Biocompatibility properties, antioxidant efficiency, and antibacterial performance of the pH/ROS dual-responsive EPMA. (a) Hemolysis test of different
samples (n = 3). (b, ¢) Cell viability of 3 T3-L1 cells and HUVECs after corresponding treatment for 1, 2, and 3 days (n = 3). (d) DPPH scavenging efficiency of
different samples (n = 3). (e) Live/dead staining of 3 T3-L1 cells after corresponding treatment (scar bar: 100 pm). (f, g) Antibacterial ratio of different samples (n =
3). (h) Evaluation of intracellular ROS under different hydrogel treatments (scar bar: 50 pm). (i) Digital photographs of bacterial colony formation after corre-
sponding treatment. (j) Live/dead bacterial staining images of S. aureus and E. coli after corresponding treatment (scar bar: 50 pm). (k) SEM images of bacterial after
corresponding treatment (scar bar: 500 nm). (1) Antibacterial mechanism of the hydrogel.
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Generally, when bacterial infection occurs in a chronic wound, the
pH of the wound will decrease due to the acidic substances such as lactic
acid and carbonic acid generated by bacterial growth [38]. Because the
boronic ester bond is easy to break in acidic and oxidizing environment,
the EPMA hydrogel exhibited pH/ROS dual responsive behavior
(Fig. S7). Fig. 2j illustrates that upon adding HCI solution (pH 5), the
hydrogel gradually disintegrated over a span of 6 h. Similarly, the
addition of Hy0, (1 mM) elicited a comparable response. These findings
suggest that the hydrogel network breaks down due to hydrolysis of the
boronic ester bonds when exposed to acidic and oxidative conditions.
Once the network collapses, the MIC&AST were exposed to the sur-
rounding environment and then released AST due to the further disso-
ciation of the ROS sensitivity of the TK bonds. Consequently, we
analyzed the AST release kinetics of the EPMA under different condi-
tions. As depicted in Fig. 2k, in comparison to the control group
(26.3%), the amount of released AST increased by 37.9%, 50.4%, and
59.1% after incubating for 24 h at pH 5.5, 100 pM H205, and pH 5.5 with
100 pM H30,, respectively. This indicates that both pH and ROS func-
tioned as intelligent switches for the EPMA hydrogel, controlling the
release of AST. Additionally, AST was continuously and sustainably
released over a period of 72 h, which could promote continuous
angiogenesis. Overall, the AST release kinetics of the EPMA hydrogel
make it highly appropriate for treating chronic wounds characterized by
an acidic and oxidizing environment.

3.6. In vitro biocompatibility of EPMA hydrogel

As a wound dressing, the biocompatibility of the pH/ROS dual-
responsive EPMA hydrogel is of paramount importance for promoting
wound repairing [39]. The hemocompatibility of EPMA hydrogel was
examined with mouse erythrocyte using Triton X-100 as the positive
control, and the results indicated that no significant hemolysis was
noted in all experimental groups (Fig. 3a and S12), demonstrating that
the EPMA hydrogel had superior blood compatibility [40]. Fibroblasts
cells and endothelial cells were the primary cell types in promoting
tissue repair and regeneration, acting an important role in the process of
wound repairing. Thus, 3 T3-L1 and HUVECs were used to detect the
cytotoxicity of the hydrogel. To further investigate the cytocompatibility
of the hydrogel, CCK-8 kit and live/dead staining were conducted. After
co-incubation with HUVECs and 3 T3-L1 cells for 3 days, the cell
viability of hydrogels was greater than 90%, and no significant differ-
ence was found among the four groups (Fig. 3b and c¢). In addition, the
results of Live/Dead staining revealed that large green fluorescent dots
were observed in all groups (Fig. 3e and S13), reconfirming the favor-
able biocompatibility of EPMA hydrogel.

3.7. Antioxidant capacities and antibacterial properties of EPMA
hydrogel

Reactive nitrogen and oxygen species (RNOS) is essential for main-
taining the redox homeostasis of the intracellular environment. Specif-
ically, excessive RNOS accumulation can result in long-term
inflammation and hinders the progression of skin regeneration owing to
the disrupted immune microenvironment in chronic wound [41-43].
Furthermore, excessive RNOS could interfere with signaling cascades
and destroy cells, leading to severe irreversible and permanent damage
of tissues. Owing to the resulting disproportion between degradation
and remodeling processes, chronic wounds persist in the inflammatory
phase of the normal healing process and often remain non-healing for
months or even years. Thus, wound dressings with the ability of scav-
enging excessive RNOS could relieve wound tissue oxidative stress and
stop the vicious circle of inflammation, thereby promoting chronic
wound healing. Because of the AST encapsulation and dynamic nature of
boronate esters within our system, EPMA hydrogel is anticipated to
present prominent antioxidant performance for chronic wound treat-
ment. The antioxidative ability of the EPMA hydrogel in vitro was
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evaluated by DPPH free radicals scavenging test and ROS scavenging
assay. Not unexpectedly, the EPMA hydrogel displayed a significant
DPPH scavenging efficiency (Fig. 3d), which may be the consequence of
the dynamic arrangement of the of boronate ester bond and the released
AST from the hydrogel. Moreover, to further evaluate the intracellular
ROS scavenging ability, 100 pM Hy0, was introduced to 3 T3-L1 cells
and incubated with the EPMA hydrogel, which can imitate a patholog-
ical oxidative microenvironment of chronic wounds. Besides, 2/,7'-
dichlorofluorescin diacetate (DCFH-DA) also was utilized as a probe to
evaluate the intracellular ROS levels. Obviously, the EPMA hydrogel
group exhibited remarkably lower intensity of fluorescent signals than
the other experimental groups (Fig. 3h), demonstrating that the EPMA
possessed excellent antioxidative property. Together with the above
results, the EPMA hydrogel could be used as a trustworthy wound
dressing to eliminate overexpressed RNOS in chronic refractory wounds,
which might be beneficial for skin regeneration.

Repeated bacterial infection is a common complication of chronic
refractory wounds [23,44], which could prolong the wound healing.
Accordingly, wound dressings with intrinsic antibacterial property are
important for clinical application [45]. The antibacterial effects of the
EPMA hydrogel were comprehensively investigated using S. aureus and
E. coli, which are the main pathogenic bacterium causing chronically
infected wounds [46]. First, the antibacterial ratios of the EPMA were
assessed by the OD 600 method. As illustrated in Fig. 3f and g, the EPMA
hydrogel indicated superior antibacterial performance for both S. aureus
(95.3%) and E. coli (91.6%), which may be ascribed to the release of
EPBA. Meanwhile, the introduction of MIC&AST had no influence on the
antibacterial property of the EPMA. Afterward, plate counting method
was applied to detect the antibacterial activities of the EPMA. As ex-
pected, EPMA hydrogel demonstrated significant antibacterial ability
against both S. aureus and E. coli (Fig. 3i). In addition, the images of a
live/dead bacterial viability assay indicated that there was a significant
presence of dead bacterial (red) in the EPMA hydrogel group (Fig. 3j),
further indicating good inhibition effects against S. aureus and E. coli.
Finally, the morphology of bacterial after corresponding treatment was
evaluated by SEM. As presented in Fig. 3k, the membrane depression
and rupture of S. aureus and E. coli was observed, indicating the
outstanding antibacterial performance of EPMA hydrogel. The antibac-
terial mechanism might be ascribed to the fact that EPMA hydrogel
could dynamically generate NH{ (Fig. 31), which could destroy the cell
membrane of bacteria [47-49], eventual causing bacterial death. Thus,
the above results collectively suggested that EPMA hydrogel possessed
superior antibacterial effects, indicating their broad application pros-
pects in wound dressings.

3.8. In vitro cell migration, anti-inflammatory performance and
immunological regulation of EPMA hydrogel

Cell migration play a crucial role during the tissue remodeling pro-
cess. Thus, scratch assay was performed to detect the effects of EPMA
hydrogel on the cell migration behavior, and LPS-activated 3 T3-L1 cells
were utilized to simulate wound inflammation in vitro [50]. Notably,
the migration of 3 T3-L1 cells was significantly inhibited following the
addition of LPS (Fig. 4b and S14). Meanwhile, compared to other
experimental group, the cell migration was significantly enhanced in the
EPMA hydrogel group, primarily driven by the antioxidant ability of
AST and boronate ester bond. Macrophages is recognized as important
immune cells, playing an important role in immunomodulation and skin
regeneration [51]. Thus, it is of particular importance to develop wound
dressings which possess capability of promoting macrophage polariza-
tion toward M2 phenotypes to recover immune homeostasis during
tissue remodeling. Therefore, macrophage polarization was further
detected by ELISA to evaluate the in vitro anti-inflammatory property of
the EPMA hydrogel. LPS stimulation leads to the activation of Raw 264.7
macrophages into the proinflammatory M1 phenotype, which selected
as the positive control. After coculture for 24 h and 48 h, results from



X. Deng et al. Journal of Controlled Release 368 (2024) 518-532
a b g 1004 ¢ Blank LPS
z & B EPBA-PVA BEE MIC&AST
B .
Inflammatory level l cp206 | £ 801 E EPMA -
f o IL-10 = =
AST / f g 601 _LPS = 100 | 1
o 2 =
e o ] Blank .E
\ =
™ N e o mag | £ 1 . EraPva = sl
zati = Xl Ak @
M1 macrophage Rl M2 macrophage TNF-nl o 204 ~¥- MIC&AST Q
e EPMA
s 0 T T : .
0 24 48 1 2
d Time (h) Time (days)
€ Lar
Blank LPS EPBA-PVA MIC&AST LLLJ
= ~
< 'g 8x10°
% oy 7
&
o
1 A
E i 4x10°
> Z
=}
o] . n
: gt LB VA CaAST gt
e 1.2x10°
2 f X
1 L
=
= O 9x10¢
E
)
g Blank EPBA-PVA MIC&AST £ 6x10¢
; <o
S.63F-3 | 10t 0 0.072 ;,,10.034 013 EXTII U] 393 inl
i 2 a0
wJ; 104 104
: . f ol , :
o ol prank \\’v e V“cg.\S" geMA
—.1 ""“%3,7;,!" - 42.1 0.61 104846 0.82 h 80
o e aw e W e e T e e
Ea i
=2 60
@
.
j EPBA-PVA MIC&AST EPMA &
§ a0
Q
LD X
Q 201
Z
ol B O e o3
plank \.\‘2“‘&\_‘»\' :\ (& AST gpMA
o i 20
(=]
a
@ hhh
5
&} I
b1
&
=1 2 10
= a
= Q
% X s
o0
=
)
E prank \‘\"‘5"‘,\,s o :\\(2 AT gpMA

Fig. 4. Effects of EPMA hydrogel on cell migration, macrophage polarization and inflammation amelioration. (a) Schematic demonstrating the roles of EPMA
hydrogel in regulating inflammation. (b) Quantification of 3 T3-L1 cells migration (n = 3). (c) Cell viability of RAW 264.7 cells treated with different samples (n = 3).
(d) Immunoflurescence staining for TNF-a and IL-10 after corresponding treatment (scar bar:100 pm). (e, f) The expression level of TNF-a and IL-10 with the different
treatment (n = 3). (g-i) Flow cytometry and quantification of CD206 and CD86 expression (n = 3). (j) Immunofluorescence staining for iNOS and CD206 in RAW

264.7 cells treated with different samples (scar bar: 100 pm).

CCK-8 demonstrated that the cell viability increased remarkably in the
EPMA hydrogel group (Fig. 4¢), which might be attributed to the EPMA
inhibiting inflammation of macrophages. Furthermore, the results of
ELISA assay indicated that TNF-a expression was remarkably down-
regulated in the EPMA hydrogel-treated group, while the IL-10 expres-
sion in the EPMA hydrogel-treated group was remarkably upregulated
when compared with the blank group (Fig. 4e and f). Furthermore, the
results of immunofluorescence staining indicated that TNF-a labeled

green fluorescence was significantly decreased and IL-10 labeled red
fluorescence was remarkably increased in inflammatory cells after
EPMA hydrogel treatment (Fig. 4d), suggesting enhanced anti-
inflammation.

Macrophages can differentially polarize into pro-inflammatory (M1)
and anti-inflammatory phenotypes (M2) and play a key role in regu-
lating the immune response and accelerating tissue remodeling in
chronic wounds [12,52] (Fig. 4a). The failure of macrophages to switch
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phenotypes from M1 to M2 has been associated with delayed wound
healing and chronic inflammation [53]. Hence, the immunofluorescence
staining and flow cytometry analysis were carried out to explore the
immune regulation of hydrogels. Flow cytometry analysis indicated that
the ratio of CD86" macrophages remarkably increased following the
addition of LPS (Fig. 4g). However, a significantly reduced ratio CD86™"
and a marked increased ratio of CD206" were noted after EPMA
hydrogel treating (Fig. 4h and i). Meanwhile, the immunofluorescence
staining images indicated that the iNOS expression was remarkably
reduced following EPMA hydrogel treatment, whereas the CD206
expression was significant increased (Fig. 4j). In addition, the EPMA
hydrogel treated group exhibited a remarkably lower iNOS fluorescence
intensity, whereas the fluorescence intensity of CD206 was increased
compared to the other groups, demonstrating the enhanced polarization
of M2 macrophage (Fig. S15). Accordingly, all the above results indicate
that EPMA hydrogel could regulate immune microenvironment by
polarizing macrophages from M1 to M2 phenotype and could potentially
accelerate the skin repair by inhibiting the expression of inflammatory
cytokines.

3.9. Mechanism of EPMA hydrogel promoting chronic wound healing

To further investigate the regulatory effect and potential mechanism
of the EPMA hydrogels on macrophages, RNA sequencing (RNA-Seq)
was conducted. The Venn diagram shows that 706 genes were expressed
in only untreated cells, and 608 genes were expressed in EPMA-treated
cells (Fig. 5a). Differentially expressed genes (DEGs) analysis and vol-
cano plot indicated that 117 genes were upregulated and 111 genes were
downregulated in EPMA hydrogel group (Fig. 5b and c¢). The gene
expression heatmap also demonstrated DEGs between the control and
EPMA groups (Fig. 5d). Gene enrichment (GO) enrichment analysis of
the RNA-seq showed that EPMA hydrogel-treated group changed the
molecular function, cellular component, and biological process
(Fig. 5e), and most of alterations were significantly enriched in immune
system, indicating that EPMA hydrogel may improve wound healing
through immunoregulation. Consistently, gene set enrichment analysis
(GSEA) indicated significant downregulation of the “NOD-like receptor”
and “TNF pathways”, further demonstrating the role of EMPA hydrogel
in the immune response (Fig. 5f). Meanwhile, Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analysis revealed that
EPMA hydrogel affected the NF-kappa B, TNF pathway, and other
inflammation-related pathways (Fig. 5g). Previous studies have proved
that activating the IL-17 pathway triggered the release of pro-
inflammatory cytokines, contributing to M1 macrophages polarization,
which is closely related to the deterioration of chronic refractory
wounds. In particular, the EMPA hydrogel-treated group relieve the
damage induced by chronic wounds though the inhibition of IL-17
pathway. Moreover, a quantitative real-time PCR (RT-qPCR) assay
further confirmed the excellent anti-inflammatory ability of EPMA
hydrogel, as the expression levels inflammation-related genes (IL-6,
TNF, CCL2, IL-1b) were significantly reduced in the EPMA group
(Fig. S16). Overall, the EPMA hydrogel could act as an immune-
regulating platform which relieve inflammation by inhibiting the NF-
kappa B pathway, which inducing the macrophage transformation
from M1 to M2 phenotype, thus accelerating tissue regeneration.

3.10. Angiogenesis efficiency of EPMA hydrogel

The ability to accelerate the formation of blood vessels is indis-
pensable for the wound dressing because abundant neovascularization
provides scaffolds for collagen decomposition in chronic wounds and
expedite tissue regeneration [54]. In chronic wounds, vascular occlusion
is one of the major reasons for delayed wound healing [55]. Thus,
inducing neovascularization are critical for accelerating chronic wound
healing [56]. Neovascularization is associated with the recruitment of
vascular endothelial cells [57], and transwell assay was carried out to
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investigate the impact of the EPMA hydrogel on the endothelial cell
migration. As shown in Fig. 6a, the results of transwell assay showed
that HUVEGs treated with MIC&AST and EPMA exhibited faster
migration rates. In the wound healing process, angiogenesis is highly
correlated with growth factors secreted by vascular endothelial cells,
including VEGF and HIF-1a. Therefore, ELISA and immunofluorescence
staining were performed to evaluate the expression levels of VEGF and
HIF-1a after treating with different samples. As presented in Fig. 6¢ and
d, the results of ELISA suggested that VEGF and HIF-1a expression in the
EPMA group was remarkably higher than the control group. Moreover,
immunofluorescence staining of VEGF and HIF-1a indicated that EPMA
hydrogel could promote angiogenesis in chronic wounds (Fig. 6b). This
phenomenon could be ascribed to the sustained release of AST. It has
been reported that AST exerted a dose-dependent manner in promoting
blood vessels formation [58]. Hence, we further evaluated the vessel-
forming ability of HUVECs treated in EPMA hydrogel through a tube
formation assay. Notably, HUVECs exhibited more junctions and longer
lengths within the range of 0-80 pmol/L, while an evident decrease in
tube formation was noted when the AST concentration achieved 160
pmol/L (Fig. S17 and S18). Notably, it could be observed that the total
tube length evaluated after 24 h in EPMA hydrogel group was remark-
ably higher than other groups (Fig. 6e-g). Collectively, the above results
demonstrated that the EPMA hydrogel significantly accelerated the
formation of blood vessels and increased the expression of cytokines
associated with neovascularization, thus making earlier vascularization
possible in skin repair.

3.11. In vivo wound healing assessment

The degradation properties of EPMA hydrogel in vivo are important
for biomaterials and tissue engineering. Under the skin of rats, a com-
plete hydrogel construct was formed after 0.5 h of injection (Fig. S19).
Afterwards, the hydrogel construct decreased gradually in size and mass
days after subcutaneous implantation within 7 days, while at the wound
site of rat, such hydrogels also exhibited a similar degradation rate,
demonstrating the rapid degradation of EPMA hydrogels in vivo. To
further determine the abilities of the EPMA hydrogel to accelerate
chronic wound healing, an infected cutaneous wound model was
established by us [50,59] (Fig. 7a). The process of skin repairing of the
full-thickness in different groups were observed through representative
images at day 0, 7, 14, and 21. On the 21th day, the wound closure rates
were respectively 64.6% for the MIC&AST group, 84.9% for the EPBA-
PVA group, and 94.7% for the EPMA group, while only 49.8% for the
blank group, and 56.6% the hydrosorb group (Fig. 7b, ¢ and g). Notably,
the wound in the EPMA hydrogel group was basically healed, whereas
there were still visible scars observed in other experimental group after
21 days of treatment. To further evaluate the antibacterial properties of
the EPMA in vivo, plate counting method was performed to evaluate the
residual bacterial in the wound area on day 7. As depicted in Fig. 7d and
h, many bacteria survived on the wounds in the blank, hydrosorb, and
MIC&AST groups, while significantly fewer bacterial colonies were
noted in the EPBA-PVA and EPMA hydrogel group. Thus, the above
results revealed that the EPMA hydrogel could significantly inhibiting
bacterial infection, which was ascribed to the intrinsic antibacterial
property of the hydrogel.

To further investigate the effects of EPMA hydrogel on promoting
wound repair in different stages, histological analysis was performed on
the regenerated skin tissues. The results in Fig. 7e, i and $21 showed
that the groups treated with EPMA hydrogel exhibited a significantly
reduction of wound length compared to the other experimental groups.
In addition, the process of collagen deposition in wound sites were
further explored by Masson's trichrome staining (Fig. 7f, j and S21).
Notably, the EPMA hydrogel group exhibited the densest collagen
deposition, further demonstrating that the EPMA hydrogel promoted the
skin repair by accelerating collagen deposition.
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3.12. Histopathologic assessment of wound tissues

Chronic refractory wound typically exhibited persistent inflamma-
tion, which is often feature with the accumulation of ROS, over-
expression of inflammatory cytokines, and inability transition of
macrophages to switch phenotypes from M1 to M2 [60]. The ROS con-
tent in the wounds was determined by Dihydroethidium (DHE) staining.
As presented in Fig. 8a and S20, the fluorescence signal of DHE was
remarkably decreased in the EPMA hydrogel group, revealing its supe-
rior antioxidant abilities. Furthermore, the immunohistochemical
staining indicated that, when compared to the other experimental
groups, TNF-a expression was remarkably reduced, while IL-10
expression was remarkably increased after treatment with EPMA
hydrogel on days 7 and 21 (Fig. S22 and 8b), further demonstrating that
the excellent ability of EPMA hydrogel inhibit inflammatory response.

It is well-established that sustained inflammation causes hard-to-
healing wounds, and the transition from inflammation to the prolifera-
tion stage are mainly regulate by M2 macrophage [61]. Moreover, the in
vitro results had confirmed that the EPMA could promote the transition
of the M1 phenotype toward M2 phenotype, we supposed that the
modulation of inflammatory cytokines was associated with the effective
transition in macrophage phenotype. On days 7 and 21, the immuno-
fluorescence results indicated that the EPMA group exhibited decreased
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iNOS and increased CD206 expression (Fig. S20 and 8a), which
demonstrated a positive transition from M1 to M2 phenotype after
treatment with EPMA.

Neovascularization plays an important role in bringing oxygen and
nutrients to healing cells and promoting the growth of newly-formed
granulation tissue [62]. Hence, the process of angiogenesis is of para-
mount importance for accelerating wound repair and skin regeneration.
To explore the neovascularization in the wound tissues, CD31 and VEGF
Immunofluorescence staining was performed. The results revealed that
the EPMA hydrogel group remarkably promoted the expression of CD31
and VEGF in regenerated skin, whether on day 7 or day 21 (Fig. S20 and
Fig. 8a). Meanwhile, the TNF-a, IL-10, VEGF and CD31 expression levels
were further evaluated by ELISA (Fig. 8c—f), and the results were com-
parable to the results of the immunohistochemistry and immunofluo-
rescence staining. Additionally, systematic in vivo toxicity evaluation
also indicated that the superior biosafety of EPMA hydrogel (Fig. S23).
Collectively, the EPMA hydrogel showed promising potential in treating
chronic refractory wounds by simultaneously eradicating bacterial,
ameliorating oxidative stress, alleviating inflammation, and boosting
angiogenesis.
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4. Conclusion

To sum up, we successfully fabricated a multifunctional glycopeptide
EPMA hydrogel as an ideal dressing to accelerate skin tissue regenera-
tion and repair in chronic refractory wounds. Owing to the dynamic
nature of boronic ester bonds, the hydrogel exhibited effective self-
healing ability and pH/ROS responsiveness, which could greatly pro-
mote its biomedical application and ameliorate oxidative stress in
chronic refractory wounds. Notably, the intelligent hydrogel
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encapsulated with AST simultaneously exhibited versatile biological
activities, such as antibacterial, anti-oxidation, anti-inflammatory, pro-
moting angiogenesis, and regulation of macrophage polarization, which
comprehensively contributing to skin repair at multiple phases during
the process of chronic wound healing. It offers novel perception to
employ Chinese herbal medicine to improve therapeutic effects of
chronic wound healing. The results in vivo verified that the EPMA
hydrogel could remarkably accelerate wound repairing through elimi-
nating bacterial, hampering oxidative stress, suppressing inflammation,
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