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Microenvironment-responsive release of Mg?*
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The management of chronic infected wounds poses significant challenges due to frequent bacterial
infections, high concentrations of reactive oxygen species, abnormal immune regulation, and impaired
angiogenesis. This study introduces a novel, microenvironment-responsive, dual dynamic, and covalently
bonded hydrogel, termed OHA-P-TA/G/Mg?*. It is derived from the reaction of tannic acid (TA) with
phenylboronic acids (PBA), which are grafted onto oxidized hyaluronic acid (OHA-P-TA), combined with
GelMA (G) via a Schiff base and chemical bonds, along with the incorporation of Mg?*. This hydrogel
exhibits pH and ROS dual-responsiveness, demonstrating effective antibacterial capacity, antioxidant
ability, and the anti-inflammatory ability under distinct acidic and oxidative microenvironments.

Received 9th May 2024, Furthermore, the release of Mg?* from the TA-Mg?" network (TA@Mg?") promotes the transformation

Accepted 8th June 2024 of pro-inflammatory M1 phenotype macrophages to anti-inflammatory M2 phenotype, showing a
DOI: 10.1039/d4tb01000k microenvironment-responsive response. Finally, in vivo results indicate that the OHA-P-TA/G/Mg**

hydrogel enhances epithelial regeneration, collagen deposition, and neovascularization, showing great
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1. Introduction

The treatment of infected wounds presents a great clinical
challenge due to their high localized bacterial colonization."?
Bacteria discharge a variety of substances that can instigate an
intense and extended inflammatory response, undermine the
extracellular matrix (ECM) in host tissues shortly after coloni-
zation and infection, and drastically impede the wound healing
process. Inflammatory cells induced at the wound site generate
large amounts of reactive oxygen species (ROS), leading to
apoptosis and vascular damage, thereby inducing oxidative
stress and prolonged inflammation."** Moreover, the persis-
tent inflammatory response further worsens the immune
microenvironment of wound healing through the secretion of
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potential as an effective dressing for infected wound repair.

a large number of inflammatory factors, interrupting the
transition of the wound healing process from the inflam-
matory phase to the proliferative phase.>® Therefore, thera-
peutic strategies such as antioxidants, antimicrobials, anti-
inflammatories, and vascular regeneration can be used for
the resolution of infected wounds to re-establish microenviron-
mental balance.

The standard approach to treating bacterial infections
involves the use of antibiotics. However, the misuse of anti-
biotics has contributed to a crisis of drug resistance and often
fails to address the comprehensive needs of the healing process
for infected wounds.® The advent of hydrogels has introduced
novel strategies for the treatment of infected wounds. Hydro-
gels, characterized by their soft, three-dimensional network
structures, serve as multifunctional dressings that maintain a
moist microenvironment, facilitate the passage of water and
oxygen, absorb excess exudates, and provide protection against
microorganisms. Injectable self-adaptive hydrogels, known for
their responsiveness to stimuli, are capable of adapting intelli-
gently to changes in the wound’s microenvironment, including
temperature, pH, and humidity.” The functional properties of
injectability and self-healing are realized through reversible
physical noncovalent interactions and chemical covalent
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bonding mechanisms such as a Schiff base, a boronic acid-diol
complex, disulfide bonds, and metal-ligand coordination.
Among these, the methacrylate gelatin (GelMA) hydrogel is
noted for its superior biocompatibility and versatility, which
encompass mechanical, swelling, degradation, and biological
characteristics, with a notable capacity to carry bioactive
substances.®® The arginine-glycine-aspartic acid (RGD) pep-
tide sequence within the hydrogel can stimulate cell adhesion
and platelet activation, potentially endowing the hydrogel with
superior cell adhesion properties and the capability to promote
hemostasis. However, GelMA as a skin dressing is still limited
by its rapid degradation, inadequate mechanical properties,
and limited functionality.® Hyaluronic acid (HA), a key compo-
nent of the extracellular matrix, is essential for various physio-
logical processes, including joint lubrication, blood vessel wall
permeability regulation, protein and electrolyte diffusion man-
agement, and wound healing facilitation. Despite these advan-
tages, HA’s use as a standalone wound repair material is
restricted due to its inferior mechanical properties, lack of
adhesion, excessive swelling, and early degradation. However,
these limitations can be overcome by chemically modifying HA,
which involves oxidizing its o-diol structure into dialdehyde
and forming chemical bonds through cross-linking with other
polymers.'®**

The treatment of incorporating cytokines, cells, and drugs
into hydrogels has issues with incomplete release, high cost,
and does not account for changes in the microenvironment
during the healing process. Intrinsically antioxidant hydrogels
prepared by grafting antioxidant units onto polymer chains,
such as dopamine, gallic acid, eugenol, cysteine, and phenyl-
boronic ester, can be utilized to eliminate free radicals. Tannic
acid (TA), a typical hydrolysable tannin abundant in fruits and
plants, is a polyphenolic compound containing numerous
catechol and gallol groups. It has the ability to bind proteins
and functions as an antioxidant, anti-inflammatory, and anti-
microbial agent.">"® Phenylboronic acids (PBA) have the ability
to establish reversible covalent boronic ester bonds with diols
when the pH level is equal to or exceeds their pK, value (7.8).
These reactions can be used to target the response and release
of specific molecules in specific environments. Furthermore,
these boronic ester bonds exhibit high sensitivity to ROS under
oxidative conditions. The combination of polyphenols with
hydrogels grafted with phenylboric acid through chemical
bonding endows hydrogels not only with injectable self-
healing ability, pH/ROS response release, and scavenging abil-
ity but also with inherent antioxidant ability.'***> Magnesium
ions (Mg®*), essential elements for biological growth and
development and various enzyme agonists, have been shown
to significantly enhance the antioxidant and antimicrobial
properties, and other activities when complexed with amino
acids or quercetin.'® However, the specific mechanism remains
unclear. It has been demonstrated that incorporating Mg** into
a hydrogel promotes cell proliferation, differentiation, and
tissue regeneration. However, the uncontrolled release of
Mg>* limits the application. TA can form stable complexes with
various metal ions such as Mn>*, Fe**, and Cu®', enhancing its
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structural stability and regulating the microenvironment to
increase its effectiveness.”” Thus the smart hydrogel now
possesses the capability of modifying its own structure,
responding to the release of functional substances, and adapt-
ing to changes in the microenvironment of the infected wound.

In this study, we aimed to develop a dual dynamic covalently
bonded hydrogel incorporating Mg”>* (OHA-P-TA/G/Mg”"). This
hydrogel has a multilevel crosslinked structure that is derived
from the reaction of TA with a PBA graft onto oxidized hya-
luronic acid (OHA-P-TA), combined with GelMA (G) via a Schiff
base and chemical bonds. The OHA-P-TA/G/Mg>" hydrogel,
possessing a multitude of features such as the self-healing
ability, injectability, antibacterial properties, and pH/ROS
dual-responsive attributes, was engineered to facilitate the
controlled release of TA and Mg?" in a spatiotemporal manner.
It has the potential to suppress the inflammatory response and
expedite the healing process in infected wounds. As shown in
Fig. 1, phenylboronic acid-grafted oxidized dextran (POD) and
amidogen of G form the primary network structure, and the
hydroxyl group on the TA, along with PBA grafted onto oxidized
hyaluronic acid, forms chemical bonds for achieving pH/ROS
response. Meanwhile, the secondary structure is composed of G
by photo-crosslinking."” In addition to further enhancing the
stability of the hydrogel structure, Mg>" chelated with TA is
slowly released in the hydrogel system and spatially and
temporally responds to the wound microenvironment, syner-
gistically playing a role in promoting wound healing.'® The pH/
ROS dual-responsive attributes of the hydrogel originate from
the structure of boronic ester bonds and Schiff base breakage.
In addition, a comprehensive evaluation was conducted on the
physical attributes, release characteristics, antibacterial effi-
cacy, and biocompatibility. The healing efficacy of the hydrogel
dressing was assessed in a model involving a full-thickness skin
defect and infection.

2. Materials and methods
2.1 Materials

Sodium hyaluronate (HA, viscosity-average molecular weight of
1.20 x 10°) was procured from Bloomage Freda Biopharm Co., Ltd,
China. Methacrylic anhydride (MA) was supplied by Sinopharm
Chemical Reagent Co., Ltd, China. N-Hydroxysuccinimide (NHS)
was sourced from Shanghai Aladdin Biochemical Technology Co.,
Ltd. 1-Ethyl-3-(3-dimethyllaminopropyl) carbodiimide hydrochlor-
ide (EDC-HCI) was obtained from Shanghai Medpep Co., Ltd.
Tannic Acid (TA) and gelatin were provided by Sigma-Aldrich,
USA. Lithium phenyl(2,4,6-trimethylbenzoyl)phosphinate (LAP)
was bought from Shanghai Maclean Biochemical Technology Co.,
Ltd. 3-Aminophenylboronic acid (PBA) was procured from Shang-
hai Aladdin Industrial Co., Ltd. Phosphate buffered saline (PBS)
was bought from Invitrogen. Dulbecco’s Modified Eagle Medium
(DMEM), fetal bovine serum (FBS), and penicillin/streptomycin (PS)
were sourced from Gibco (USA). Mouse fibroblasts (L929) cells were
purchased from Procell Life Science & Technology Co., Ltd (Wuhan,
China). All other reagents were of analytical grade.
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Fig. 1 Preparation and characterization of G, OHA-P/G, OHA-P-TA/G and OHA-P-TA/G/Mg?* hydrogels. (A) Schematic diagram of the OHA-P-TA/G/
Mg?* hydrogel synthesis scheme. (B) FTIR spectra of the G, OHA-P/G, OHA-P-TA/G and OHA-P-TA/G/Mg?* hydrogels. (C) Raman spectra of hydrogels.
(D) SEM images of various dry hydrogels. (E) Distribution of pore size for different hydrogels, respectively. Data are shown as mean & SD, n = 3. *p < 0.05,
**p < 0.01, **p < 0.001, ****p < 0.0001.
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2.2 Synthesis of OHA, OHA-PBA (OHA-P), and GelMA (G)

A solution of hyaluronic acid (0.8% w/v, dissolved in 15 mL of
deionized water) was mixed with NalO, (2.14 g) and stirred for
2 hin a dark environment at room temperature. Ethylene glycol
(5 mL) was then introduced to neutralize any remaining NalO,
over a period of 2 h. Following a 3-day dialysis process using a
dialysis membrane (MWCO-3500 Da), the product was sub-
jected to freeze-drying to obtain OHA. The process of conjugat-
ing PBA to OHA involved amidation. In this process, OHA
(0.6 g) was dissolved in 200 mL of DI water. EDC (0.37 g)
and NHS (0.4 g) were added to the solution and stirred for
30 min to activate the carboxyl groups of OHA. Subsequently, 3-
aminophenylboronic acid (0.123 g, 0.900 mmol) was intro-
duced to the mixture and stirred for 24 h. The reaction solution
underwent thorough dialysis against deionized water for 3 days.
Ultimately, OHA-P was produced using lyophilization with a
cold trap set at —80 °C and a vacuum of 1 Pa, and its
characteristics were determined by 'H NMR. Gelatin was dis-
solved in PBS at 50 °C (10% w/v). MA (8 mL) was slowly added to
react with continuous stirring for 2 h, and the reaction was
terminated by adding an equal volume of alkaline solution. The
reaction solution was dialyzed extensively against DI water for
5 days at a temperature of 50 °C. GelMA was finally obtained
through lyophilization and its properties were analyzed using
'H NMR.

2.3 Preparation of OHA-P-TA/G/Mg”" hydrogels

LAP, serving as a catalyst for the photo-crosslinking reactions of
methacrylate groups, was dissolved in PBS at a concentration of
0.3% (w/v) and heated to 50 °C for a duration of 15 min. To
optimize the concentration of OHA-P and TA, concentration
gradients of OHA-P and TA were added, and the cell viability
was evaluated. Compared with other groups, a combination of
2% OHA-P and G exhibited the best cell viability. UV light was
applied for 10 s to quickly solidify the mixture.

Subsequently, OHA-P powder was dissolved in LAP solution
with concentrations of 2% (w/v) and heated to 50 °C for 1 h.
After that, GeIMA was introduced to the PBS solution and
stirred continuously for 2 h, resulting in a final Ge]MA concen-
tration of 8% (w/v). TA was then dissolved in the aforemen-
tioned solution at varying concentrations, with C (TA) =
5000 pug mL ™', which was selected based on the cytotoxicity
and the optimal compression modulus. 0.5% MgCl, was added
as a reference to the previous research in our laboratory.
Finally, the composite solution was injected into molds and
exposed to 405 nm light for 60 s to facilitate cross-linking.
The GelMA, OHA-P/GelMA, OHA-P-TA5000/GelMA, and OHA-P-
TA5000/GelMA/0.5% MgCl, hydrogels were named G, OHA-P/G,
OHA-P-TA/G, and OHA-TA/G/Mg”"* respectively.

2.4 Physicochemical analysis

The physical and chemical characteristics of hydrogels were
investigated via nuclear magnetic resonance (‘"H NMR), UV-vis
spectroscopy, Flourier transformed infrared spectroscopy (ATR-
FTIR), Raman microscopy, scanning electron microscopy
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(SEM), X-ray photoelectron spectroscopy (XPS), X-ray diffraction
(XRD), thermal gravimetric analysis (TG), differential scanning
calorimetry (DSC), and dynamic mechanical analysis (DMA),
and using the swelling ratio, and in vitro degradability. The
detailed methods are presented in the ESIL}

2.5 Rheological analysis

The rheological properties of the disk-shaped hydrogels
(25 mm x 1 mm) were evaluated at ambient temperature using
a rheometer (TA, HR20, USA). ESI} details the procedures for
the rheological analysis.

2.6 Investigation of TA and Mg”" release characteristics

The release of TA from the OHA-TA/G/Mg”" hydrogel was
quantified using UV-vis spectroscopy following a previously
described method.'® Disk-shaped hydrogels were immersed
in 5 ml of various solutions (pH 7.4 and 4.5) and H,0,
(1 mM) to study the TA release. The quantity of Mg>" released
was ascertained using inductively coupled plasma-mass spec-
trometry (ICP-MS)."°

2.7 Evaluation of in vitro antioxidant capability

The antioxidant abilities of the hydrogels were assessed using a
fluorometric intracellular ROS Kit and ABTS radical scavenging
and DPPH radical scavenging activity in previous research. ESI{
details the methods.

2.8 Evaluation of antibacterial properties

The antibacterial properties of each hydrogel were assessed
using Escherichia coli (E. coli, ATCC 25922) and Staphylococcus
aureus (S. aureus, ATCC 25923). The agar diffusion assay was
employed to measure the antibacterial ability in the surface
diffusion of the hydrogel by analyzing the zone of inhibition
(ZzO1). ESIt details the methods.

2.9 Invitro cell experiments

The direct and indirect cytocompatibility of the hydrogels was
assessed through FDA/PI staining and the cell counting Kit-8
(CCK-8). Cell migration and tube formation assays were
employed to evaluate the hydrogels’ effects on cell proliferation,
migration, and angiogenesis. The detailed methods of the
above tests are documented in the ESL

RAW 264.7 macrophages were incubated for 12 h in DMEM
containing lipopolysaccharide (LPS, 1 ug mL™ '), after which
they were incubated with various hydrogels. The intracellular
level of NO was detected by DAF-FM DA. The treated cells were
then stained with FITC-tagged anti-CD86 antibodies and APC-
tagged CD206 following the instructions provided by the man-
ufacturer, and subsequently analyzed using flow cytometry.
Quantitative real-time PCR was used to ascertain the mRNA
expression. The sequences of the primers are provided in Table
S1 (ESIt). The detailed methods of the above tests are docu-
mented in the ESL¥

J. Mater. Chem. B, 2024, 12, 6856-6873 | 6859


https://doi.org/10.1039/d4tb01000k

Published on 08 Juni 2024. Downloaded by Fail Open on 23/07/2025 10:35:52.

Journal of Materials Chemistry B

2.10 In vivo wound healing

The animal study received approval from Sichuan University’s
Medical Ethics Committee (KS2022330). Male BALB/c mice,
weighing around 25 g £+ 5 g and aged between 6 and 8 weeks,
were obtained from Vital River Laboratory Animal Technology
Co., Ltd (Beijing, China). Before creating an infected wound,
the mice were anesthetized using intraperitoneal injections of
chloral hydrate (0.5 mg kg~ "), and a full-thickness skin wound
with a diameter of 10 mm. Subsequently, 100 pL of S. aureus
(10° CFU mL ") was administered to the defect wound to induce
infection for 1 day. On day 2, infected tissue samples were gathered
and meticulously mixed with 2 mL of TSB in a sterile environment
for an in vivo antibacterial ability test. The detailed methods of the
above tests are documented in the ESL}

2.11 Histologic analysis

The process of epidermal regeneration in wound tissues was
evaluated using various staining techniques, including hema-
toxylin and eosin (H&E), Masson’s trichrome, Sirus red stain-
ing, and immunohistochemical staining. The detailed methods
are presented in the ESL¥

2.12 Statistical analysis

Statistical analysis was conducted using SPSS 25.0 software.
The data collected were represented as the mean + standard
deviation from three distinct experiments. Data analysis was
performed using the GraphPad Prism software (GraphPad Soft-
ware Inc.) and involved statistical tests such as the Student’s -
test (unpaired and two-tailed), one-way or two-way ANOVA,
supplemented by a Tukey post hoc test. When p < 0.05 (*),
p < 0.01 (*¥), p < 0.001 (***), and p < 0.0001 (****), the
difference was considered significant.

3. Results and discussion

3.1 Preparation and characterization of the OHA-P-TA/G/Mg”*
hydrogel

To address the multifaceted needs of chronic wound healing, a
self-healing, tissue-adhesive, antioxidant, anti-inflammatory
hydrogel loaded with OHA-P, G, TA, and Mg2+ was designed.
This double crosslinked hydrogel aims to meet the complex
requirements of treating chronic infected wounds. The synth-
esis diagram of the hydrogel is presented in Fig. 1(A). HA was
chosen as the primary network molecule due to its excellent
biocompatibility and metal coordination properties. Sodium
periodate was utilized to yield oxidized HA (OHA) (Fig. S1A,
ESIt). The 'H NMR spectra result revealed new proton signals
at 4.90, 5.00, and 5.10 ppm (1, 2, and 3, respectively), which
correspond to the hemiacetalic proton formed from aldehydes
and neighboring hydroxyl groups (Fig. S2A, ESIT). The degree of
oxidation is approximately 42.10%. PBA was grafted onto the
aldehyde groups of the OHA chain through a Schiff base
reaction by classical EDC/NHS chemistry to synthesize phenyl-
boronic acid-grafted oxidized hyaluronic acid (OHA-P) (Fig. S1B
and S2A, ESIt). The '"H NMR spectra showed proton-specific
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signals for phenylboronic acid at 7.3 to 7.7 ppm (4, 5, 6, and 7,
respectively), and the substitution degree of PBA was quantified
to be approximately 38.7% by comparing the peak area of these
proton-specific signals in each group to that of a methyl group
(6 1.90) (Fig. S1A, ESIt).>° FTIR spectra showed that the peak at
1730 cm ™' represents the stretching vibration of the -C=0 of
the aldehyde group, contributed by the oxidation of sodium
periodate.>® Compared to OHA, the OHA-P polymer spectrum
displayed a new peak at 1459 cm™ ' and 1517 cm™ ' which was
attributed to the benzene ring. Moreover, new peaks emerged at
1340 cm™* and 700 em ™!, which were ascribed to the tensile
vibration of -B-O and the bending vibration of -C-H in
phenylboronic acid, respectively (Fig. S2B, ESIf). The results
confirmed the successful oxidization to OHA and conjugation
of phenylboronic acid groups onto OHA (Scheme 1).

To introduce Schiff base bonds and photo-crosslinking
chemical bonds into the hydrogel network, MA-modified gelatin
was chosen as an additional primary component (Fig. S1C, ESIT).
The FTIR spectra of the OHA-P/G hydrogel revealed the distinctive
peaks of pyranoses (1025 cm ') and mannose (872 cm ' and
802 cm '), signifying the incorporation of OHA-P into the compo-
site G hydrogel (Fig. 1(B)). The spectra indicated the creation of
-C=N (1690-1590 cm ). Additionally, the peak around 3400 m ™"
intensified, corresponding to -OH and -NH, stretching vibrations
(Fig. 1(B)), implying an interaction between -NH, groups (GelMA)
and -C—O0 groups (OHA-P). TA, which contains numerous aro-
matic rings, exhibits an absorption peak at 270-320 nm, whereas
OHA-P does not. As depicted in Fig. S2C (ESIT), absorption peaks at
270-280 nm are present in TA and OHA-P-TA, suggesting that TA
was integrated into OHA-P (Fig. S2C, ESIt).>* After the addition of
TA, the FTIR demonstrated that OHA-P-TA had multiple peaks at
1627 cm ' and 409 cm ' attributable to the aromatic rings.
Furthermore, the infrared peaks of the -B-O-C formed by the
reaction of the O-dihydroxyl group of TA with PBA are mainly
concentrated in the region of 1200-1600 cm ', with the most
significant peak at 1370 cm ™', which corresponds to the -C-O
stretching vibration frequency of the borate bond. The peak at
1565 cm™ ', corresponding to ~C~C stretching for the aromatic ring,
indicated the successful conjugation of OHA-P with TA. The FTIR
spectra revealed a shift in the peak from approximately 3343 cm ™",
which corresponds to the -OH stretching vibration, to a lower
wavenumber of 3400 cm™'. This shift, which also resulted in a
broader peak, indicates the constitution of H-bonds between TA,
OHA-P, and G. Upon adding Mg>", the peak at about 3343 cm ™"
broadened, suggesting the formation of a TA@Mg”" network. The
Raman spectra showed a typical characteristic band of -C—C in
GelMA at about 1600 cm™'. Furthermore, the Raman spectra of
OHA-P-TA/G and OHA-P/G showed the sharply decreased intensity
of 1600-1640 cm™ " bands implying the polymerization of ~-C =C~
in the G hydrogel. Moreover, OHA-P-TA/G/Mg>* showed new peaks
around 540 cm ', 1357 em ™, and 1450 cm ™, which was assigned
to the vibration of Mg-O bonds formed by the chelation of Mg>*
with a phenolic hydroxyl group (Fig. 1(B)). The XPS results con-
firmed the effective incorporation of Mg”* within the hydrogel. The
binding energy of -C-C, -C-B, -C—C, -C-N and -C-O in the OHA-
P-TA/G/Mg”" suggested that the hydrogel may also have multiple

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Schematic illustration of the microenvironment-responsive release of TA and Mg?* from OHA-P-TA/G/Mg?* hydrogels to enhance infected

wound healing.

bonds interacting within the matrix, and Mg”* was introduced to
coordinate with TA (Fig. S3A, ESIt). Additionally, TG and DSC
analyses of OHA-P-TA/G/Mg>" were conducted to assess the
chemical stability. Both TG and DSC analyses indicated that the
stability of OHA-P-TA/G/Mg”>" was maintained until the temperature
surpassed 310 °C, as depicted in Fig. S3B (ESIt). The wide-scan XPS
spectrum of the OHA-P-TA/G/Mg”" hydrogel was analyzed (as
shown in Fig. S3C, ESIT). The analysis indicated that the primary
chemical components of the gel were organic elements such as C,
O, N, B, and Mg. In summary, the major network of the OHA-P-TA/
G/Mg”" hydrogel is composed of multiple crosslinking by photo-
induced polymerization, H-bond interactions and Schiff base
bonds formed through chemical reactions (Fig. 1(A)).

The pore size and structure in a tissue engineering scaffold
play a vital role in influencing the cell viability, attachment, and
differentiation. Fig. 1(D) illustrates the typical microstructure
of hydrogels. Each of the hydrogels displayed a consistent and
interlinked 3D porous structure. The pore size of the double
crosslinked OHA-P/G hydrogel (100.10 + 3.96 pum) was found to
be smaller than that of the single network G hydrogel (130.44 +
3.95 pm). The OHA-P-TA/G hydrogel (95.30 + 6.64 pm) was
characterized by multiple hydrogen bonds between OHA-P and

This journal is © The Royal Society of Chemistry 2024

G. The addition of TA resulted in a denser pore structure,
primarily due to the intermolecular H-bonds between OHA-P
and G. The OHA-P-TA/G/Mg>" hydrogel, with a pore size of
65.77 £ 0.71 pm, exhibited a smaller pore size than the OHA-P-
TA/G hydrogel. This was attributed to the complex chelation
between Mg>" and TA (Fig. 1(E)). Energy dispersive spectro-
scopy (EDS) elemental mapping (Fig. S4A, ESIt) and spectra
(Fig. S4B, ESIY) confirmed the uniform distribution of the
elements C, O, and Mg in the OHA-P-TA/G/Mg>" hydrogel,
whereas the OHA-P-TA/G hydrogel contained only the elements
C and O. The crystal structure was analyzed using XRD (Fig.
S4C, ESIT) and the results showed that OHA-P-TA/G/Mg>* has
higher crystallinity than OHA-P-TA/G and OHA-P/G. This is
consistent with the SEM observations, which revealed a large
number of small voids and numerous crystals in the void wall.

3.2 Mechanical properties, rheological properties, swelling
ratios, and in vitro degradation behavior of the hydrogels

The rapid gelation, viscoelasticity, mechanical properties,
injectability, self-healing ability and swelling properties of
hydrogel dressings are critical for its application in dynamic
skin wounds. The ability to gel quickly is crucial in hemostasis,
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as it enables the swift sealing of damaged tissues, especially at addition, the G’ of all hydrogels is always higher than G”
sites of bleeding wounds. The gelation process of the hydrogels in the frequency sweep range from 0.1 to 10 Hz, which could
showed a transition from a liquid state to a solid state, as show the stable structure and the elasticity of hydrogels.
shown in Fig. 2(A). The gelling kinetics of the hydrogels were However, both G’ and G” slightly increased after incorporating
observed using a rheometer during a time sweep conducted TA and Mg”>* into the OHA-P/G hydrogels. All hydrogels
under UV light. With exposure to UV light, G’ rose swiftly, exhibited a storage modulus (G’) that was approximately ten
surpassing G” and stabilizing within 60 s (as shown in times higher than their loss modulus (G”). Moreover, both G’
Fig. 2(B)). Importantly, the moment when G’ was equal to G' and G” of the OHA-P-TA/G/Mg** hydrogel were higher
was noted in less than 20 s, demonstrating the rapid gelling than those of the G, OHA-P/G, and OHA-P-TA/G hydrogels
ability of both G, OHA-P/G and OHA-P-TA/G solutions. In (Fig. 2(C)).
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Fig. 2 Characterization of physical and chemical properties of the hydrogels. (A) Images of the preparation process of hydrogels from liquid to gel. (B)
The storage modulus (G’) and loss modulus (G”) of hydrogels change with time. (C) Frequency sweep test of hydrogels. (D) Compression and recovery
process diagram. (E) Compression stress—strain curves for different hydrogels. (F) Maximum Compressive stress of different hydrogels. (G) The viscosity
of hydrogels changes with shear rate. (H) and (I) Swelling ratio of various dry hydrogels at pH 7.4 and 4.5. (J) and (K) Remaining weight of various dry
hydrogels at pH 7.4 and 4.5. (L) Release kinetics of TA from the OHA-P-TA/G/Mg?" hydrogel under different conditions. (M) and (N) The released Mg®*
from OHA-P-TA/G/Mg?* hydrogel under different conditions by ICP. Data are shown as mean = SD, n = 3. *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001.
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Fig. 2(D) shows the DMA compression test of hydrogels. As
depicted in Fig. 2(E), the stress-strain curve demonstrated an
enhancement in stiffness with an increase in cross-linking and
the inclusion of TA. The compression modulus of the OHA-P-
TA/G/Mg”* hydrogel (21.66 + 8.24 kPa) was significantly higher
than that of the individual component G (6.60 £+ 1.84 kPa) and
the double crosslinked OHA-P/G (13.39 + 4.43 kPa) (refer to
Fig. 2(F)). A dual-crosslinked hydrogel structure exhibits super-
ior mechanical characteristics compared with a single network.
The addition of TA and Mg®" further increased the compression
modulus of the double cross-linked network. The compression
modulus obtained falls within the spectrum of physiological
soft tissue, making it an ideal scaffold for facilitating cell
proliferation, migration, and differentiation. Additionally,
amplitude sweep tests revealed a linear viscoelastic region for
all hydrogels, indicating the ability to maintain their form and
exhibit suitable extensibility. All the hydrogels exhibited a
shear-thinning behavior, with a decrease in viscosity as the
shear rate increased, indicating their excellent shear-thinning
ability. Among them, the OHA-P-TA/G/Mg>" hydrogel demon-
strated the best dynamic chemical bonding and structure
integrity (Fig. 2(G)).

Specifically, the OHA-P-TA/G/Mg>" hydrogel is capable of
retaining a firm adherence to skin tissue. Due to their excellent
flexibility, hydrogels can be utilized on the human wrist,
allowing for unrestricted bending in tandem with joint move-
ments (Fig. S5A, ESIT), and even when subjected to movement
in a fluidic environment. Fig. S5C (ESIt) illustrates the excellent
injectable properties of the hydrogel. As shown in Fig. S5D
(ESIY), the internal structure of the OHA-P-TA/G/Mg>* hydrogel
collapsed under a strain of 760%, and an amplitude sweep of
strain was conducted at 1% and 760% strains. Upon increasing
the strain to 760%, G’ rapidly decreased from approximately
800 to 10~ * Pa, becoming less than G”, suggesting a viscous
liquid-like behavior and indicating an impaired internal struc-
ture. In contrast, at a strain of 1%, G’ and G” returned to their
initial values even after four repeated cycles, illustrating a solid-
like elastic behavior and a reformed network. These results
demonstrate that an injectable self-healing hydrogel with good
mechanical properties is suitable for the application of skin
wounds through chemical modification.

Given that bacterial-infected environments are typically
weakly acidic and high in ROS, the swelling and degradation
patterns of the fabricated hydrogels were examined under both
neutral (pH 7.4) and acidic (pH 4.5) conditions. The Schiff-base
reaction between OHA and G is reversible and transitions
between acidic and alkaline microenvironments. The dynamic
boric acid ester formed by the reaction between TA and OHA-P
is highly sensitive to ROS. As depicted in Fig. 2(H) and (I), the
swelling profiles of all hydrogels were evaluated at pH 7.4 and
4.5. At pH 7.4, the G hydrogel achieved equilibrium after an
immersion period of 480 s, whereas the OHA-P/G and OHA-P-
TA/G hydrogels took only 240 s (Fig. 2(H)). G exhibited similar
swelling behaviors at pH 4.5 (refer to Fig. 2(I)), including the
time taken to reach swelling equilibrium and the equilibrium
swelling ratio. The results suggested that structural changes
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leading to smaller voids are more favorable for the uptake of
exudate solutions. In addition, the hydrogels containing OHA-P
(OHA-P/G and OHA-P-TA/G) exhibited a significantly reduced
time to reach swelling equilibrium and a greater equilibrium
swelling ratio compared to the G hydrogel at pH 7.4.

As depicted in Fig. 2(J) and (K), the degradation patterns of
all hydrogels vary under different conditions. At a pH of 7.4, all
three hydrogels experienced significant degradation within
6 days. The G hydrogel degraded much more rapidly than the
OHA-P/G, OHA-P-TA/G, and OHA-P-TA/G/Mg”* hydrogels. After
5 days, the G hydrogel was completely degraded, while the other
hydrogels lost approximately 70% of their weight under the
same conditions. The degradation of the hydrogel was pro-
longed due to the stabilization of the Schiff base between G and
OHA-P at pH 7.4 (Fig. 2(J)). At a pH of 4.5, the G hydrogels
exhibited a similar degradation profile, although the degrada-
tion rate within the first 5 days was faster than that in the PBS
solution (pH 7.4). Under acidic conditions, the total degrada-
tion behavior of the OHA-P/G hydrogel accelerated. The stabi-
lity of the dual network structure had a greater impact on the
degradation behavior of OHA-P/G than pH. However, under
acidic conditions, the degradation behavior of the OHA-P-TA/G
hydrogel changed dramatically. The OHA-P-TA/G lost more
than 60% of its weight within the first 2 days, followed by a
relatively slow degradation over the next 3 days. The dynamic
chemical bonds of OHA-P-TA/G responded to pH breakage
under acidic conditions, further accelerating the degradation
behavior (Fig. 2(K)). Moreover, the presence of Mg”* was found
to reduce the degradation behavior of the OHA-P-TA/G hydrogel
to a certain extent. Both the OHA-P-TA/G and OHA-P-TA/G/Mg**
hydrogels could be progressively degraded and were almost
completely degraded in 6 days. This indicates their good
biodegradable properties, making them considerably suitable
for hemostasis.

3.3 pH/ROS dual responsive behavior and TA and Mg>*
release of the hydrogels

Leveraging the dynamic Schiff base and boronic ester bonds,
the OHA-P-TA/G hydrogel demonstrated responsive behavior
under varying pH and redox conditions. As illustrated in
Fig. 2(L), 43.62% of the TA was released from the hydrogel
after 24 h of incubation under acidic conditions (pH 4.5) and
21.32% of the TA was released under neutral conditions (pH
7.4). Furthermore, when the solution contained 1 mM H,0,,
the TA release rate reached 78.5% under acidic conditions (pH
4.5), and 45.32% under neutral conditions (pH 7.4), highlight-
ing the high sensitivity of the Schiff base to pH and the boronic
ester to ROS. The release profiles of Mg>* from OHA-P-TA/G/
Mg>" were studied (Fig. 2(M) and (N)), when immersed under
different conditions (pH 4.5, pH 7.4, and pH 9.0). Concurrently,
the quantity of free Mg>" produced under acidic conditions (pH
4.5) was 4.52 times greater than in the PBS solution (pH 7.4).
The amount of Mg”>* produced under alkaline conditions (pH
9.0) was a little lower than under acidic conditions (pH 4.5).
This result suggests that the magnesium ion release profile is
closely related to the hydrogel’s structure under different pH
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conditions. As the bacteria are destroyed by TA, the pH of the
infectious environment becomes acidic, leading to the further
disintegration of the hydrogel structure. This disintegration is
beneficial for releasing a large amount of Mg>*, which in turn
further promotes the antibacterial effect. The generation of TA
and free Mg>" led to the hypothesis that the chemical and
chelating bonds in the hydrogel structure break down further
under acidic conditions.>® These findings indicated that the
synthesized OHA-P-TA/G/Mg>" hydrogel exhibited properties of
spatiotemporal delivery. It demonstrated a more efficient
release pattern under an environment rich in acidity and
ROS, which is advantageous for the treatment of persistently
infected wounds.

3.4 Enhanced antioxidant and antibacterial effects in vitro

Excessive ROS and persistent bacterial infection can negatively
impact the process of wound healing and tissue regeneration by
provoking intense inflammation and setting off detrimental
processes. Oxidative stress, often triggered by free radicals, is a
common occurrence in wound healing and tissue regeneration
by inducing severe inflammation and initiating harmful pro-
cesses. Oxidative stress, often triggered by free radicals, is a
common occurrence in wounds and has the potential to harm
adjacent tissue cells, thereby extending the duration of wound
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healing. A decrease in the local pH and a persistent inflamma-
tory response can result from metabolic substances produced
by bacterial infection. Hydrogel dressings, with their robust
ROS scavenging and antibacterial abilities, can positively con-
tribute to chronic wound healing (Fig. 3(A)).>* To evaluate the
therapeutic effect of the hydrogel as a potential ROS scavenging
platform, the intracellular ROS levels of L929 cells (cultured
with or without hydrogels) were detected by DCFH-DA staining
in response to H,O, (100 pM) stimulation. Illustrative images
showcased that the utilization of OHA-P-TA/G, and OHA-P-TA/
G/Mg>" hydrogel extracts noticeably decreased the ROS levels
(Fig. 3(B)). It can be inferred from Fig. 3(C) that intracellular
ROS levels were quantified by mean fluorescence intensity. The
OHA-P-TA/G and OHA-P-TA/G/Mg>" extracts led to the most
significant reduction in ROS. Additionally, the antioxidative
activity of G, OHA-P/G, OHA-P-TA/G, and OHA-P-TA/G/Mg**
hydrogels was evaluated by the scavenging tests of ABTS
radicals and DPPH radicals.>® As shown in Fig. 3(D), all hydro-
gels containing TA displayed strong scavenging efficiency
against DPPH radicals (>85%) when the concentrate was up
to 3 mg mL~'. Meanwhile, the TA-modified hydrogels showed
strong scavenging efficiency against ABTS+ radicals (>90%),
which implies that the antioxidant capacity of hydrogels
is mainly from TA, and Mg>* had a slight promoting effect
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Fig. 3 Antioxidant and bactericidal ability of hydrogels. (A) The mechanism diagram of the hydrogel. (B) In vitro reactive oxygen species scavenging
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viable colony units (E. coli and S. aureus) grew on the plates incubated with hydrogel extracts. (F) Antibacterial effects of E. coli and S. aureus cultured by
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(Fig. S6A and B, ESIT). These findings indicated that OHA-P-TA/
G/Mg”* hydrogels have the ability to effectively neutralize ROS
generated within cells, thus safeguarding cells from the dama-
ging effects of oxidative stress during the wound healing
process.

Antibacterial activity is a crucial property of wound dres-
sings, given that wounds that are open and exuding are
susceptible to colonization and multiplication by a variety of
bacteria. S. aureus and E. coli are frequently encountered
pathogens in wounds with chronic infections. As depicted in
Fig. 3(E) and (F), the OHA-P-TA/G and OHA-P-TA/G/Mg”" hydro-
gels had the fewest colonies, particularly in S. aureus, suggest-
ing that these two groups exhibited the most potent
antibacterial effectiveness. Remarkably, almost all S. aureus
were eliminated following contact with the OHA-P-TA/G/Mg>*
hydrogel. The OHA-P-TA/G and OHA-P-TA/G/Mg”>* hydrogels
showed the antibacterial rates of 89.90 £ 1.30% and 92.20 +
0.42% for S. aureus, and 23.40 + 0.68% and 53.85 + 0.38% for
E. coli, respectively (Fig. 3(F)). The bacteriostatic effect of the
hydrogel against S. aureus was further evaluated using the
bacteriostatic ring assay. Compared to the G hydrogel, the
OHA-P-TA/G and OHA-P-TA/G/Mg”* hydrogels demonstrated
an antibacterial effect for up to 24 h. After 24 h, OHA-P-TA/G
and OHA-P-TA/G/Mg”* produced larger inhibition circles of
8.57 £ 0.50 and 10.86 *+ 0.51 mm, respectively, against S.
aureus. The zone of inhibition (ZOI) of the OHA-P-TA/G/Mg>*
hydrogel was larger than that of the OHA-P-TA/G hydrogel,
presumably because the halo size was related to TA release
and Mg>" (Fig. S6C and D, ESIY). These findings indicate that
the antibacterial efficacy of the OHA-P-TA/G/Mg”" hydrogels is
likely to be more potent against S. aureus compared to E. coli.
This could be attributed to the varying capabilities of TA to
infiltrate bacterial cell membranes or the differing affinities of
the respective bacterial receptors. Collectively, these results
verified that the OHA-P-TA/G/Mg>" hydrogel gradually initiates
a response that programmatically releases TA, initiating an
acute inflammatory phase that achieves scavenging of reactive
oxygen species and disruption of bacterial cell membranes,
with magnesium ions acting synergistically throughout the
process in high ROS and infected bacterial wounds.™

3.5 Effects on cell proliferation, migration, and angiogenesis
in vitro

The cytocompatibility of hydrogels was evaluated using live/
dead staining and CCK-8 assay. All prepared hydrogel extracts
were separately incubated with L929 cells for 1, 3, and 5 days.
FDA/PI staining results showed an increase in the number of
live cells over time across all groups (Fig. 4(A)). As shown in
Fig. 4(B), there was no significant difference in cell viability
among the hydrogel groups compared to the control on day 1.
However, cell viability in the OHA-P-TA/G and OHA-P-TA/G/
Mg>" hydrogels significantly increased on days 3 and 5 (p <
0.05). In contrast, the cell proliferation rate in the OHA-P/G was
slower than in the OHA-P-TA/G, although the OHA-P-TA/G/Mg”*
still demonstrated significant potential for promoting cell
proliferation (p < 0.05). Furthermore, a cell scratch model
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was used to evaluate the in vitro cell migration effect of the
hydrogels, and the migration of co-cultured L929 cells was
further assessed. Hydrogel groups containing TA significantly
enhanced cell migration compared to the control group in the
H,0,-induced model (Fig. 4(C)). After 24 h, the cell scratch
healing rates for the control, G, OHA-P/G, OHA-P-TA/G, and
OHA-P-TA/G/Mg*" were 19.98 + 0.76%, 23.23 + 2.82%, 47.05 +
2.82%, and 67.67 + 4.37%, respectively (Fig. 4(D)). These
findings imply that the OHA-P-TA/G and OHA-P-TA/G/Mg>*
hydrogels demonstrated superior cytocompatibility and fos-
tered in vitro cell growth and movement, which could be
advantageous for the restoration of injured tissues. The regen-
eration of blood vessels is a key factor in the healing of skin
wounds and the regeneration of tissues. To investigate the
capacity of the hydrogels to stimulate angiogenesis, tube for-
mation experiments were conducted in vitro using human
umbilical vein endothelial cells (HUVECs).”® In contrast to
the control group, the vascular-like structures formed by the
OHA-P-TA/G and OHA-P-TA/G/Mg”* hydrogel groups were den-
ser after 10 h (Fig. 4(E)). HUVECs cultured with the OHA-P-TA/
G/Mg>" hydrogel extract showed more total branching length
than the control, G, OHA-P/G, and OHA-P-TA/G (Fig. 4(F)).
These findings could be credited to Mg>", validating the capa-
city of the OHA-P-TA/G/Mg>" hydrogels to stimulate angiogen-
esis. Additionally, the blood compatibility of the hydrogel was
assessed through a hemolysis assay, given that the hemolytic
rate (HR) is deemed a crucial measure for evaluating the
compatibility of biomaterials. A dressing, which adheres to
the wound during treatment, is expected to demonstrate a high
degree of hemocompatibility from a biocompatibility stand-
point. Hence, a hemolysis test was selected to gauge the
hemocompatibility of the hydrogel. The data in Fig. S7A and
B (ESIT) show a hemolysis ratio of less than 5% for all hydrogel
groups, indicating good hemocompatibility of the hydrogels.

3.6 Elevated anti-inflammatory effects and macrophage
polarization modulation in vitro

The initiation of remodeling in infected wounds is determined
by the successful transition through the acute inflammatory
phase. Macrophages, known for triggering both localized and
systemic defense reactions and releasing inflammatory cyto-
kines, are instrumental during the inflammation stage of
wound recovery (Fig. 5(A)).”*”” In this study, the anti-
inflammatory potential of the hydrogels was assessed using
RAW 264.7 macrophages. These macrophages were initially
induced with LPS and then exposed to different hydrogel
extracts over a period of 24 h. As shown in Fig. S8 (ESIY), the
cell viability in the OHA-P-TA/G and OHA-P-TA/G/Mg”* hydrogel
groups significantly increased at 1 and 2 days, according to the
CCK-8 method. This increase was primarily attributed to the
hydrogel’s ability to inhibit macrophage inflammation. Nitric
oxide (NO), a key cytokine that mediates the inflammatory
response, plays a significant role in endotoxin-induced orga-
nismal injury. It can significantly augment the secretion of NO
in LPS-stimulated RAW 264.7 cells. The Raw264.7 cells treated
with all hydrogel extracts were collected for flow cytometry
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Fig. 4 In vitro biocompatibility evaluation of hydrogels. (A) Representative images of FDA/PI staining for L929 cells from each group after 1 day, 3 days
and 5 days (scale bar: 100 um). (B) The proliferation of L929 cells quantified using the CCK-8 kit. (C) The migration images of L929 cells in a serum-free
medium, captured at 0 and 24 h (scale bar: 100 pm). (D) Statistics related to the area recovery of L929 cells. (E) Illustrations of HUVEC angiogenesis under
various treatments (scale bar: 100 pm). (F) The cumulative branching length from the in vitro tube formation experiments. Data are shown as mean =+ SD,

n=3.* < 0.05 *p < 0.01, ***p < 0.001, ***p < 0.0001.

analysis using DAF-FM DA. The data from the hydrogel extracts
containing TA showed a decrease in fluorescence intensity
compared to the group treated with LPS alone (Fig. 5(B)). The
NO test kit results revealed that the OHA-P-TA/G/Mg>" solution
and the OHA-P-TA/G extract reduced NO production to 70.77%
and 40.24% respectively, compared to the group treated with
the LPS stimulated alone group (Fig. 5(C)). These results con-
firmed the superior ability of OHA-P-TA/G/Mg”" in reducing NO
levels.

In a chronic wound, the accumulation of M1 macrophages
and the impaired transition of M2 macrophages can intensify
tissue injury and hinder wound healing. A notable feature
of macrophages during M2 polarization is the heightened
expression of the surface marker CD206, whereas M1 macro-
phages are distinguished by the surface marker CD86 or
intracellular iNOS. We employed flow cytometry analysis and

6866 | J Mater. Chem. B, 2024, 12, 6856-6873

immunofluorescence staining to ascertain the impact of the
hydrogels on macrophage polarization. As depicted in Fig. 5(D)
and (E), there was a noticeable increase in the proportion of M1
macrophages (CD86+) following the addition of LPS. In con-
trast, after intervention with the OHA-P-TA/G/Mg”* hydrogel, a
significant decrease in the proportion of M1 macrophages
(CD86+) and an increase in the proportion of M2 macrophages
(CD206+) were observed. There were no significant changes in
M2 macrophages (CD206+) after treatment with the OHA-P-TA/
G, suggesting that Mg>" is essential for the process of OHA-P-
TA/G hydrogel polarization. However, the OHA-P/G/Mg>* hydro-
gel had no effect on promoting M2 macrophages (CD206+).
This indicates that the roles of TA and Mg>* in immune
regulation are complementary, and can only be achieved by
ensuring the smooth transition of various stages. The OHA-P/G
hydrogel, which contained either TA or Mg>*, could not initiate
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the process of promoting macrophage polarization to M2. The
OHA-P-TA/G/Mg>" hydrogel achieved anti-inflammatory effects
by first reducing the conversion of macrophages to M1 with TA,
and then further promoting the process of macrophage polar-
ization to M2 with Mg>".

In order to further confirm the state of macrophage polar-
ization and anti-inflammatory activity, RT-qPCR is utilized to
detect the gene expression of specific markers. NF-kB, which
plays a key role in the regulation of cytokine-induced gene
expression and is involved in many biological processes such as
immune response, inflammatory response, and apoptosis,
shows a remarkable decrease in gene expression in the OHA-
P-TA/G and OHA-P-TA/G/Mg”" hydrogel groups (Fig. 5(F)). The
gene expression of M1 markers (TNF-o and IL-6) shows remark-
ably decreased levels in the OHA-P-TA/G and OHA-P-TA/G/Mg>*
hydrogel groups (Fig. 5(G) and (H)), demonstrating a decline of
M1 phenotype. Conversely, the gene expression of IL-4 is
significantly upregulated only in the OHA-P-TA/G/Mg>" hydro-
gel group compared to the group with LPS (p < 0.0001),
suggesting enhanced M2 activity (Fig. 5(I)). Meanwhile, we
found that the gene expression of MagT1 was up-regulated by
OHA-P/G/Mg>" and OHA-P-TA/G/Mg”* compared to the group
treated with LPS (Fig. 5(J)). However, the gene expression of
STAT3 was significantly up-regulated by the OHA-P-TA/G/Mg>"*
hydrogel compared to the group only with LPS (Fig. 5(K)). These
results suggest that the OHA-P-TA/G/Mg>" hydrogel induced M2
macrophage polarization, thereby confirming our hypothesis.
TA@Mg>" can synergistically activate magnesium ion channels
(MagT1) and influence the phosphorylation level of STAT3
proteins, which mediate the proliferation, migration and anti-
inflammation through the p-STAT3 pathway.>*>°

3.7 Acceleration of wound healing with antibacterial effects
in vivo

An optimal hydrogel dressing was identified to combine excel-
lent biocompatibility, promotion of wound healing, and resis-
tance to infections. Based on in vitro findings, OHA-P/G, OHA-P-
TA/G, and OHA-P-TA/G/Mg”" were selected for in vivo experi-
ments. The hydrogel was injected into the entire S. aureus-
infected wound in situ (Fig. 6(A)) and compared with a control
group treated with a commercial Tegaderm film. The dressings
made of hydrogel were replaced at 3-day intervals. Fig. 6(B)
presents illustrative images of wounds from different groups at
predetermined time points. Macroscopically, the OHA-P-TA/G/
Mg>" hydrogel demonstrated significantly superior efficacy in
wound healing compared to the other groups, with the OHA-P-
TA/G/Mg** group showing no noticeable wounds after 12 days
of treatment. In addition, the areas of the wounds and the
progress of wound closure were quantified based on the
photograph of the wounds (refer to Fig. 6(C)). After a treatment
period of three days, the Control, OHA-P/G, OHA-P-TA/G, and
OHA-P-TA/G/Mg”" hydrogel groups exhibited wound closures of
14.86%, 15.10%, 23.19%, and 34.01%, respectively. By the 8th
day, the wound closure in the OHA-P-TA/G/Mg”" hydrogel group
was 73.30%, which was significantly greater than that of the
other groups.

6868 | J Mater. Chem. B, 2024, 12, 6856-6873

View Article Online

Paper

The antibacterial capabilities of the synthesized hydrogels
were assessed in vivo by collecting and quantifying bacteria
from the wound site using the spread plate technique after a
treatment period of 2 days. As depicted in Fig. 6(E) and (F), a
minimal number of viable colonies were observed on the TSA
post 2-day treatment with OHA-P-TA/G and OHA-P-TA/G/Mg>".
Conversely, the wound tissues from the control and OHA-P/G
groups displayed robust bacterial activity with a substantial
formation of colonies. This evidence suggests that the OHA-P-
TA/G/Mg>" hydrogel effectively eradicates bacteria in vivo. In
this investigation, all hydrogel groups demonstrated superior
wound healing rates compared to the control group treated
with the Tegaderm film, possibly due to the film’s restricted
biological functionality. Moreover, the OHA-P-TA/G/Mg>*
hydrogel group exhibited significantly enhanced wound heal-
ing compared to the OHA-P-TA/G and OHA-P/G groups. These
findings unequivocally suggest that the TA@Mg>" driven hydro-
gel modifies the wound infection milieu, fostering a sterile and
conducive environment to expedite the healing of infected
wounds.

3.8 Improved quality of regenerated skin dermis’s ECM
in vivo
In order to delve deeper into the impact of the hydrogel on
wound recovery, the healing process was monitored using
Hematoxylin and Eosin (H&E) staining. The group treated with
the Tegaderm film exhibited a significant presence of inflam-
matory cells on the 6th day, a severe condition that continued
until the 12th day (Fig. 7(A)). Despite the emergence of new
epidermal tissue in the wound treated with the OHA-P-TA/G
hydrogel, the persistent inflammation hindered the successful
repair of the infected wound. On the other hand, the OHA-P-TA/
G/Mg>" group demonstrated an increase in hair follicles, a
decrease in neutrophils, and the most rapid wound healing
process. The epidermal thickness and hair follicle formation
were quantified on day 6 and on day 12, and the OHA-P-TA/G/
Mg>* group outperformed other groups significantly (Fig. 7(C)
and (D)). Masson’s trichrome staining can be used to react to
the deposition and arrangement of collagen during the healing
process of infected wounds. The wounds treated with the
hydrogel demonstrated a more concentrated and darker blue
collagen accumulation, contrasting sharply with the control
wounds where collagen accumulation was scant and light
during the healing process (Fig. 7(B)). As depicted in Fig. 7(B)
and (E), an increase in collagen accumulation in the wound
area was observed in the OHA-P-TA/G/Mg** groups on day 6.
The collagen fibers of the control and OHA-P/G groups
remained partially disorganized. However, by day 12, the col-
lagen depositions in the OHA-P-TA/G and OHA-P-TA/G/Mg>*
groups were denser and more organized, reflecting the mor-
phology, structural integrity, and appendages of normal skin
tissues (Fig. 7(E)). These findings underscore the potential of
the OHA-P-TA/G/Mg>" hydrogel dressing to significantly expe-
dite tissue regeneration and the wound healing process.

The ECM of the skin dermis, primarily composed of Col I
(vellow or red) and Col III (green), was distinguishable using

This journal is © The Royal Society of Chemistry 2024
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Sirius Red staining and polarizing microscopy.'” The distribu-
tion of both yellow and green colors in the control group was
noticeably sparser than that in the OHA-P-TA/G and OHA-P-TA/
G/Mg** groups, indicating damage to the dermis and a decrease
in Col I and Col III. Fig. 7(F) shows that both Col I and Col I1I in
the dermis increased and distributed evenly in the OHA-P-TA/
G/Mg”* hydrogel as the healing process advanced, and the
collagen structure became more similar to the network struc-
ture of normal skin. The proportion of Col I and Col III
increased over time, while the proportion of type III collagen

This journal is © The Royal Society of Chemistry 2024

in the OHA-P-TA/G/Mg>* group increased more significantly,
indicating collagen secretion and accumulation influenced by
TA and Mg>". On day 12, the proportions of Col III in the
control group, OHA-P/G, OHA-P-TA/G, OHA-P-TA/G/Mg”" hydro-
gels were 1.09 £ 0.14%, 1.27 £+ 0.15%, 1.53 £ 0.19%, 1.92 £+
0.15% and 2.63 £ 0.42%, respectively (Fig. 7(G) and (H)).
Collectively, the data suggested that the OHA-P-TA/G/Mg”*
hydrogel significantly promoted collagen deposition at the
infected wound site, thereby accelerating the closure and
regeneration of the skin wound. Moreover, gross observations
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and pathologic sections showed no damage to major organs
(heart, liver, spleen, lungs, and kidneys) after 12 days (Fig. S9,
ESIT), which again proved that the hydrogels did not cause
significant local or systemic toxicity in mice during the degra-
dation process.

3.9 Anti-inflammatory and vascularization effects in vivo

Persistent inflammation is a key characteristic of chronic
wounds, and a shift from an inflammatory state to a prolifera-
tive one is recognized as a vital control point in wound
healing."*® After 12 days of treatment, immunohistochemistry
staining images revealed an increase in the expression of TNF-o
and IL-6 in the control group and the OHA-P/G hydrogel group,
and a decrease in expression in the OHA-P-TA/G and OHA-P-TA/
G/Mg>" groups (Fig. 8(A) and Fig. S10A, B, ESIf). The IL-4
expression noticeably increased in the OHA-P-TA/G/Mg>* group
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compared to other groups (Fig. 8(A) and Fig. S10C, ESIt). In
addition, the expressions of Ki67 (a nuclear protein linked to
cellular proliferation) and VEGF (which promotes blood vessel
growth for wound recovery) were selected to evaluate the
regeneration process of wound healing.>*® The OHA-P-TA/G/
Mg>* hydrogel further promoted Ki67 and VEGF expression
on day 12 compared to other groups (Fig. 8(A) and Fig. S10D, E,
ESIT), corroborating the ELISA results (Fig. 8(B)-(E)). These
findings suggested that the OHA-P-TA/G/Mg>" hydrogel effec-
tively reduced the expression of pro-inflammatory factors and
increased the expression of anti-inflammatory factors to initiate
an immune response, thus promoting cell proliferation and
remodeling vascularization to achieve regeneration of skin
tissue. Although a multifunctional hydrogel has been devel-
oped for treating infected skin injuries, current research still
faces certain limitations. Firstly, the optimal loading amounts
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'
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In vivo immunoregulatory, anti-inflammatory, and neovascularization activities of the hydrogels. (A) Immunohistochemistry staining images of
TNF-a, IL-6, IL-4, Ki67 and VEGF of the regenerated skin in different groups on day 12 (scar bar: 50 pm). (B)-(E) The expression of TNF-q, IL-6, IL-4 and
VEGF in the regenerated skin in different groups was detected by ELISA on day 6. Data are shown as mean &+ SD, n = 6. *p < 0.05, **p < 0.01,
***p < 0.001, and ****p < 0.0001.
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of TA and Mg>" need to be further refined. The incorporation of
TA and Mg”* into the hydrogel confers antioxidation, anti-
inflammatory, and pro-angiogenic properties. Consequently,
it is anticipated that future research will identify an optimized
combination that maximizes these functional benefits. Sec-
ondly, the synergistic mechanism of TA and Mg”* in treating
infected wounds requires further investigation in the subse-
quent research.

4. Conclusions

This study focuses on the development of an injectable hydro-
gel with self-healing, antibacterial, antioxidant, and anti-
inflammatory properties for treating chronic infected wounds.
The hydrogels, crafted from OHA-P-TA and G polymers, possess
robust mechanical durability, self-repairing capabilities, and
are responsive to pH/ROS stimuli, attributes that are attributed
to the structure of a dynamic Schiff base and boronic ester
bonds. This multifunctional hydrogel can effectively eliminate
surplus free radicals and curb the production of ROS,
thereby mitigating oxidative stress damage and providing anti-
bacterial effects through the spatiotemporal release of TA.
Furthermore, the TA@Mg** driven hydrogel alters the wound
infection conditions, fostering a clean and conducive environ-
ment that expedites the healing process of infected wounds. TA
promptly controls the acute inflammatory phase, while Mg>*
enables chronic wounds to transition swiftly to the next phase.
In vivo animal tests show that the OHA-P-TA/G/Mg”* hydrogel
can improve epithelial regeneration, collagen deposition, and
neovascularization, thereby accelerating wound healing. Col-
lectively, the OHA-P-TA/G/Mg>" hydrogel demonstrates promis-
ing potential as a wound dressing for promoting infected
wound repair.
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