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Keywords: In infected wounds, adipocytes play a crucial role in resisting infection. Studies have demonstrated that a lack of
Infected wound healing adipocytes can reduce the recruitment of macrophages. When wounds are infected, dermal fibroblasts (dFBs)
Obe,Sit?' . . differentiate into adipocytes and produce antimicrobial peptides (AMPs) to combat bacteria. However, in obesity
:g::)ﬁz;al peptides mice, mature adipocytes hinder the adipogenic differentiation of dFBs and the production of AMPs. It is unclear
Adipocytes whether promoting lipolysis can restore the function of AMPs secretion. Nickel ion (Ni2") is known for promoting
Hydrogel vascular regeneration and has been widely used in tissue regeneration. Therefore, the ROS-responsive ferulic acid

(FA)@Ni@HA hydrogel was developed to promote infected wound healing. FA released from the hydrogel can
promote the lipolysis of adipocytes to alleviate the inhibition of mature adipocytes on AMPs secretion from dFBs
and enhance macrophage recruitment. Additionally, the loaded Ni?* can stimulate local blood vessel formation,
working in conjunction with FA to promote the healing of infected wounds. The results suggest that the use of
FA@Ni@HA hydrogel expedites the repair of infected wounds, offering a promising strategy for wound healing.
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1. Introduction

With the continuous increase in wealth, the prevalence of obesity is
rapidly increasing, posing a significant global public health concern [1].
Obesity has been found to have a detrimental impact on wound healing,
as it can intensify local inflammatory responses, raise the risk of wound
infections, and worsen the outcomes of such infections [1-4]. The stages
involved in wound healing include hemostasis, inflammation, prolifer-
ation, and remodeling. In cases where exogenous microorganisms or
bacteria infect the wounds, the inflammatory phase may be prolonged,
preventing the transition to the proliferation stage and leading to
delayed wound healing [5,6]. Consequently, addressing infected
wounds in obese patients has emerged as a crucial area of research.
Antimicrobial peptides (AMPs) present a favorable new antibacterial
treatment option, exhibiting potent bactericidal effects and a high de-
gree of antibacterial activity, offering a promising solution to the issue of
antibiotic resistance [7,8]. These peptides function by binding to and
disturbing the negatively charged membranes of microbial cells. Addi-
tionally, they hinder the production of essential microbial molecules,
including proteins and nucleic acids [9,10]. The immune-based anti-
microbial agents hold significant promise for the treatment of infected
wounds.

Dermal adipose tissue plays a crucial role in secreting AMPs, serving
as a vital defense against pathogen transmission [11]. When Staphylo-
coccus aureus (S.aureus) infects skin, it triggers the differentiation of
dermal fibroblasts (dFBs) into adipocytes and expands local dermal
adipocytes, leading to increased production of AMPs [12,13]. Interest-
ingly, the number of dermal adipocytes in obesity is inversely related to
the ability of wounds to resist infection. Previous studies have shown
that diet-induced obesity (DIO) mice inhibit wound healing compared to
normal mice [14]. Research indicated that mature adipocytes can
impede the differentiation of dFBs into adipocytes and suppress the
expression of AMPs [11]. Therefore, enhancing the expression of AMPs
could potentially bolster the wound’s local anti-infection capabilities.

Lipolysis, the process of breaking down fats in the body, relies on the
activity of specific enzymes like adipose triglyceride lipase (ATGL),
hormone-sensitive lipase (HSL), and monoacylglycerol lipase [15]. ERK,
a key component of the mitogen-activated protein kinase family, is
essential for regulating cell signaling pathways and controlling
numerous physiological functions [16]. Earlier researches have
demonstrated that ERK activation in white adipose tissue can lead to the
phosphorylation of HSL, enhancing its lipolytic activity [17,18]. Ferulic
acid (FA), a polyphenolic acid known for its anti-inflammatory and
antioxidant properties, has shown therapeutic benefits in conditions like
cardiovascular disease, cancer, and skin disorders [19,20]. FA has been
shown to activate the ERK pathway, thereby promoting lipolysis
through HSL phosphorylation [21]. As a result, we hypothesize that FA
may alleviate the inhibitory effects of AMPs by enhancing lipolysis in
mature adipocytes, potentially aiding in the healing of infectious
wounds.

In recent years, there has been a growing focus on the role of mac-
rophages in wound healing [22,23]. After an injury occurs, monocytes
travel from the blood to the injured area and transform into M1 mac-
rophages in order to fight off microorganisms [24]. As the initial in-
flammatory response diminishes, there is a shift in the macrophage
population towards M2 macrophages. M2 macrophages are essential in
regulating inflammation resolution and facilitating tissue repair
[25,26]. Research suggests that the breakdown of adipocytes is para-
mount for macrophage recruitment, as demonstrated by the inhibited
recruitment of macrophages in mice lacking the ATGL gene [27]. This
leads us to hypothesize that enhancing adipocytes breakdown can
improve macrophage recruitment, working in conjunction with AMPs in
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the wound environment to enhance the wound’s antibacterial capacity.
Our results indicated that FA can promote lipolysis by promoting
phosphorylation of HSL proteins thereby promoting macrophage
recruitment. In DIO mice, the abnormal inflammatory response hinders
the transition of the wound environment to the proliferation phase [22].
FA, known for its anti-inflammatory properties, has the ability to pro-
mote the transformation of the M2 macrophages during the wound
proliferation phase, thereby aiding in wound healing.

Covalent organic frameworks (COFs) represent a class of crystalline
porous networks constructed from organic building blocks, offering
highly customizable structures and tailored functionality. With high
porosity, excellent drug loading capabilities and good biocompatibility,
COFs find extensive applications in biomedicine [28,29]. Ni%*, a key
trace element, plays a crucial role in promoting VEGF expression by
stabilizing hypoxia-inducible factor-la (HIF-1a), thereby facilitating
local revascularization and has been used in tissue regeneration engi-
neering [30,31]. Previous research has demonstrated that loading
nanozymes onto COFs effectively inhibits bacterial infections and ac-
celerates wound healing [32,33]. Consequently, our study focused on
the design of Ni COF nanoparticles to enhance local blood vessel
regeneration.

Hydrogels, which are polymers with 3D hydrophilic network struc-
ture formed through physical or chemical cross-linking, are commonly
utilized in biomedical engineering for their applicability, biocompati-
bility, degradability and cell adhesion [34]. The oxidative stress in
infected wounds is characterized by a significant increase in the level of
reactive oxygen species (ROS) [35]. To address this issue, the ROS-
responsive FA@Ni@HA hydrogel was developed. This hydrogel uti-
lizes the dynamic phenylboronic acid ester structure formed by hyal-
uronic acid, phenylboronic acid (PBA) and polyvinyl alcohol (PVA). The
Ni COF nanoparticles and FA loaded in the hydrogel are released in
response to ROS. The antibacterial function of FA is achieved by pro-
moting lipolysis to enhance the secretion of AMPs and the recruitment of
macrophages. Additionally, it reduces oxidative stress and inflammatory
response through its antioxidant and anti-inflammatory properties. Ni2*
is considered to promote local vascularization, synergistically improving
the local microenvironment and promoting the healing of infected
wounds. Furthermore, the effectiveness of the composite hydrogel was
evaluated using an infected wound model in DIO mice to assess its
therapeutic effects in vivo. The FA@Ni@HA hydrogel unveils a novel
antibacterial mechanism of FA and holds promise as a new and effective
treatment strategy for infected wounds (Fig. 1).

2. Materials and methods
2.1. Synthesis of HA-PBA

To start, 2 g of hyaluronic acid was dissolved in 200 ml of de-ionized
water while being stirred continuously. Then, 1 g of 3-Aminophenylbor-
onic acid hydrochloride and 2 g of 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-
4-methyl-morpholinium chloride (DMTMM) were separately introduced
to the solution. The reaction mixtures underwent stirring at room tem-
perature for a period of 72 h. Post-reaction, the mixtures were trans-
ferred into dialysis bags with a molecular weight cut-off (MWCO)
between 6-8 kDa, and dialysis was carried out against de-ionized water
for at least 3 days, with water exchanges occurring thrice daily. Subse-
quently, the dialyzed solutions underwent freeze-drying for 72 h, and
the resulting conjugates were then placed in a desiccator at room tem-
perature for storage.
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Fig. 1. Schematic diagram of the application of FA@Ni@HA hydrogel in resisting infection and promoting wound healing.

2.2. Synthesis of TpBpy COF

The TpBpy COF was synthesized using the following procedure: 1, 3,
5-triformylphloroglucinol (Tp) (25.2 mg) and 2, 2-bipyridine-5, 5-
diamine (Bpy) (33.5 mg) were dissolved in a mixture of 1.8 mL dime-
thylacetamide (DMAc), 0.6 mL o-dichlorobenzene (0-DCB), and 0.24 mL
6.0 M aqueous acetic acid (AcOH). The solution was then rapidly frozen
and subjected to three cycles of freeze-pump-thaw. Upon heating the
reaction mixture, a deep red material was formed. The resulting material
was washed with DMAc, water, and acetone, and then dried to yield the
as-synthesized TpBpy COF.

2.3. Synthesis of NiClo@TpBpy COF

A solution containing 100 mg of TpBpy COF and 129 mg of NiCl; in
20 mL of methanol (MeOH) was refluxed for 24 h under Ny gas. The
resulting red powder was then washed thrice with MeOH and gathered
by vacuum filtration. Finally, the product was dried at a temperature of
80°C in a vacuum oven for 12 h.

2.4. Fabrication of Ni@HA hydrogel and FA@Ni@HA hydrogel

Ni@HA hydrogel was prepared by mixing 180 pl of 10 % HA-PBA,
dissolved in phosphate buffer (PBS) at pH 7.4, with 20 pl of 10 % PVA
and 2 pl of NiClo,@TpBpy COF solution (1 mM), also dissolved in PBS at
pH 7.4 and at room temperature. To load FA into the hydrogel samples,
2 pl of FA solution (10 mM) was mixed directly with 180 pl of 10 % HA-
PBA, followed by the addition of 20 pl of 10 % PVA solution and 2 pl of
NiCl,@TpBpy COF solution (1 mM) to create drug-loaded hydrogels.

2.5. Morphology characterization

Before lyophilization, the hydrogel was flash-frozen using liquid
nitrogen to maintain its structure. Using a scanning electron microscope
(SEM), the hydrogel was cross-sectioned following a uniform gold spray.
The composite hydrogel’s distribution was then examined through
energy-dispersive X-ray spectroscopy (EDS).

2.6. Swelling ratio test

The hydrogel’s swelling ratios (n = 3) were determined through
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gravimetric analysis. The hydrogels were placed in PBS (pH 7.2) for a
duration of 24 h. Following the removal of excess liquid using filter
paper, the hydrogels that had swelled were weighed (Ws) and subse-
quently subjected to a 24-hour drying period before being weighed
again (Wd). The swelling ratios were then determined utilizing the
following formula: Swelling ratio (%) = (Ws — Wd) / Wd x 100.

2.7. ROS response degradation of FA@Ni@HA hydrogels

The degradation of the produced hydrogels was conducted in a PBS
buffer and 0.1 mM H30,. Prior to immersion in the solutions, the
hydrogels were weighed and the initial weight was recorded as W1.
After six hours, the hydrogels were retrieved, weighed and recorded as
W2. The degradation ratios were determined utilizing the formula:
degradation ratio (%) = (W1 — W2) / W1 x 100.

2.8. FT-IR test

The samples were first blended with potassium bromide at a 1:100
ratio and then formed into pellets. Following this, spectral analysis was
conducted using a NICOLET 380 FTIR spectrometer across the
4000—500 cm ! range, with a resolution of 1 cm™! while operating in
transmission mode.

2.9. Hemostasis test

The evaluation of the hydrogel’s hemostatic capability was con-
ducted using a hemorrhaging liver model in mice, specifically C57BL/6
males weighing between 25-30 g. To prepare for the procedure, the
mice were anesthetized with 10 ml/kg of a 4 % (weight/volume) chloral
hydrate solution, procured from Sigma, USA, and administered on a
surgical pad to ensure immobilization. Following anesthesia, the liver
was accessed through an abdominal incision. A pre-weighed filter paper
was strategically placed underneath the liver to subsequently capture
and measure blood loss. To induce bleeding in the liver, a 20-gauge
needle was inserted at a precise 30° angle, creating a controlled punc-
ture wound. The application of either merocel or the test hydrogels to
the bleeding site was carried out. The filter paper was weighed and the
results were compared against a control group where no hemostatic
treatment was applied post-liver puncture. This process was repeated
three times to provide a comprehensive comparison of the hemostatic
potential of the tested hydrogels versus the non-treated controls.

2.10. The extraction and culture of dFBs

Primary dermal fibroblasts (dFBs) from mice were extracted using a
multi-step digestion process. Initially, mouse skin was treated with
dispase, then the dermal tissue was minced into small fragments and
further digested using a solution of 2.5 mg/mL Collagenase D and 30 ng/
mL DNase I. The resulting cell mixture was passed through a 30 pm
filter, followed by treatment with a red blood cell lysis buffer. The iso-
lated dFBs were then cultured in a cell culture medium composed of
DMEM, fortified with 10 % fetal bovine serum (FBS) and antibiotics,
within a humidified incubator maintained at 37 °C and 5 % CO;. Only
cells at passage 1 were utilized for subsequent experiments. For the in-
duction of adipocyte differentiation, confluent dFBs (two days post-
confluence) were switched to an adipogenic differentiation medium
containing DMEM, Dexamethasone (2 pM), IBMX (250 uM), Indometh-
acin (200 uM) and recombinant insulin (10 ug/mL). The differentiation
medium was refreshed on day 2, after which it was replaced with a
maintenance medium (growth medium with 10 pg/mL recombinant
insulin). To set up a co-culture between dFBs and adipocytes, neonatal
dFBs were first seeded onto transwell inserts with a 0.4 pm pore size
(Corning) and differentiated into mature adipocytes as described above.
The inserts with adipocytes were then placed on top of undifferentiated
neonatal dFBs in a 6-well plate in adipocytes maintenance medium, with
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the medium being changed every 3 days. Neonatal dFBs co-cultured
with a blank insert without adipocytes were used as a control. After
3-6 days of co-culture, dFBs were collected for analysis. The medium
without antibiotics was collected for antimicrobial experiments.

2.11. qRT-PCR analysis

To extract total RNA, TRIzol reagent (Invitrogen, USA) was utilized
with subsequent reverse transcription using the RevertAid First Strand
cDNA Synthesis kit (Thermo Scientific, USA) following the manufac-
turer’s protocol. For qRT-PCR analysis, the iTaq Universal SYBR Green
Supermix (Bio-Rad, USA) was employed in conjunction with the CFX96
Real-Time PCR Detection System (Bio-Rad, USA). The primer sequences
utilized were listed below:

forward reverse
Mouse GTGACGTTGACATCCGTAAAGA GCCGGACTCATCGTACTCC
p-actin
Mouse GCTGTGGCGGTCACTATCAC TGTCTAGGGACTGCTGGTTGA
CAMP
Mouse TAAAAACCTGGATCGGAACCAAA GCATTAGCTTCAGATTTACGGGT
CCL2
Mouse TGTACCATGACACTCTGCAAC CAACGATGAATTGGCGTGGAA
CCL3
Mouse TTCCTGCTGTTTCTCTTACACCT CTGTCTGCCTCTTTTGGTCAG
CCL4
Mouse CAGGCGGTGCCTATGTCTC CAGGCGGTGCCTATGTCTC
TNF-a

2.12. Western blot

The cells were subjected to lysis with a buffer that included a pro-
tease and phosphatase inhibitor cocktail at 1 % concentration (MCE).
The proteins were subsequently separated via SDS-PAGE, followed by
their transfer onto NC membranes (Millipore). Post-transfer, the NC
membranes were blocked for one hour with 5 % skim milk and then
incubated overnight at 4 °C with primary antibodies targeting p-actin,
CAMP, ERK, HSL, phosphorylated ERK, and phosphorylated HSL
(ABclonal, Wuhan). Following this, the blots were exposed to secondary
antibodies (Biodragon, AbBox) conjugated with horseradish peroxidase
(HRP, Aspen) for one hour at 37°C. Finally, the detection of the proteins
was carried out using a chemiluminescence system.

2.13. In vitro antibacterial test

To assess the antibacterial efficacy of various groups, 10 pL of an S.
aureus or Escherichia coli (E.coli) bacterial solution (concentration of 1
x 107 CFU/mL) was mixed with the supernatants. Following this, 100
pL of the resulting mixture was spread on a nutrient agar plate and
incubated for 12 h. After incubation, the colony-forming units (CFUs)
were counted. Bacterial viability was calculated using the following
formula: viability (%) = (A / B) x 100 %, where A stands for the number
of CFUs observed post-treatment, and B denotes the number of CFUs in
the control sample.

2.14. Transwell assays

In the upper chambers of transwell 24-well plates (Costar, Pore size
8.0 pm, USA), 5 x 10* human umbilical vein endothelial cells (HUVECS)
were seeded in cell culture medium without FBS. The lower chambers
were filled with 600 pL of medium containing FBS. Following 24 h of
incubation, cells were washed thrice with PBS, fixed in 4 % para-
formaldehyde for half an hour, and subsequently stained with 0.5 %
crystal violet for 30 min. Cells that did not invade or migrate were
removed using fresh cotton swabs. Each well was examined under a
bright field microscope, with three random fields captured. In order to
assay the transwell ability of RAW264.7 with different treatments, 1 x
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10° RAW264.7 cells were plated in the upper chambers of transwell
system while the medium of upper chamber was without FBS and the
low chamber contained 20 % FBS. The cells were washed, fixed and
stained to observe the number of the migrated cells with a bright field
microscope.

2.15. Flow cytometric analysis

To investigate the potential impact of hydrogels on the M2 polari-
zation of macrophages, RAW264.7 cells were exposed to hydrogels for
24 h. Subsequently, the cells underwent PBS washing and were stained
with antibodies targeting CD11b and CD206 (BioLegend). After a 30-
minute incubation at 4 °C, the cells were rinsed two times with PBS.
Subsequently, the cytometric investigation was performed utilizing a BD
Accuri C6 Plus flow cytometer (Becton Dickinson, Franklin Lakes, NJ,
USA), and the information was assessed utilizing FlowJo software.

2.16. Lipidomics

After seven days of inducing adipogenic differentiation, dFBs were
divided into two groups, each containing six sections. The experimental
group was treated with FA. Following 48 h of treatment, the cells were
collected, washed three times, and 50 mg samples were obtained from
each group (cell count: 10”7). Subsequently, 400 pL of methyl tert-butyl
ether (MTBE), 80uL of methanol (MeOH), and 200 pL of water were
added. After vortexing, sonication, and centrifugation, the upper MTBE
phase was dried using Ny, followed by redissolving in 100 pL of
dichloromethane (DCM):MeOH (1:1, v/v). The sample extracts under-
went analysis using a UPLC — Orbitrap-MS system (UPLC, Vanquish; MS,
HFX). High-resolution mass spectrometry (HRMS) data were acquired
with a Q Exactive HFX Hybrid Quadrupole Orbitrap mass spectrometer,
utilizing Full-ms-ddMS2 MS acquisition methods. The original MS data
were obtained using Xcalibur 4.1 on the Q-Exactive instrument.

The analysis of data utilized the R package, which encompasses a
variety of multivariate data analysis methods, including principal
component analysis (PCA) and orthogonal partial least-squares
discriminant analysis (OPLS-DA). In the OPLS-DA model, the variable
importance in the projection (VIP) score for each variable was calculated
to assess its significance in classification tasks. Metabolites that pre-
sented VIP values greater than 1 were subjected to a Student’s t-test on a
univariate basis to assess their significance. Metabolites were deemed
statistically significant if their p-values were less than 0.05.

2.17. Invitro cytotoxicity

HUVEGs were plated at a density of 2 x 102 cells per well in 96-well
dishes and incubated in DMEM/F12 medium supplemented with 10 %
FBS at 5 % CO5 and 37 °C. The viability of HUVECs co-cultured with
hydrogel membranes was determined using the CCK-8 kit (Life-iLab,
China) on days 1, 2 and 3. The cells were incubated with 100 pL cultures
containing 10 pL CCK-8 reagent for 2 h. Then the absorbance was
recorded using a VICTOR Nivo multimode plate reader (PerkinElmer,
Waltham, MA, USA). Furthermore, the viability of HUVECs was assessed
using a calcein-FITC/PI live-dead staining kit (Solarbio, Beijing, China).
The cells were washed 3 times and incubated with live-dead staining kit
for 1 h. Finally, the cells were photoed with a fluorescence microscope
(Olympus).

2.18. Hemolysis test

In order to assess the blood compatibility of the developed hydrogels,
a hemolysis assay was performed. Initially, red blood cells (RBCs) were
isolated from fresh blood of healthy SD rats by centrifugation at 2000
rpm for 10 min. Subsequently, 100 pL of different hydrogels, PBS (as a
control group) and distilled water (as a positive control) were mixed
with 500 pL of RBC suspension and incubated at 37°C for 12 h. After the

Chemical Engineering Journal 500 (2024) 157300

incubation period, the supernatants were collected by centrifugation,
and the optical density at 541 nm was measured.

2.19. Scratch assay

HUVECs were plated into 12-well culture plates and allowed to reach
90-100 % confluence. A sterile 200 pL pipette tip was used to create a
straight-line scratch on the cell surface. Floating cells were removed
with PBS. The images were collected at 0 h, 12 h and 24 h using a
fluorescence microscope (Olympus).

2.20. ROS detection

HUVECs were seeded in 96-well plates at a density of 2 x 10* cells
per well and exposed to 0.5 mM H505 along with various hydrogels for 8
h. The control group of HUVECs was treated with PBS. Intracellular ROS
levels were evaluated by staining the cells with a DCFH-DA probe
(Beyotime, Beijing, China) and imaging was performed using a micro-
scope (Olympus).

2.21. Tube formation assay

The Matrigel (Corning, NY, USA) was placed in 96-well dishes and
then the dishes were placed in an incubator at 37 °C for 45 min to turn
the matrix glue into a solid. HUVECs with different treats were seeded at
a density of 2 x 10 * cells per well in the 96-well dishes. The cells were
further incubated for 6 h. Finally, three randomly selected fields were
observed under a microscope, and the results were quantified using
Image J software.

2.22. Generation of DIO mice

The research involving animals was reviewed and approved by the
Institutional Animal Care and Use Committee of Tongji Medical College,
Huazhong University of Science and Technology. The diet-induced
obesity (DIO) mice were established in 6-week-old male C57BL/6J
mice by feeding them a high-fat diet (HFD = 60 % calories from fat) for
12 weeks. The mice were weighed weekly.

2.23. Infected wound model

The mice were anesthetized using intraperitoneal pentobarbital so-
dium at a dosage of 50 mg/kg of body weight, obtained from Sigma
Aldrich, prior to the creation of 1.0 x 1.0 cm full-thickness excision skin
wounds. Following the excision, each wound was infected with 30 pL
suspension of S. aureus, containing 3 x 108 CFU/ml, for a duration of
10 min. Both normal and DIO mice were randomly assigned into three
treatment groups: one treated with 100 pL of PBS, another with Ni@HA
hydrogel, and the third with FA@Ni@HA hydrogel, with each group
comprising five mice. Subsequently, the wounds were bandaged using
gauze, and photographs were taken on days 0, 3, 7, 10 and 14 to monitor
the healing process. The extent of wound closure was quantitatively
assessed using ImageJ software. The degree of closure was calculated
with the formula: Cn = (A0 — An) / A0 x 100 %, where Cn indicates the
percentage reduction of the wound area on specific days, AO represents
the initial wound size, and An is the wound area measured on the cor-
responding day after the injury.

2.24. HE staining and Masson staining

The wound tissues were initially fixed in a 4 % paraformaldehyde
solution to preserve the tissue architecture and cellular components.
Following fixation, the tissues were embedded in paraffin to facilitate
slicing into ultra-thin sections. These sections were precisely cut to a
thickness of 4 um to ensure detailed microscopic analysis. The prepared
sections were then subjected to staining using either Hematoxylin and
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Fig. 2. The impact of FA on mature adipocytes. A) The mechanism through which FA enhances lipolysis. B) Hematoxylin-eosin (HE) staining observed the sub-
cutaneous fat thickness in normal and DIO mice. Scale bar = 100 pm. C) Oil Red O staining assessed lipid droplet size in adipocytes. Scale bar = 50 pm. D, E) Western
blot analysis of associated proteins (including ERK, p-ERK, HSL, and p-HSL) of mature adipocytes after different treatments. F) gRT-PCR expression of CAMP gene in
dFBs after co-culture. G, H) Western blot analysis of CAMP protein in dFBs after co-culture. I-K) The number of colonies in each group was observed and corre-
sponding quantitative analysis was performed. (*P < 0.05, **P < 0.01, ***P < 0.001). (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

Eosin (H&E) or Masson’s trichrome staining techniques, each providing took place for a duration of 15 min in citrate buffer, with the subsequent
distinct histological information. Finally, the images were collected 30 min being dedicated to blocking with goat serum. Later, the samples
using an inverted microscope (Olympus). were dyed with anti-CD31, anti-VEGF, or anti-CD206 antibodies for a

full night at a temperature of 4 °C, washed with PBS, and then dyed with
DAB and hematoxylin respectively. Microvascularization at the wound

2.25. Histological analysis sites was analyzed by tallying the amount of CD31 " cells and examining
. . . the VEGF expression through a microscope. For the determination of M2
On the 14th day, the mice were euthanized, and the tissue from the polarization, the count of CD206" cells was used. To evaluate the

wounds was preserved in paraffin and dyed. Retrieval of the antigen
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antibacterial ability, immunofluorescence staining was conducted based
on the CAMP expression.

2.26. Statistical analysis

The findings were expressed as the mean plus or minus the standard
deviation (SD). For the statistical examination, Student’s t-test was
deployed when comparing two distinct groups. In instances where
comparisons involved more than two groups, ANOVA complemented by
Tukey’s post hoc test was employed. To ascertain statistical significance,
a threshold of p < 0.05 was established.

3. Results and discussion

3.1. FA enhanced lipolysis through the ERK-HSL axis and stimulated the
secretion of AMPs

The process by which FA boosts lipolysis is illustrated in Fig. 2A.
Initially, we compared subcutaneous adipocytes in normal mice and DIO
mice, revealing a notable increase in subcutaneous adipocytes in DIO
mice (Fig. 2B). To determine the appropriate concentration of FA, a
CCK-8 experiment was conducted, demonstrating no cytotoxic effects
within the 10-200 pM range (Fig. S1). Subsequently, concentrations of
50 pM and 100 pM were selected for further experiments. To investigate
the lipolysis promotion by FA, adipogenic differentiation of dFBs was
induced for 14 days, followed by a two-day treatment with FA. Oil Red O
staining indicated a significant increase in lipolysis post-FA treatment,
with a noticeable reduction in lipid droplets under microscopic exami-
nation (Fig. 2C). Western blot was utilized to identify protein alterations
in mature adipocytes. Fig. 2D, F illustrated a significant increase in the
phosphorylation of ERK and HSL in the experimental group. Subsequent
analysis with a free fatty acid detection kit revealed a rise in free fatty
acid levels following FA treatment (Fig. S2). Building upon these find-
ings, we investigated the impact on AMP cathelicidin (CAMP) secretion
post lipolysis promotion. dFBs were placed in the upper chamber layer
and induced lipogenic differentiation for 14 days, followed by the
addition of FA for 48 h. Afterwards, the primary dFBs were placed in the
lower chamber layer of the co-culture system (Fig. S3). Subsequently,
cells and culture medium from the lower layer were collected. Western
blot and qRT-PCR results demonstrated a reduction in CAMP secretion
in the mature adipocytes group (AD), while treatment with FA signifi-
cantly enhanced this secretion (Fig. 2F-H). In vitro antibacterial assays
further confirmed the inhibitory effect on bacterial growth exhibited by
the experimental group’s culture medium (Fig. 2I-K). We investigated
the dose-dependent antibacterial effects of FA. The results indicated that
the MIC90 value for S.aureus is 60 pM, while the MIC90 value for E.coli
is 40 pM (Fig. S4).

The Wounds of obesity mice are susceptible to bacterial infection,
leading to delayed wound healing or worsening of the wound. Due to the
overuse of antibiotics, drug-resistant bacteria are on the rise, high-
lighting the crucial need for alternative antibacterial methods. AMPs
represent a novel class of antibacterial agents against various microbial
pathogens, including both Gram-positive and Gram-negative bacteria
[36]. These peptides have been utilized in the treatment of infected
wounds [37-39]. For example, Wang et al. formed a collagen hydrogel
loaded with AMPs as an antimicrobial wound dressing, showing excel-
lent antimicrobial function [40]. Moreover, Wang et al. also designed a
network of pH-switchable antimicrobial nanofibers based on the
mechanism of AMPs, which achieved synergistic biofilm eradication and
subsequent activation of the cell proliferation and healing cascade [41].
However, they may have limitations such as short duration of action,
non-specific uptake, and potential effects on normal tissues. Therefore, it
is highly important to locally stimulate the production of antibacterial
peptides in infected wounds. Adipocytes, situated at the base of the
dermis, serve as a key defense mechanism for the skin barrier [42]. They
secrete AMPs to combat microorganisms such as S.aureus. In obesity
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models, however, mature adipocytes suppress the secretion of AMPs
during wound infection [11]. FA was shown to activate the ERK
pathway, leading to the phosphorylation of HSL and promotion of
lipolysis. Our research demonstrated that by enhancing fat metabolism,
dFBs regained their ability to secrete AMPs. Therefore, FA can enhance
the local antibacterial function of the wound by stimulating the secre-
tion of AMPs, thereby creating a conducive environment for infected
wound healing.

3.2. Lipidomics showed that the lipid components in adipocytes changed
significantly after FA treatment

To further explore the impact of FA on mature adipocytes, lipidomics
was conducted to assess changes in adipocytes post-FA treatment. The
results revealed significant alterations in the relevant lipid components
within the cells. Fig. 3A illustrated the distribution of intracellular lipid
components, with the top five being Phosphatidylcholine (PC), Tri-
glyceride (TG), Phosphatidylethanolamine (PE), Diglyceride (DG), and
Ceramide (Cer). Analysis of the overall lipid expression in Fig. 3B indi-
cated that FA decreased the total lipid content in mature adipocytes. The
heatmap results in Fig. 3C demonstrated shifts in metabolism-related
lipids such as Cer, Sphingomyelin (SM), PC, TG, PE, Phosphatidylino-
sitol (PI) and DG, which play roles in membrane component, energy
storage and metabolism, as well as signal transduction and other func-
tions [43]. Studies have indicated a close relationship between Cer and
adipocytes metabolism. In diabetic adipocytes, decreasing intracellular
Cer levels has been shown to boost mitochondrial metabolism and drive
macrophage differentiation towards an anti-inflammatory phenotype
[44,45]. Therefore, the alterations in adipocyte function following FA
treatment may be linked to Cer levels. The subsequent volcano plot
(Fig. 3D) demonstrated that FA treatment led to a decrease in various
lipids in adipocytes, highlighting the role of FA in lipid metabolism.
Fig. 3E, F further illustrated that FA treatment altered lipid components
associated with membrane components, energy metabolism, and signal
transduction. Both Fold Change Analysis and Variable Importance for
the Projection (VIP) revealed significant effects of Cer. The differential
expression of Cer and its underlying mechanisms warrant further
investigation.

3.3. Material characterization of FA@Ni@HA hydrogel

Due to the obvious enhancement of ROS in the infected wounds, we
designed FA@Ni@HA hydrogel (Fig. 4A). We designed a hyaluronic acid
molecule with a high concentration of phenylboronic acid groups by
reaction with PBA. This modified hyaluronic acid (HA-PBA) then reac-
ted with PVA to form a phenylboronic acid ester bond (Fig. S5, S6). This
modification allows for a rapid response of the hydrogel to infected
wounds, facilitating the release of FA and Ni?* to aid in controlling and
promoting the healing process (Fig. S7). The morphology of Ni COF was
examined using a transmission electron microscope (TEM) (Fig. 4B). The
water absorption and response rate of hydrogels are closely linked to
their porosity, which in turn affects transport resistance. The TEM im-
ages (Fig. 4C) revealed a continuous pore network in the surface
morphology of the FA@Ni@HA hydrogel, highlighting its water ab-
sorption capabilities. Additionally, Fourier transform infrared spec-
troscopy (FT-IR) analysis of HA-PBA, PVA, and HA-PBA-PVA was
conducted to detect any chemical reactions between the components
(Fig. 4D). In the HA-PBA spectrum, the absorption peak at 1346.10 cm ™!
corresponds to the BO bond, indicating successful grafting of phenyl-
boronic acid onto HA. The PVA spectrum showed an absorption peak at
1086.71 cm™! attributed to the CO bond, while in the HA-PBA-PVA
spectrum, the peaks at 1323.43 cm ™! and 1086.23 cm™! were associ-
ated with the BO bond and CO bond, revealing the cross-linking re-
actions between HA-PBA and PVA. The resistance of the FA@Ni@HA
hydrogel under compression was assessed using cyclic compression
tests. Fig. 4E illustrated that the FA@Ni@HA hydrogel exhibited a
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certain level of compressive strength, with the presence of COF nano-
particles not impacting the mechanical properties of the hydrogel. In
order to observe the distribution of Ni2*, energy dispersive X-ray (EDX)
was subsequently employed to confirm the elemental composition of the
FA@Ni@HA hydrogel (Fig. 4F, S8), demonstrating even distribution of
the Ni2* within the hydrogel.

The results of release test of FA and Ni%* showed that the release of
FA was much faster than Ni2t (Fig. 4G). The ability of hydrogels to
maintain a moist wound environment is essential for effective epidermal
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tissue repair. In this study, we evaluated the water absorption capacity
of hydrogels by using a swelling ratio test (Fig. 4H). Results showed that
FA@Ni@HA hydrogel could absorb more than 15 times its own weight
in water. The interaction between ROS and phenylboronic acid ester
bond can disrupt the network structure of the FA@Ni@HA hydrogel,
leading to the release of FA and Ni?*. Moreover, the FA@Ni@HA
hydrogel showed rapid degradation in response to Hy,O, concentration
of 0.1 mM, demonstrating its sensitivity to oxidative stress (Fig. 41, J).
What’s more, the release rate of FA or Ni? * was significantly enhanced
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in Hy07 concentration of 0.1 mM, which may be related to the reaction
of the phenyborate bond in FA@Ni@HA with ROS (Fig. 4K, L).
Excessive ROS during wound healing can trigger a robust inflam-
matory response, impede angiogenesis, and result in endothelial
dysfunction [46]. In the presence of bacterial infection wounds, also
reduced local nutrients and oxygen levels, heightened ROS production,
and a deteriorating wound healing microenvironment could be observed
[35]. When exposed to ROS, the FA@Ni@HA hydrogel degrades quickly
and releases FA to exert its antioxidant properties. Hyaluronic acid, a
crucial component of the extracellular matrix, offers outstanding
biocompatibility and non-immunogenicity [47,48]. Moreover, hyal-
uronic acid possesses immunomodulatory and antioxidant capabilities
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due to its multiple functional groups, which are associated with
enhanced tissue regeneration during wound healing [49]. Boric acid can
readily form dynamic boronic acid ester bonds with 1,2-diol or 1,3-diol
without the need for a catalyst, and has found widespread applications
in tissue repair [50-52]. The application of Ni-doped biomaterials is
limited by the potential toxicity of Ni2*, which may lead to increased
inflammation and oxidative damage [53]. Therefore, mitigating the
toxicity of Ni2* is crucial for enhancing the clinical applicability of Ni-
doped materials. In this study, we incorporated Ni?* into COF to facil-
itate a sustained and controlled release of Ni2*. Additionally, FA within
the hydrogel can help reduce inflammation and oxidative stress, thereby
partially alleviating the toxicity of Ni%*.
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3.4. Favorable biocompatibility of FA@Ni@HA hydrogel
To assess the biocompatibility of FA@Ni@HA hydrogel, CCK-8 and

live/dead assay were employed to examine its impact on HUVECs. Re-
sults indicated no significant differences among the four groups,
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demonstrating the favorable biocompatibility of FA@Ni@HA hydrogel
(Fig. 5A, B). Furthermore, potential hemolysis of FA@Ni@HA hydrogel
was assessed by co-culturing it with red blood cells of SD rats for 24 h,
revealing hemolysis rates below 5 % for all groups with no evident he-
molytic reactions observed (Fig. 5C, F). Subsequently, the hemostatic
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function of FA@Ni@HA hydrogel was assessed using a mouse bleeding
model (Fig. 5D). The hydrogel notably reduced the amount of bleeding
from the wound, possibly attributed to the bioadhesion and water ab-
sorption properties of FA@Ni@HA hydrogel (Fig. 5E, G). This dual
functionality not only enables early hemostasis but also provides a
robust protective barrier during the healing process of infected wounds.

3.5. FA enhanced the attraction of macrophages and the FA@Ni@HA
hydrogel promoted the transformation of M2 macrophages

Studies have found that the lipolytic function of adipocytes is
important for the recruitment of macrophages. To investigate the po-
tential of FA in promoting macrophage recruitment, we treated
RAW264.7 cells with the supernatant of mature fat cells treated with FA
and observed their migration using transwell assays. The results
revealed a significant increase in RAW264.7 cells migration in the
experimental group, particularly following FA treatment (Fig. 6A, B).
gqRT-PCR analysis further confirmed these findings, showing
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upregulation of chemokine-related genes such as C-C motif chemokine
ligand 2 (Ccl2), Ccl3, Ccl4, and tumor necrosis factor-o (TNF-a) in the
experimental group (Fig. 6C). Notably, local inflammation can impede
the wound healing process by preventing the transition to the prolifer-
ative phase, while FA possesses anti-inflammatory properties. Treatment
of RAW264.7 cells with FA@Ni@HA hydrogel resulted in a morphology
similar to that induced by IL-4 treatment, contrasting with the irregular
shape observed in the LPS-treated group (Fig. 6D). Flow cytometry
analysis demonstrated a significant increase in the proportion of
CD206™ cells following treatment with FA@Ni@HA hydrogel compared
to the control group (Fig. 6E, F).

Silencing the ATGL gene, a pivotal enzyme in lipolysis, resulted in
reduced macrophage recruitment [27], suggesting that fat cell-mediated
macrophage recruitment may operate through lipolysis. We initially
investigated the potential of adipocyte lipolysis to facilitate the
recruitment of macrophages to infected wounds for antimicrobial pur-
poses. The findings demonstrated that FA significantly enhanced the
capacity of macrophage recruitment upon interaction with adipocytes.
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Macrophages play a crucial role in enhancing wound’s anti-infection
capabilities; however, an excessive and prolonged inflammatory
response hampers transition into the proliferative stage and impairs
wound healing. FA can promote the polarization of M2 macrophages
which are vital for blood vessel regeneration and immune inflammation
in the wound [54], thereby facilitating wound healing processes. In
conclusion, our FA@Ni@HA hydrogel promoted both macrophage
recruitment and the polarization of M2 macrophages, thereby achieving
antimicrobial effects and tissue repair functions.

3.6. The function of promoting angiogenesis and anti-oxidation of
FA@Ni@HA hydrogel

To investigate the impact of FA@Ni@HA hydrogel on angiogenesis,
we conducted cell scratch assays to assess HUVECs migration following
treatment with the hydrogels. Results demonstrated that both Ni@HA
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hydrogel and FA@Ni@HA hydrogel notably enhanced HUVECs migra-
tion, leading to a significant reduction in scratch gap (Fig. 7A, B).
Particularly, FA@Ni@HA hydrogel exhibited the highest wound healing
rate, possibly attributed to the synergistic effect of FA and Ni?" in pro-
moting HUVECs function. This finding was further supported by trans-
well assays as shown in Fig. 7C, D, indicating a significant increase of
HUVECs in the FA@Ni@HA hydrogel group, facilitating early migration
to the wound periphery. Subsequent assessment of FA@Ni@HA hydro-
gel’s ability to stimulate HUVECs tube formation revealed a substantial
increase in branching points and tube lengths in both Ni@HA hydrogel
and FA@Ni@HA hydrogel groups (Fig. 7E-G), underscoring the
hydrogel’s efficacy in promoting HUVECs tube formation for improved
oxygen and nutrient supply in the local microenvironment to support
wound healing. Lastly, the antioxidant properties of the hydrogel were
evaluated, showing a significant reduction in ROS content in HUVECs
upon the addition of FA@Ni@HA hydrogel (Fig. 7H).
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Angiogenesis plays a crucial role in the skin wound healing process
by providing oxygen and nutrients to the wound area, thus promoting
tissue regeneration [55]. HUVECs proliferate, migrate, and branch at the
wound site during normal wound healing to establish novel blood ves-
sels, ensuring the delivery of oxygen and essential nutrients [56].
Impaired angiogenesis in obesity is attributed to various factors,
including alterations in inflammatory responses and ROS signaling [57].
Interestingly, our study discovered that FA@Ni@HA hydrogel signifi-
cantly improved the blood vessel formation function of HUVECs
compared to Ni@HA hydrogel. This suggests that FA may work in
conjunction with Ni?* to promote blood vessel formation.

3.7. FA@Ni@HA hydrogel’s promotion of the healing of infected wounds
in vivo

To investigate the potential of FA@Ni@HA hydrogel in accelerating
the healing process of infected wounds, we conducted experiments using
DIO mice and assessed the impact of the hydrogel on infected wound
models. Our results, depicted in Fig. 8A-C, revealed that the
FA@Ni@HA hydrogel group exhibited the highest rate of wound closure
in wild type mice (WT). Conversely, DIO mice displayed the lowest
healing rate, and the FA@Ni@HA hydrogel group in DIO mice demon-
strated a significant enhancement in wound healing. Tissue samples
were collected on day 14, followed by HE staining. Our analysis indi-
cated that both normal mice and DIO mice treated with the FA@Ni@HA
hydrogel displayed increased granulation tissue. Specifically, the
FA@Ni@HA hydrogel group in the normal mice exhibited the most
pronounced granulation tissue formation, whereas the DIO group
showed a notable reduction in granulation tissue (Fig. 8D). Furthermore,
Masson staining revealed that wounds treated with the FA@Ni@HA
hydrogel in normal and DIO mice exhibited enhanced angiogenesis and
collagen deposition, underscoring the significant role of the hydrogel in
promoting wound healing (Fig. 8E).

3.8. Histological analysis

To investigate the potential of FA@Ni@HA hydrogel in antibacterial
properties and promoting tissue repair in infected wounds, histological
analysis was conducted across different experimental groups. Immuno-
fluorescence analysis revealed that the expression of CAMP protein was
notably higher in the FA@Ni@HA hydrogel group compared to other
groups, indicating its efficacy in promoting CAMP secretion and
enhancing resistance to wound infection (Fig. 9A, E). Furthermore,
assessment of VEGF levels and CD31" vessels demonstrated a higher
proportion of CD31 vessels (Fig. 9B, F) and increased VEGF levels
(Fig. 9C, G) in wounds treated with FA@Ni@HA hydrogel, suggesting its
ability to promote vascularization in infected wounds. Evaluation of M2
macrophages using CD206 expression showed a significant increase in
M2 macrophages in wounds treated with FA@Ni@HA hydrogel (Fig. 9D,
H). These findings collectively suggest that our hydrogel exhibits anti-
bacterial properties, promotes wound healing, and enhances angiogen-
esis and M2 cell polarization in infected wounds.

Application of FA@Ni@HA hydrogel in infected wounds of obese
mice significantly upregulated the expression of VEGF and the propor-
tion of CD31" vessels. The accelerated wound healing observed in our
study can be attributed to the multifaceted effects of the FA@Ni@HA
hydrogel, which includes the controlled release of FA and Ni%*, as well
as its antibacterial, antioxidant, and pro-angiogenic properties. The
hydrogel effectively absorbs wound exudate, maintains moisture, and
creates an optimal environment for healing infectious wounds in
obesity. Furthermore, the antibacterial and ROS-scavenging properties
of the FA@Ni@HA hydrogel protect wounds from bacterial infections
and ROS-induced damage, while also promoting M2 polarization and
angiogenesis.
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4. Conclusion

We presented a novel application of ROS-responsive FA@Ni@HA
hydrogel for treating infectious wounds. The research demonstrated that
FA promoted lipolysis and macrophage recruitment, leading to the
secretion of AMPs and an antibacterial effect. The FA@Ni@HA hydrogel
exhibited bioadhesive and water-absorbing properties, shielding the
wound from external factors and providing effective antibacterial pro-
tection. The hydrogel’s phenylboronic acid ester structure enables
controlled drug release in response to ROS. Through the combined ac-
tions of FA and Ni?* release, the hydrogel not only combats bacteria but
also improves the wound environment, stimulates angiogenesis, and
accelerates infected wound healing in vivo. Overall, the ROS-responsive
FA@Ni@HA hydrogel offers a versatile therapeutic strategy to prevent
infections, alleviate oxidative stress, and enhance angiogenesis during
the healing process of infected wounds.
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