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Purpose: Excessive inflammation in diabetic wounds, driven by hyperglycemia, prolongs healing, increases the risk of non-healing
ulcers, and can lead to severe complications such as amputation or life-threatening infections. Recurrent wound infections and
prolonged treatment impose significant economic and psychological burdens, drastically reducing patients’ quality of life. Modulating
the inflammatory response is a promising strategy to accelerate diabetic wound healing. Ibuprofen (IBU), a widely used anti-
inflammatory and analgesic agent, has the potential to promote healing by mitigating excessive inflammation and alleviating
wound-associated pain. However, its clinical application is hindered by poor water solubility and a short half-life. Therefore,
a controlled and sustained-release system for IBU could enhance its therapeutic efficacy in diabetic wound management.

Materials and Methods: Here, we present an in situ multi-crosslinked composite hydrogel system that integrates oxidized alginate
(OSA), methacryloylated gelatin (GelMA), and an ibuprofen/amino-modified B-cyclodextrin inclusion complex (IBU/CD-NH,) via ion
crosslinking, photocrosslinking, and Schiff-base reactions.

Results: The optimized hydrogel formulation was synthesized at 35°C, with a P/A molar ratio of 2 and an methacrylamide(MA)
volume fraction of 20%. Physicochemical and biocompatibility analyses demonstrated that the IBU-loaded composite hydrogel
exhibits enhanced mechanical strength, favorable biocompatibility, tunable degradation, and injectability. This system effectively
addresses IBU’s solubility and absorption challenges while conforming to wounds of varying shapes and sizes, enabling controlled and
sustained drug release. Cellular and animal studies confirmed that the hydrogel continuously and uniformly releases IBU, exerting
anti-inflammatory effects while promoting angiogenesis and fibroblast migration. This leads to enhanced granulation tissue formation,
collagen deposition, and epidermal regeneration, significantly accelerating wound closure within 14 days.

Conclusion: By simultaneously suppressing inflammation and stimulating tissue regeneration through controlled IBU release, this
hydrogel system offers a highly effective strategy for diabetic wound healing and holds strong potential for clinical application.
Keywords: ibuprofen, diabetic wound healing, sustained-release, injectable composite hydrogel system, inflammation

Introduction

Diabetic wounds are severe chronic complications of diabetes, characterized by prolonged healing due to hyperglycemia. This
condition not only imposes a significant financial burden but also drastically reduces patients’ quality of life.""* Current
treatment options remain limited, aside from hypoglycemic therapies, leaving patients at high risk of amputation.** Therefore,
nonsurgical approaches that directly promote wound healing are crucial for improving patient outcomes. Normal wound-
healing progresses through four sequential but overlapping phases: hemostasis, inflammation, proliferation, and remodeling.’
However, diabetic wounds exhibit a persistent inflammatory response driven by excessive inflammatory infiltration caused by
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hyperglycemia.>* Accumulating evidence suggests that controlling excessive inflammation—by limiting inflammatory cell
infiltration and inflammatory factor secretion—is key to accelerating diabetic wound healing.®®

Nonsteroidal anti-inflammatory drugs (NSAIDs) effectively reduce inflammation and pain by inhibiting cyclooxy-
genase (COX) and suppressing prostaglandin synthesis.” Among them, ibuprofen (IBU) is widely used for its potent anti-
inflammatory and analgesic properties.'®'' However, its therapeutic application in diabetic wound healing remains
constrained by its short half-life and hydrophobicity, which necessitate high systemic doses that can cause severe side
effects, including gastrointestinal ulcers and kidney injury.'>'* To enhance IBU’s therapeutic potential while minimizing
adverse effects, a controlled and sustained drug release system is essential to maintain stable drug concentrations at the
wound site and reduce systemic exposure. Although various sustained-release drug delivery systems, such as hydrogels
and nanofibers, have been explored for topical applications,'®'*"'® IBU’s short half-life and hydrophobicity necessitate
further optimization to ensure effective therapeutic outcomes.

Hydrogels, with their three-dimensional porous and hydrophilic network structures, are promising candidates for drug
delivery and wound dressing applications.'” They mimic the extracellular matrix (ECM), absorb excess wound exudates,
and maintain a moist healing environment.'® %' Andrgie et al developed a thermosensitive injectable hydrogel incorpor-
ating IBU via simple mixing to mitigate excessive inflammation and promote wound healing."' However, direct IBU
incorporation often results in uneven drug distribution, reducing bioavailability due to its poor water solubility and
hydrophobic nature, highlighting the need for an improved hydrogel delivery system.

B-Cyclodextrin (B-CD) is an effective drug carrier due to its unique structure, featuring a hydrophilic exterior and
a hydrophobic internal cavity.** It has shown potential in addressing IBU’s short half-life and hydrophobicity®® However,
further research is needed to develop a B-CD/IBU complex capable of achieving controlled and sustained drug release,
optimizing anti-inflammatory effects, and accelerating diabetic wound healing.

Alginates, natural anionic polysaccharides, are widely utilized in wound dressings and biomaterials due to their excellent
biocompatibility, low toxicity, and facile gel formation.”**> Additionally, they can be chemically modified to introduce reactive
groups that facilitate covalent crosslinking with other polymers, such as peptides and proteins, enhancing cell adhesion and

proliferation.® However, alginate exhibits unstable mechanical and degradation properties,®’*

which pose challenges for
sustained drug delivery in diabetic wounds of varying sizes and shapes.”” To address these limitations, an injectable, in situ
curing hydrogel system with controlled drug release is required. Photocrosslinkable hydrogels offer a viable solution, enabling
both in situ injection and curing.**>? Methacryloylated gelatin (GeIMA)), a photosensitive and biocompatible polymer containing
arginine-glycine-aspartic acid (RGD) motifs, promotes cell adhesion and is widely used in tissue engineering.*** To enhance the
mechanical properties and biofunctionality of alginate-based hydrogels, oxidized alginate (OSA) is synthesized via partial
oxidation. Subsequently, B-cyclodextrin-amino (3-CD-NH,) and GelMA are crosslinked with OSA through Schiff-base reactions
between the aldehyde groups of OSA and the amino groups of GelMA and B-CD-NH,, improving both mechanical integrity and
cell adhesion. This composite hydrogel enables injectable application and in situ photocuring for irregularly shaped wounds.
Additionally, prior to Schiff-base crosslinking, B-CD-NH, forms an inclusion complex with ibuprofen (IBU) through host—guest
interactions, ensuring efficient drug loading. This integration facilitates the controlled and sustained release of IBU from the
hydrogel matrix.

Based on these advancements, the objective of this study was to develop an IBU-loaded, controlled-release hydrogel system
composed of a multi-network structure by modifying natural biomaterials. This system aims to regulate inflammation and
accelerate diabetic wound healing by modulating the wound microenvironment. To achieve this, we engineered an in situ, multi-
crosslinked composite hydrogel by incorporating highly oxidized OSA, GelMA with tunable methacrylation degrees, and
ibuprofen/B-Cyclodextrin-Animo (IBU/B-CD-NH2) inclusion complexes. Crosslinking was achieved through ionic interactions,
photopolymerization, and Schiff-base reactions, yielding a hydrogel with enhanced mechanical strength, favorable biocompat-
ibility, tunable degradation, and injectability. This system effectively delivers IBU in a controlled manner, promoting wound
healing by reducing inflammation, enhancing cell proliferation, and stimulating angiogenesis. To fully characterize the hydrogel,
we evaluated its porous structure, mechanical properties, biocompatibility, swelling behavior, degradation kinetics, and IBU
release profile. Furthermore, its effects on macrophage polarization and angiogenesis were investigated both in vitro and in vivo.
The therapeutic efficacy of the IBU-loaded hydrogel system was validated in a streptozotocin-induced diabetic mouse model
with full-thickness wounds, demonstrating accelerated wound healing (Figure 1).
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Figure | Schematic of the synthesis and application of the IBU-loaded composite hydrogel system.
Abbreviations: OSA, oxidized alginate; GelMA, methacryloylated gelatin; B-CD, B-cyclodextrin.

This composite hydrogel system enables the sustained release of low-dose ibuprofen (IBU), addressing its poor
solubility while minimizing the risk of liver, kidney, and cardiac toxicity associated with high-dose oral or systemic
administration. Furthermore, it’s in situ injection and photocuring capabilities allow precise application to wounds of
varying shapes and sizes. The natural materials used in the hydrogel are readily available, easy to process, biocompatible,
and cost-effective, offering significant clinical potential. This approach is expected to alleviate both the economic and
psychological burdens on patients while enhancing their quality of life.

Materials and Methods

Preparation of Composite Hydrogels

OSA, GelMA, and IBU/CD-NH, inclusion complexes were prepared as described in the Supplementary Data (Materials
and Methods. OSA (4% w/w) was dissolved in demineralized water under agitation, followed by the addition of GDL
(0.75% wi/v) to form solution A. Separately, lyophilized GeIMA prepolymers were dissolved in PBS (10% w/v) and
supplemented with IBU/CD-NH, (50 mm), LAP (0.5% w/v), and calcium carbonate (0.3% w/v) to generate solution
B. Solutions A and B were mixed at a 1:1 volume ratio and stirred until homogeneous. The resulting solution was

injected and UV crosslinked (405 nm) to form a composite hydrogel.
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Cell Lines and Cell Cultures

Raw 264.7 macrophages, 1.929 fibroblasts, and MVUEC endothelial cells were obtained from the Cell Bank of the
Chinese Academy of Sciences Typical Culture Preservation Committee. Cells were maintained in Dulbecco’s Modified
Eagle’s Medium (Gibco) supplemented with 10% fetal bovine serum (FBS; Clark) and 1% penicillin-streptomycin (P/S;
Solarbio, China) under standard culture conditions (37°C, 5% CO,).

Characterizations of the Hydrogels

Fourier-transform infrared spectroscopy (FTIR) was used to confirm the functional groups of OSA and GelMA using
a Spectrum Two FTIR spectrometer (PerkinElmer, Shelton, CT, USA). Spectra were recorded with 30 scans across
a frequency range of 4000-500 cm™! at a resolution of 4 cm™".

Nuclear magnetic resonance (NMR) spectroscopy: The chemical structures of the gel and GeIMA were characterized
via NMR spectroscopy (Bruker, Germany) at room temperature with a 400 MHz frequency.

Scanning electron microscopy (SEM): The morphology of the composite hydrogels was analyzed using scanning
electron microscopy (SEM; LEO153VP, Carl Zeiss, Jena, Germany) at 5.0 kV. Hydrogel samples were freeze-dried,
cryofractured, and sputter-coated with a thin gold layer. SEM images were processed using ImagelJ software to assess the
porous structure.

Transmission electron microscopy (TEM): Transmission electron microscopy (TEM; JEM-1400) was employed to
examine the morphology of IBU/CD-NH, samples. Aqueous dispersions were deposited onto copper grids with a carbon
support film and dried at room temperature. Particle size distribution was analyzed from TEM images using ImageJ software.

Mechanical properties: The mechanical properties of the composite hydrogels were assessed using a universal testing
machine. Fully swollen hydrogel samples (1.0 cm % 1.0 cm x 0.8 cm) were subjected to compression at a rate of 5 mm/
min under a 10 N tensile load at room temperature. The corresponding stress—strain curves were recorded. Each hydrogel
type was tested at least three times, and the average values were reported.

Swelling properties: Lyophilized hydrogel samples were weighed (W4) and immersed in PBS (pH 7.4) at 37°C. At
predefined intervals, the swollen hydrogels were removed, and their surface water was gently blotted before weighing
(Wy). The swelling ratio (Qs) was calculated via the following equation: Qg (%) = (Ws—W4)/Wgx 100%.

Self-degradation properties: Hydrogel degradation was quantified by mass loss. Lyophilized samples were initially
weighed (Wy), incubated in PBS at 37°C, and retrieved at designated time points for lyophilization and re-weighing
(W)). The remaining mass ratio was calculated via the following equation: Remaining mass percentage = W{/W, X
100%. The percentage degradation was quantified in terms of weight loss via the following equation:

Release of IBU: A 200-pL hydrogel sample was immersed in 2 mL PBS and incubated at 37°C. At predetermined
time points (1, 2, 3,4, 5, 6, and 7 h), 20 puL of supernatant was collected and replaced with an equal volume of fresh PBS.
The absorbance at 220 nm was measured using a UV—vis spectrometer, and the ibuprofen (IBU) concentration was
determined via a pre-established calibration curve.

Biocompatibility and Cytotoxicity Assay: Hydrogel biocompatibility and cytotoxicity were evaluated using a Cell
Counting Kit-8 (CCK-8, Glpbio, USA) and a live/dead cell staining assay (Dojindo, Japan) following the manufacturers’
protocols. Cell viability was assessed by incubating cells with hydrogel extracts of varying compositions.

Preparation of Macrophage-Conditioned Media

RAW264.7 macrophages were seeded in a 6-well plate (5 x 10° cells per well) and exposed to Gel, Gel-IBU (25 pg/L),
Gel-IBU (50 pg/L), or Gel-IBU (75 pg/L) extracts for 24 h. The culture medium was then collected and centrifuged
(1500 rpm, 5 min). The conditioned media from Gel, Gel-IBU (25 pg/L), Gel-IBU (50 pg/L), and Gel-IBU (75 pg/L)
were labeled CM-MO0, CM-M2 (25 ug/L), CM-M2 (50 pg/L), and CM-M2 (75 ng/L), respectively.

Tube Formation Assay

Matrigel (50 pL) was added to a 96-well plate and allowed to gel at 37°C for 30 min. MUVECs (1 x 10° cells per well)
were seeded on the Matrigel and incubated with conditioned media for 12 or 18 h. Tube formation was visualized using
optical microscopy, and the number of nodes and tubes was quantified using ImageJ’s Angiogenesis Analyzer.
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Scratch Assay

L929 cells (1 x 10° per well) were seeded in a 6-well plate and serum-starved in FBS-free medium for 24 h. A
standardized linear scratch was introduced, and cells were incubated with conditioned media for 0, 6, 12, or 24 h. The
scratched area was observed under an inverted microscope (Leica DM IL LED, Germany), and images were captured
with a CCD camera (Leica DFC 420C, Germany). Cell migration was quantified using ImageJ.

Immunofluorescence Staining

Cells and tissue samples were fixed in 4% paraformaldehyde for 10 min at room temperature (RT), followed by three
PBS washes. Permeabilization was performed with 0.2% Triton-X 100 for 10 min, and blocking was carried out using
5% bovine serum albumin for 1 h at RT. Samples were then incubated overnight at 4°C with primary antibodies against
CD86/iNOS and CD206/ARG1. After thorough washing, they were treated with iFluor™ 488-conjugated goat anti-rabbit
IgG and iFluor™ 594-conjugated goat anti-rabbit IgG secondary antibodies at RT for 1 h. Nuclei were counterstained
with 4,6-diamidino-2-phenylindole (DAPI) for 15 min at RT. Immunofluorescence signal quantification was performed
using ImageJ, measuring positively stained cells in three randomly selected microscopic fields.

Wound-Healing Model in vivo
A type I diabetic C57BL/6 mouse model was established using streptozocin (STZ). Sixty STZ-induced diabetic mice
(18-20 g) were randomly assigned to three groups (n = 20 per group): (1) PBS-treated control, (2) OSA-GelMA-CD-NH,
(Gel)-treated, and (3) OSA-GelMA-IBU/CD-NH, (Gel-IBU)-treated. A 1 cm full-thickness circular wound was created
on the dorsal skin of each mouse, and a 1 mm thick silicone splinting ring was sutured around the wound. Hydrogels
(100 pL) were applied to the wound surface, photopolymerized with visible light (405 nm) for 30s, and covered with 3
M Tegaderm Transparent Dressing. Wound images were captured on days 0, 3, 7, 10, and 14 using a digital camera.
Wound-healing rates were analyzed using Imagel software. The wound-healing rate = [Ag — Any/Ag] * 100%, where A,
and A, denote the unhealed wound areas on day 0 and day n, respectively.

All animal experiments adhered to the Chinese guidelines for the Ethical Review of Welfare of Laboratory Animals
(GB/T 35892-2018) and were approved by the Laboratory Animal Welfare and Ethics Committee of Zhengzhou
University (Approval No. 2024-KY-0753-001).

Histology and Immunofluorescence Analysis

Mice were euthanized, and full-thickness skin tissues from the wound periphery were collected on days 3, 7, 10, and 14. Tissue
samples were fixed in 4% paraformaldehyde for 24 h, embedded in paraffin, and sectioned into 5 pm thick slices for
histological analysis. Hematoxylin-eosin and Masson’s trichrome staining were performed to assess wound healing and
collagen deposition. Stained sections were imaged using an optical microscope (Olympus, Tokyo, Japan), and collagen
deposition was quantified via ImagelJ software. Immunofluorescence staining was conducted for CD31 and a-SMA to evaluate
neovascularization, while F4/80 (total macrophage marker), iNOS and CD86 (M1 macrophage markers), and ARG1 and
CD206 (M2 macrophage markers) were used to assess macrophage polarization and inflammation in wound tissues.

Statistical Analyses

Statistical analyses were conducted using GraphPad Prism 8.0 (GraphPad Software Inc., San Diego, CA). Data are
presented as means = SD and analyzed via one-way ANOVA or ¢-test, with P<0.05 considered statistically significant,
and n=3-5.

Results
Synthesis and Characterization of OSA, IBU/CD-NH, and GelMA

Sodium alginate contains vicinal hydroxyl groups that can be selectively oxidized to aldehyde groups using sodium periodate
(NalO,), forming OSA (Figure 2A). To optimize the oxidation degree (OD), we investigated the effects of reaction
temperature and sodium periodate-to-alginate (P/A) molar ratio. The OD of OSA increased with both parameters
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Figure 2 Synthesis, modification, and characterization of each hydrogel. (A) Modification method and synthesis diagram of each hydrogel. (B) The highest OD of up to
84.9% of OSA was achieved at a reaction temperature of 35°C and a P/A molar ratio of 2. (C) FTIR results confirmed the successful preparation of OSA. (D) TEM image of
the fabricated IBU/CD-NH, inclusion complex. Scale bar = 0.02 um. (E and F). FTIR (E) and 'H NMR (F) results confirmed the successful modification of GelMA. (G)
Results of GelMA with different degrees of methacrylation.

(Figures 2B and S1), reaching a maximum of 84.9% at a reaction temperature of 35°C and a P/A molar ratio of 2, indicating
the highest aldehyde content. These optimized conditions were used in subsequent studies. Fourier-transform infrared
spectroscopy (FTIR) confirmed aldehyde formation, as evidenced by a new characteristic peak at 1730 cm™!, attributed to
the C=0 stretching vibration of the aldehyde group (Figure 2C). TEM was used to characterize the morphology, size, and
dispersity of the fabricated IBU/CD-NH, inclusion complex. The complex exhibited a predominantly spherical shape, with
a uniform particle size distribution and an average diameter of 11.5 nm (Figure 2D). This inclusion complex effectively
enhances the solubility and hydrophilicity of IBU, overcoming its inherent poor solubility and hydrophobicity. Further
characterization of GelMA involved FTIR and proton 'H NMR spectroscopy. Compared to pristine gelatin, GeIMA exhibited
a shift in the amide II band from 1552 cm™ to 1533 cm ™!, confirming successful chemical modification (Figure 2E). 'H NMR
spectra further verified the introduction of methacrylamide (MA) groups, with distinct signal shifts: a decreased signal at ~2.9
ppm, corresponding to the methylene protons of lysine, a new peak at 1.8 ppm, indicative of MA methyl groups, and additional
peaks at 5.3 ppm and 5.7 ppm, corresponding to methacrylate double-bond protons (Figure 2F). These findings confirm
successful MA grafting onto gelatin molecules.

GelMA samples with varying degrees of methacrylation were synthesized by altering MA concentrations. The TNBS
assay quantified the degree of substitution (DS), revealing methacrylation degrees of 19.3% + 0.8%, 53.9% + 0.7%,
60.1% £ 0.8%, 71.8% + 0.6%, and 81.5% =+ 0.5%, corresponding to MA volume percentages of 0.25%, 1.25%, 5%, 10%,
and 20%, respectively (referred to as 0.25%, 1.25%, 5%, 10%, and 20% GelMA) (Figure 2G). Based on these findings,
we selected OSA4 (35°C, P/A = 2) and three GelMA formulations (0.25%, 1.25%, and 20%) for subsequent
investigations.

Physiochemical Characterization of the Composite Hydrogels

To assess the impact of GeIMA with varying degrees of methacrylation on the physicochemical properties of composite
hydrogels, three formulations were synthesized by adjusting the methacrylation degree of GelMA (0.25%, 1.25%, and
20%) (Figure 3A). SEM imaging revealed a uniform, well-interconnected pore structure within the hydrogels, where
increased methacrylation resulted in much more compacted interior structure (Figure 3B). Pore sizes ranged from
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Abbreviation: ns, not significant.
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approximately 50 to 80 um, with the densest and smallest pores observed in the 20% MA group, attributed to the higher
number of photocrosslinking sites. This denser porous network enhances tissue exudate absorption and facilitates nutrient
and oxygen exchange. Mechanical analysis via stress—strain curves and Young’s Modulus demonstrated that hydrogel
stiffness increased with methacrylation, likely due to a higher crosslinking density. The 20% MA group exhibited the
most robust mechanical properties (Figures 3C and S2A). For wound-healing applications, optimal swelling properties
are crucial—excess exudate absorption maintains a moist environment, promoting healing, while excessive swelling can
compress granulation tissue and impede recovery. Swelling ratio analysis revealed an inverse relationship with metha-
crylation degree (Figures 3D and S2B), attributed to increased porosity in low-methacrylated GelMA. The 20% MA
hydrogel exhibited the lowest swelling ratio (1900%), corresponding to its dense network. Hydrogel degradation was
quantified by measuring residual mass in PBS over time. The results showed no significant differences in degradation
rates among the formulations (Figures 3E and S2C). All hydrogels exhibited rapid initial degradation on day 1, with the
lowest degradation in the 20% MA group. Thereafter, degradation proceeded steadily, reaching a common residual mass
of 12% by day 7. This stable degradation profile ensures the continuous and controlled release of IBU throughout wound
healing. Based on these findings, 20% GelMA was selected for composite hydrogel preparation due to its balanced
swelling ratio, degradation profile, and structural stability. The optimized hydrogel was synthesized at 35°C with a P/A
molar ratio of 2 and a 20% MA volume fraction. The material could be smoothly injected through an 18G needle,
forming a ZZU shape, which is advantageous for treating irregular wound defects (Figure 3F). Rheological test results
further demonstrated that within the angular frequency varying from 0.1 to 100 rad/s, the storage modulus (G’) were
much greater than the loss modulus (G") of the composite hydrogels that indicated the mechanical behavior of the
hydrogels were stable and suitable for wound dressing once it has been injected (Figure S2D and S2E). This property
enables in situ injection and curing, allowing adaptation to various wound shapes and sizes. IBU release from the
composite hydrogel exhibited a controlled-release profile. The release curve indicated an initial rapid phase within the
first four days, reaching ~70% cumulative release, followed by a sustained, slower release over the subsequent three
days. Unlike the rapid hydrogel degradation observed on day 1, IBU release was gradual in the early phase (Figure 3G),
possibly due to drug entrapment within the small-molecule network post-molecular fracture. The localized, controlled,
and sustained release of low-dose ibuprofen (IBU) mitigates the risk of gastrointestinal and cardiac complications
associated with high oral doses. The biocompatibility of the composite hydrogel was assessed using a CCK-8 assay,
which confirmed no significant cytotoxicity at IBU concentrations ranging from 0 to 100 pg/mL, indicating good
cytocompatibility of Gel-IBU. And the analysis result further showed that Gel-IBU (50 pg/mL) groups exhibiting
significantly higher proliferation rates of Raw264.7 cells at 96 hours (Figure 3H). Live/dead cell staining further
demonstrated that nearly all Raw264.7 cells remained viable at 24 hours. At 48 and 60 hours, only a few dead cells
were observed, primarily in the Gel-IBU (75 pg/mL) and Gel-IBU (100 pg/mL) groups, reinforcing the good biocompat-
ibility of Gel-IBU at 25 and 50 pg/mL (Figure 31). These findings suggest that IBU promotes macrophage proliferation,
particularly at lower concentrations, and that 50 pg/mL is an optimal concentration for subsequent hydrogel preparation.

Gel-IBU Promotes the M2 Phenotype of Macrophages, Tube Formation and Fibroblast

Migration in vitro

To evaluate the effects of Gel-IBU composite hydrogels on macrophages, Raw264.7 cells were cultured with LPS and Gel-
IBU hydrogel extracts for 48 hours (Figure 4A). Notably, spindle-shaped macrophages, characteristic of M2 polarization,
became increasingly prevalent in the Gel-IBU group, while the control group exhibited no morphological changes,
retaining their small, round, and pseudopodia-free appearance (Figure 4B). In addition, qPCR results showed that, In
addition, qPCR results showed that the expression levels of M2 markers Arg-1 and IL10 in Gel-IBU group were
significantly higher than those in Control group, LPS group and Gel group. At the same time, the expression levels of
M1 markers iNOS and IL-1f in GEL-IBU group, control group and Gel group were significantly lower than those in LPS
group (Figure 4C). Immunofluorescence staining for M1 markers (CD86/iNOS) and M2 markers (CD206/Arg-1) revealed
a significantly higher number of CD86/iNOS-positive M1 macrophages in the Gel-IBU group compared to the Gel-only
group. Additionally, the Gel-IBU group exhibited the highest number of CD206/Arg-1-positive M2 macrophages,
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Figure 4 Gel-IBU promotes the M2 phenotype of macrophages. (A) Schematic diagram of phenotypic changes in macrophages. Lipopolysaccharide (LPS) (B) Morphology of
the macrophages changed to the M2 phenotype after Gel-IBU treatment. Scale bar = 50 um. (C) qPCR analysis of M|-related gene (iNOS, IL- 1) and M2-related gene (Argl,
IL-10) expression in macrophages (D) Immunofluorescence staining results of the control group and different treatment groups. Scale bar = 100 um. (E) Comparative
analysis of the number of cells with positive expression of the corresponding molecular markers in different groups. (All the data are shown as the mean = SD and were
analyzed using one-way ANOVA. n=3, *p< 0.05, **p < 0.005, ***p < 0.001, ****p < 0.0001).

Abbreviation: ns, not significant.

significantly exceeding that of the Gel group (Figures 4D, E, S3 and S4). These findings suggest that Gel-IBU composite
hydrogels promote M2 polarization, potentially mitigating inflammation during wound healing. To further investigate the
effects of Gel-IBU on endothelial and fibroblast cells, conditioned media (CM) from macrophages pretreated with different
IBU concentrations (25, 50, and 75 pg/mL) in Gel-IBU hydrogels were applied to MUVEC and 1929 cells. The CCK-8
assay demonstrated that these CM enhanced MUVEC and L929 proliferation, with CM-M2 (25 pg/mL) and CM-M2
(50 pg/mL) groups exhibiting significantly higher proliferation rates at 96 hours (Figure SA and C). Tube formation assays
further confirmed that Gel-IBU-derived M2-CM promoted MUVEC proliferation and angiogenesis. Compared to the
control, MUVECs in the CM-M2 group exhibited significantly greater angiogenic capacity, with CM-M2 (25 pg/mL)
demonstrating the highest efficiency, forming 29 tubes and 38 nodes (Figure 5B and E). Interestingly, tubule degeneration
was more pronounced in the CM-M2 (25 and 50 pg/mL) groups than in others (Figure 5B), indicating that Gel-IBU not only
enhances angiogenesis but also delays vascular regression. Furthermore, scratch assays confirmed that Gel-IBU-derived
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Figure 5 Gel-IBU promotes tube formation and fibroblast migration. (A) CCK-8 results for HUVECs treated with different CM. (B) Results of the tube formation assay of
MUVEC:s treated with different Gel-IBU-derived M2-CM. Compared to the control, MUVECs in the CM-M2 group exhibited significantly greater angiogenic capacity, with
CM-M2 (25 pg/mL) demonstrating the highest efficiency, forming 29 tubes and 38 nodes. (C) CCK-8 results for L929 cells treated with different CM. (D) Scratch assay
results for L929 cells treated with different Gel-IBU-derived M2-CM. (E) Statistical results of the number of tube-forming nodes and tubes formed by HUVECs after
treatment with different CM. (F) Statistical results of the L929 migration ratio after treatment with different CM. (All the data are shown as the mean * SD and were
analyzed using one-way ANOVA. n=3-5, *p< 0.05, **p < 0.005, ***p < 0.001, ***¥p < 0.0001).

Abbreviation: ns, not significant.

M2-CM significantly promoted L929 cell migration. The CM-M2 (25 pg/mL) and CM-M2 (50 pg/mL) groups exhibited the
highest migration ratios after 48 hours, with the CM-M2 (50 pg/mL) group demonstrating the greatest extent of wound
closure (Figure 5D and F). These results collectively indicate that Gel-IBU effectively enhances fibroblast migration,
contributing to wound healing.

Gel-IBU Accelerates Diabetic Wound Healing in vivo

To evaluate the therapeutic efficacy of the Gel-IBU composite hydrogel, a diabetic wound-healing model was established
by injecting the hydrogel into full-thickness excisional wounds in diabetic mice (Figure 6A). Wound-healing progression
in three experimental groups—control, Gel, and Gel-IBU—was assessed on days 0, 3, 7, 10, and 14. The results showed
no significant difference in wound-healing rates between the control group (33.3%) and the Gel group (33.8%), with both
slightly lower than that of the Gel-IBU group (37.4%) on day 3. By day 7, the Gel-IBU group exhibited a significantly
higher wound-healing rate (84.4%) compared to the control (53.6%) and Gel groups (59.4%). On day 14, the final wound
closure rates were 92.9% (control), 93.3% (Gel), and 98.8% (Gel-IBU), demonstrating the superior healing efficacy of
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Abbreviation: ns, not significant.

the Gel-IBU composite hydrogel (Figure 6B and C). Notably, schematic representations of wound sizes at different time
points further highlighted the progressive reduction in wound area, indicating that while the Gel hydrogel (without IBU)
accelerated diabetic wound healing, its efficacy was lower than that of the Gel-IBU composite (Figure 6B and C).

During the wound proliferation phase, granulation tissue formation is critical for wound filling and re-epithelializa-
tion. H&E staining revealed that granulation tissue in the Gel-IBU group was significantly thicker than in the other
groups, with newly formed epidermis observed in both the Gel and Gel-IBU groups, whereas it was nearly absent in the
control group. These findings aligned with the wound area measurements, showing that Gel-IBU-treated wounds
exhibited the highest healing efficiency, with complete re-epithelialization by day 14 (Figures 6D and SS5).

Masson’s trichrome staining further demonstrated enhanced collagen deposition in the Gel-IBU group, reaching
82.1% on day 14—significantly higher than in the Gel (63.5%) and control (60.5%) groups (p < 0.001). Additionally,
collagen fibers in the Gel-IBU-treated wounds displayed a more structured and organized arrangement compared to the
other groups (Figures 6E, S6 and S7). These results confirm that the Gel-IBU composite hydrogel effectively accelerates
diabetic wound healing by promoting granulation tissue formation, epidermal thickening, and collagen organization.

Gel-IBU Can Promote M2 Polarization of Macrophages to Increase Anti-Inflammatory

Effects and Promote Angiogenesis Further to Accelerate Diabetic Wound Healing in vivo
To investigate the in vivo effects of Gel-IBU on macrophage polarization, immunofluorescence staining of wound tissues
was performed on days 7 and 14 for M1 (CD86/iNOS), M2 (CD206/Arg-1), and pan-macrophage (F4/80) markers.

International Journal of Nanomedicine 2025:20 https: 4545


https://www.dovepress.com/get_supplementary_file.php?f=504924.docx
https://www.dovepress.com/get_supplementary_file.php?f=504924.docx
https://www.dovepress.com/get_supplementary_file.php?f=504924.docx

Li et al

On day 7, the Gel-IBU group exhibited a significant reduction in M1 macrophages (CD86 and iNOS) and an increase in
M2 macrophages (CD206 and Arg-1) compared to the control and Gel groups (Figure 7A and B). In contrast, the control
and Gel groups showed elevated CD86 and iNOS expression with low CD206 and Arg-1 levels, indicating a sustained
inflammatory phase. By day 14, M1 and M2 macrophage populations were notably reduced in the Gel-IBU group,
suggesting a diminished inflammatory response and a transition toward wound resolution (Figures 7A, and S8-S19).
These findings indicate that Gel-IBU promotes macrophage polarization toward the M2 phenotype, mitigating inflam-
mation and facilitating diabetic wound healing.

CD31 and a-smooth muscle actin (0-SMA) immunofluorescence staining were performed to assess angiogenesis
following treatment with different hydrogels for 7 and 14 days. CD31 and a-SMA served as markers for newly formed
and mature blood vessels, respectively. On day 7, CD31 expression in the Gel-IBU group was significantly higher than in
the other groups, indicating that Gel-IBU enhanced early-stage neovascularization, consistent with the in vitro cell
experiments (Figure 7C). By day 14, colocalized CD31 and a-SMA staining was observed in both the Gel and Gel-IBU
groups, confirming the formation of mature blood vessels. Notably, the Gel-IBU group exhibited a higher density of
CD31 and o-SMA double-positive staining than the Gel group, suggesting that IBU promoted angiogenesis during
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Figure 7 Gel-IBU can promote M2 polarization of macrophages and promote angiogenesis in vivo. (A) Immunofluorescence staining results of CD86/iNOS and CD206/Arg-
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diabetic wound healing. These findings indicate that wounds in the Gel-IBU group had either reached the final healing
stage or had already healed by day 14. Interestingly, CD31 expression in the control group remained significantly
elevated on day 14, suggesting that wound healing in this group was incomplete, with persistent neovascularization
indicative of an earlier healing stage. Collectively, these results demonstrate that Gel-IBU effectively promotes angio-
genesis and accelerates diabetic wound healing.

Discussion

Diabetic wounds, exacerbated by hyperglycemia-induced excessive inflammation, often result in prolonged healing, non-
healing ulcers, and severe complications, including amputation and life-threatening infections. These wounds are
increasingly observed in younger patients."* Conventional treatments, such as blood sugar control and surgical inter-
vention, fail to accelerate wound healing, necessitating repeated treatments that impose financial and emotional strain on
patients.”*> Controlling the excessive inflammatory response may be key to expediting wound repair. As a nonsteroidal
anti-inflammatory drug (NSAID), IBU possesses anti-inflammatory and analgesic properties and may promote diabetic
wound healing by mitigating inflammation and reducing pain.'"™'® However, its hydrophobic nature and short half-
life'****® necessitate high systemic doses, increasing the risk of hepatic, renal, gastrointestinal, and cardiovascular
complications, thus limiting its clinical utility. A controlled, localized, and sustained drug delivery system could
circumvent these limitations. To this end, we designed an injectable IBU-loaded composite hydrogel capable of adapting
to wounds of various shapes, offering an effective therapeutic strategy for diabetic wounds.

To enhance IBU solubility and prolong its half-life, we encapsulated it within B-cyclodextrin (B-CD) via host—guest
interactions.>” However, p-CD itself has solubility and bioactivity limitations.***° To overcome these, we synthesized a f-CD
derivative, B-cyclodextrin-NH, (CD-NH,),* by grafting amino groups (-NH,) onto B-CD following a modified method from
Dou et al. This modification improved the water solubility and biological activity of B-CD, enabling stable IBU encapsulation
within its hydrophobic cavities. The hydrogel’s primary component, alginate, has inherent drawbacks, including low mechanical
strength, unpredictable in vivo degradation, and poor cell adhesion and proliferation support.>”*'** To address these issues, we
partially oxidized alginate to generate oxidized alginate (OSA), introducing additional reactive groups that facilitate covalent
crosslinking with peptides or proteins, enhance cell adhesion and proliferation,** *° and enable bonding with -CD-NH, via —
NH, groups. Additionally, GelMA was crosslinked with OSA through Schiff-base reactions between OSA aldehyde groups and
GelMA amino groups, improving the hydrogel’s mechanical properties and cell adhesion while maintaining injectability for
wound adaptation.**** The photocrosslinking capability further allows in situ curing post-injection, optimizing treatment for
irregular wounds.* Our findings confirm the composite hydrogel’s biocompatibility, injectability, and degradability, with the
IBU/CD-NH2 complex uniformly distributed, ensuring sustained and localized drug release. In summary, we successfully
developed an affordable, effective, and injectable composite hydrogel system for the controlled release of IBU, adaptable to
wounds of diverse shapes and sizes. Photocrosslinked in situ curing is one of the simplest and most effective methods for
fabricating wound-healing hydrogels. Moreover, photocrosslink combined with other approaches, such as 3D bioprinting and
electrospinning,®® > have also been explored for hydrogel preparation, demonstrating promising results in promoting wound
5355 (ith

studies reporting favorable outcomes. Therefore, integrating composite hydrogel systems with nanomaterials or nanoparticles

healing. Additionally, controlled and sustained drug release can be achieved using nanomaterials or nanoparticles,

represents a promising direction for future wound treatment research and clinical applications.*®

Our in vitro cell experiments confirmed that the Gel-IBU composite hydrogel system promotes M2 macrophage
polarization and exhibits potential for reducing inflammatory responses during wound healing. These findings were further
validated through in vivo animal studies. Angiogenesis, vascular remodeling, and fibroblast migration are critical processes in
wound healing.””>® Our results indicate that Gel-IBU not only enhances angiogenesis but also regulates vascular remodeling
and promotes fibroblast proliferation and migration, as demonstrated by in vitro tube formation and scratch assays. These
effects were corroborated by in vivo experimental data, suggesting that the Gel-IBU composite hydrogel effectively facilitates
anti-inflammatory responses, angiogenesis, and fibroblast migration. To assess its therapeutic efficacy, we employed a diabetic
mouse wound model, wherein Gel-IBU was injected and solidified on the wound surface. By day 14, wounds in the Gel-IBU-
treated group had nearly healed, whereas those in the control group remained unhealed. H&E staining revealed significantly
thicker granulation tissue and a fully formed, uninterrupted epidermis in the Gel-IBU group, indicating complete wound
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closure. Furthermore, Masson’s trichrome staining demonstrated markedly greater collagen deposition in the Gel-IBU group
compared to controls, with collagen fibers exhibiting a well-organized structure. These results confirm that the Gel-IBU
composite hydrogel significantly accelerates diabetic wound healing by promoting granulation tissue formation, enhancing
collagen deposition, and facilitating epidermal regeneration.

In summary, we successfully engineered a composite hydrogel system incorporating IBU by modifying natural
biomaterials, achieving a cost-effective, convenient, and operable solution. Although various sustained-release drug
delivery systems of IBU, such as Polycaprolactone, PLGA, Heparin modified hydrogels and Hyaluronic Acid nanofibers
have been explored for wound healing,'* ™' IBU’s short half-life and hydrophobicity necessitate have not be solved."'
This further leads to the need for high doses to achieve therapeutic effects, that can cause severe side effects, including
gastrointestinal ulcers and kidney injury. To enhance IBU’s therapeutic potential while minimizing adverse effects,
a controlled and sustained drug release system is essential to maintain stable drug concentrations at the wound site and
reduce systemic exposure. At the same time, for diabetic wounds with different shapes and depths, it is necessary for in-
situ injection solidified hydrogel to better adapt to the wound to achieve better therapeutic effects. The sustained and
controlled-release hydrogel systems of IBU we developed can solve these problems precisely, and natural hydrogels we
used are more biocompatible, biodegradable and non-cytotoxic than synthetic hydrogels. All in all, this system addresses
the solubility and absorption challenges of IBU while enabling injectable application for diabetic wounds of varying
shapes and sizes. By ensuring the controlled and sustained release of IBU, the hydrogel exerts anti-inflammatory,
angiogenic, and fibroblast migration-promoting effects, thereby enhancing granulation tissue formation, collagen deposi-
tion, and epidermal regeneration, ultimately accelerating wound healing. Moreover, the system mitigates the risk of
gastrointestinal, hepatic, renal, and cardiac complications associated with high-dose oral IBU. IBU primarily exerts its
anti-inflammatory effects by inhibiting prostaglandin synthesis, thereby reducing inflammatory mediator release. In
addition to its anti-inflammatory properties, IBU also possesses analgesic effects. The Gel-IBU hydrogel system ensures
uniform IBU distribution, enabling sustained local analgesia and alleviating patient discomfort. While the current system
requires photocuring, in situ curing post-injection may offer a more practical alternative. Recent studies suggest that
nanomaterials and microneedles®® can further optimize drug delivery. Inspired by these advancements, our future
research will focus on integrating composite hydrogel systems with nanomaterials or microneedles to establish standar-
dized protocols and develop clinically applicable products.

Conclusion

We present an in situ, multi-crosslinked composite hydrogel system incorporating oxidized sodium alginate (OSA),
gelatin methacryloyl (GelMA), and ibuprofen/cyclodextrin-amino (IBU/CD-NH,) inclusion complexes. The system
undergoes ion crosslinking, photocrosslinking, and Schiff-base reactions, enabling controlled gel formation. This IBU-
loaded hydrogel is injectable, allowing it to conform to irregular wound surfaces, and it successfully facilitates the
sustained and controlled release of IBU. Moreover, it promotes macrophage M2 polarization to mitigate inflammation
while enhancing angiogenesis and epidermal regeneration, thereby significantly accelerating diabetic wound healing.
This strategy offers an affordable, easily obtainable, and clinically promising solution for diabetic wound treatment.
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