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The persistent challenge lies in accelerating wound healing. Bioactive hydrogels with in situ formation properties ensure that the dressing completely adheres to the wound and isolates it from external bacteria and microorganisms in order to meet the needs of damaged skin tissue for rapid hemostasis and wound healing. In this paper, hydrogel dressing that Polyacrylamide/Sodium alginate grafted with dopamine/Gelatin grafted with glycidyl methacrylate doped with Angelica sinensis polysaccharide was prepared (PDGA). Chemical cross-linking of PAAM by adding cross-linking agent to initiate free radical polymerization and photocross-linking by free radical polymerization of GMA-GEL under UV light irradiation are two cross-linking modes to construct dual-cross-linking network of PDGA hydrogel dressing. The hydrogel remains fluid when placed in a sealed syringe and solidify rapidly by photocross-linking when placed on the wound. Furthermore, the hydrogel demonstrated excellent biocompatibility and hematological safety. The interaction between angelica polysaccharides and integrins on the platelet surface facilitated an augmentation in platelet adhesion, activation, and aggregation, ultimately inducing rapid coagulation of the blood within 130 s in a mouse tail vein hemorrhage model. ASP can promote tissue healing by promoting cell proliferation around wounds and accelerating the formation of new blood vessels. In a mouse skin defect model, collagen deposition, blood vessel formation, hair follicle regeneration, and granulation tissue formation were observed due to the presence of angelica polysaccharides, showing significantly superior wound healing properties when compared to Tegaderm™ film. In addition, the expression of CD31 in skin wounds treated with PDGA was significantly upregulated. Consequently, PDGA multifunctional dressings exhibit considerable potential for in vitro hemostasis and skin wound repair applications.
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1 INTRODUCTION
As the main barrier between the human body and the external environment, the skin plays a crucial protective role. However, it is also vulnerable to various external factors. These factors may include physical friction, high or low temperature exposure, chemical and corrosive material exposure, and biological microbial infections. These damages can often lead to different types of skin lesions, such as cuts, abrasions, burns, etc. These injuries can not only bring pain and discomfort to the patient, but also may affect their daily life and work ability, and in severe cases, they may even cause infections and other complications (Tottoli et al., 2020; Tavakoli and Klar, 2021; Ding et al., 2023). After the skin was damaged, the natural healing process is frequently constrained by diverse factors. Without taking timely therapeutic measures, the healing of wounds may be hindered or the process may be prolonged (Jones and Hampton, 2021; Li et al., 2022; Kowalski et al., 2024). Recently, numerous researchers have focused on exploring new materials capable of effectively enhancing wound healing, among which hydrogels have garnered significant attention owing to their ability to keep wounds moist and block external contaminants, among other multiple advantages (Zhang et al., 2023). Hydrogels are mainly derived from a variety of natural or synthetic hydrophilic polymeric materials each of which aims to optimize the specific properties of the hydrogel to meet the varying needs of wound healing (Kamoun et al., 2017; Francesko et al., 2018; Tavakoli and Klar, 2020; Ciolacu et al., 2023). Among these, the in situ-forming hydrogel offers distinct advantages, as it rapidly forms a tightly adherent protective layer at the wound site, effectively shielding it from external contaminants and pathogens. It can be used as a drug delivery system, by loading the drug and realizing controlled release and improve the stability of drugs (Agarwal et al., 2022; Feng et al., 2023; Feng et al., 2024; Villa et al., 2024). Current studies have shown that hydrogels formed in situ have weak mechanical properties, which may result in their inability to maintain structural stability for long periods of time, and the gelling time is often long, which may delay treatment in medical emergencies.
Polyacrylamide has been widely used in medical fields such as drug delivery, medical materials and surgical aids (Wang L. et al., 2022; Tirey et al., 2024). These applications mainly utilize the biocompatibility, degradability and a certain degree of stability. However, the application of polyacrylamide in wound dressings been limited. This is mainly because polyacrylamide its swelling properties do not meet the requirements of medical dressings, and the molecular structure of polyacrylamide is relatively simple and lacks the specific functional groups or chemical groups required for cell adhesion (Reinhards-Hervás et al., 2024). Researchers improve polyacrylamide defects by combining different materials. Gelatin has been shown to enhance the biocompatibility of acrylamide and promotes cell growth and differentiation capacity (Wang Y. et al., 2022; Chen et al., 2023). Sodium alginate possesses robust water-absorbing capabilities, enabling it to absorb exudate from the wound surface and maintain wound moisture. After the combination of polyacrylamide and sodium alginate, the water-absorbing and moisturizing performance of hydrogel is further improved, which helps to maintain the moist state of the wound and promote the proliferation and differentiation of cells (Hasani-Sadrabadi et al., 2020).
Angelica sinensis polysaccharide (ASP) is the active compound extracted from Angelica sinensis (Tian et al., 2024), with a content of up to 15% in the plant. Studies have demonstrated that angelica polysaccharides exhibit notable advantages in tissue healing, manifesting primarily in their bioactivities. ASP promotes the proliferation and differentiation of pluripotent hematopoietic stem cells and hematopoietic progenitor cells, leading to an increase in the number of peripheral blood cells, leukocytes, hemoglobin, and bone marrow nucleated cells, which ultimately accelerates the tissue healing process. Moreover, ASP serves as an immunomodulatory agent, capable of modulating the activity of complement receptors on the lymphocyte membrane and augmenting the immune response of lymphocytes, thereby exerting a positive effect on the immune function of the body. This contributes to reducing the risk of infection and facilitates wound healing (Wang et al., 2017; Bi et al., 2021; Brumberg et al., 2021; Nai et al., 2021). Despite the numerous benefits associated with angelica polysaccharides, their direct application is constrained by several factors, namely, stability issues, challenges in controlling release rates, and excessively high local concentrations. Utilizing hydrogel as a carrier for angelica polysaccharides can overcome the limitations associated with direct application and offer the following advantages: hydrogel can provide a stable microenvironment that shields angelica polysaccharides from external factors, thereby enhancing their stability. Furthermore, precise control over the release rate and concentration of angelica polysaccharides can be achieved by adjusting the composition and structure of the hydrogel, thereby enabling stable and predictable therapeutic outcomes. The hydrogel ensures that the concentration of angelica polysaccharides in local tissues remains moderate, neither excessively high to elicit adverse reactions nor too low to compromise the therapeutic efficacy.
The central question of this study is: can hydrogels of specific composition and properties accelerate the wound healing process by modulating the wound microenvironment? To answer this question, we propose the following hypothesis: hydrogels containing specific bioactive components can significantly improve the speed and quality of wound healing by promoting cell proliferation, platelet adhesion and aggregation as well as collagen deposition, and vascularization and hair follicle generation. In this study presents the preparation of possessing in in situ formation properties a hydrogel dressing (PDGA). The hydrogel’s double cross-linked network was induced through the chemical cross-linking of PAAM and the of GMA-GEL. Subsequently, the mechanical properties of the hydrogels were characterized. Furthermore, the biocompatibility of the PDGA hydrogel was assessed through blood compatibility and cytocompatibility tests. Lastly, the PDGA hydrogel was evaluated in a full-thickness skin defect model in mice for its ability to promote vascular and hair follicle regeneration, thereby facilitating wound healing. The results indicated that the PDGA hydrogel exhibited significant hemostatic and wound-healing effects on skin tissue defects (Figure 1). It allows rapid control of bleeding situations, which is particularly important in urgent hemostasis scenarios because of the urgent need for rapid, effective and safe wound treatment strategies in the operating room environment (Chou et al., 2017; Krasilnikova et al., 2022).
[image: Figure 1]FIGURE 1 | Schematic of PDGA hydrogel dressing promotion of wound healing. PDGA remodels tissues by promoting cell proliferation, platelet adhesion and aggregation, collagen deposition, angiogenesis and hair follicle generation.
2 MATERIALS AND METHODS
2.1 Materials
Acrylamide (AAm): Purchased from Sigma-Aldrich, purity≥99%. Ammonium Persulfate (APS): Obtained from Aladin Reagent (Shanghai, China), purity≥98%. N,N,N′,N′-Tetramethylethylenediamine (TEMED): Supplied by Aladin Reagent (Shanghai, China). N,N′-Methylenebis(acrylamide) (BIS): Procured from Sigma-Aldrich, purity≥99%. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC·HCl): Purchased from Aladin Reagent (Shanghai, China). N-Hydroxysuccinimide (NHS): Obtained from Aladin Reagent (Shanghai, China), purity≥98%. Dopamine hydrochloride (DA·HCl): Supplied by Sigma-Aldrich. Ammonium alginate: Purchased from Aladin Reagent (Shanghai, China). Gelatin: Obtained from BD Biosciences (Franklin Lakes, NJ, United States), type A, from bovine skin. Glycidyl methacrylate (GMA): Procured from Tokyo Chemical Industry Co, Ltd. (Tokyo, Japan), purity≥97%. Angelica sinensis polysaccharide (ASP): Supplied by Shanghai Yuanye Bio-Technology Co, Ltd. (Shanghai, China), Biological Reagent 60%. Lithium Phenyl-2,4,6-trimethylbenzoylphosphinate (LAP): Purchased from Sigma-Aldrich, purity≥98%.All solutions were prepared using ultrapure water (Milli-Q system, MilliporeSigma, Burlington, MA, United States) to ensure the highest purity and minimize contamination.
2.2 Methods
2.2.1 Synthesis of GMA-GEL and DA-SA
GMA-GEL was first synthesized by modifying the previously reported method (Sk et al., 2021). The carboxyl and -OH groups were depleted in the condition of pH = 3.5, and the GMA molecule reacted with the carboxyl group in gelatin. The details were described in the Supplementary Material. DA-SA was synthesized by facilitating the reaction between the carboxyl group of sodium alginate and the amino group of DA. The specific process is shown in the Supplementary Material.
2.2.2 Preparation of PAAM/DA-SA/GMA-GEL hydrogel
First, the acrylamide of 14 wt%, the DA-SA of 2.8 wt%, the GMA-GEL of 10 wt%, and the ASP of 5 wt% were dissolved in 10 mL deionized water under light-shielded conditions. Subsequently, 0.09 mg of MBAA and 0.36 μL of Ammonium Persulfate (APS) were added to the AM/DA-SA/GMA-GEL solution. Prior to mixing, the photo-initiator LAP was introduced into the preparatory solution to obtain the precursor solution. Next, 0.4 mL of TEMED was added to the precursor solution, which was then transferred into a glass mold. Lastly, the hydrogel pre-polymer was exposed to ultraviolet light (365 nm) for 20 s. Over a period of 3 days, the PBS solution was replaced every 6 h to eliminate unreacted monomers and initiators.
2.2.3 Characterizations
The preparation of GMA-GEL and DA-SA was confirmed by nuclear magnetic resonance (1H NMR) and Fourier transform infrared spectroscopy (FT-IR) analyses. The swelling behavior, biodegradability and microstructure of PAAM/DA-SA/GMA-GEL hydrogels were characterized through swelling experiments, degradation experiments and scanning electron microscopy (SEM) observations. For a detailed procedure, please refer to the Supplementary Material.
2.2.4 Mechanical properties of hydrogel
The modulus of these hydrogels was measured using a TA rheometer (DHR-2) and documented as a function of time (Del Giudice, 2020). Compressive stress-strain curves of PAAM/DA-SA/GMA-GEL hydrogels were obtained and analyzed (Fang et al., 2019). The ability of hydrogels to slow drug release at different pH was analyzed. For detailed procedures, please refer to the Supplementary Material.
2.2.5 Hemolytic test of hydrogels
A predetermined amount of hydrogel was combined with erythrocytes and incubated for 1 hour at 37 °C. Subsequently, the absorbance at 540 nm was recorded to evaluate hemolysis (Zhao et al., 2023). For a detailed procedure, please refer to the Supplementary Material.
2.2.6 In vitro whole blood-clotting performance
The in vitro whole blood-clotting test was conducted following the previously established method (Zhang et al., 2024). For a detailed protocol, please refer to the Supplementary Material.
2.2.7 Hemostasis performance of hydrogels
Based on previous research, the hemostatic efficacy of the PAAM/DA-SA/GMA-GEL hydrogel was assessed using a mouse-tail amputation model (female Kunming mice, weighing 28–32 g). A method of tagging experimental animals with non-invasive ear tags was used by us (Klabukov et al., 2023). For detailed experimental procedures, please refer to the Supplementary Material.
2.2.8 Cytocompatibility test of hydrogels
The cytocompatibility test was performed using the leaching solution method as described in Zangeneh et al. (2019). The detailed procedure is provided in the Supplementary Material.
2.2.9 Evaluation of wound healing sites with a dorsal skin defect model in mice
To further evaluate the therapeutic effect of PDGA hydrogel on wound healing, a mouse back skin defect model was establishedused. A method of tagging experimental animals with non-invasive ear tags was used by us. Hematoxylin-eosin (H&E) staining was used to qualitatively assess the histomorphology of tissue regeneration at various time points, with a particular focus on fibroblasts and epidermal regeneration within the traumatized area. The percentage of collagen deposition was assessed by Masson staining, as described in the Supplementary Material, to gauge the extent of tissue repair. All animal experiments were conducted in accordance with the approval of the Institutional Animal Care and Use Committee of Changchun University of Traditional Chinese Medicine.
2.2.10 Immunofluorescence staining
Immunofluorescence staining was performed to assess vascular regeneration during wound healing, using CD31 as a marker. The detailed procedure is provided in the Supplementary Material.
2.2.11 Statistical analysis
The results were presented as mean values of replicate experiments, and statistical analysis was performed using GraphPad Prism and Origin. Data represent the mean ± SD of at least three replicates. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 were regarded as statistically significant. In addition, “ns” denoted no significant difference.
3 RESULTS
3.1 Preparation of GMA-GEL and DA-SA
Principles of GMA and GEL reactions as shown in Figure 2A. Figure 2B showed the 1H NMR spectra of GEL and GMA-GEL compounds. The 1H NMR spectra of GMA-GEL revealing the GMA grafting onto gelatin. In this spectrum, the signals observed at 5.4 and 5.8 ppm are attributed to the methacrylate vinyl proton C=C bond vibrations. The FT-IR spectra of GMA-GEL and GEL were showed in Figure 2C. Compared with the FT-IR spectrum of unmodified gelatin, the product GMA-GEL showed enhanced characteristic peaks at 1,211 cm−1, indicating that GMA was successfully grafted. The FT-IR spectra indicated that the stretching vibration peak of the -OH group was observed at 3,305 cm−1; the peak at 2,941 cm−1 was attributed to C-H stretching vibration; and the peak at 1,211 cm−1 was attributed to the ester bond formed by GMA grafting. The 1H NMR spectrum and FT-IR spectrum collectively demonstrated that GMA had been successfully grafted into the gelatin molecular chain.
[image: Figure 2]FIGURE 2 | (a) Principles of GMA and GEL reactions; (b) 1H NMR spectra of gelatin before and after grafting of GMA; (c) FT-IR spectra of gelatin before and after grafting of GMA; (d) Principles of DA and SA reactions; (e) 1H NMR spectra of SA before and after grafting of DA; (f) FT-IR spectra of SA before and after grafting of DA.
Principles of DA and SA reactions as shown in Figure 2D. Figure 2E showed the 1H NMR spectra of DA, SA, and DA-SA. The 1H NMR spectra of DA-SA revealed that the peak at 6.6 ppm specifically corresponded to the proton -CH on the catechol ring, and the -NH group near the catechol ring was observed around 2.77 ppm, thus confirming the successful grafting of the catechol motif. Figure 2F showed the FT-IR spectra of DA, SA, and DA-SA. In the FT-IR spectrum of DA-SA, two characteristic peaks were observed at 1,287 and 1,529 cm−1, which were attributed to the amide III band (C-N stretching vibration) and amide II band (N-H bending vibration), respectively. Additionally, the amide I band was observed at 1,736 cm−1. The presence of the amide group (-CONH-) at 3,100 cm−1 indicated the successful grafting of DA. Both 1H NMR spectra and FT-IR spectra were consistent in showing that DA was successfully grafted into the SA molecular chain.
3.2 Preparation and characterization of PDGA hydrogel
In the process of soaking PAAM/DA-SA/GMA-GEL, PAAM, PAAM/DA-SA, PAAM/GMA-GEL, DA-SA, GMA-GEL, and DA-SA/GMA-GEL in deionized water for 3 days to remove unreacted monomers and initiators.
The gelation time of the hydrogels was evaluated by the time of irradiation under 365 nm UV light to turn the gel precursor solution into a gel, and the gelling time of PAAM/DA-SA/GMA-GEL and PDGA hydrogels was about 20 s. As shown in Figure 3A. The UV irradiation time was safe for biological tissues and was favorable for in vitro applications (Xu et al., 2022).
[image: Figure 3]FIGURE 3 | (a) Gelation times; (b) Swelling performance curves for hydrogels with various compositions; (c) Degradation performance curve of different component gels; (d) Rheological characteristics of hydrogels at angular frequencies ranging from 0 to 10 rad/s; (e) Rheological behavior of hydrogels under varying strains; (f) Compressive properties of hydrogels with diverse compositions; (g) SEM of hydrogels; (h) Rate of drug release at different pH.
During the wound healing process, tissue fluid may persist in exuding. Hydrogel dressings possessing excellent swelling capabilities can efficiently absorb these exudates and create a moist microenvironment for the wound. This moist microenvironment facilitates cell proliferation and differentiation, thereby expediting the wound healing process. Therefore, the swelling properties of these hydrogels were tested. As shown in Figure 3B. The ideal dressing needs to have excellent swelling properties, but PAAM does not have this property. By incorporating DA-SA and GMA-GEL, on one hand, the introduction of additional hydrophilic groups, such as hydroxyl and amino functionalities, facilitates the formation of interactions with water molecules, including hydrogen bonding, thereby enhancing the water absorption capacity and swelling behavior of the hydrogel. On the other hand, the integration of PAAM, DA-SA, and GMA-GEL results in the formation of double cross-linked structure, enabling more efficient retention of water, thereby further enhancing the swelling characteristics of the hydrogel.
The degradation properties of the hydrogels were investigated by simulating a physiological environment at 37°C PBS buffer for evaluating the degradation properties of the hydrogels After 3 days of hydrogel immersion in PBS, the residual weight ratio of the PAAM hydrogel was 62% of the initial weight, whereas that of the PAAM/DA-SA, PAAM/DA-SA/GMA-GEL and PAAM/GMA-GEL hydrogels was about 30% of the initial weight. Residual ratio was about 30% of the initial weight. After the PAAM hydrogels reached the degradation equilibrium at day 9, the weight remaining was maintained at about 20%, while the PAAM/DA-SA, PAAM/DA-SA/GMA-GEL and PAAM/GMA-GEL hydrogels reached the degradation equilibrium at day 6, indicating that the PAAM/DA-SA/GMA-GEL hydrogels had a tunable degradation ratio by the introduction of DA-SA and GMA-GEL. hydrogels with adjustable degradation rates by the introduction of DA-SA and GMA-GEL.
The rheological properties of the hydrogels were assessed, with the temperature set at 37°C to mimic the body temperature of human skin (Fares et al., 2024). The storage modulus (G′) and loss modulus (G'') of different hydrogels were tested at a fixed frequency of 10 rad s−1. It was found that the storage modulus (G′) was higher than the loss modulus (G'') for all hydrogels, implying that they were stable (Figure 3D). As shown in Figure 3E, no significant difference in fracture strain of hydrogels.
The compression properties of the different component hydrogels are shown in Figure 3F. Compared to the PAAM/GMA-GEL group and the PAAM/DA-SA group, the addition of DA-SA and GMA-GEL to the hydrogels resulted in an increase in compressive strength. The high molecular mass of DA-SA and the presence of more polar hydroxyl groups enhanced the entanglement between polymer chains through hydrogen bonding. This resulted in a denser structure of the hydrogel, subsequently increasing its compressive strength. The incorporation of GMA-GEL via photo-crosslinking and chemical crosslinking contributed to a denser gel structure. Collectively, these results suggested that PAAM/DA-SA/GMA-GEL hydrogels exhibited good energy dissipation capacity under external forces, owing to their non-covalent cross-linking network.
During the synthesis process of PAAM/DA-SA/GMA-GEL hydrogels, the polymer chains undergo both chemical and photocross-linking to establish a dual cross-linked network architecture. The resultant uniform morphology and interconnected pore structure empower the hydrogel to preserve its structural robustness and coherence under external stress (Figure 3G).
The PDGA (pH = 7.4) hydrogel had reached drug release equilibrium at 8 h with a drug release rate of 76.68%, whereas the PDGA (pH = 5.4) hydrogel effectively reduced the drug release efficiency and reached drug release equilibrium at 24 h with a release rate of 73.65%. The PDGA hydrogel at pH = 5.4 helped in the slow release of the drug (Figure 3H).
3.3 Evaluation of hydrogel biocompatibility
The cytocompatibility of PAAM/DA-SA/GMA-GEL and PDGA hydrogels was assessed using the cell viability of L929 cells. Cytotoxicity of the aforementioned hydrogels was determined using the leachate method. A significant increase in cell viability was observed within 3 days, suggesting robust cell growth during the experimental period (Figure 4A). On the day 3, the cell viability of PDGA hydrogel was significantly higher than that of PAAM/DA-SA/GMA-GEL and the control group (P < 0.01). In addition, almost all L929 cells showed a pike-shaped morphology and were stained green (live cells), and only a few red (dead cells) cells were observed in live/dead viability staining, suggesting good cytocompatibility of the immersed hydrogel (Figure 4B). The results demonstrate that the hydrogel exhibits good cytocompatibility with no apparent cytotoxicity, indicating its potential as an alternative material for clinical dressings.
[image: Figure 4]FIGURE 4 | (a) Cell compatibility assessment of the PDGA and PAAM/DA-SA/GMA-GEL hydrogel; (b) LIVE/DEAD staining of L929 cells after contacted with the hydrogels for 1 d and 3d; Scale bar: 400 μm; (c) Hemolysis rate (%) of various hydrogels; (d) Whole blood clotting time assay; (e) Blood loss time in the mouse-tail amputation model; (f) Quantitative results of blood loss in the mouse-tail amputation model (n = 3); (g) Schematic diagram of the mouse-tail amputation model. Statistical significance *P < 0.05, **P < 0.01.
Good blood compatibility is crucial for the application of biomaterials. An in vitro hemolysis assessment was conducted to evaluate the blood compatibility of PDGA hydrogels. After a 1-h incubation in a simulated physiological environment in vitro, qualitative observations were made on the visual appearance of the four hydrogel groups, along with the positive control group, as shown in Figure 4C. The hydrogels exhibited a Quantitative analysis revealed that the hemolysis rates for all hydrogels were below 5%. These results indicate good blood compatibility for these hydrogels.
The human skin and tissues are densely populated with blood vessels. Upon injury or trauma caused by external forces, these blood vessels may rupture, resulting in blood loss. Therefore, achieving hemostasis is a crucial initial step in the wound healing process. An in vitro whole-blood coagulation assessment is a widely used method to evaluate the coagulation efficacy of hemostatic hydrogels (Bao et al., 2022). A lower Blood Coagulation Index (BCI) signifies higher coagulation efficiency. Medical gauze was selected as the control material for comparison with the hydrogels. Following incubation of various hydrogels with blood at 37 °C for 10 min, the results revealed that the BCI values for all hydrogel groups were significantly lower than that of the gauze control (P < 0.05) (Figure 4D).
Due to the good blood compatibility and blood-clotting index of PDGA hydrogel, its hemostatic performance was further evaluated using a mouse-tail amputation model (Figures 4E–G). The hemostatic performance of the PDGA hydrogel was tested in the mouse-tail amputation model, resulting in a significant reduction in blood loss (P < 0.01) and bleeding time. Compared to the control group, rat tails treated with PDGA hydrogel exhibited a 91.4% reduction in blood loss and a 78.8% decrease in bleeding time. The in vivo hemostatic effect of the PDGA hydrogel was primarily attributed to the angelica polysaccharides within the hydrogel interacted with integrins on the platelet surface, leading to increased platelet adhesion, activation, and aggregation, thereby enhancing hemostasis.
3.4 In vivo wound healing in full-thickness skin defect model
To assess the efficacy of these hydrogels as wound dressings, a mouse model of dorsal skin defect was established. Two control groups were established using Blank and Tegaderm™ films. The wound area in all four groups exhibited a gradual decrease over the course of 5, 10, and 14 days (Figures 5A–C). Following 5 days of treatment, the wound areas in the PAAM/DA-SA/GMA-GEL and PDGA hydrogel groups were significantly smaller compared to those in the commercial Membrane and Blank groups (Figure 5C). The wound closure ratio of the PDGA hydrogel group was approximately 44% higher than that of the Blank group (P < 0.01), indicating the most effective wound healing. The wound closure ratios of the PAAM/DA-SA/GMA-GEL and PDGA hydrogel groups were comparable and significantly higher than those of the Blank and Tegaderm™ Film groups. After 10 days of treatment, the wound closure ratios of the PAAM/DA-SA/GMA-GEL and PDGA hydrogel groups were 85% and 88%, respectively. These results suggest that the wound healing efficacy of these hydrogels exceeded that of both the Tegaderm™ Film and Blank groups. Furthermore, the wound area recovery of the PAAM/DA-SA/GMA-GEL and PDGA hydrogel groups was significantly greater than that of the Tegaderm™ Film and Blank groups (P < 0.01). On day 14, the wound in the PDGA group achieved near-complete healing, with a wound area recovery exceeding 97%.
[image: Figure 5]FIGURE 5 | (a) Photographs of the wound healing site captured on the 5th, 10th, and 14th days; (b) Schematic illustration of the wound healing process on days 5, 10, and 14; (c) Statistical analysis of wound closure ratio (n = 3); (d) Micrographs of regenerating granulation tissue on the 10th day (granulation tissue indicated by red arrows), scale bar: 200 μm; (e) Thickness measurements of the regenerated granulation tissue on the 10th day (n = 3). Statistical significance *P < 0.05, **P < 0.01.
Granulation tissue is a newly formed, capillary-rich fibrous connective tissue that plays a key role in the healing process after tissue injury (Clark, 1985). Therefore, the stage of wound healing was assessed by measuring the thickness of the granulation tissue. As shown in Figures 5D, E, after 10 days of healing, the Blank and Tegaderm™ Film groups exhibited a thinner granulation tissue thickness (642.8 μm and 638.5 μm, respectively). The granulation tissue thickness of the PAAM/DA-SA/GMA-GEL and PDGA hydrogels were 804.4 μm and 935 μm, respectively. The latter was significantly thicker than that of the other groups (P < 0.05). These results indicate that the PDGA hydrogel has a more favorable effect on wound repair.
3.5 Histomorphological evaluation
Wound healing is a continuous process that encompasses wound contraction, granulation tissue formation, and regeneration of the epidermis and other tissues (Wang et al., 2023). Hematoxylin and eosin-stained sections (H&E staining) were used to assess the wound healing effect on days 5, 10, and 14 (Shamloo et al., 2018). On the fifth day of wound healing, HE staining revealed no significant inflammatory reaction in any of the groups. However, compared to the two hydrogel groups, more inflammatory cells were observed at the wound site in the blank and Tegaderm™ groups (Figure 6A). Furthermore, the PDGA hydrogel group exhibited relatively fewer inflammatory cells and a higher presence of fibroblasts compared to the PAAM/DA-SA/GMA-GEL hydrogel group. These results indicate that the PDGA hydrogels did not elicit an increased foreign body response. Neovascularization is crucial for repairing the blood microcirculatory system of subcutaneous damaged tissues, thereby providing essential nutrients. As shown in Figure 6B, both the PAAM/DA-SA/GMA-GEL and PDGA hydrogel groups displayed a greater number of blood vessels compared to the blank and Tegaderm™ groups (P < 0.05). Additionally, some hair follicles formed in the PDGA group (Figure 6C). On day 14, although relatively intact skin had grown in the blank and Tegaderm™ Film groups, few hair follicles were observed (Figure 6A). In contrast, the wounds treated with hydrogels were covered with epithelial tissues that more closely resembled normal skin. The increased number of skin follicles and blood vessels in the PAAM/DA-SA/GMA-GEL and PDGA hydrogel groups was also significantly different from that in the blank and Tegaderm™ groups (P < 0.05). Notably, both the PAAM/DA-SA/GMA-GEL group and the PDGA group exhibited nearly intact epidermis recovery (Figure 6D). These results indicate that the hydrogel was beneficial to ECM remodeling and tissue regeneration. In addition, ASP can significantly stimulate the proliferation of hematopoietic stem cells and promote the synthesis of hemoglobin and red blood cells (Bai et al., 2018; Zhang et al., 2019; Chi et al., 2022; Guo et al., 2024).
[image: Figure 6]FIGURE 6 | (a) Morphological results of the wound healing site after treatment for 5, 10, and 14 days, with Masson’s trichrome staining at the wound site on the 10th and 14th days; (b) Regeneration of blood vessels on the 14th day post-treatment; (c) Newly formed hair follicles on the 14th day post-treatment; (d) Epidermal thickness for different groups on the 14th day post-treatment; (e) Collagen deposition. Statistical significance *P < 0.05, **P < 0.01.
Collagen deposition plays a critical role in tissue remodeling during wound healing. As shown in Figure 6E, the amount of collagen deposition in the PDGA hydrogel group was significantly higher than in the PAAM/DA-SA/GMA-GEL hydrogel group on the 10th day (P < 0.01). On the 14th day, the collagen volume ratio of the PDGA hydrogel group was still significantly higher than that in the Tegaderm™ group and Blank group (P < 0.01). The collagen volume ratio at the wound site continued to increase over the 14 days of treatment. The hydrogel group exhibited a better collagen volume ratio throughout the repair process compared to the Tegaderm™ and blank groups. Masson trichrome staining of tissue sections was performed on days 10 and 14 to qualitatively observe and quantitatively analyze collagen deposition (Figure 6A). Collagen during wound recovery was stained blue. The PDGA group showed the best collagen regeneration compared to the other hydrogel groups, as well as the Tegaderm™ membrane and blank groups. Thus, these results demonstrate that PDGA hydrogel can effectively promote collagen deposition.
3.6 The expression of CD31 during wound healing
CD31 is a member of the vascular endothelial cell markers and is mainly expressed on the surface of endothelial cells, B-lymphocytes, platelets, granulocytes, and certain T cells (Yang et al., 2020; Guo et al., 2022; Liu et al., 2024). Consequently, we selected CD31 as an indicator for evaluating wound dressings to promote angiogenesis during wound healing. The immunofluorescence staining of CD31 and quantitative results were shown in Figures 7A, C. Compared with Blank, Tegaderm™ Film, and PAAM/DA-SA/GMA-GEL, the wound site treated with the PDGA hydrogel showed more CD31 expression (P < 0.01) on the 10th day. In addition, on the 14th day, the expression levels of CD31 in the PDGA group were significantly higher than those of other groups (P < 0.01). In conclusion, the PDGA hydrogel significantly promotes wound healing by enhancing CD31 expression, collagen deposition, angiogenesis, and hair follicle generation. Compared to the blank group and Tegaderm™, the PDGA hydrogel demonstrates superior repair efficacy.
[image: Figure 7]FIGURE 7 | (a) Expression of CD31 on 10 and 14 days; White line indicate the expression of CD31; (b) HE staining results of liver, spleen, lungs, and kidneys in each group 14 days after surgery; (c) With n = 3, the CD31 relative area ratio was calculated. Statistical significance *P < 0.05, **P < 0.01.
Pathological examination was conducted on the hearts, liver, spleen, lungs, and kidneys of mice in the blank group, Tegaderm™ group, PAAM/DA-SA/GMA-GEL group, and PDGA group 14 days postsurgery. No significant abnormalities were found, thus indicating that PDGA hydrogel did not cause damage to any organ tissues.
4 DISCUSSION
PDGA hydrogel benefits from the rapid response of the photocross-linking process, achieving rapid curing, which is particularly important for emergency hemostasis scenarios and bleeding situations can be rapidly control. At the same time, its low initial crosslinking degree gives the material good shape adaptability, enabling PDGA hydrogel to closely fit the surface of various complex wounds, effectively forming a protective barrier, blocking the invasion of bacteria and microorganisms, and reducing the risk of infection. Over time, the chemical cross-linking mechanism is gradually activated and strengthened, enhancing the mechanical strength and adhesion properties of the PDGA hydrogel, ensuring the durable and stable attachment of the hydrogel at the wound site, and providing a more reliable support for the wound healing.
5 CONCLUSION
A hydrogel dressing (PDGA) with in situ formation properties which has been applied for rapid hemostasis, wound healing and repair was developed. The dual-crosslinked structure of PDGA hydrogels was constructed through the combined action of chemical crosslinking initiated by PAAM radical polymerization and photocrosslinking mediated by GMA-GEL radical polymerization. The hydrogel facilitates the sustained release of ASP. PDGA hydrogel can significantly improve the speed and quality of wound healing by promoting cell proliferation, platelet adhesion and aggregation, collagen deposition, vascularization and folliculogenesis. The in situ tissue engineering of the PDGA hydrogel allows the material to have good shape adaptability to closely fit the surface of a variety of complex wounds, effectively forming a protective barrier that stops the invasion of bacteria and microorganisms and reduces the risk of infection while also allowing for rapid control of bleeding situations. This is particularly important in emergency hemostasis scenarios, where there is a strong need for fast, effective and safe wound treatment strategies in the operating room environment. We anticipate that this study will provide a scientific basis for the application of hydrogels in wound healing and provide new ideas for the development of novel wound treatment strategies.
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