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Introduction: Two significant barriers to skin wound care are severe inflammatory cascade reactions and microbial infections. The metabolites of probiotics contain various components, such as lactic acid and bacteriocins, which can synergistically maintain skin microecological balance and promote wound healing and tissue regeneration through mechanisms.Methods: This study utilized lactic acid bacteria isolated from the whale intestine. Inspired by the concept of the whale’s skin self-repair ability and the influence of gut microbiota on the skin, this study ingeniously utilized the acidic properties of the lactic acid bacteria fermentation broth to dissolve chitosan (CS), forming a hydrogel while simultaneously incorporating the cell-free probiotic metabolites (CFPM) of Lactiplantibacillus plantarum HJ-S2 into a stable three-dimensional network structure. Various characterizations were tested, including water content, swelling ability, rheological properties and degradability.Results: This resulted in the creation of a medical hydrogel capable of promoting skin wound healing, named PM@CS hydrogel. PM@CS hydrogel exhibited excellent swelling ability in different liquid environment. FT-IR analysis showed that the hydrogel is successfully crosslinked, and thermalgravimetric analysis showed that PM@CS hydrogel was stably degraded under high temperature. PM@CS hydrogel and CFPM of HJ-S2 strongly inhibited the growth of E. coli and S. aureus. The organic acid content of CFPM was analyzed by HPLC, revealing the lactic acid and acetic acid were produced in large quantities as two main organic acid metabolites that may contribute to the antibacterial efficacy. Beyond the outstanding antibacterial ability, application of PM@CS hydrogel led to rapid healing of burn wounds, and diabetic wounds.Discussion: The results indicated that the whale-derived probiotics have significant potential for application in treating burns and scalds, particularly in the treatment of diabetic wounds.Keywords: hydrogel, Lactiplantibacillus Plantarum, probiotic metabolites, burns, diabetic
1 INTRODUCTION
The skin plays the role as the guardian against external environment, preventing harmful substance and organisms from our body. Thus, when the skin is severely damaged, it may even become hard to maintain fluid homeostasis and body temperature, leading to serious consequences that may threaten one’s life (Church et al., 2006).The process of wound healing is complicated, which involves inflammatory response, proliferative process and maturation period (Kamolz and Hecker, 2023). The typical characteristics of inflammatory phase are vasodilation, fluid extravasation and edema. Since the leukocytes and macrophages that initiate the proliferative process are recruited by inflammatory mediators (mainly cytokines) during inflammatory phase, it is quite important for successful wound healing as delayed wound healing with prolonged inflammation is likely to lead to scar formation (Rowan et al., 2015). Except for tissue damage, secondary infection caused by microorganisms is also a severe problem (Wang et al., 2018). However, the harm of bacterial infection on wounds has long been underestimated. Actually, wound infection is the biggest cause of death in patients suffering wound injuries (D'Abbondanza and Shahrokhi, 2021).
Burn wounds and chronic wounds are two common wound types. First, burns are a very common health issue all over the world. According to the WHO, there are over 10 millions of people suffer from burn wounds every year (Markiewicz-Gospodarek et al., 2022). Burn wounds can be caused by fire, electrics, lasers, radiations and chemicals like strong acid and strong base. According to the percentage of affected total body surface area (%TBSA) and the depth of the wounds, burns are classified into different degrees, which determine different nutrition supply and treatment strategy (Evers et al., 2010). Internationally, burn wounds are classified in the degree Ⅰ-Ⅲ. Degree Ⅰ involves epidermis only. Degree Ⅱa (superficial) involves papillary dermis while degree Ⅱb (deep) involves reticular dermis (Abazari et al., 2022). Degree Ⅲ involves the full thickness of skin, and even into the subcutaneous fat or deeper. For those patients who suffer third-degree burn, skin graft is urgently needed (Ozhathil et al., 2021). Furthermore, diabetic foot ulcers represent a prevalent form of chronic wounds, impeding wound healing and elevating the risk of infection due to neuropathy and vasculopathy resulting from chronic hyperglycemia. The management and treatment of diabetic foot ulcers have consistently constituted a significant challenge in the domain of clinical skin injury repair (Forbes and Cooper, 2013).
Wound dressing is a good alternative for wound patients when it is hard to operate skin graft. It contains many types including films, hydrogels, foams, hydrocolloids and so on (Broussard and Powers, 2013). Hydrogels can load drugs and ingredients that function in healing process, which play the role in antibacterial and anti-inflammatory process, maintaining the homeostasis of burn wound environment. Some hydrogel loading with cytokines can even control the response pathways and promote self-healing (Liang et al., 2021). Natural polymers, represented by chitosan, are optimal biomaterials for the fabrication of medical hydrogels, which exhibit superior characteristics in a range of biomedical applications. Chitosan is the sole natural alkaline polysaccharide that is found in significant quantities in nature. It is widely distributed in the exoskeletons of crustaceans and insects, and it can be obtained by deacetylation of chitin. The hydroxyl and amino groups present on the molecular chain of chitosan facilitate the formation of hydrogels through cross-linking, which exhibit favorable biophilicity and have the potential to act as hemostatics, antibacterial agents, and wound healing promoters (Khayrova et al., 2021; Younes and Rinaudo, 2015). Currently, chitosan-based medical wound dressings predominantly incorporate antibiotics or antimicrobial compounds, such as Ag+, into their formulations (Peers et al., 2020; Chu et al., 2023). However, issues such as cytotoxicity impede their advancement due to the emergence of bacterial resistance. Consequently, alternative therapeutic approaches that do not rely on conventional antimicrobials are becoming increasingly crucial in wound management.
Probiotics are defined as live microorganisms that exert beneficial effects on the host when administered in adequate amount. It has long been reported that probiotics and their metabolites play a role in the regulation of human health by affecting the microbiota (Liu et al., 2023; Marco et al., 2017; Wieërs et al., 2019). As the microbiota of wound area have a conclusive effect on the wound environment and wound healing process, probiotics and their metabolites have the potential to be applied to the regulation of the wound microbial environment (Uberoi et al., 2024). For example, Lactiplantibacillus plantarum has the capacity to impede the proliferation of pathogenic microorganisms, including Staphylococcus aureus and Pseudomonas aeruginosa, through the production of extracellular products (probiotic metabolites, PM) that contain antimicrobial substances, such as organic acids, polysaccharides and bacteriocins (Li et al., 2023; Al-Saafin et al., 2023). The antimicrobial substances in PMs were reported to disrupt the cell morphology and interfere multiple metabolic pathways of the pathogens (Rao et al., 2024). This may serve as a therapeutic aid to antibiotics and Ag+ based products as alternative treatments. Besides, as it is reported, the gut-skin axis is highly related to wound healing process, as the gut impact the skin due to its immunological and metabolic properties (Patel et al., 2022). From a bionic point of view, the environment in which whales live is prone to skin injuries. As a result, they have developed a robust ability to heal themselves from wounds (Womersley et al., 2021). Microorganisms present in the whale gut may contribute to the repair of skin tissue through the gut-skin axis. In 2017, our research team successfully isolated a strain of Lactobacillus plantarum named HJ-S2 from the gut samples of a Mesoplodon densirostris that had stranded on Ningde Beach in Fujian, China. After a preliminary study, it has been reported that L.plantarum HJ-S2 possessed cholesterol-lowering function (Wan et al., 2023). The ability to lower cholesterol may promote wound healing process by improving macrophage motility (Zhao et al., 2023a).
The ocean represents one of the most biodiverse ecosystems on Earth. However, owing to the unique characteristics of its environment and the challenges associated with resource exploitation, a significant portion of its biological resources remains undeveloped. In recent years, marine probiotics have begun to be explored and have gradually entered the public domain (Kim et al., 2012). Marine probiotics are involved in the production of inhibitory substances which prevent the adhesion of pathogens to the intestinal epithelium, direct inhibition of Gram-negative bacteria, regulation of short-chain fatty acids, downregulation of proinflammatory cytokines, colonization of intestinal permeability, regulation of electrolyte adsorption, maintenance of the immune response of the intestine, and maintenance of lipid metabolism (Eze et al., 2023). Despite the numerous advantages of marine probiotics, their difficult sample collection and strain screening pathways are the most critical factors limiting development. At the same time, due to the special temperature and pressure environment of the ocean environment, many marine probiotics tend to be halophilic, psychrophilic or barotropic, thus the culture conditions are relatively harsh. This resulted in a large number of potential probiotic strains that could not be isolated for culture (Peixoto et al., 2021).
Other researchers have incorporated probiotics into hydrogels to achieve functions such as regulating gut microbiota and enhancing wound healing (Mei et al., 2022; Kuhn et al., 2024; Liu et al., 2023, Ming et al., 2021). However, there is a notable lack of studies focusing on the incorporation of marine-derived probiotics into hydrogels.In this study, cell-free probiotic metabolites (CFPM) of L.plantarum HJ-S2, derived from the intestinal samples of M. densirostris, were loaded onto a chitosan-based hydrogel (PM@CS), and evaluated for their antimicrobial capacity and effects on burn wound healing and chronic wound healing caused by hyperglycemia (Figure 1), with the objective of identifying novel solutions for the inhibition of wound infections and promotion of healing.
[image: Figure 1]FIGURE 1 | Synthesis of PM@CS hydrogel and the animal test of PM@CS hydrogel on various type of wounds: burn wound and diabetic chronic wound. Created in BioRender. Li, Y. (2024) https://BioRender.com/p39e022.
2 MATERIALS AND METHODS
2.1 Materials
Lactiplantibacillus plantarum HJ-S2 was isolated from the intestinal contents of M. densirostris stranded in China (Ningde, Fujian Province) in October 2017. For convenience, the term “HJ-S2” will be used to refer to Lactiplantibacillus plantarum HJ-S2 throughout this paper.
De Man, Rogosa and Sharpe (MRS) culture medium used to culture HJ-S2 were prepared as follows: peptone (10.0 g), glucose (20.0 g), beef extract (10.0 g), yeast extract (5.0 g), sodium acetate (5.0 g), sodium dihydrogen phosphate (2.0 g), diammonium hydrogen citrate (0.5 g), magnesium sulfate (0.58 g), manganous sulfate (0.25 g) and Tween-80 (1.0 mL). These ingredients were dissolved in 1 L H2O, and the pH was adjusted to 6.2 to 6.4. After that, the medium was sterilized at 121°C for 20 min. Then the medium was cooled to room temperature and stored for future use.
Luria-Bertani (LB) culture medium used to culture E.coli and S.aureus contains tryptone (10.0 g), sodium chloride (10.0 g), yeast extract (5.0 g). The ingredients were dissolved in 1 L H2O, and the pH was adjusted to 7.2 to 7.4. The medium was sterilized at 121°C for 20 min. Then the medium was cooled to room temperature and stored for future use.
The Sprague-Dawley (SD) rats and db/db mice used for animal experiments were purchased from Slac Laboratory Animal Co., Ltd. (Shanghai, China).
2.2 Hydrogel preparation through the combination of cell-free probiotic metabolites and chitosan
First, HJ-S2 was cultured to collect its cell-free probiotic metabolites (CFPM): 2 mL of overnight HJ-S2 culture in the test cube (aged 24 h) was inoculated into 100 mL of MRS broth and kept for 48 h at 37°C in a shaking incubator. After incubation, the culture was centrifugated at 9,500 rpm for 30 min. The resulting liquid supernatant was collected, and any remaining bacteria were removed using a 0.22 μm Millipore filter (Mekky et al., 2022).
Second, a 2% (ω/w) PM@CS solution was prepared by dissolving 2 g of chitosan (deacetylation degree = 95%, purchased from Qingdao Biotemed Biomaterials Co., Ltd.) in 100 mL cell-free PM. Otherwise, a 2% Pure CS solution was prepared by dissolving 2 g of chitosan in 100 mL 0.1 M acetic acid instead. The solutions were stirred overnight and then centrifuged at 3,000 rpm for 10 min to remove insoluble substances.
Third, genipin as the crosslinking agent was dissolved in ethanol to form a solution of 5 mg/mL (Heimbuck et al., 2019). Then, the PM@CS solution and genipin solution were mixed at a ratio of 2.5%, 2%, 1.5% and 1% (w/v of genipin to chitosan, respectively). Separately, Pure CS solution was mixed with genipin solution to form the precursor of Pure CS hydrogel. The mixtures were centrifugated at 2,000 rpm for 5 min. The resulting supernatant was poured into different molds and incubated at 37°C for 24 h to form hydrogel. The hydrogel samples with different chitosan and genipin ratios are labeled as shown in Table 1.
TABLE 1 | Formulations of PM@CS hydrogel.
[image: Table 1]2.3 Scanning electron microscopy (SEM) analysis
The internal structure of the hydrogel was observed using SEM. Various hydrogel samples were immersed in deionized water for 24 h to preserve their original pore structure. Subsequently, surface moisture was removed using filter paper. Then the samples were broke brittlely by liquid nitrogen to show perfect cross-section structure. The porous characteristics were analyzed by a Quanta 450 Field Emission Scanning Electron Microscope (FEI, USA).
2.4 Thermalgravimetric (TGA) analysis
The thermal stability of different formulations of PM@CS hydrogel and Pure CS hydrogel was evaluated using a TGA3 analyzer (Mettler Toledo, USA) under a nitrogen atmosphere. Initially, the hydrogels were lyophilized and ground into a fine powder. Subsequently, 1.5 mg of each hydrogel powder sample was placed in the analyzer. The testing protocol involved a heating rate at 10°C/min up to 550°C with the residual mass recorded in real-time. Both the weight loss curve (TG curve) and its first derivative (DTG curve) were calculated.
2.5 Rheological test
Rheological measurements were employed to characterize the mechanical properties and strength of the biologically crosslinked hydrogels. The rheological properties of the hydrogels were evaluated using a Discovery DHR-2 rheometer (Waters TA Instruments, USA). The tests were conducted in accordance with previously established methods (Li et al., 2024; Priddy-Arrington et al., 2023). The precursor of each hydrogel was cast into a 90 mm disc mold and subjected to crosslink process at a temperature of 37°C for 24 h. Subsequently, the hydrogel was immersed in deionized water for 24 h to maintain its water content. Firstly, the linear viscoelastic region (LVR) of hydrogels was determined. Dynamic amplitude sweeps were performed with a specified strain range of 0.001–0.1 at an angular frequency of 10 rad/s. The storage modulus (G′) and loss modulus (G″) were then determined by varying the frequency between 1 and 100 rad/s at a certain temperature of 25°C. The effects of temperature on the storage modulus and loss modulus were assessed at a deformation within the LVR of the hydrogel and a constant angular frequency of 10 rad/s. The temperature was incrementally increased from 15°C to 65°C to evaluate the stability of hydrogels under different thermal conditions. A Peltier temperature control unit was utilized to measure and regulate the temperature of the rheometer plate. To ensure accurate measurements, the thickness of the hydrogel samples was maintained at 700 ± 50 μm. Three hydrogel sample from each group was tested to determine the average moduli.
2.6 Fourier transform infrared (FT-IR) analysis
The PM@CS hydrogel and Pure CS hydrogel was lyophilized and grinded into a fine powder. The sample powder and KBr powder were mixed at the ratio of 1:100 under infrared light. The structural and functional groups analyses of the PM@CS hydrogel, Pure CS hydrogel and uncrosslinked CS were subsequently conducted using a FT-IR Spectrometer in the range of 4,000–400 cm-1, with a scan count of 32, a resolution of 8 cm-1.
2.7 Swelling ratio
To evaluate the water absorption and swelling behavior of PM@CS hydrogel, the rate of water loss and swelling ratio was assessed as follows. Firstly, the hydrogel was weighed (m0) and lyophilized to remove water content, with the post-lyophilization weight recorded as m1. Then the lyophilized hydrogel was immersed in deionized water, simulated body fluid (SBF, purchased from Shanghai yuanye Bio-Technology Co., Ltd.), high glucose DMEM culture medium (purchased from Beijing Solarbio Technology Co., Ltd.) for 24 h to achieve swelling equilibrium. At specific intervals, surface water was blotted from the hydrogels, and they were reweighted as m2. The water content and swelling ratio of PM@CS hydrogel were then calculated as follows:
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2.8 In vitro degradation test
To evaluate the self-degrade and enzymatic degradation capabilities of PM@CS hydrogel, PM@CS hydrogel and Pure CS hydrogel were fabricated into circular slices (Φ = 12 mm). The initial weight (m0) of each sample was recorded prior to immersion in various solutions: deionized water, simulated body fluid (SBF, purchased from Shanghai yuanye Bio-Technology Co., Ltd.), and lysozyme (LYZ, 2 μg/mL, purchased from Shanghai Macklin Biochemical Technology Co., Ltd.). At predetermined time points (day 1, 3, 5 and 7), the residual portion of each sample was extracted from the solution. Surface moisture was carefully removed, and the samples were re-weighed (mn). The immersion solutions were completely refreshed daily to maintain consistent degradation conditions. The in vitro degradation rate at day n was calculated using the following formula:
[image: image]
2.9 Antibacterial test
The antibacterial activity was evaluated using the Agar Well Diffusion method. Prior to sterilization, agar was incorporated into LB broth at a concentration of 18 g/L. Following sterilization, the medium was allowed to cool to 55°C, at which point 1 mL of overnight culture of Escherichia coli and S. aureus was individually inoculated into 100 mL of the medium. The inoculated mixture was subsequently dispensed into sterile Petri dishes. Wells with a diameter of 10 mm aseptically created in the solidified agar plate. Aliquots (100 μL) of each test sample were carefully introduced at 37°C for 24 h. Following incubation, the diameter of the inhibition zone were precisely measured using a vernier caliper.
2.10 Organic acid characterization in cell-free probiotic metabolites (CFPM)
In order to analyze the composition of organic acids in CFPM, we quantitatively measured the contents of three common short-chain fatty acids (acetic acid, propionic acid, butyric acid) and lactic acid, the major fermentation products of lactic acid bacteria, by HPLC using a Waters Alliance Separations module e2695 coupled to a Waters 2,414 refractive index detector (Waters Corporation, USA). Samples or standards were injected into a Aminex HPX-87H Ion Exclusion Column (300 mm × 7.8 mm, Bio-rad Laboratories, Inc., USA) operated at 40°C The samples were eluted with H2SO4 (0.005 mM) at a flow rate of 0.6 mL/min. Sample detection was performed by comparing retention times of standards. Analytical grade acetic acid, propionic acid, butyric acid, and lactic acid (purchased from Shanghai ANPEL Laboratory Technologies Inc.,China) were used as standards. The assay was performed in triplicate.
2.11 In vivo healing performance on burn wound
The experimental method was adapted from Oryan’s method (Oryan et al., 2019). All protocols were approved by the Institutional Committee on the Care and Use of Animals of the Third Institute of Oceanography, Ministry of Natural Resources.To investigate the effect of PM@CS hydrogel on the recovery of burn wounds, the model of third-degree burns was established on SD rats. First, the rats were divided into four groups, and the back of the rats were shaved with a shaver to remove the hair and expose the skin. Stainless steel cylinders with a diameter of 2.5 cm were heated in boiled water for 20 min. Then the cylinders were placed firmly against the rat’s back for 15 s to form circular wounds, twice on each rat. Drug administration started 6 h after modeling. 500 μL of PM@CS, Pure CS hydrogel and cell-free PM (CFPM) of HJ-S2 were applied to the wound area, once per day for 28 days. Human epidemical growth factor (EGF) gel (purchased from Guilin Pavay Gene Pharmaceutical Co., LTD.) was used as positive control. The model group was given equal amount of saline. Photos of the wound area were taken at day 1, 4, 7, 10, 14, 21 and 28 to record the healing process of each group.
To further investigate the efficiency of wound closure, histopathology analysis of wound area was conducted by harvesting the skin tissue of wound area at day 28, for further H&E staining, Masson staining and immunohistochemical analysis.To qualitatively detect the expression of immune factors and proteins associated with tissue regeneration, IHC profiler, a open source plugin of ImageJ (National Institutes of Health, USA) was ultilized to assess the immunohistochemical staining images and give a quantitative relative IHC score related to the level of expression (Varghese et al., 2014).
2.12 In vivo wound healing performance on diabetic chronic wound
The experimental method was adapted from Grip’s method (Grip et al., 2021). All protocols were approved by the Institutional Committee on the Care and Use of Animals of the Third Institute of Oceanography, Ministry of Natural Resources.The effect of PM@CS hydrogel on diabetic wound healing was studied using the genetic leptin-resistant db/db mice, which exhibited type Ⅱ diabetes. Db/db mice were divided into five groups, the back of the mice was shaved and punched with biopsies puncture apparatus (Φ = 8 mm), four times each individual. Drug application started at the next day after wounded. 100 μL of PM@CS hydrogel, Pure CS hydrogel and cell-free PM of HJ-S2 were applied to the wounds, twice per day for 14 days. Human epidemical growth factor (EGF) gel was used as positive control. The model group was given equal amount of saline. To record the wound healing process, photos of the wound area were taken at day 1, 3, 5, 7, 10 and 14. The initial wound area (A0) and the wound area within the 14 days administration process (An) was measured by ImageJ, and the wound healing rate was calculated as follows:
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After 14 days’ administration, skin tissues of wound area were taken for H&E staining and Masson staining to examine the wound healing histologically.
2.13 Statistical analysis
Data were analyzed with GraphPad Prism 8 (GraphPad Software, Inc., La Jolla, CA, USA). The data related to water content and rheological test are displayed in terms of the average ± standard deviation. The tests were repeated in triplet, with the average values recorded. Statistical comparisons between different groups were done using one-way analysis of variance (one-way ANOVA test), and the differences were considered significant at P < 0.05 (*), P < 0.01 (**), P < 0.001 (***) and P < 0.0001 (****).
3 RESULTS AND DISCUSSIONS
3.1 Characterization of PM@CS hydrogels
The internal pore structures of various hydrogel formulations were shown in Figures 2A–E. Alteration in the genipin in PM@CS hydrogel demonstrated a notable impact on the hydrogels’ porous structure. PM@CS, PM@CS-b and Pure CS hydrogels exhibited more fully developed pore structures, whereas those with PM@CS-c and PM@CS-d displayed incomplete internal porous networks. Quantitative analysis of the porous structure was conducted using ImageJ software, with results presented in Figure 2F. The findings indicate that as the proportion of the cross-linking agent is reduced, the internal pore diameter of the hydrogel increases, resulting in a more pronounced loosening of the porous structure. These finding suggest that hydrogels prepared with CFPM of HJ-S2 exhibit a greater degree of porosity within their structure than Pure CS hydrogel, and display a greater diversity of characteristics. Crosslinking with a sufficient concentration of genipin facilitates the formation of a more comprehensive internal structure in hydrogels without significantly compromising their overall porosity.
[image: Figure 2]FIGURE 2 | Morphological characteristics and water absorb ability of PM@CS hydrogel. (A–D) SEM images of (A) PM@CS, (B) PM@CS-b, (C) PM@CS-c, (D) PM@CS-d, and (E) Pure CS hydrogel. (F) Internal porous structure diameter of hydrogels.
The thermogravimetric (TG) and derivative thermogravimetric (DTG) curves of PM@CS hydrogels with varying formulations were shown in Figures 3A,B, respectively. The thermal degradation of PM@CS hydrogel can be characterized by three different stages. The initial weight loss observed below 110°C was attributed to the evaporation of free water. In the temperature range of 110°C–230°C, the weight loss is primarily due to the elimination of bound water and the onset of degradation in shorter chains. The third stage, occurring between 230°C and 390°C, was associated with the decomposition of chitosan polymers.The impact of varying genipin ratios on the hydrogel’s thermal stability is illustrated using different colors in the thermograms. All hydrogel formulations, with the exception of PM@CS-d, exhibited thermal stability at elevated temperatures. When the temperature exceeded 390°C, the PM@CS-d formulation demonstrated rapid degradation, while the other formulations maintained their stability. It can be inferred that when the addition of genipin is lower than a certain proportion, the thermal stability of the gel will decrease significantly.By integrating SEM images with thermogravimetric analysis results, it can be concluded that the PM@CS-d hydrogel is not an appropriate formulation owing to its incomplete internal structure and insufficient thermal stability. This is primarily attributed to the low proportion of genipin crosslinker, which results in an unstable internal structure.
[image: Figure 3]FIGURE 3 | Characterization of different formulations of hydrogel. (A) TG curve and (B) DTG curve of hydrogels in different formulations. (C) Determination of LVR of PM@CS hydrogel. (D) Frequency sweep of hydrogels. (E) Temperature sweep of hydrogels. (F) Average modulus of hydrogels.
To further investigate the impact of varying genipin concentrations on gel properties, the dynamic rheological analysis on different groups of hydrogels was performed to provided quantitative information about the viscoelastic properties of each hydrogel. To find out the linear viscoelastic region (LVR) of PM@CS hydrogel, a sweep was conducted at the oscillation angular frequency of 10 rad/s (Figure 3C). The ratio of loss modulus (G″) to storage modulus (G′), which was called loss tangent, remained at a steadily numerical value at the strain between 0 ∼ 4 %, while the loss tangent value increased moderately between 4 ∼ 10%, and then rapidly after exceeding 10%. It was confirmed that the hydrogel was in its LVR when the strain was less than 4%. Following the identification of the LVR of PM@CS hydrogel, the strain was confirmed for the subsequent frequency and temperature scans. Based on the determined range of the LVR for the hydrogel, the strain was maintain at 1% for subsequent analyses.
Frequency-modulus curves revealed that within the angular frequency range of 0.1 ∼ 100 rad/s, the storage modulus (G′) of all samples exhibited a pronounced plateau, significantly exceeding the corresponding loss modulus (G″) values (Figure 3D). Notably, fluctuations in vibrating frequency between 1 ∼100 rad/s did not induce any discernible effect on the hydrogel’s storage modulus. However, this trend was not mirrored in the loss modulus behavior. With the exception of the PM@CS hydrogel formulation, all other all other compositions demonstrated consistent behavior: their loss modulus remained relatively constant within 0.1 ∼ 1 rad/s, followed by a steady increased in the 1 ∼ 100 rad/s range. Thermal variations within the range of 15°C–65°C did not elicit any significant alterations in the hydrogels’ modulus (Figure 3E). Frequency-modulus analyses indicated that the PM@CS hydrogel exhibited superior stability under vibrational stress compared to other formulations, suggesting enhanced resistance to external forces. Figure 3F illustrates the mean G′ and G″ values across the frequency spectrum for the hydrogel formulations. The PM@CS hydrogels demonstrated markedly elevated G′ and G″ values relative to the PM@CS-b and PM@CS-c hydrogel compositions. The similar G′ and G″ values and trends were reported by Priddy-Arrington et al. In their research, a injectable in-situ crosslinked chitosan hydrogel was developed and showed great potential in medical care (Priddy-Arrington et al., 2023). These findings substantiate the versatility of the PM@CS hydrogel system, indicating its potential for diverse application scenarios through precise modulation of its formulation. This allows for tailored adjustment of mechanical properties while maintaining structural integrity.
FT-IR spectra of PM@CS compared to Pure CS hydrogel was shown in Figure 4A. The broad peak around 3,300 cm−1 is assigned to O–H stretching and N–H stretching. The peaks at 2,926 cm−1 and 2,852 cm−1 belong to asymmetric and symmetric stretching vibration of–CH2 group, and peaks at 1,646,1,600 and 1,360 cm−1 to amide I, amide II and amide Ⅲ as well as NH2 bending, respectively. The intensity of peaks at 1,646 cm−1 (amide I) and 1,600 cm−1 (amide Ⅱ) increased compared to Pure CS hydrogel. The difference is assigned to the enhanced formation of imine bonds by crosslinking between amino groups of CS and genipin (Andrade Del Olmo et al., 2022). The result suggested that both PM@CS and Pure CS hydrogel were well-crosslinked, and by connectively combination betweeen CS and genipin, PMs of HJ-S2 strengthened the internal crosslinking of the hydrogel. The attenuation of C-H vibrations may be attributed to the influence of complex proteins, organic acids, and peptides present in the CFPM of HJ-S2 on the assay.
[image: Figure 4]FIGURE 4 | FT-IR analysis, swelling ability and biodegradability of PM@CS hydrogel. (A) FT-IR spectra of hydrogels and uncrosslinked CS. (B) Water content of PM@CS hydrogel and Pure CS hydrogel. (C) Swelling ability in different medium. (D) Degradation curve of hydrogels in water (H2O), simulated body fluid (SBF) and lysozyme (LYZ).
Figures 4B,C illustrated the water content and swelling characteristics of the hydrogels, in different solution respectively. Here, simulated body fluid (SBF) is employed to mimic the composition of human plasma, while DMEM medium is utilized to replicate the microenvironment for wound cell regeneration. Additionally, water, which wounds may encounter in daily life, is also considered. These distinct solutions collectively simulate the diverse environments to which hydrogels could be exposed during their applications. Experimental results demonstrated that PM@CS hydrogel exhibited lower swelling capacity compared to pure chitosan hydrogel in both deionized water and simulated body fluid (SBF). While in DMEM medium, the swelling capacity of PM@CS hydrogel was significantly superior than Pure CS hydrogel. The dissolved solid matter in the HJ-S2 cell-free PM (CFPM) might have influenced the water absorption capacity of the hydrogel. On one hand, we observed that PM@CS hydrogel possessed superior fluid retention capability in cell culture environments compared to Pure CS hydrogel, indicating its adaptability to wound environments. It suggested that PM@CS hydrogel possesses enhanced compatibility with the cellular growth environment and has potential to absorb greater amounts of wound exudate (Gong et al., 2023). On the other hand, the low swelling properties of PM@CS hydrogel in other solutions ensure that the absorptive capacity of the hydrogel is fully utilized to maximize the absorption of exudates, secretions and other liquids that are not conducive to wound healing. Consequently, PM@CS hydrogel demonstrated unique advantages in specific medical scenarios.
Figure 4D shows the biodegradability of PM@CS hydrogel compared to Pure CS hydrogel. In the first 7 days, PM@CS hydrogel degraded slower than chitosan hydrogel in all kinds of solutions, illustrating that PM@CS hydrogel is more endurable against wound environment than Pure CS hydrogel. Enzyme degradation process was much faster. Both hydrogels were degraded completely with 7 days. While in DI water and SBF, there were part of the hydrogel remained nondegraded in day 7. PM@CS hydrogel in DI water remained undegraded in day 14, showing sustainable resistance to complete degradation. The results showed that after loading PMs of HJ-S2 into PM@CS hydrogel, the sustainability of the hydrogel in several different environment similar to human skin significantly increased. Therefore, when PM@CS hydrogel be applied to clinical use in the future, it will preserve a longer effect on maintaining a benificial environment for wound healing.
Combined with the above water content, swelling performance and rheological performance test results, due to the presence of PMs of HJ-S2, the PM@CS hydrogel has better stability than Pure CS hydrogel in terms of slower uptake and release of external liquids as well as its own degradation, and it can ensure its own stabilized structure under the deformation of external forces. PMs of HJ-S2 may enhance the internal structure of chitosan hydrogel by participating in crosslinking reactions and form more crosslinked structures. CS molecules possess an abundance of positively charged amino groups (-NH2), whereas PMs typically contain negatively charged groups (e.g., -COOH). These two components form ionic bonds via electrostatic interactions, thereby enhancing the crosslinking density of the hydrogel network (Obradović et al., 2015). Simultaneously, the hydroxyl (-OH) and amino groups of CS can establish hydrogen bonds with polar groups (e.g., -OH, -COOH) present in PMs, further stabilizing the three-dimensional network structure of the hydrogel. Furthermore, the organic acids (e.g., lactic acid) generated through probiotic fermentation decrease the local pH, thereby facilitating the protonation of chitosan (-NH3+) and enhancing its ionic cross-linking with anionic polymers. Simultaneously, the acidic environment may trigger hydrophobic interactions between chitosan molecules, further stabilizing the structure (Huang et al., 2023). Last but not least, biomacromolecules, including polysaccharides and proteins present in fermentation products, can form interpenetrating networks (IPN) with chitosan. This interaction enhances the structural integrity of hydrogels via physical entanglement or chemical coupling (Yucel Falco et al., 2017). In future study, we will focused on the detailed mechanisms of how PMs of HJ-S2 improves the stability of hydrogel.
3.2 Antimicrobial properties of PM@CS hydrogels and CFPM, and the organic acid compound characterization
The antibacterial ability of PM@CS hydrogel was tested by measuring the diameter of inhibition zone against E.coli and S.aureus. The result showed that the bacteria colonies were significantly reduced when contacting PM@CS hydrogel and CFPM of HJ-S2, indicating that PM@CS hydrogel and CFPM strongly inhibited the growth of E.coli and S.aureus. Pure CS hydrogel and genipin solution showed almost no inhibition against pathogen bacteria. Figures 5A,B shows the inhibition zones of each group. The diameter of inhibition zone was measured (Figure 5C). The efficacious antibacterial effect may be attributed to the secretion of organic acids or peptides in the metabolic process.
[image: Figure 5]FIGURE 5 | Antibacterial tests of the hydrogels. The antibacterial ability of PM@CS hydrogel (upper right), Pure CS hydrogel (upper left), CFPM (lower left) and genipin solution (lower right) were tested against (A) E.coli and (B) S.aureus. (C) Diameter of inhibition zones.
To further investigate the latent factors contributing to the inhibition of pathogenic bacteria, the quantification of four organic acids in the cell-free probiotic metabolites (CFPM) is presented in Table 2 and Supplementary Figure S1. The results are reported as concentrations along with the relevant standard deviation (RSD). Notably, there was significant production of acetic acid and lactic acid, whereas the production of propionic acid and butyric acid was relatively limited. The antibacterial mechanism of lactic acid and short-chain fatty acids is under ongoing research. According to existing research reports, lactic acid and short-chain fatty acids primarily exert their antibacterial effects by disrupting the structural integrity of bacterial cells (Ye et al., 2025). At the same time, some short-chain fatty acids are reported to have the ability to enter bacterial cells through free diffusion, reducing intracellular pH and inhibiting the metabolism of some macromolecules, and thus affect the growth and reproduction of bacteria (Akhtar et al., 2022; Cheung Lam et al., 2016; Hays et al., 2024). The high content of lactic acid and short-chain fatty acids in CFPM of HJ-S2 may contribute to its effective antibacterial activity against E. coli and S. aureus by destructing bacterial cell membrane and immodulating bacterial intracellular pH. In future studies, we intend to further investigate and isolate the bioactive bacteriostatic substances present in CFPM of HJ-S2 and elucidate their mechanisms of action.
TABLE 2 | Quantification of organic acid in CFPM of HJ-S2.
[image: Table 2]3.3 Promotion of wound healing efficacy of hydrogels
The burn wounds of rats were photoed at 1, 4, 7, 10, 14, 21 and 28 days post-wounding to evaluate the recovery rate (Figure 6A). The PM@CS hydrogel-treated group showed better wound closure than other groups, while positive control group showed the same healing effects. Under the cooperative effect of CFPM of HJ-S2 and chitosan, the wound recovered rapidly. The CFPM-treated group showed better wound closure than control group, while Pure CS hydrogel-treated group experienced even worse wound closure than control group. Due to its acidity, Pure CS hydrogel demonstrated a destructive effect on wounded area, which delayed the wound healing process.
[image: Figure 6]FIGURE 6 | Effect of PM@CS hydrogel on burn wound healing. (A) Photographs of burn wound area after treatment. (B) H&E and Masson staining of skin tissues. (C) Immunohistochemical staining. (D) Relative score of IHC.
Tissue sections taken were going under H&E staining and Masson staining to examine the cellular response within the tissue of wound area (Figure 6B). The PM@CS hydrogel group and the CFPM group, as well as positive control group, demonstrated effective tissue regeneration, with well-organized cells and optimal densification. The collagen fibers were abundant and neatly arranged. In contrast, the chitosan hydrogel group exhibited tissue cells and collagen fibers that were loosely organized and disorganized, with internal cavities and visible inflammatory cells (which the ticks point to in Figure 6B). This resulted in a less favorable recovery compared to the control group. In the model group, the cells were loosely arranged, and a small number of inflammatory cells could still be observed. Immunohistochemical staining was employed to assess the expression of cytokines and proteins associated with inflammation and tissue regeneration (Figure 6C). ,Relative IHC scores were utilized to quantify the expression levels (Figure 6D). Following the application of PM@CS hydrogel and CFPM, the expression levels of pro-inflammatory factors IL-1β and IL-6 were found to be decreased, while the expression level of the anti-inflammatory factor IL-10 was increased. This suggests that the inflammatory response of the wound was reduced. The expression levels of epidermal growth factor, TGF-β, and collagen III all demonstrated an increase, indicating that the wound exhibited a notable recovery following the administration of the hydrogel, which represented a significant improvement in comparison to the control group.
When viewed in conjunction with the wound healing images and tissue staining outcomes, it is evident that the PM@CS hydrogel and CFPM facilitated the wound healing process in rats with third-degree burn wounds.In the burn model, PM@CS hydrogel does not exhibit a significant advantage compared to CFPM. The slow release of active ingredients in PM@CS hydrogels may be attributed to their densely cross-linked networks or diffusion resistance (Zhao et al., 2023b). In future studies, we will concentrate on investigating the slow-release characteristics of hydrogels, enhancing the release rate of their components, and optimizing the hydrogel’s performance for burn wound healing applications.
As for diabetic wound healing, the wounds of the mice displayed discrepant healing progress (Figure 7A). While in the inflammatory stage, the early stage of the whole wound healing process (day 3), the PM@CS group, CFPM group and positive control group observed different level of reduced inflammation response. Scabs were observed in all groups at day 5. While the wounds of all other groups were recovered steadily, Pure CS group showed poor recovery rate and even suffered ulcerating in day 7. Almost complete wound healing was observed in PM@CS-treated group and CFPM-treated group, while in model group, the scabs did not come off yet, signifying that the CFPM of HJ-S2 and PM@CS hydrogel played an important role in accelerating diabetic wound healing process. The wound healing rate over 14 days after wounded was shown in Figure 7B. PM@CS-treated group showed the best healing rate (89.95%), followed by CFPM-treated group (60.83%). After 14 days administration, positive control group (45.71%) also recovered better than model group (25.13%). Pure CS hydrogel-treated group showed the slowest healing rate (24.14%), even worse than model group. Considering the destructive effect of Pure CS hydrogel on burn wounds and the slow healing process on diabetic wounds, it was discovered that Pure CS hydrogel was harmful to wound environment, thus lead to delayed wound healing. Although it has been reported that acetic acid (used to dissolve chitosan in Pure CS hydrogel) possess antibacterial and antifungal ability (Elhage et al., 2021). When exceeding certain concentration, resulting in extremely low pH, acetic acid in Pure CS hydrogel turns out to be a hindrance to wound healing.
[image: Figure 7]FIGURE 7 | Effect of PM@CS hydrogel on diabetic wound healing. (A) wound healing process of each group. (B) Healing rate of the wounds within 14 days treatment. (C) Histology of the wounds treated by PM@CS, Pure CS, CFPM and Human EGF gel.
Tissue staining images of the diabetic wounds were shown in Figure 7C. The mice in the PM@CS hydrogel- and CFPM-treated group exhibited superior skin tissue regeneration at the wound site, with more compactly arranged fibrous tissues and a reduced presence of inflammatory cells. The positive control group also demonstrated enhanced skin tissue repair following the administration of Human EGF gel. However, the mice in the Pure CS group displayed inadequate tissue regeneration with loosely arranged fibers. The result showed that PM@CS hydrogel and CFPM also played an effective role in the recovery of skin wounds in diabetic mice.
4 CONCLUSION
In conclusion, our team has successfully created a chitosan-based hydrogel capable of incorporating cell-free probiotic metabolites CFPM from marine-derived probiotics L. plantarum HJ-S2, thereby establishing a platform for the delivery of substances conducive to wound healing. The synthesis of the PM@CS hydrogel does not necessitate the use of any toxic chemical agents, and the production process is both straightforward and environmentally benign. Thermalgravimetric and rheological assessments indicate that the PM@CS hydrogel is adaptable in its formulation while maintaining a stable structural integrity across diverse environmental conditions. The PM@CS hydrogel exhibits a superior antibacterial efficacy against E.coli and S.aureus. The inhibitory properties against pathogens may be attributed to the main organic acid compound such as lactic acid and acetic acid in the cell-free metabolites (CFPM) of HJ-S2, as other researchers have reported the similar findings (Mani-López et al., 2022; Feng et al., 2022).
Compared to Pure CS hydrogel, PM@CS hydrogel has been demonstrated to be more efficacious in the healing of burn wounds, with minimal adverse effects on the wound area. Application of the PM@CS hydrogel to the wound site has been observed to mitigate the inflammatory response, with a notable enhancement in the rate of recovery and tissue regeneration. The same trend has also been observed in diabetic wound healing test. When contrasted with other chitosan-based hydrogels, the PM@CS hydrogel stands out due to its enrichment with metabolically active probiotic derivatives, providing a novel and potent therapeutic supplement for the management of burn wounds and the treatment of diabetic wounds.
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