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Introduction: Diabetic oral mucosa ulcers face challenges of hypoxia, hyperglycemia and high oxidative stress, which result in delayed healing process. Oxygen is regarded as an important substance in cell proliferation, differentiation and migration, which is beneficial to ulcer recovery.
Methods: This study developed a multi-functional GOx-CAT nanogel (GCN) system for the treatment of diabetic oral mucosa ulcers. The catalytic activity, ROS scavenge and oxygen supply ability of GCN was validated. The therapeutic effect of GCN was verified in the diabetic gingival ulcer model.
Results: The results showed that the nanoscale GCN was capable of significantly eliminating intracellular ROS, increasing intracellular oxygen concentration and accelerating cell migration of human gingival fibroblasts, which could promote diabetic oral gingival ulcer healing in vivo by alleviating inflammation and promoting angiogenesis.
Discussion: This multifunctional GCN with ROS depletion, continuous oxygen supply and good biocompatibility, which might provide a novel therapeutic strategy for effective treatment of diabetic oral mucosa ulcers.
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1 INTRODUCTION
The incidence rate of diabetes has been on the rise in the past decade and chronic diabetic wounds are becoming a serious threat to public health (Gregg et al., 2018; Kazemian et al., 2019; Xu et al., 2023). As a diabetic wound type, oral mucosa ulcer is an ulcerative injury occurring in the oral mucosa, which can affect speech, diet, and spirit (ShipMerritt and Stanley, 1962; Pedersen, 1989). Furthermore, oral mucosal lesions are often diagnosed in diabetic patients with a series of alterations occurring such as gingivitis, periodontitis, lichen planus, and recurrent aphthous ulceration (Tsai et al., 2002; Ship, 2003; Vernillo, 2003; Taylor and Borgnakke, 2008; Luo et al., 2020). The major problems of diabetic oral ulcer include hyperglycemia, persistent inflammation, and hypoxia. These complicated physiological milieus hinder oral ulcers from efficiently healing and make them vulnerable to pathogenic bacteria (Falanga, 2005; Shah et al., 2019; Luo et al., 2021a; Liu et al., 2021; Liu et al., 2022).
Currently, topical drugs commonly used in the clinical treatment of oral ulcers include antibiotics, analgesics, and hormone drugs, whose long-term use might cause adverse reactions (Woo and Sonis, 1996). In recent years, a variety of oral patches, including hydrogels, creams, and nanofibers, have been widely developed to deliver antibiotics, glucocorticoids, and so on (Tort and Acarturk, 2016; Logan et al., 2020; Zhang et al., 2021; Zhou et al., 2022; Liu et al., 2023). However, these preparations have problems such as inconvenience in use, strong side effects, or short duration of drug action (Toma et al., 2021). Therefore, safer and more effective multi-functional strategies for oral mucosal healing are urgently required.
Recently, enzymes and nanozymes have shown great prospects in wound healing (Wu et al., 2019; Wang et al., 2020; Zhou et al., 2020; Peng et al., 2021; Sang et al., 2021; Wang et al., 2023; Zhang et al., 2023). A variety of wound dressings containing enzyme or enzyme-like abilities are designed to catalyze endogenous H2O2, generating O2 or OH to improve the diabetic wound environment. Oxygen has been reported to be essential for wound healing because it can promote cell migration, angiogenesis, and other molecular events relate to wound repair processes (Liu et al., 2019; Chen et al., 2020; Zhang et al., 2020; Li et al., 2022a; Li et al., 2022b). However, the sustainability of oxygen in these strategies faces significant obstacles. Furthermore, the complicated physiological environment of high-glucose exposure, high ROS, and hypoxia impairs angiogenesis and oral ulcer healing (Thangarajah et al., 2009). Therefore, a strategy to simultaneously regulating blood glucose, reducing ROS, and continuously delivering oxygen might be effective to accelerate ulcer treatment.
The glucose oxidase (GOx) and catalase (CAT) cascade systems have been extensively studied in the treatment of diabetic ulcers due to the presence of high glucose and high ROS (endogenous H2O2) (Wang et al., 2021; Li et al., 2022c; Du et al., 2022; Yu et al., 2022). For example, Lei, et al. developed a supramolecular cascade reactor with chitosan, sulfobutylether-β-cyclodextrin, Fe2+, and GOx. The catalytic oxidation of glucose by GOx in a supramolecular cascade reactor provided H2O2 for the Fe2+-mediated Fenton reaction, which finally generated OH for wound antibacteria (Chen et al., 2022). Similarly, Li et al. (2021) prepared an ionic covalent organic framework–based nanozyme that included Fe2+ and GOx to convert glucose and H2O2 to OH. Li et al. (2022c) designed defect-rich molybdenum disulfide nanosheets loaded with bovine serum albumin–modified gold nanoparticle (MoS2@Au@BSA NSs) heterostructures. The GOx-like Au nanoparticles converted glucose into H2O2, which was transformed intoOH and O2 by MoS2@Au@BSA. Although these nanozyme systems effectively treat wound healing, their catalytic effectiveness, sustained oxygen supply, and biosafety are of concern because most of these systems use metal or metal oxide enzyme–like compounds. In addition, it is difficult to control the product of H2O2 conversion to OH or O2. Excessive hydroxyl radicals can exacerbate wound inflammation. Therefore, it is crucial to enhance the sustainability of the catalytic reaction and reduce unnecessary products while maintaining the high efficiency of the enzyme. Natural enzyme has high catalytic efficiency and specificity, which makes it popular in wound healing treatment (Li et al., 2022a). As a 3D nanoparticle, nanogels have high colloidal stability, water content, load capacity, and excellent biocompatibility, which make it widely used in the biomedical field (Chacko et al., 2012; Ahmed et al., 2020).
Considering that diabetic oral mucosa ulcers and diabetic wounds have similar characteristics, such as high-glucose exposure, high ROS, and hypoxia, in this work, a novel approach is reported based on a multi-functional GOx-CAT nanogel (GCN) system for the treatment of diabetic oral mucosa ulcers (as shown in Scheme 1). This nanogel was prepared by covalently polymerizing the natural enzyme GOx with the natural enzyme CAT. Based on the close spatial distance between GOx and CAT, GOx catalyzes the oxidation of glucose into gluconic acid and H2O2, which is transformed into oxygen (O2), catalyzed by CAT. In addition, the endogenous ulcer H2O2 can also be rapidly catalyzed into O2. In vitro experiments have been conducted to evaluate the GCN system in terms of cascade catalytic activity, oxygen supply effect, biocompatibility, antioxidant effect, and gingival fibroblast migration. In vivo ulcer healing of GCN has also been evaluated using an oral gingival mucosa model of diabetic SD rats. The experimental results suggest that this nanogel with anti-oxidation, oxygen supply, migration promotion, angiogenesis, and biocompatibility could be a promising strategy for accelerating diabetic oral mucosa ulcer healing.
[image: Scheme 1]SCHEME 1 | Synthetic process of GOx-CAT nanogel (GCN) and mechanism diagram of accelerating diabetic oral mucosa ulcer healing.
2 MATERIALS AND METHODS
2.1 Materials
GOx nanogel (GN) and GOx-CAT nanogel (GCN) were synthetized in our previous study(Luo et al., 2021b; Fan et al., 2022). Trypsin-EDTA (ethylenediaminetetraacetic acid) was obtained from Beyotime Biotechnology. Dimethyl sulfoxide (DMSO) was supplied by Sinopharm Chemical Reagent Co. Ltd. Phosphate buffered saline (PBS) and bovine serum albumin (BSA) were supplied by Solarbio Technology Co., Ltd. 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT), penicillin-streptomycin, hematoxylin eosin (H&E staining kit), calcein-AM/PI double stain kit, and antifade mounting medium with DAPI (4ʹ,6-diamidino-2-phenylindole) were obtained from Yeasen Biotechnology Co. Ltd. Anti-fluorescence quenching tablet seal (including DAPI) was obtained from Shandong Sparkjade Biotechnology Co., Ltd. Fetal bovine serum (FBS) was obtained from Thermo Fisher Scientific Co., Ltd. A blood glucose meter was supplied by Sinocare Inc. A JPB-607A portable dissolved oxygen tester and a PHS-3C pH meter were supplied by Shanghai INESA Scientific Instrument Co., Ltd. The instruments used in the experiments were all from the Core Facility of Biomedical Sciences, Xiamen University.
2.2 Characterization of GCN
Transmission electron microscopy (TEM) was used to observe GCN. 1 mg GCN was dissolved in 50 μL double distilled water (dd water) and added dropwise into 950 μL double distilled water while stirring. 10 μL of the sample was dropped onto 400 mesh copper wire and left to adsorb for 10 min. Then, the copper wires with samples were used for TEM measurements. The size and zeta potential of the GCN were investigated by dynamic light scattering (DLS) measurements.
In order to investigate the catalytic activity of GOx, the pH value of the system was tested. A glucose solution (3 mg/mL) was used as a control. Other groups included GN solution (20 μg/mL), GCN solution (20 μg/mL), glucose + GN solution, and glucose + GCN solution. Different solutions were placed in an incubator at 37°C and detected at different time points with a pH meter.
In order to evaluate the catalytic activity of CAT and the cascade catalytic activity of GCN, changes in the dissolved oxygen (DO) level of the system were measured. A glucose solution (3 mg/mL) was used as a control. Other groups included GN solution (20 μg/mL), GCN solution (20 μg/mL), glucose + GN solution, and glucose + GCN solution. Different solutions were placed in an incubator at 37°C and detected at different time points with a portable dissolved oxygen tester.
In order to evaluate the cascade catalytic activity of GCN in a wound mimic environment, the DO value of the system was tested. A glucose (3 mg/mL) + H2O2 (300 μM) solution was used as a control. Other groups included a glucose + GN (20 μg/mL) solution and a glucose + GCN (20 μg/mL) solution.
2.3 Cell culture
Human gingival fibroblasts (HGF-1 and HGF primary generation) were kindly supplied by Qingqi (Shanghai) Biotechnology Development Co., Ltd. HGF-1 were incubated in DMEM (Gibco) containing 10% FBS and 1% penicillin-streptomycin at 37°C and 5% CO2.
2.4 Cytotoxicity assay
HGF-1 and HGF primary generation were seeded in 96-well plates at an initial cell density of 2.0×104 cells per well and incubated at 37°C and 5% CO2 overnight. Afterward, different concentrations of GN and GCN were incubated with the cells for 24 h. Then, the medium was replaced with MTT and incubated for 4 h. Finally, cell viability was quantified using an absorbance microplate reader (CMAX PLUS, Molecular Devices, United States) to analyze the UV absorption at 490 nm.
2.5 Live/dead staining assay
A calcein-AM/PI double stain kit was used for live/dead staining assay of HGF-1. In brief, HGF-1 was plated at a density of 5×104 per well into 24-well plates overnight. Then, the cells were incubated with 100 μm hydrogen peroxide (H2O2) for 12 h. Afterward, 5 μg/ml GN and GCN were incubated with the cells for 24 h. After fully washing the cells with 1 × assay buffer, the cells were incubated with 1 mM calcein-AM solution and 0.75 mM PI solution for 15 min. The living cells (yellow-green fluorescence) and dead cells (red fluorescence) were observed with a fluorescence microscope.
2.6 Scratch wound-healing assay
HGF-1 was seeded on 6-well plates at a density of 5×105 per well. After 24 h, cells filled every well. Then, the cells were incubated with 400 μm H2O2 for 1 h to induce intracellular oxidative stress. A micro-injury was created using sterile 10 μl pipette tips and every well was washed three times with PBS. Then, the attached cells were treated with 5 μg/ml GN and GCN and the control group was treated with serum-free medium. The cells were photographed at 0 and 12 h after wounding using an inverted fluorescence microscope. The images were quantified by ImageJ software to evaluate the migration rate.
2.7 Intracellular ROS (H2O2) depletion and O2 evaluation assay
For the ROS depletion assay, HGF-1 cells were seeded in 24-well plates overnight and incubated with 100 μm H2O2 for 12 h. After treatment with FBS-free DMEM, GN, and GCN (5 μg/ml in FBS-free DMEM) for 24 h, the cells were incubated with DCFH-DA (10 μM in FBS-free DMEM) for 20 min. Then, the fluorescence of the cells was photographed using an inverted fluorescence microscope (Dmi8, Leica, Germany) and quantified by ImageJ software.
For intracellular O2 evaluation, HGF-1 cells were seeded in 24-well plates overnight and incubated with 100 μm H2O2 for 12 h. After treatment with FBS-free DMEM, GN, and GCN (5 μg/ml in FBS-free DMEM) for 24 h, the cells were incubated with [Ru(dpp)3]Cl2 (10 μg/ml) for 12 h and rinsed three times with PBS to remove free [Ru(dpp)3]Cl2. Then, the fluorescence of the cells was photographed using an inverted fluorescence microscope (Dmi8, Leica, Germany) and quantified by ImageJ software.
2.8 Animals and diabetic models
Sprague-Dawley (SD) rats (180–220 g) were obtained from Xiamen University Laboratory Animal Center. All animal experiments conformed to the guidelines of Xiamen University Laboratory Animal Center.
For the establishment of the type 1 diabetes model, SD rats were given a single intraperitoneal injection of streptozotocin (STZ) (60 mg/kg dissolved in sterile citrate buffer (pH 4.2–4.5); Yeasen). The next day, the blood glucose level was measured using a blood glucose meter and the unqualified rats were supplemented with STZ (30 mg/ml). Seven days later, the blood glucose level of rats was measured again and rats with plasma glucose levels higher than 16.7 mmol/L were considered diabetic. Animals were maintained in a diabetic state through the experiment.
2.9 Therapeutic effect of GCN on gingival mucosa ulcers
SD rats were anesthetized with 10% chloral hydrate and filter papers measuring 3 mm in length and width soaked with 80% acetic acid solution were placed in the rat gingival mucosa and left for 1 min. The next day, the above steps were repeated. On the third day, the rats were anesthetized and 20 μl aliquots of 500 μg/ml GN and GCN were applied to the ulcer sites. Three rats in each group and the control group were treated with normal saline. The mucosa ulcers were photographed with a camera every other day.
2.10 Histological analysis
The SD rats were euthanized after 14 days of treatment. Tissue was taken and soaked in 15% and 30% sucrose solutions for 24 h. Thereafter, frozen tissue sections with a thickness of 7 μm were generated using a freeze slicer (CM 1900, Leica, Germany). Then, the sections were stained with H&E staining for observation and analysis under a microscope.
2.11 Immunofluorescence staining analysis
Frozen slices of dehydrated skin tissues were generated for immunofluorescence staining. Then, the slices were fixed using ice-cold acetone and rinsed several times in PBS. After slices were permeabilized and blocked with 0.2% Triton X-100% and 5% Bovine Serum Albumin (BSA), immunofluorescence staining of TNF-α and CD31 was carried out at day 14 to assess the anti-inflammatory and angiogenesis effects.
2.12 Statistical analysis
All experimental data and plots were calculated using Graphpad Prism 8.0. All data were presented as the mean ± standard deviation (SD), and the difference between two group was determined using a Student’s t-test. A p-value below 0.05 was considered to be a statistically significant difference and *p < 0.05, **p < 0.01, and ***p < 0.001 are utilized for the indicated group.
3 RESULTS
3.1 Enzymatic reaction and cascade catalytic ability of GCN
GOx-CAT nanogels (GCN), formed by the polymerization of glucose oxidase (GOx) and catalase (CAT), were synthesized in previous study and the synthesis process is shown in Scheme 1. Firstly, morphological analysis of GCN was performed. As shown in Figure 1A, the morphology of GCN was captured by TEM imaging, which showed the uniform circular shape of GCN, with an average size of approximately 80 nm. The DLS results showed that the average size of GCN was approximately 123 nm, which was due to the water swelling ability of the nanogel. The zeta potential of the GCN was approximately −0.178 mV, which indicated that GCN had almost no charge (Figure 1B). In addition to the uniform morphology, the catalysis of GCN is key to curing ulcers. Firstly, the pH changes of the solution were detected to evaluate the catalytic ability of GOx, which is part of the GCN. The mechanism is as follows: as GOx catalyzes glucose to produce gluconic acid, the pH value of the system is lowered. As shown in Figure 1C, GOx nanogel (GN) can effectively catalyze glucose to produce gluconic acid as the pH of the system drops from 6.95 to 3.21 within 12 h. Moreover, GCN exhibited a similar catalytic ability, with the pH of the system dropping from 6.94 to 3.11 within 12 h, indicating that the polymerization of GOx with CAT did not affect the catalytic activity of GOx. The pH of the system in other groups always remained at approximately 6.8. These results verified that the GOx had excellent catalytic ability, which was not affected by polymerization. Secondly, the dissolved oxygen (DO) changes in solution were detected to evaluate the catalytic ability of CAT and the cascade catalytic activity of GCN. The mechanism is as follows: GCN is able to catalyze glucose and produce additional oxygen in a cascade reaction due to the close spatial distance between GOx and CAT. As shown in Figure 1D, when GN catalyzed glucose, the DO of the system gradually decreased from 6.57 to 0 within 440 s. This is because the catalytic reaction of GOx with glucose requires oxygen. However, when GCN catalyzed glucose, the DO of the system declined more slowly, with the DO decreasing from 6.57 to 0 within 720 s. This is because the H2O2, produced by the catalytic reaction of GOx and glucose was then catalyzed by CAT to produce additional oxygen. These results proved that CAT had excellent catalytic ability and GCN had excellent cascade catalytic ability. Last but not least, DO changes in solution were detected to evaluate the oxygen supply ability of GCN under a simulated diabetic ulcer environment, i.e., at high blood glucose levels and with oxidative stress. As shown in Figure 1E, the DO of the system decreased from 6.43 to 0 when GN was placed into the solution with glucose and H2O2, which indicated that GN did not catalyze H2O2. However, the DO of the system containing GCN increased from 6.33 to 12.667 and then stayed at approximately 11.4, which proved that GCN had excellent catalytic ability and oxygen supply ability under a simulated diabetic ulcer environment. To sum up the above results, GCN, with excellent enzymatic activity and cascade catalytic ability, can provide additional oxygen for oral ulcers under conditions of high blood glucose levels and oxidative stress.
[image: Figure 1]FIGURE 1 | Characterization of GCN. (A) Representative TEM images of GCN (scale bar = 100 nm). (B) Particle size and zeta potential of GCN. (C) pH value changes of different solutions to evaluate the catalytic activity of GOx. (D) Dissolved oxygen (DO) value changes of different solutions to evaluate the catalytic activity of CAT and the cascade catalytic activity of GCN. (E) DO value changes of different solutions under a simulated diabetic oral ulcer environment.
3.2 In vitro cytotoxicity of GCN
After evaluating the cascade catalytic ability of GCN, it is important to evaluate the effects of GCN on cells. First, the cytotoxicity of human gingival fibroblasts (HGF) was tested with an MTT assay. As shown in Figures 2A, B, an MTT assay of human gingival fibroblasts treated with GN and GCN was conducted. The results implied that low concentrations of GCN were capable of promoting cell viability. The cell viability decreased with increasing concentration, which is attributed to the accumulation of a gluconic acid byproduct produced by GOx. Nevertheless, all rates were more than 80%, indicating that GCN had no serious impact on the normal activity of cells. Simultaneously, live/dead staining was employed to examine the viability of HGF-1 cells damaged by oxidative stress after distinct treatments. As shown in Figure 2C, when HGF-1 were damaged by oxidative stress, more cells died, but this result was reversed after treatment with GCN, which could clear ROS and release oxygen to ensure the normal vitality of cells. In summary, GCN has good biocompatibility with both primary HGF and HGF-1 and can reduce the negative effects of oxidative stress damage on cell viability by clearing ROS and providing oxygen.
[image: Figure 2]FIGURE 2 | Cytotoxicity of GCN. (A) Cell viability of primary human gingival fibroblasts treated with GN and GCN determined by MTT assays. (B) Cell viability of HGF-1 treated with GN and GCN determined by MTT assays. (C) Live/dead staining of HGF-1 with different treatments (green fluorescence indicates live cells; red fluorescence indicates dead cells). Scale bar: 200 μm.
3.3 Intracellular ROS depletion, O2 generation, and cell migration promotion of GCN
The above results demonstrated that GCN showed excellent cascade catalytic activity in vitro. Therefore, it is imperative to explore the intracellular effects of GCN. The increased production of ROS (H2O2) results in the oxidative stress of ulcers, which impedes the process of healing. We speculate that GCN could scavenge ROS and supply O2 to mitigate the oxidative and hypoxic microenvironment due to its CAT activity. A ROS probe (DCFH-DA) was applied to detect the intracellular ROS level in HGF-1 cells damaged by oxidative stress after treatment with GN or GCN separately. As shown in Figures 3A, B, the average fluorescence intensity of GCN-treated HGF-1 (24.65 AU) was evidently lower than that of the other three groups, which presented values of 82.60 AU, 157.08 AU, and 155.63 AU (p < 0.001). This phenomenon verified that GCN possessed excellent ability for intracellular ROS depletion, while GN without CAT activity did not.
[image: Figure 3]FIGURE 3 | ROS scavenging and O2 generation ability of GCN in HGF-1 damaged by oxidative stress. (A) Representative fluorescent images of HGF-1 under different treatments obtained using a DCFH-DA probe. Scale bar: 200 μm. (B) Quantitative intracellular ROS depletion analyzed by counting the fluorescent intensity of HGF-1. (C) Representative fluorescent images of HGF-1 under different treatments obtained using a [Ru(dpp)3]Cl2 probe. Scale bar: 200 μm. (D) Quantitative intracellular O2 generation analyzed by counting the fluorescent intensity of HGF-1. Error bars represent the mean ± s.d. (n = 3, ***p < 0.001, **p < 0.01, *p < 0.05).
Moreover, an oxygen indicator ([Ru(dpp)3]Cl2) was used to detect the O2 generation ability of HGF-1 cells co-incubated with H2O2. As shown in Figures 3C, D, the fluorescence of [Ru(dpp)3]Cl2 in GCN-treated HGF-1 was significantly quenched. The average fluorescence intensity in GCN-treated HGF-1 was 21.91 AU which was significantly weaker than that of the other three groups (p < 0.01), which presented values of 87.22 AU, 84.53 AU and 85.27 AU. This result confirmed that GCN could cascade catalyze both glucose and endogenous H2O2 in oxidative stress-damaged cells to produce oxygen.
Generally, fibroblasts contribute to tissue formation and re-epithelialization during the proliferation phase of the wound healing process. Therefore, given that hypoxic and oxidative stress conditions would impair the life activities of cells in the process of wound healing, we selected HGF-1 pretreated with H2O2 as model cells to explore the influence of GCN on cell migration. As shown in Figures 4A, B, the residual wound area of HGF-1 treated with GCN was 38.75% within 12 h. Compared with the other three groups (control 80.90%; H2O2 90.89%; GN 78.3%), GCN showed excellent ability to promote cell migration (p < 0.001), which proved that GCN could accelerate the process of wound healing by promoting cells migration.
[image: Figure 4]FIGURE 4 | GCN promoted cell migration of HGF-1 cells damaged by oxidative stress. (A) Representative cell migration images of HGF-1 under different treatments. Scale bar: 200 μm. (B) Residual wound area analyzed by ImageJ software. Error bars represent the mean ± s.d. (n = 3, ***p < 0.001, **p < 0.01, *p < 0.05).
In summary, GCN can alleviate intracellular ROS damage and produce oxygen to provide energy for cell activities such as cell migration via the cascade catalytic reaction.
3.4 GCN accelerates healing of diabetic gingival ulcers in vivo
In order to gain insight into the therapeutic effect of GCN toward diabetic oral mucosa ulcers, we established a gingival mucosa ulcer model in diabetic SD rats. As shown in Figure 5C, we continuously monitored the blood glucose levels of the tail vein over 16.7 mmol/L to guarantee that the SD rats were in a hyperglycemic state. We also measured the change in the blood glucose level of diabetic SD rats during the process of gingival ulcer healing, the result of which indicated that the gingival ulcers are simultaneously in a hyperglycemic microenvironment.
[image: Figure 5]FIGURE 5 | GCN-promoted healing of diabetic oral ulcers. (A) Representative photographs illustrating the healing of gingival ulcers over time after different treatments. Scale bar: 0.5 cm. (B) Change in the ulcer closure rate over time after treatment. (C) Change in the blood glucose level of diabetic SD rats throughout the entirety of the animal experiments. Error bars represent the mean ± s.d. (n = 3, ***p < 0.001, **p < 0.01, *p < 0.05).
As shown in the digital photographs of oral ulcers (Figure 5A), the gingival mucosa of the GCN group became flatter than the other two groups and significant swelling or suppuration did not appear after 14 days of treatment. Furthermore, as shown in Figure 5B, the ulcer closure rate of the GCN group was 82.69% at day 14 (p < 0.01), which was significantly higher than the other two groups (GN group, 56.66%; control group, 52.81%). This result illustrated that GCN can accelerate the healing of diabetic gingival ulcers compared with the other two groups.
In summary, GCN with ROS scavenging and oxygen-producing activities can improve the hypoxia, high oxidative stress, and high glucose microenvironment of diabetic gingival ulcers to accelerate the healing process.
Furthermore, detailed histomorphological research using hematoxylin and eosin (H&E) staining was performed to investigate the therapeutic effect on gingival ulcerous tissue. As shown in Figure 6A, in the control and GN groups, the gingival mucosa ulcers were significantly swollen, and cells between the keratinized layer and the basal layer were loosely arranged. However, in the GCN group, the keratinized layer of the epidermis was closely adhered to the basal layer and the cells were closely arranged without obvious swelling. Moreover, the number of new fibroblasts increased in the gingival tissue of the GCN group. These results confirmed that GCN accelerated diabetic gingival ulcer healing.
[image: Figure 6]FIGURE 6 | (A) Histological analysis by H&E staining of the gingival ulcer tissue in SD rats undergoing different treatments for 14 days. Scale bar: 100 μm. (B) Histomorphometric analysis of H&E staining of organs undergoing different treatments after 14 days.
To further study the biocompatibility of GCN, we compared the H&E staining of the major organs (heart, liver, spleen, lung, and kidney) of rats undergoing different treatments. As shown in Figure 6B, compared to the control group, the tissue section of the GCN group did not show apparent differences, indicating that GCN had good biocompatibility and no significant biotoxicity in vivo.
3.5 Anti-inflammatory and angiogenic effects of GCN in vivo
Considering that the inflammatory cytokine is a severe resistance to the healing of ulcers, TNF-α immunostaining was conducted to investigate the anti-inflammatory effect of GCN. As shown in Figure 7A, the fluorescence of the GCN group was weaker than that of the other groups, demonstrating that GCN had an admirable anti-inflammatory effect. Meanwhile, we also determined the angiogenesis of tissue using CD31 immunostaining. As shown in Figure 7B, there was plentiful red fluorescence of the GCN group, which was stronger than that of other two groups. This verified that GCN could facilitate the growth of blood vessels, which provided stimulative factors to accelerate the healing of gingival ulcers. In general, GCN with ROS depletion, O2 generation, and anti-inflammatory and angiogenic activities could significantly accelerate the process of gingival ulcer healing.
[image: Figure 7]FIGURE 7 | (A) Representative fluorescence images of TNF-α in gingival ulcer tissues. Scale bar: 100 μm. (B) Representative fluorescence images of CD31 in gingival ulcer tissues. Scale bar: 100 μm.
4 DISCUSSION
Chronic wounds such as diabetic wounds are more difficult to heal because of complexities in wound microenvironment, such as hyperglycemia, hypoxia, high oxidative stress, and bacterial breeding. Diabetic oral mucosa ulcers also face these issues (Obata et al., 2021; Hamie et al., 2022). Therefore, effective wound healing agents are desperately needed. As an important energy source in the wound site, oxygen was reported to effectively promote the wound healing activities of cells (Chen et al., 2020). Recently, Liu et al. (2019) designed a responsive porous microcarrier loaded with hemoglobin for oxygen delivery to the wound. Although this trial promoted wound healing, continuous oxygen supply still faces great challenges. Therefore, we aimed to design a sustainable oxygen supply system. A GCN was designed to use endogenous H2O2 and glucose at the ulcer to achieve a cascade reaction, resulting in the continuous supply of oxygen.
In recent years, enzymes and nanozymes with enzyme-like activities have been widely reported to accelerate wound healing. For example, Tu et al. (2022) designed a hydrogel loaded with manganese dioxide, which can catalyze endogenous H2O2 to produce hydroxyl radicals on the wound surface, achieving antibacterial effects. Wang et al. (2020) designed a multifunctional hydrogel loaded with manganese dioxide to catalyze endogenous H2O2 to O2. However, the metal or metal oxide enzyme substances used in these studies do not guarantee a continuous catalytic efficiency or the elimination of byproducts (acid, metal ions, free radicals, etc.). Therefore, we chose a natural enzyme copolymer, which not only exhibits superior biocompatibility, but also achieves a fast cascade reaction because of close spatial connections. In addition, due to the micro efficiency of the enzyme, endogenous glucose and H2O2 at the wound site were continuously utilized by GCN to provide oxygen and relieve oxidative stress. In diabetic oral mucosa ulcers, gingival fibroblasts are in a state of oxidative stress damage, which leads to inhibition of their normal healing activities, such as cell migration. GCN can deplete excess ROS and generate oxygen to improve the cell status, thereby accelerating the closure of ulcers. These points were confirmed by both in vivo and in vitro results.
In short, the GCN developed in this report has good biocompatibility and can improve the diabetic oral mucosa ulcer environment through a glucose–H2O2 cascade catalytic system, thus promoting wound healing, which can provide a reference basis for the field of diabetic oral mucosa ulcer healing. However, it should be noted that our results verified the excellent oxygen-producing effect and antibacterial performance of the system; however, the specific mechanism by which oxygen promotes wound healing was not clarified. This is the limitation of our current research, which needs further study.
5 CONCLUSION
In summary, a nanozyme GCN system has been successfully developed, comprising two natural enzymes, GOx and CAT. The GCN possesses the functions of blood glucose regulation, anti-inflammation, and continuous oxygen supply to diabetic oral mucosa ulcers. Through the highly efficient cascade effect of GOx and CAT in its nanostructures, the GCN system can effectively regulate the topical blood glucose and ROS concentration of diabetic oral mucosa ulcers, and continuously generates oxygen to improve its hypoxic microenvironment, promoting cell migration and angiogenesis, which accelerate diabetic oral mucosa ulcer healing. Furthermore, the in vivo experimental results show that GCN has good biocompatibility and no obvious toxicity toward the major organs of diabetic SD rats. In short, this enzyme cascade system design might provide a novel strategy in the field of oral mucosa ulcer repair and can also be used for other diabetes-related tissue damage.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusion of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
The animal study was reviewed and approved by the Animal Ethics Committee of Xiamen University Laboratory, Animal Center Xiamen University.
AUTHOR CONTRIBUTIONS
YZ and ZLu designed the overall study work. ZGL and CL implemented the experiments, analyzed the data, prepared the figures and drafted the manuscript. XF participated in the experiments. YZ, ZBL, and Y-LW revised the final manuscript, supervised the whole work and approved the final draft. YZ, ZGL, and CL are deemed as co-first authors. All authors contributed to the article and approved the submitted version.
FUNDING
This work was financially supported by the Natural Science Foundation of Xiamen Science and Technology Joint Project (No. 3502Z20227404) and the Fujian provincial health technology project (No. 2022GGB021, Xiamen Board of Health Funds Research).
ACKNOWLEDGMENTS
The authors thank the Institute of Materials Research and Engineering, Singapore and the Stomatological Hospital, Xiamen Medical College.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Ahmed, S., Alhareth, K., and Mignet, N. (2020). Advancement in nanogel formulations provides controlled drug release. Int. J. Pharm. 584, 119435. doi:10.1016/j.ijpharm.2020.119435
 Chacko, R. T., Ventura, J., Zhuang, J., and Thayumanavan, S. (2012). Polymer nanogels: A versatile nanoscopic drug delivery platform. Adv. Drug Deliv. Rev. 64 (9), 836–851. doi:10.1016/j.addr.2012.02.002
 Chen, H., Cheng, Y., Tian, J., Yang, P., Zhang, X., Chen, Y., et al. (2020). Dissolved oxygen from microalgae-gel patch promotes chronic wound healing in diabetes. Sci. Adv. 6 (20), eaba4311. doi:10.1126/sciadv.aba4311
 Chen, L., Chen, Y., Zhang, R., Yu, Q. L., Liu, Y., and Liu, Y. (2022). Glucose-Activated nanoconfinement supramolecular cascade reaction in situ for diabetic wound healing. Acs Nano 16 (6), 9929–9937. doi:10.1021/acsnano.2c04566
 Du, X. C., Jia, B. Q., Wang, W. J., Zhang, C. M., Liu, X. D., Qu, Y. Y., et al. (2022). pH-switchable nanozyme cascade catalysis: a strategy for spatial-temporal modulation of pathological wound microenvironment to rescue stalled healing in diabetic ulcer. J. Nanobiotechnol 20 (1), 12. doi:10.1186/s12951-021-01215-6
 Falanga, V. (2005). Wound healing and its impairment in the diabetic foot. Lancet 366 (9498), 1736–1743. doi:10.1016/S0140-6736(05)67700-8
 Fan, X., Luo, Z., Chen, Y., Yeo, J. C. C., Li, Z., Wu, Y. L., et al. (2022). Oxygen self-supplied enzyme nanogels for tumor targeting with amplified synergistic starvation and photodynamic therapy. Acta Biomater. 142, 274–283. doi:10.1016/j.actbio.2022.01.056
 Gregg, E. W., Cheng, Y. L. J., Srinivasan, M., Lin, J., Geiss, L. S., Albright, A. L., et al. (2018). Trends in cause-specific mortality among adults with and without diagnosed diabetes in the USA: An epidemiological analysis of linked national survey and vital statistics data. Lancet 391 (10138), 2430–2440. doi:10.1016/S0140-6736(18)30314-3
 Hamie, L., Hamie, M., Kurban, M., and Abbas, O. (2022). Eosinophilic ulcer of the oral mucosa: An update on clinicopathologic features, pathogenesis, and management. Int. J. Dermatol 61 (11), 1359–1363. doi:10.1111/ijd.15986
 Kazemian, P., Shebl, F. M., McCann, N., Walensky, R. P., and Wexler, D. J. (2019). Evaluation of the cascade of diabetes care in the United States, 2005-2016. Jama Intern Med. 179 (10), 1376–1385. doi:10.1001/jamainternmed.2019.2396
 Li, Y. T., Wang, L., Liu, H., Pan, Y., Li, C. N., Xie, Z. G., et al. (2021). Ionic covalent-organic framework nanozyme as effective cascade catalyst against bacterial wound infection. Small 17 (32), 2100756. doi:10.1002/smll.202100756
 Li, Z., Fan, X., Luo, Z., Loh, X. J., Ma, Y., Ye, E., et al. (2022). Nanoenzyme-chitosan hydrogel complex with cascade catalytic and self-reinforced antibacterial performance for accelerated healing of diabetic wounds. Nanoscale 14 (40), 14970–14983. doi:10.1039/d2nr04171e
 Li, Y., Fu, R., Duan, Z., Zhu, C., and Fan, D. (2022). Artificial nonenzymatic antioxidant MXene nanosheet-anchored injectable hydrogel as a mild photothermal-controlled oxygen release platform for diabetic wound healing. ACS Nano 16 (5), 7486–7502. doi:10.1021/acsnano.1c10575
 Li, Y., Fu, R. Z., Duan, Z. G., Zhu, C. H., and Fan, D. D. (2022). Injectable hydrogel based on defect-rich multi-nanozymes for diabetic wound healing via an oxygen self-supplying cascade reaction. Small 18 (18), 2200165. doi:10.1002/smll.202200165
 Liu, Y., Zhao, X., Zhao, C., Zhang, H., and Zhao, Y. (2019). Responsive porous microcarriers with controllable oxygen delivery for wound healing. Small 15 (21), e1901254. doi:10.1002/smll.201901254
 Liu, M. T., Tao, J. J., Guo, H. C., Tang, L., Zhang, G. R., Tang, C. M., et al. (2021). Efficacy of water-soluble pearl powder components extracted by a CO2 supercritical extraction system in promoting wound healing. Materials 14 (16), 4458. doi:10.3390/ma14164458
 Liu, M. T., Chen, Y., Zhu, Q., Tao, J. J., Tang, C. M., Ruan, H. J., et al. (2022). Antioxidant thermogelling formulation for burn wound healing. Chem-Asian J. 17 (16), e202200396. doi:10.1002/asia.202200396
 Liu, H., Li, Q., Xu, Y., Sun, Y., Fan, X., Fang, H., et al. (2023). Dual-light defined in situ oral mucosal lesion therapy through a mode switchable anti-bacterial and anti-inflammatory mucoadhesive hydrogel. Biomater. Sci. 11, 3180–3196. doi:10.1039/d2bm01721k
 Logan, R. M., Al-Azri, A. R., Bossi, P., Stringer, A. M., Joy, J. K., Soga, Y., et al. (2020). Systematic review of growth factors and cytokines for the management of oral mucositis in cancer patients and clinical practice guidelines. Support Care Cancer 28 (5), 2485–2498. doi:10.1007/s00520-019-05170-9
 Luo, Z., Xue, K., Zhang, X. K., Lim, J. Y. C., Lai, X. Y., Young, D. J., et al. (2020). Thermogelling chitosan-based polymers for the treatment of oral mucosa ulcers. Biomater. Sci-Uk 8 (5), 1364–1379. doi:10.1039/c9bm01754b
 Luo, Z., Jiang, L., Xu, C. F., Kai, D., Fan, X. S., You, M. L., et al. (2021). Engineered Janus amphipathic polymeric fiber films with unidirectional drainage and anti-adhesion abilities to accelerate wound healing. Chem. Eng. J. 421, 127725. doi:10.1016/j.cej.2020.127725
 Luo, Z., Fan, X., Chen, Y., Lai, X., Li, Z., Wu, Y. L., et al. (2021). Mitochondria targeted composite enzyme nanogels for synergistic starvation and photodynamic therapy. Nanoscale 13 (42), 17737–17745. doi:10.1039/d1nr06214j
 Obata, K., Okui, T., Ono, S., Umemori, K., Ryumon, S., Ono, K., et al. (2021). Comparative study on epstein-barr virus-positive mucocutaneous ulcer and methotrexate-associated lymphoproliferative disorders developed in the oral mucosa: A case series of 10 patients and literature review. Diagn. (Basel) 11 (8), 1375. doi:10.3390/diagnostics11081375
 Pedersen, A. (1989). Psychologic stress and recurrent aphthous ulceration. J. Oral Pathol. Med. 18 (2), 119–122. doi:10.1111/j.1600-0714.1989.tb00747.x
 Peng, Y., He, D., Ge, X., Lu, Y., Chai, Y., Zhang, Y., et al. (2021). Construction of heparin-based hydrogel incorporated with Cu5.4O ultrasmall nanozymes for wound healing and inflammation inhibition. Bioact. Mater 6 (10), 3109–3124. doi:10.1016/j.bioactmat.2021.02.006
 Sang, Y. J., Li, W., Liu, H., Zhang, L., Wang, H., Liu, Z. W., et al. (2021). Construction of nanozyme-hydrogel for enhanced capture and elimination of bacteria. Adv. Funct. Mater 31 (51), 2110449. doi:10.1002/adfm.202110449
 Shah, S. A., Sohail, M., Khan, S., Minhas, M. U., de Matas, M., Sikstone, V., et al. (2019). Biopolymer-based biomaterials for accelerated diabetic wound healing: A critical review. Int. J. Biol. Macromol. 139, 975–993. English. doi:10.1016/j.ijbiomac.2019.08.007
 Ship, J. A. (2003). Diabetes and oral health: An overview. J. Am. Dent. Assoc. 134, 4S–10S. doi:10.14219/jada.archive.2003.0367
 Ship, II, Merritt, A. D., and Stanley, H. R. (1962). Recurrent aphthous ulcers. Am. J. Med. 32, 32–43. doi:10.1016/0002-9343(62)90180-8
 Taylor, G. W., and Borgnakke, W. S. (2008). Periodontal disease: Associations with diabetes, glycemic control and complications. O. Dis. 14 (3), 191–203. doi:10.1111/j.1601-0825.2008.01442.x
 Thangarajah, H., Yao, D., Chang, E. I., Shi, Y., Jazayeri, L., Vial, I. N., et al. (2009). The molecular basis for impaired hypoxia-induced VEGF expression in diabetic tissues. Proc. Natl. Acad. Sci. U. S. A. 106 (32), 13505–13510. doi:10.1073/pnas.0906670106
 Toma, A. I., Fuller, J. M., Willett, N. J., and Goudy, S. L. (2021). Oral wound healing models and emerging regenerative therapies. Transl. Res. 236, 17–34. doi:10.1016/j.trsl.2021.06.003
 Tort, S., and Acarturk, F. (2016). Preparation and characterization of electrospun nanofibers containing glutamine. Carbohydr. Polym. 152, 802–814. doi:10.1016/j.carbpol.2016.07.028
 Tsai, C., Hayes, C., and Taylor, G. W. (2002). Glycemic control of type 2 diabetes and severe periodontal disease in the US adult population. Community Dent. Oral 30 (3), 182–192. doi:10.1034/j.1600-0528.2002.300304.x
 Tu, C. X., Lu, H. D., Zhou, T., Zhang, W. Y., Deng, L. W., Cao, W. B., et al. (2022). Promoting the healing of infected diabetic wound by an anti-bacterial and nano-enzyme-containing hydrogel with inflammation-suppressing, ROS-scavenging, oxygen and nitric oxide-generating properties. Biomaterials 286, 121597. doi:10.1016/j.biomaterials.2022.121597
 Vernillo, A. T. (2003). Dental considerations for the treatment of patients with diabetes mellitus. J. Am. Dent. Assoc. 134, 24S–33S. doi:10.14219/jada.archive.2003.0366
 Wang, S., Zheng, H., Zhou, L., Cheng, F., Liu, Z., Zhang, H., et al. (2020). Nanoenzyme-Reinforced injectable hydrogel for healing diabetic wounds infected with multidrug resistant bacteria. Nano Lett. 20 (7), 5149–5158. doi:10.1021/acs.nanolett.0c01371
 Wang, P. Y., Peng, L. L., Lin, J. Y., Li, Y., Luo, Q., Jiang, S. H., et al. (2021). Enzyme hybrid virus-like hollow mesoporous CuO adhesive hydrogel spray through glucose-activated cascade reaction to efficiently promote diabetic wound healing. Chem. Eng. J. 415, 128901. doi:10.1016/j.cej.2021.128901
 Wang, Q., Luo, Z., Wu, Y.-L., and Li, Z. (2023). Recent advances in enzyme-based biomaterials toward diabetic wound healing. Adv. Nanobiomed Res. 3 (2), 2200110. doi:10.1002/anbr.202200110
 Woo, S. B., and Sonis, S. T. (1996). Recurrent aphthous ulcers: A review of diagnosis and treatment. J. Am. Dent. Assoc. 127 (8), 1202–1213. doi:10.14219/jada.archive.1996.0412
 Wu, H., Li, F., Shao, W., Gao, J., and Ling, D. (2019). Promoting angiogenesis in oxidative diabetic wound microenvironment using a nanozyme-reinforced self-protecting hydrogel. ACS Cent. Sci. 5 (3), 477–485. doi:10.1021/acscentsci.8b00850
 Xu, X., Zeng, Y. B., Chen, Z., Yu, Y., Wang, H. B., Lu, X. H., et al. (2023). Chitosan-based multifunctional hydrogel for sequential wound inflammation elimination, infection inhibition, and wound healing. Int. J. Biol. Macromol. 235, 123847. doi:10.1016/j.ijbiomac.2023.123847
 Yu, X. J., Fu, X. X., Yang, J. X., Chen, L., Leng, F., Yang, Z. Y., et al. (2022). Glucose/ROS cascade-responsive ceria nanozymes for diabetic wound healing. Mater Today Bio 15, 100308. doi:10.1016/j.mtbio.2022.100308
 Zhang, X., Chen, G., Liu, Y., Sun, L., Sun, L., and Zhao, Y. (2020). Black phosphorus-loaded separable microneedles as responsive oxygen delivery carriers for wound healing. ACS Nano 14 (5), 5901–5908. doi:10.1021/acsnano.0c01059
 Zhang, W., Bao, B., Jiang, F., Zhang, Y., Zhou, R., Lu, Y., et al. (2021). Promoting oral mucosal wound healing with a hydrogel adhesive based on a phototriggered S-nitrosylation coupling reaction. Adv. Mater 33 (48), e2105667. doi:10.1002/adma.202105667
 Zhang, Z. R., Zhao, J. L., Chen, Z., Wu, H., and Wang, S. G. (2023). A molybdenum-based nanoplatform with multienzyme mimicking capacities for oxidative stress-induced acute liver injury treatment. Inorg. Chem. Front. 10 (4), 1305–1314. doi:10.1039/d2qi02318k
 Zhou, Y., Liu, C., Yu, Y., Yin, M., Sun, J., Huang, J., et al. (2020). An organelle-specific nanozyme for diabetes care in genetically or diet-induced models. Adv. Mater 32 (45), e2003708. doi:10.1002/adma.202003708
 Zhou, Y. Q., Wang, M. L., Yan, C., Liu, H., and Yu, D. G. (2022). Advances in the application of electrospun drug-loaded nanofibers in the treatment of oral ulcers. Biomolecules 12 (9), 1254. doi:10.3390/biom12091254
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Zheng, Li, Liu, Fan, Luo, Li and Wu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fbioe-11-1194398-g005.gif





OPS/images/fbioe-11-1194398-g006.gif





OPS/images/fbioe-11-1194398-g003.gif





OPS/images/fbioe-11-1194398-g004.gif





OPS/images/fbioe-11-1194398-g007.gif





OPS/images/fbioe-11-1194398-g008.gif
e T,

O e € e
@ @ oot
o S,

o) e [0






OPS/xhtml/nav.xhtml
Contents

		Cover

		Multi-functional nanogel with cascade catalytic performance for treatment of diabetic oral mucosa ulcer		1 Introduction

		2 Materials and methods		2.1 Materials

		2.2 Characterization of GCN

		2.3 Cell culture

		2.4 Cytotoxicity assay

		2.5 Live/dead staining assay

		2.6 Scratch wound-healing assay

		2.7 Intracellular ROS (H2O2) depletion and O2 evaluation assay

		2.8 Animals and diabetic models

		2.9 Therapeutic effect of GCN on gingival mucosa ulcers

		2.10 Histological analysis

		2.11 Immunofluorescence staining analysis

		2.12 Statistical analysis





		3 Results		3.1 Enzymatic reaction and cascade catalytic ability of GCN

		3.2 In vitro cytotoxicity of GCN

		3.3 Intracellular ROS depletion, O2 generation, and cell migration promotion of GCN

		3.4 GCN accelerates healing of diabetic gingival ulcers in vivo

		3.5 Anti-inflammatory and angiogenic effects of GCN in vivo





		4 Discussion

		5 Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Bioengineering and Biotechnology






OPS/images/fbioe-11-1194398-g001.gif





OPS/images/fbioe-11-1194398-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers i

Bioengineering and Biotechnology





