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Intrauterine adhesions (IUAs) are essentially fibrosis of the endometrium within the uterine cavity. It is a common cause of infertility in women and seriously affects their physical and mental health. Current therapeutic strategies have failed to reach satisfactory outcomes. Injectable and self-healing uterine hydrogels with antifibrotic properties would be efficient in preventing IUA. In this work, we prepared curcumin-loaded carboxymethyl chitosan (CMC)–oxidized hyaluronic acid (OHA) intrauterine hydrogel (Cur@CMC-OHA hydrogel) with antifibrotic properties, and its injectable and self-healing properties could be adapted to the morphostructures of the uterine cavity. The hydrogels exhibited tissue adhesive power, which is ideal for stable uterine cavity retention and therapeutic outcomes. In vivo experiments showed that in situ injection of the Cur@CMC-OHA hydrogel into a mouse model of IUA reduced fibrotic tissues, prevented IUA, and improved the reproductive outcomes. It effectively downregulated fibrosis-associated transforming growth factor-β1 (TGF-β1) expression and reversed epithelial–mesenchymal transition (EMT), resulting in anti-fibrotic and fertility restoration. In conclusion, Cur@CMC-OHA hydrogel may be a promising alternative for clinical treatment of uterine adhesion.
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1 INTRODUCTION
Intrauterine adhesions (IUAs) are characterized by the deposition of fibrotic tissues in the uterine cavity as a result of endometrial damage caused mainly by surgical interventions such as curettage and hysteroscopy (Yu et al., 2008; Hooker et al., 2013). The development of IUA is associated with complications of insufficient menstruation, amenorrhea, cyclic pain, and even infertility (Di Spiezio Sardo et al., 2016). In women of reproductive age, 15%–20% of patients undergoing curettage develop IUA, which are associated with infertility due to severe damage to the endometrial basal layer (Gilman et al., 2016; Dreisler and Kjer, 2019). Although standardized trans-hysteroscopic resection of uterine adhesions (TCRA) has been clinically effective in the management of IUA, pregnancy rates are still far from satisfactory due to severe clinical conditions of readhesion. The rate of IUA recurrence after surgical separation of severe adhesions has been reported to be as high as 62.5% (Bosteels et al., 2017). A number of methods have been proposed to prevent the recurrence of IUA, including placement of intrauterine devices (IUDs) and estrogen therapy (Lin et al., 2013). However, these methods have shown limited clinical efficacy, and reconstruction of the functional endometrium in moderate and severe cases remains a major challenge. Therefore, there is an urgent need for development of a safe and efficient anti-adhesion material to effectively prevent the recurrence of IUA.
Injectable hydrogels are a promising strategy for the prevention of IUA recurrence because such hydrogels can be constructed in situ by various physical, chemical, and ion-mediated gelation methods (Liu et al., 2018; Wang et al., 2020; Li et al., 2024). Injectable hydrogels exhibit liquid-like properties in some cases, leaving them in the gel state and uterine cavities completely filled. Based on the special morphology and physiological structure of the uterine cavity, the intrauterine hydrogel should be adapted to the uterine cavity morphology and have a certain degree of tension resistance. The necessity of the injectable property ensures that the gel fills the entire uterine cavity. Advanced injectable cream-like hydrogels with multiple functionalities, including rapid gelation, self-healing, antioxidation, anti-inflammation, and anti-cell adhesion, have been developed to prevent postoperative abdominal adhesions (Liu et al., 2023). Injectable hydrogels with multiple functionalities such as anti-endometrial fibrosis, physical barriers, antioxidant capacity, and self-healing should be a promising method to prevent postoperative intrauterine adhesion.
Curcumin (Cur) represents the major curcuminoid analog of turmeric rhizomes (Curcuma longa L., family Zingiberaceae), which is responsible for the dark yellow color of turmeric (Akbik et al., 2014; Amalraj et al., 2017). Since then, the pharmacological effects of curcumin have been extensively studied. The antibacterial properties of curcumin were reported in 1949; other studies focused on the multiple actions of curcumin, such as anti-infective, anti-inflammatory (Edwards et al., 2017), antioxidant (SCHRAUFSTATTER and BERNT, 1949), anticarcinogen (Weng and Goel, 2022; Kuttan et al., 1985), immunomodulatory, and wound healing effects (Gong et al., 2023). In recent years, numerous studies have gradually recognized the unique advantages of the antifibrotic effects exerted by curcumin on the lungs and liver. However, curcumin’s low stability, insufficient water solubility, rapid decomposition, and poor bioavailability greatly limit its current clinical application. Endometrial fibrosis is an important factor in the development of IUA, and it remains to confirm whether Cur has an antifibrotic effect (Ma et al., 2019). Oxidized hyaluronic acid (OHA) is the product of the oxidation of hyaluronic acid, and the active aldehyde group in its molecule can self-assemble with the amino group in carboxymethyl chitosan (CMC) in a Schiff base reaction to form a hydrogel. This self-assembled uterine hydrogel exhibits good injectability, self-healing ability, biodegradability, biocompatibility, certain compressive strength, and adhesiveness and gradually breaks the Schiff base bond, thereby releasing the drug slowly.
The aim of the present study was to prepare an injectable and self-healing curcumin-loaded hydrogel through a Schiff base reaction between CMC and OHA (Cur@CMC-OHA hydrogel) to prevent uterine adhesion and anti-endometrial fibrosis, enabling continuous release of curcumin to downregulate TGF-β1 expression, thereby modulating extracellular matrix (ECM) deposition and myofibroblast activation to prevent IUA (Scheme 1A,B). In this work, unlike the anti-adhesion membranes used now, the hydrogel can be immediately fixed on any irregular surface due to its injectability and malleability, facilitating local application. It also has the ability to resist compression of uterine contractions and adheres well to tissue surfaces with good biocompatibility and biodegradability. The efficacy of the Cur@CMC-OHA hydrogel for preventing IUA was evaluated in a mouse model of IUA, where it prevented uterine fibrosis by promoting reepithelialization of the damaged endometrium and increasing pregnancy rates.
[image: Diagram illustrating a two-part process for treating endometrial damage. Part A depicts a cycle of endometrial damage and healing with TCRT, featuring a physical gel barrier and anti-fibrosis effects. Part B describes the formation of Cur@CMC-OHA through the physical combination of CMC and OHA, followed by curcumin adsorption. It shows in situ administration in a rodent model, aiming to promote endometrial regeneration through anti-fibrosis and barrier formation.]SCHEME 1 | Design of an injectable and self-healing hydrogel with antifibrotic properties for preventing IUA. The hydrogel is prepared using CMC and OHA. The curcumin-loaded hydrogel is injected into the uterine cavity, enabling the slow release of the drug and downregulation of TGF-β1 expression, thereby modulating extracellular matrix (ECM) deposition and myofibroblast activation.2 MATERIALS AND METHODS
2.1 Materials, cell lines, and animals
Oxidized hyaluronic acid (molecular weight 100–200 KD and oxidation rate 48.2%) and carboxymethyl chitosan (molecular weight 10–20 W, BR, and water solubility 60%–100%) were purchased from Sigma-Aldrich (Shanghai, China). All other chemical reagents were of analytical grade and were not further purified. Ishikawa cells (IK cells) were human endometrial adenocarcinoma cells purchased from the National Cell Line Resource Centre (Beijing, China). IK cells were separately cultured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco, United States), containing 10% fetal bovine serum (FBS, Gibco, United States) (DMEM, Gibco, United States) at 37 °C and 5% humidity. Animal health and use procedures were approved by the Animal Husbandry and Zhejiang Sci-Tech University Ethics Committee (Approval No. ZH20231029033) and complied with all relevant agency and government regulations to ensure the ethical use of animals. Six-week-old ICR female/male mice (30 ± 2 g) were purchased from Hangzhou Hangsi Biotechnology Co., LTD. and acclimatized to the new environment for at least 1 week. The mice were raised in SPF conditions. Female mice underwent vaginal smear tests at 08:00 every morning to assess the estrus cycle. Animal models were established using mice with 4 consecutive days of the estrus cycle. Mechanical damage of the uterine cavity was induced to simulate IUA during the late estrus period. Mice were anesthetized by intraperitoneal injection of tribromoethanol. An incision was made below the midline of the abdomen to expose the uterus. A 7-gauge needle was inserted into the left and right uterine joints, and the endometrium was carefully scraped back and forth until the uterus is visibly congested. Then, the abdominal cavity was closed under sterile conditions. The control group did not receive surgery. The treatment group received intrauterine injection of 50 μL Cur@CMC-OHA. The IUA group received 50 μL PBS. Each group consisted of 12 mice. The uterus of each mouse was collected for subsequent experiments.
2.2 Preparation and characterization of the Cur@CMC-OHA hydrogel
CMC-OHA hydrogels were prepared by cross-linking CMC with OHA. In brief, CMC and OHA were dissolved in double-distilled water so that the mass concentrations of CMC were 5, 10, or 15 mg/mL and the mass concentrations of OHA were 1, 2, or 4 mg/mL and then stirred overnight. A cross-linked blank hydrogel was prepared by mixing the CMC and OHA solutions in a 1:1 volume ratio. Curcumin-loaded CMC-OHA hydrogels (Cur@CMC-OHA hydrogels) were prepared by dissolving curcumin directly in the previously prepared CMC solution, stirring with a magnetic stirrer overnight, and then mixing Cur@CMC and OHA solutions in a 1:1 volume ratio. The gelation time was measured using the tilt method. After mixing the CMC and OHA solutions, a timer was started, and the vial was tilted every 5 s to observe the mixed solution until the liquid stopped flowing; the gelation time was then recorded. The characteristic infrared peaks of Cur, CMC, OHA, CMC-OHA, and Cur@CMC-OHA were determined.
2.3 Morphology
The morphological characteristics of CMC-OHA and Cur@CMC-OHA hydrogel were characterized by scanning electron microscopy (SEM). The hydrogels were allowed to crosslink and form hydrogels at room temperature. The hydrogels were then freeze-dried and freeze-fractured in liquid nitrogen. A thin layer of gold was applied to the surface of the cross-section before observation. The surface and cross-section morphology were observed using a scanning electron microscope (JSM-5900LV, JEOL, Japan).
2.4 In vitro swelling rate and degradation time assays
To test the swelling rate of the hydrogels, 500 µL of hydrogels was immersed in 5 mL of PBS solution and incubated at 37 °C. After incubation for 0.5, 1, 2, 4, 6, 8, 10, 12, and 24 h, the hydrogels were removed and gently dried on a filter paper. The weight was measured, and the swelling rate was calculated using the formula: (where W0 is the initial weight of each sample and Wt is the weight after different times of incubation). To test the degradation curve, 500 μL of the hydrogel was immersed in 5 mL of PBS solution and incubated at 37 °C. After equilibrium swelling, the incubation was continued for 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 12, and 14 days, and the hydrogels were removed at the same time each day and gently dried on a filter paper. The weight was measured, and the degradation curve was recorded (n = 3).
2.5 Rheological analysis
Rheological property analysis of CMC-OHA hydrogels was carried out using a HAAKE MARS RS6000 rheometer (Thermo Scientific, Germany) in the oscillatory mode at 37 °C. The rheology of the CMC-OHA hydrogels was measured using a double syringe equipped with a mixing chamber to mix 300 mL of CMC and OHA. In brief, 300 mL each of CMC and OHA were mixed using a double syringe equipped with a mixing chamber. The sample was then placed on the rheometer, and the upper plate was lowered to a gap size of 1 mm. The storage modulus (G′) and loss modulus (G″) were recorded as a function of time. The gelation time is the time at which G′ is higher than G″.
2.6 Adhesion and form-fitting performance tests
The adhesion performance of the hydrogels to different materials was characterized as follows: the organic material pigskin and the inorganic material rubber were chosen as the substrates for visual inspection. Adhesion and form-fitting performance tests were conducted as follows: first, fresh pig skin was used as the substrate, which was soaked in alcohol to remove the fat layer, and then cut into rectangles of 35 mm × 30 mm and soaked in PBS for use. Hydrogel was applied on the surface of the broken ends of the pig skin. The blocks of breeder pig skin were then glued, stretched, and glued again. Then, an appropriate amount of the prepared hydrogel was applied to the joint of the index finger, and the index finger was flexed to 0° and 90° to observe the breaking and sliding of the hydrogel.
The uterus was exposed by making a 1.5-cm incision in their lower abdomen. The hydrogel was injected into the uterus with a syringe through a catheter (1 mm) until it fills the uterus. After 10 min, the mouse uterus was opened, and the hydrogel was removed to observe the morphology.
2.7 Injectability and self-healing performance testing
To prepare CMC-OHA hydrogels stained with different dyes, a pre-gel solution mixed with Reichun red dye was drawn up with a 1-mL syringe, and after the solution was gelatinized, the hydrogel was squeezed out by pressing the syringe and deposited onto paper.
The hydrogel was injected into molds to form a blueberry-shaped and star-shaped hydrogel, and then the two differently colored hydrogels were crushed, put into the star-shaped mold again, placed in a humid environment to repair again for 30 min, and then removed for observation. Two pieces of hydrogels of different colors were cut into two parts with a scalpel, cross-fitted together, put into a Petri dish containing saline for self-healing, and then removed for a period of time to observe the healing condition.
2.8 In vitro cytotoxicity assay
The cytotoxicity of Cur@CMC-OHA and CMC-OHA was assessed using IK cells and CCK-8. The hydrogels were sterilized under UV light for 30 min prior to testing. The hydrogels Cur@CMC-OHA and CMC-OHA (200 mg) were then placed in fresh cell culture medium (10 mL) overnight (12 h) to obtain the leachate (1X). Cur@CMC-OHA and CMC-OHA (1 g) were placed into fresh medium (10 mL) until complete degradation to obtain the degradation solution. It was then diluted to different concentrations (20 mg/mL, 2 mg/mL, 0.2 mg/mL, and 0.02 mg/mL). IK cells were inoculated into 96-well plates (5,000 cells per well) and cultured at 37 °C and 5% CO2. After cell adhesion, the cell culture medium was replaced with different concentrations of leachate and degradate. After 24 and 48 h, 10% CCK-8 was added to each well. The absorbance of the sample solution was measured at 450 nm using an enzyme marker (SuperMax 3100, Shanghai Shanpu Biotechnology Co., Ltd.). Metabolic activity of more than 70% was considered non-toxic.
2.9 In vivo toxicity assessment
To assess the possible side effects of Cur@CMC-OHA hydrogel treatment in female mice, all mice were observed for general conditions (activity, energy, hair, feces, behavioral patterns, and other clinical signs), body weight, and mortality after administration of the Cur@CMC-OHA hydrogel. At the end of the treatment, major organs (heart, liver, spleen, lungs, kidneys, and brain) were removed and immediately fixed in 4% paraformaldehyde. These tissues were examined histopathologically using hematoxylin and eosin (HE) staining.
2.10 Histological analysis
After 7 and 14 days of surgery, mice were executed, and tissues were embedded in standard paraffin, sectioned, and stained with HE. Morphological changes were observed under a light microscope. Five fields of view were selected for each image for counting. Image Pro-Plus 6.0 (IPP 6.0) was applied to analyze endometrial thickness, total number of endometrial glands, and the area of endometrial interstitial fibrosis. Endometrial fibrosis was observed using Masson’s trichrome staining. In brief, mice were executed 10 days after surgery, tissues were embedded in standard paraffin, and 4-μm serial sections were prepared. Sections were immunolabeled with the anti-TGF-β1 antibody (1:150, rabbit, Bioss, Beijing, China) and anti-α-SMA antibody (1:50, mouse, Boster, Wuhan, China). The percentage of positively stained areas was quantified using Image-Pro Plus software (Media Cybernetics, Rockville, MD).
2.11 Western blot
Proteins were extracted from mouse uterine tissue by adding phosphatase and protease inhibitors with RIPA lysis buffer (Bain-marie, China). The extraction process was performed on ice. Proteins were then detected using the BCA protein quantification kit. The tissue lysate was then diluted at a ratio of 1:5 with protein sampling buffer (5×) and heated at 100 °C for 5 min. Protein extracts were separated using a sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE, 4%–20%) gradient and then transferred onto polyvinylidene difluoride (PVDF) membranes (Merck Millipore, Germany) blocked with 5% skimmed milk for 2 h. The membranes were incubated overnight at 4 °C with primary antibodies for E-cadherin (Lot No. 1038733-7), N-cadherin (Lot No. 0049320969) (rabbit monoclonal antibody, 1:100; Abcam, Cambridge, UK), TGF-β1 (Lot No. 0051090201), Smad3 (Lot No. 3522070638), vimentin (Lot No. 400000086) (rabbit monoclonal antibody, 1:100; ABclonal, Wuhan, China), and alpha-smooth muscle actin (α-SMA) (Lot No. 4000000298, rabbit monoclonal antibody, 1:200; ABclonal, Wuhan, China), followed by 2 h of incubation with secondary antibodies. Finally, specific protein bands were detected using a chemiluminescence and gel imaging system (Bio-Rad, United States). The intensity of the bands was quantified using ImageJ software.
2.12 Statistical analysis
Statistical calculations were performed using SPSS 26. Data are presented as mean ± standard deviation (SD). Multiple comparisons were statistically analyzed using one-way analysis of variance (ANOVA), followed by Tukey’s and Dunnett’s post hoc tests. Statistical analyses between two groups of data were performed using Student’s t-test. Values of p < 0.05 were considered statistically significant differences (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001).
3 RESULTS AND DISCUSSIONS
3.1 Preparation and characterization of Cur@CMC-OHA hydrogels
The proposed curcumin-loaded hydrogels were prepared using CMC and OHA. The aldehyde group of oxidized hyaluronic acid can react with the amino group of carboxymethyl chitosan as a polysaccharide cross-linking agent to form Schiff base bonds and hydrogels, Moreover, ionic bonding exists between the negative charge of hyaluronic acid and the positive charge of carboxymethyl chitosan as positive and negative charges are attracted to each other (Zhong et al., 2019).
To find the optimal ratio for the subsequent experiments, different concentrations of CMC and OHA were mixed in equal volumes to make a series of hydrogels. Supplementary Table S1 shows that after mixing different concentrations of CMC and OHA, C10O4, with a gel formation time of 350 s, was used for the subsequent experiments due to the difference in the length of the gelation time, taking into account the operator’s handling time required after the uterine operation. The hydrogel structure remained unchanged after loading curcumin (Figure 1A,C). The chemical structures of OHA and CMC-OHA hydrogel were characterized using FTIR. As shown in Figure 1E, the CMC-OHA hydrogel showed characteristic peaks of OHA near 1,379 cm-1, and Cur@CMC-OHA hydrogel showed characteristic peaks of Cur and CMC near 1,509 cm-1, 1,600 cm-1, and 1,427 cm-1, indicating successful synthesis of the material. The rheological properties of the hydrogels were characterized using a rheometer. The storage modulus (G’) and loss modulus (G’) of the prepared hydrogels were studied over time (Figure 1F). Meanwhile, the gel–sol transition time (350 s) was determined at the intersection of G′ and G″. SEM analyses showed that the CMC-OHA and Cur@CMC-OHA hydrogels exhibited a porous three-dimensional network structure inside the hydrogel, with all the pores connected to each other, and the pore sizes ranging from 60 to 100 μm; the curcumin drug was uniformly distributed in the pores (Figures 1B,D). The porous structure facilitates fluid absorption and retention in humid environments while allowing nutrient exchange and metabolic waste transfer (Lv et al., 2021; Yao et al., 2019). In addition, the interconnected cavities provide support for the hydrogel to maintain a certain morphology. After intrauterine application of hydrogels, they absorbed body fluids, thereby increasing their volume, ensuring that all injured tissues can be effectively covered by the hydrogel (Cai et al., 2019). Therefore, hydrogel swelling is desirable in the prevention of IUA. As shown in Figure 1D, Cur@CMC-OHA hydrogel, a hydrogel loaded with curcumin, had an unchanged hydrogel structure and possessed good solubility, and the drug was uniformly adhered to the surface of the hydrogel and between the voids. As the hydrogel degraded, the drug was slowly released. Figure 1G shows that CMC-OHA and Cur@CMC-OHA hydrogels exhibited solubility (20.18% ± 3.44% for CMC-OHA and 18.06% ± 4.29% for Cur@CMC-OHA), suggesting that they could cover the damaged tissue without disrupting the normal morphology of the uterus due to excessive solubility. Figure 1H shows the cumulative release profile of Cur in Cur-loaded CMC-OHA hydrogels in the presence of 10 units/mL hyaluronidase; the cumulative release test showed that the hydrogel could release the drug slowly in vitro, and more than 80% of the drug could be released in 15 days. Second, degradability is another important property; therefore, to verify the degradability of the hydrogels, Cur@CMC-OHA hydrogels were immersed in PBS containing hyaluronidase, placed on a 37° shaker (70rpm), and the weight changes were recorded. Figure 2A shows that all the formulations underwent degradation after 14–20 days, and the drug release was up to 80% at 15 days. Figure 2B shows that in vivo degradation experiments were also carried out subcutaneously on the back of mice with the same trend. This effectively eliminates the need for a second surgery to remove the nondegradable material. On day 4, the size of the gel in the body was larger than that on day 1, likely due to its penetration into the surrounding tissue, and it was finally degraded without causing tissue damage after 10 days.
[image: (A) Two vials containing CMC-OHA, one upright and one tilted. (B) SEM image of CMC-OHA's porous structure. (C) Two vials containing Cur@CMC-OHA, displaying an orange tint. (D) SEM image of Cur@CMC-OHA's porous structure. (E) FTIR spectra of various samples, indicating transmittance and wavenumbers. (F) Rheological graph showing storage (G') and loss (G'') moduli over time. (G) Graph depicting swelling ratios of CMC-OHA and Cur@CMC-OHA over 28 hours. (H) Graph of cumulative relative rate over 360 hours.]FIGURE 1 | (A) Appearance of CMC-OHA hydrogel; (B) microstructure of CMC-OHA hydrogel; (C) appearance of Cur@CMC-OHA hydrogel; (D) microstructure of Cur@CMC-OHA hydrogel; (E) FTIR spectra of Cur, CMC, OHA, CMC-OHA hydrogel, and Cur@CMC-OHA hydrogel; (F) rheological characteristics of Cur@CMC-OHA hydrogel; (G) in vitro dissolution study of CMC-OHA/Cur@CMC-OHA hydrogels in PBS solution at pH 7.4; (H) cumulative release profile of Cur in Cur-loaded CMC-OHA hydrogels in the presence of 10 units/mL hyaluronidase (n = 3).[image: Panel A shows a line graph of in vitro degradation ratios over time, comparing CMC-OHA and Cur@CMC-OHA. Panel B displays six images of mice on days one, four, and ten, with signs of treatment effects, distinguished between CMC-OHA and Cur@CMC-OHA groups. Rulers are placed beside each mouse for scale.]FIGURE 2 | (A) In vitro degradation kinetics of CMC-OHA/Cur@CMC-OHA hydrogel in 10 units/mL hyaluronidase solution at 37 °C. (B) In vivo subcutaneous degradation of hydrogels in ICR mice (n = 3).3.2 Injectability, shape adaptation, and adhesion properties of hydrogels
One of the main advantages of self-healing hydrogels is their inherent injectability. It helps reduce discomfort for both patients and clinicians when applying biomaterials. As shown in Figure 3A, a 1-mL syringe with an inner diameter of 1.5 mm was used to aspirate a pre-gel solution mixed with Rejuveno dye, and after gelation, the hydrogel was extruded by pressing the syringe and deposited onto paper, demonstrating its injectability. In a practical situation to prevent IUA, the hydrogel would be injected through the cervical canal, which provides limited space for injection. Here, the ability to pass through the narrow catheter ensures that their application does not cause pain or discomfort to the patient. Once they were injected into the mold, they adapted to the structure of the mold, showing their potential to cover every corner of the uterus after injection (Figure 3B). After gelation, they were crushed and reinserted into the mold. It was observed that the CMC-OHA hydrogels self-healed into a star shape after 1 h at room temperature under wet conditions, indicating their self-healing properties. In addition, two differently stained gels were cut into two pieces and re-cross-linked together. After 1 h of incubation in saline, the interface was clearly blurred, and the new glue blocks obtained by complete fusion of the cut surfaces after 6 h further demonstrated their good self-healing properties (Figure 3D). The hydrogel appears faded in color after the self-healing process, as shown in Figure 3D, due to the changes in light scattering and curcumin release after incubation in saline. These properties are crucial for hydrogels intended to be injected through narrow catheters. Even if their structure is destroyed during injection, they self-heal and adapt to the uterine cavity, covering it completely once inside the uterus.
[image: Sequential images showing a process in multiple panels. Panel A displays syringe use with molds; Panel B illustrates silicone mold creations with star and sphere shapes; Panel C shows star formations from a material; Panel D depicts combination and interaction of bi-colored gels; Panel E shows a piece of material being manipulated; Panel F features a person holding material on a finger; Panel G demonstrates material usage in a surgical setting, including measurements.]FIGURE 3 | (A) Hydrogel injected with a syringe and deposited onto paper; (B) plasticity of the hydrogel after injection into different molds; (C) self-healing hydrogel after being cut into pieces and placed in a starfish mold for 30 min; (D) schematic representation of the self-healing behavior of the hydrogel: two pieces of CMC-OHA hydrogels in different colors (blue: stained with methylene blue; yellow: loaded with curcumin); (E) Adhesion, pulling, and recovery of the hydrogel on the porcine skin section; (F) finger bending 0°–90° with the loaded hydrogel; (G) the hydrogel was injected into the uterus and adapted to the uterine shape through the vagina of ICR mice with a 1-mm-diameter catheter.Female ICR mice were further injected in vivo to demonstrate injectability. Cur@CMC-OHA hydrogel was injected through the mouse vagina. A catheter (1.5 mm outer diameter; 1 mm inner diameter) was used for injection. As shown in Figure 3G, Cur@CMC-OHA hydrogel was successfully injected into the mouse uterus. After removing from the uterus, it matched the shape of the uterine cavity. This experiment showed that Cur@CMC-OHA hydrogel could be easily injected and adapted to the shape of the cavity.
Cur@CMC-OHA hydrogel has good adhesive power. When Cur@CMC-OHA hydrogel was adhered to the pig skin section, it adhered well to the two sections of pig skin, pulled and recovered, and stretched with the movement of the pig skin without falling off or breaking (Figure 3E). When Cur@CMC-OHA hydrogel was applied to the index finger joint and the index finger was flexed freely to 90°, the hydrogel did not fall off or break (Figure 3F). These two results showed that the hydrogel could adhere well to the skin due to the amino and phospholipid groups on the skin surface. When the hydrogel was in contact with the skin, some of the aldehydes in the hydrogel would react with the amino groups on the skin in a Schiff-base reaction; the hydrogel had a large number of hydroxyl groups, which would also form hydrogen bonds with the amino groups on the skin. In addition, the hydrogel itself contained a large number of unreacted amino groups, which would react with the phospholipids on their skin surface to a certain extent.
3.3 Cur@CMC-OHA hydrogel induces endometrial regeneration in a mouse endometrial acute injury model
The mouse IUA model was used as a translational tool in endometrial studies because fibrosis following severe endometrial injury in the IUA model was similar to the histopathological changes observed in severe IUA in humans. The IUA model proved to have a thinner than normal endometrium with fewer glands and increased collagen deposition. As shown in Figure 4B, the IUA uterine injury was markedly narrowed, thinned, and hardened, with decreased elasticity and distal edema. A thinner endometrium, with fewer endometrial glands, almost completely covered by low columnar epithelial cells, was observed on days 7 and 14 after modeling, as shown in Figures 4C,D. In severe cases, the uterine cavity could be completely closed. The thickness and morphology of the endometrium were examined and measured under a light microscope. The number of glands was counted in each of five randomly selected fields of view under high magnification, and the mean value was calculated.
[image: Diagram depicting a study on endometrium damage modeling and treatment with Cur@CMC-OHA. A: Schematic of the study methodology, including administration and evaluation processes. B: Images of uterine tissues from Sham, IUA, and Cur@CMC-OHA groups. C: Histological sections of the endometrium at seven and fourteen days. D: Cross-sectional histological images of endometrial tissues. E-H: Graphs showing metrics like endometrial thickness and gland quantity. I: Histological slides of various organs (heart, liver, spleen, lungs, kidneys, brain) to assess safety in Sham, IUA, and Cur@CMC-OHA groups. The research evaluates treatment efficacy and drug safety.]FIGURE 4 | Endometrial regeneration induced by Cur@CMC-OHA hydrogel in a mouse model of uterine adhesions and proved to be safe. (A) Schematic diagram of in vivo animal experimental procedures; (B) representative images of the uterus on day 14 of treatment; (C) hematoxylin and eosin (HE) staining on treatment days 7 and 14 (×5 and ×40; blue arrows represent glands, and black arrows represent the epithelium); (D) Masson trichrome staining on treatment days 7 and 14 (×5 and ×40); (E) results of endometrial thickness calculated using HE staining on days 7 and 14 (n = 3); (F) results of endometrial epithelial thickness calculated using HE staining on days 7 and 14 (n = 3); (G) Results showing the number of endometrial glands calculated by HE staining on days 7 and 14 (n = 3), (H) results showing endometrial fibrous tissue area calculated using Masson staining on days 7 and 14 (n = 3); (I) results of HE staining of the heart, liver, spleen, lungs, kidneys, and brains of mice on day 14 (5 and 40×). Data represent at least two independent experiments with similar results; statistical analysis of one experiment is shown. Mean ± s.d.; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, one-way ANOVA followed by Tukey’s multiple comparison test.Cur@CMC-OHA gel was injected into the uterine cavity to assess the recovery rate. As shown in Figure 4A, Cur@CMC-OHA gel was injected into the uterine cavity directly after establishing the model of IUA, and the therapeutic effect was evaluated. Treatment of the post-injury uterine horn with Cur@CMC-OHA gel resulted in a relatively normal appearance of the uterine horn after 14 days of treatment (Figure 4B), and a significant increase in endometrial thickness and the number of glands was observed on days 7 and 14 (Figures 4C,E–G), P < 0.001. Endometrial fibrosis was significantly lower in the Cur@CMC-OHA-treated group at days 7 and 14 than in the IUA model group (Figures 4D,G), P < 0.001. The extent of endometrial fibrosis was determined using a quantitative image analysis system (Image-Pro Plus software; Media Cybernetics, Bethesda, MD). As shown in Figure 4I, the in vivo experiments indicated that Cur@CMC-OHA gel had no significant toxic effects on vital organs (heart, liver, spleen, lungs, kidneys, and brain). Cytotoxicity assays on IK cells were performed in in vitro experiments with no toxic side effects, as shown in Supplementary Figure S1. These results convincingly demonstrate that administration of Cur@CMC-OHA gel improves endometrial production on IUA.
3.4 Anti-endometrial fibrosis effect and fertility outcomes of Cur@CMC-OHA hydrogel
TGF-β, expressed mainly in the nucleus and cytoplasm of the hypothalamus of epithelial and stromal cells, is a key regulator of fibrosis formation and promotes the fibrotic process by inducing epithelial–mesenchymal transition (EMT) and the transformation of the cells into myofibroblasts and the deposition of ECM, which promotes the formation of IUA (Hu et al., 2018). These fibroblasts highly express α-SMA and waveform protein. To assess the functional improvement after Cur@CMC-OHA hydrogel treatment in IUA mice, the experimental procedure is shown in Figure 5A. Female mice with damaged uterine horns were injected with the Cur@CMC-OHA hydrogel, and the expressions of TGF-β and α-SMA in the IUA group were significantly higher than those in the surgical group, and the results are shown in Figures 5B,D,E.
[image: Diagram showing endometrium damage modeling and treatment with Cur@CMC-OHA, including fertility assessment and immunohistochemistry. Panel B contains histological images showing α-SMA and TGF-β1 expression in Sham, IUA, and Cur@CMC-OHA groups. Panel C shows two uterine samples, one labeled with injured and healthy sections. Panel D and E display bar graphs of positive area density for α-SMA and TGF-β1. Panel F shows a bar graph of embryo numbers in different treatments, comparing injured and healthy states. Cropped views or labeling may reduce readability.]FIGURE 5 | Anti-fibrosis and restoration of reproductive function of Cur@CMC-OHA hydrogels in IUA mice: (A) schematic diagram of animal experimental procedures; (B) immunohistochemical results of TFG-β and α-SMA in the uterus of mice in each group; (C) representative images of embryo implantation; (D) analysis of TFG-β positivity in each group, (E) analysis of TFG-β positivity in each group, and (F) analysis of the number of embryos in each group. Data are expressed as SEM ± mean; n = 3; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.We found that there was no embryo implantation in damaged uteri in the IUA group, but embryos were found to implant into the uterus and develop into the late stage of gestation in both the control group and the Cur@CMC-OHA hydrogel group. In addition, the number of embryos was significantly reduced in the IUA group, whereas treatment with Cur@CMC-OHA hydrogel significantly increased the number of embryos, as shown in Figures 5C,F. These results suggest that in situ injection of Cur@CMC-OHA hydrogel is effective in decreasing the fibrosis of uterine tissues and restoring the reproductive function of the damaged endometrium.
3.5 In vivo, Cur@CMC-OHA hydrogel inhibits fibroblast differentiation and EMT for IUA treatment via the TGF-β1/smad3 pathway
Fibroblast differentiation and epithelial–mesenchymal transition have been well documented to be associated with uterine adhesions. α-SMA is a marker for myofibroblasts, which secrete a large amount of the extracellular matrix, including collagen. In addition, the expression of vimentin increases during fibroblast differentiation (Weiskirchen et al., 2019). To explore the mechanism of action of Cur@CMC-OHA hydrogel in IUA, we examined the expressions of α-SMA and vimentin. Compared with the model group of mice, the protein expression of all the above indicators was significantly reduced after Cur@CMC-OHA hydrogel administration (Figure 6B). This suggests that Cur@CMC-OHA hydrogel can ameliorate uterine fibrosis in mice by inhibiting fibroblast differentiation. EMT is a reversible process in which epithelial markers (E-cadherin) are lost or downregulated, and mesenchymal markers (N-cadherin) are gained, resulting in the loss of attachment polarity of basement membranes and reduced adhesion at intercellular junctions (Xu et al., 2020). Cur@CMC-OHA hydrogel reversed the decreased expression of E-cadherin and elevated expression of N-cadherin after uterine injury (Figure 6A). This also reflects that Cur@CMC-OHA hydrogel can reverse EMT to achieve antifibrotic effects. In IUA injury-treated mouse uteri, Cur@CMC-OHA hydrogel effectively inhibited TGF-β1 production, suppressed p-smad3, and elevated Smad3 in uterine tissues (Figure 6C). It is widely accepted that TGF-β1 is a key fibrotic factor associated with various fibrotic diseases (Boutanquoi et al., 2020; Lecomte et al., 2023; Meng et al., 2016). TGF-β1 may play a key role in fibrosis of uterine tissues, which is one of the key mechanisms of uterine adhesions. This suggests that the anti-fibrotic effect of Cur@CMC-OHA hydrogel via in situ injection may be achieved by inhibiting the TGF-β1/Smad3 pathway.
[image: Western blot analysis showing protein expression levels and corresponding bar graphs. Panel A depicts N-cadherin, E-cadherin, and β-tubulin with significant differences marked by asterisks between Sham, IUA, and Cur@CMC-OHA groups. Panel B shows Vimentin, α-SMA, and GAPDH with differences highlighted between groups. Panel C illustrates P-smad3, Smad3, TGF-β1, and GAPDH with significant variations noted. Asterisks denote levels of statistical significance.]FIGURE 6 | Effect of Cur@CMC-OHA hydrogel in IUA mice. (A–C) N -cadherin, E-cadherin, vimentin, α-SMA, p-Smad3, Smad3, and TGF-β1 protein levels were determined (n = 3). Western blot results were semi-quantified by densitometry. Data are presented as means ± standard deviation in the scatter plots. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.4 CONCLUSION
In conclusion, injectable, biodegradable and self-healing Cur@CMC-OHA hydrogel is designed to prevent postoperative IUA. Hyaluronic acid is a widely distributed component of the extracellular matrix of human tissues with good biocompatibility and biodegradability. Oxidized hyaluronic acid (OHA) is a product of hyaluronic acid oxidation, and the active aldehyde group in its molecule can self-assemble with the amino group in CMC in a Schiff base reaction to form a hydrogel. The composition ratio of the hydrogel is closely related to the excellent properties of the hydrogel, so one of the important tasks of this study is to find out the appropriate ratio of the hydrogel combination. We found that this self-assembled intrauterine hydrogel exhibits good injectability, self-healing, biodegradability, biocompatibility, along with some compressive strength and adhesion, and gradually breaks the Schiff base bond to release the drug slowly. Cur@CMC-OHA hydrogel improved endometrial production, leading to an increased number of glands, thicker endometrium, and lesser area of endometrial fibrosis compared to those in the IUA group. The expressions of TGF-β1 and α-SMA in immunohistochemical staining of the endometrium were also found to be upregulated in IUA mice. TGF-β is an important factor in endometrial fibrosis, so we speculate that curcumin may prevent endometrial fibrosis by inhibiting the expressions of TGF-β1 and EMT. All these results suggest that our Cur@CMC-OHA hydrogel effectively inhibited fibrosis of uterine tissues and prevented postoperative IUA. However, this study is only an animal experiment conducted to support our research results, and the anti-fibrotic effect and mechanism of curcumin need to be revealed using cell experiments. In this study, the reproductive function was also performed to assess the recovery of the damaged endometrium, and a significant increase in the number of embryos was found after injection of Cur@CMC-OHA hydrogel, inferring that there was significant recovery. We believe that this injectable, self-healing, and stress-resistant hydrogel will be a new candidate for effective prevention of postoperative IUA.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
Experiments were approved by the Ethics Committee of the Zhejiang University of Technology (ZH20231109009). The study was conducted in accordance with the local legislation and institutional requirements.
AUTHOR CONTRIBUTIONS
QY: Investigation, Methodology, Writing – original draft, Writing – review and editing. HX: Conceptualization, Data curation, Writing – original draft, Writing – review and editing. YC: Conceptualization, Formal Analysis, Investigation, Methodology, Writing – original draft, Writing – review and editing. XJ: Funding acquisition, Investigation, Methodology, Writing – review and editing. QW: Conceptualization, Funding acquisition, Investigation, Methodology, Resources, Software, Supervision, Validation, Visualization, Writing – original draft, Writing – review and editing.
FUNDING
The author(s) declare that financial support was received for the research and/or publication of this article. The research was supported by the Zhejiang Province Medical and Health Technology Plan Project (2023KY054, 2025KY553 and 2026ZL0176), Zhejiang Key Laboratory of Precision Diagnosis and Therapy for Major Gynecological Diseases, Women’s Hospital, Zhejiang University School of Medicine (ZDFY2022-CD-8).
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.
GENERATIVE AI STATEMENT
The author(s) declare that no Generative AI was used in the creation of this manuscript.
Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fbioe.2025.1640440/full#supplementary-material
REFERENCES
	Akbik, D., Ghadiri, M., Chrzanowski, W., and Rohanizadeh, R. (2014). Curcumin as a wound healing agent. Life Sci. 116, 1–7. doi:10.1016/j.lfs.2014.08.016

	Amalraj, A., Pius, A., Gopi, S., and Gopi, S. (2017). Biological activities of curcuminoids, other biomolecules from turmeric and their derivatives – a review. J. Traditional Complementary Med. 7, 205–233. doi:10.1016/j.jtcme.2016.05.005

	Bosteels, J., Weyers, S., D'Hooghe, T. M., Torrance, H., Broekmans, F. J., Chua, S. J., et al. (2017). Anti-adhesion therapy following operative hysteroscopy for treatment of female subfertility. Cochrane Database Syst. Rev. 2017. doi:10.1002/14651858.cd011110.pub3

	Boutanquoi, P.-M., Burgy, O., Beltramo, G., Bellaye, P. S., Dondaine, L., Marcion, G., et al. (2020). TRIM33 prevents pulmonary fibrosis by impairing TGF-β1 signalling. Eur. Respir. J. 55, 1901346. doi:10.1183/13993003.01346-2019

	Cai, Y., Wu, F., Yu, Y., Liu, Y., Shao, C., Gu, H., et al. (2019). Porous scaffolds from droplet microfluidics for prevention of intrauterine adhesion. Acta Biomater. 84, 222–230. doi:10.1016/j.actbio.2018.11.016

	Di Spiezio Sardo, A., Calagna, G., Scognamiglio, M., O’Donovan, P., Campo, R., and De Wilde, R. L. (2016). Prevention of intrauterine post-surgical adhesions in hysteroscopy. A systematic review. Eur. J. Obstet. Gynecol. Reprod. Biol. 203, 182–192. doi:10.1016/j.ejogrb.2016.05.050

	Dreisler, E., and Kjer, J. J. (2019). Asherman’s syndrome: current perspectives on diagnosis and management. Int. J. Women's Health 2019 11, 191–198.

	Edwards, R. L., Luis, P. B., Varuzza, P. V., Joseph, A. I., Presley, S. H., Chaturvedi, R., et al. (2017). The anti-inflammatory activity of curcumin is mediated by its oxidative metabolites. J. Biol. Chem. 292, 21243–21252. doi:10.1074/jbc.ra117.000123

	Gilman, A. R., Dewar, K. M., Rhone, S. A., and Fluker, M. R. (2016). Intrauterine adhesions following miscarriage: look and learn. J. Obstet. Gynaecol. Can. 38, 453–457. doi:10.1016/j.jogc.2016.03.003

	Gong, Y., Wang, P., Cao, R., Wu, J., Ji, H., Wang, M., et al. (2023). Exudate absorbing and antimicrobial hydrogel integrated with multifunctional curcumin-loaded magnesium polyphenol network for facilitating burn wound healing. ACS Nano 17, 22355–22370. doi:10.1021/acsnano.3c04556

	Hooker, A. B., Lemmers, M., Thurkow, A. L., Heymans, M. W., Opmeer, B. C., Brolmann, H. A. M., et al. (2013). Systematic review and meta-analysis of intrauterine adhesions after miscarriage: prevalence, risk factors and long-term reproductive outcome. Hum. Reprod. Update 20, 262–278. doi:10.1093/humupd/dmt045

	Hu, H.-H., Chen, D.-Q., Wang, Y.-N., Feng, Y. L., Cao, G., Vaziri, N. D., et al. (2018). New insights into TGF-β/Smad signaling in tissue fibrosis. Chem.-Biol. Interact. 292, 76–83. doi:10.1016/j.cbi.2018.07.008

	Kuttan, R., Bhanumathy, P., Nirmala, K., and George, M. C. (1985). Potential anticancer activity of turmeric (Curcuma longa). Cancer Lett. 29, 197–202. doi:10.1016/0304-3835(85)90159-4

	Lecomte, S., Devreux, J., de Streel, G., van Baren, N., Havelange, V., Schröder, D., et al. (2023). Therapeutic activity of GARP:TGF-β1 blockade in murine primary myelofibrosis. Blood 141, 490–502. doi:10.1182/blood.2022017097

	Li, X., Lin, H., Yu, Y., Lu, Y., He, B., Liu, M., et al. (2024). In situ rapid-formation sprayable hydrogels for challenging tissue injury management. Adv. Mater 36 (19), e2400310. doi:10.1002/adma.202400310

	Lin, X., Wei, M., Li, T. C., Huang, Q., Huang, D., Zhou, F., et al. (2013). A comparison of intrauterine balloon, intrauterine contraceptive device and hyaluronic acid gel in the prevention of adhesion reformation following hysteroscopic surgery for asherman syndrome: a cohort study. Eur. J. Obstetrics and Gynecol. Reproductive Biol. 170, 512–516. doi:10.1016/j.ejogrb.2013.07.018

	Liu, J., Yuan, F., Ma, X., Auphedeous, D. Y., Zhao, C., Liu, C., et al. (2018). The cooperative effect of both molecular and supramolecular chirality on cell adhesion. Angew. Chem. Int. Ed. 57, 6475–6479. doi:10.1002/anie.201801462

	Liu, B., Kong, Y., Alimi, O. A., Kuss, M. A., Tu, H., Hu, W., et al. (2023). Multifunctional microgel-based cream hydrogels for postoperative abdominal adhesion prevention. ACS Nano 17 (4), 3847–3864. doi:10.1021/acsnano.2c12104

	Lv, H., Wu, B., Song, J., Wu, W., Cai, W., and Xu, J. (2021). Hydrogel, a novel therapeutic and delivery strategy, in the treatment of intrauterine adhesions. J. Mat. Chem. B 9, 6536–6552. doi:10.1039/d1tb01005k

	Ma, Z., Wang, N., He, H., and Tang, X. (2019). Pharmaceutical strategies of improving oral systemic bioavailability of curcumin for clinical application. J. Control. Release 316, 359–380. doi:10.1016/j.jconrel.2019.10.053

	Meng, X.-m., Nikolic-Paterson, D. J., and Lan, H. Y. (2016). TGF-β: the master regulator of fibrosis. Nat. Rev. Nephrol. 12, 325–338. doi:10.1038/nrneph.2016.48

	Schraufstatter, E., and Bernt, H. (1949). Antibacterial action of curcumin and related compounds. Natur 164 (4167), 456–457. doi:10.1038/164456a0

	Wang, L., Yu, C., Chang, T., Zhang, M., Song, S., Xiong, C., et al. (2020). In situ repair abilities of human umbilical cord-derived mesenchymal stem cells and autocrosslinked hyaluronic acid gel complex in rhesus monkeys with intrauterine adhesion. Sci. Adv. 6, eaba6357–eaba6357. doi:10.1126/sciadv.aba6357

	Weiskirchen, R., Weiskirchen, S., and Tacke, F. (2019). Organ and tissue fibrosis: molecular signals, cellular mechanisms and translational implications. Mol. Asp. Med. 65, 2–15. doi:10.1016/j.mam.2018.06.003

	Weng, W., and Goel, A. (2022). Curcumin and colorectal cancer: an update and current perspective on this natural medicine. Semin. Cancer Biol. 80, 73–86. doi:10.1016/j.semcancer.2020.02.011

	Xu, W., Song, Y., Li, K., Zhang, B., and Zhu, X. (2020). Quercetin inhibits adenomyosis by attenuating cell proliferation, migration and invasion of ectopic endometrial stromal cells. Drug Des. devel. Ther. 14, 3815–3826. doi:10.2147/dddt.s265066

	Yao, M., Gao, F., Xu, R., Zhang, J., Chen, Y., and Guan, F. (2019). A dual-enzymatically cross-linked injectable gelatin hydrogel loaded with BMSC improves neurological function recovery of traumatic brain injury in rats. Biomater. Sci. 7, 4088–4098. doi:10.1039/c9bm00749k

	Yu, D., Wong, Y.-M., Cheong, Y., Xia, E., and Li, T. C. (2008). Asherman syndrome—one century later. Fertil. Steril. 89, 759–779. doi:10.1016/j.fertnstert.2008.02.096

	Zhong, Y., Wang, J., Yuan, Z., Xi, Z., Li, L., Liu, Z., et al. (2019). A mussel-inspired carboxymethyl cellulose hydrogel with enhanced adhesiveness through enzymatic crosslinking. Colloids Surf. B. Biointerfaces 179, 462–469. doi:10.1016/j.colsurfb.2019.03.044


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.
Copyright © 2025 Yang, Xu, Chen, Jin 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-13-1640440-g005.jpg
Density of positive area (%)

10

» :‘é\\;‘mv

Endometrium
damage modelling

Do

Sham'"

TN
. .?”f hyﬁ?ﬁ;’;ﬂ:
i

Stromal layer

- Endometrial epithelium

in situ administration
of Cur@CMC-OHA

Mated with fertile male Fertility function
/1 mice (vaginal plug) > | assessment
\ Remove uterus for

immunohistochemistry(IHC)

D10 = D20

Density of positive area (%)

4
2
0
&
s

Cur@CMC-OHA

=T O YV G T Vi -
R B
e :

Numbers of embryos

I Healthy =3 Injured





OPS/images/fbioe-13-1640440-g006.jpg
A

015
g
2
'EO.E'
=
Z 0.0
- o
Sham IUA  Cur@CMC-OHA o
_ 2.0
Vimentin [] I l l l I I I |54Kd 2
I » e Bd G s v X 15
5
£
g
I EEEEEEE——————————.. z 0.0
Sham IUA Cur@CMC-OHA 6}\,‘9 FoF
&
&
§
<
r}"b& \QV' X
——— ——— — O
Sham IUA  Cur@CMC-OHA @o“‘

o - =4
o o Gl

E-cadherin/B-tubulin Ratio

[
=)

o
]

2.0

a-SMA/GAPDH Ratio
s 5 3

e
o
&
%,
%,

- - N ~
<o o =] o

TGF-B1/GAPDH Ratio
o
2]






OPS/images/fbioe-13-1640440-g003.jpg





OPS/images/fbioe-13-1640440-g004.jpg
Stromal layer
= Endometrial epithelium

Heart, Liver, Spleen,
HE and Masson > Lungs, Kidneys and brain

f f

dE::'z:.:t ::;nelllnﬂ in situ administration Evaluation of Evaluation of
of Cur@CMC-OHA treatment effect Drug safety

Do © 177 014 11

Cur@CMC-OHA

Thickness of
endometrium (mm)

UA Cur@CMC-OHA

M

um (mm)
=]
@

IUA Cur@CMC-OHA

IUA Cur@CMC-OHA

14 d
Area of‘ﬂbrcllll (3;)

Sham A Cur@CMC-OHA

| Sham Cur@CMC-OHA

eart

H
Lung

Liver
Kidney

Spleen
rain






OPS/images/fbioe-13-1640440-g007.jpg
da‘“age‘
( st Tl
". ) 5::2\\\’ ‘3933\
\ "".'

endometrium

1’ & TCRT v

Physical barrier
of the gel

«  Anti-fibrosis

- factory s
?é\:as\men\ efie”

CcMC ®°.
S + ® —
physical @ @ dissolution and ISP
combination S adsorption IS
OHA CMC-OHA Curcumin Cur@CMC-OHA
Stromal layer Q” [ ~..\ l
“# Endometrial epithelium y 4 Q“~ W52,
W L)
 Physical barrier v D — Ay
A r‘. . c ‘ Y =
Anti-fibrosis, ¥ oW R Ur@cM l
® promote endometrial ) ¢ L C-0n4 N !

regeneration .’ . - . )
In situ administration Endometrial damage model





OPS/xhtml/nav.xhtml
Table of Contents

		Cover

		Biodegradable and injectable curcumin-loaded hydrogel for the prevention of postoperative intrauterine adhesion		1 INTRODUCTION

		2 MATERIALS AND METHODS		2.1 Materials, cell lines, and animals

		2.2 Preparation and characterization of the Cur@CMC-OHA hydrogel

		2.3 Morphology

		2.4 In vitro swelling rate and degradation time assays

		2.5 Rheological analysis

		2.6 Adhesion and form-fitting performance tests

		2.7 Injectability and self-healing performance testing

		2.8 In vitro cytotoxicity assay

		2.9 In vivo toxicity assessment

		2.10 Histological analysis

		2.11 Western blot

		2.12 Statistical analysis





		3 RESULTS AND DISCUSSIONS		3.1 Preparation and characterization of Cur@CMC-OHA hydrogels

		3.2 Injectability, shape adaptation, and adhesion properties of hydrogels

		3.3 Cur@CMC-OHA hydrogel induces endometrial regeneration in a mouse endometrial acute injury model

		3.4 Anti-endometrial fibrosis effect and fertility outcomes of Cur@CMC-OHA hydrogel

		3.5 In vivo, Cur@CMC-OHA hydrogel inhibits fibroblast differentiation and EMT for IUA treatment via the TGF-β1/smad3 pathway





		4 CONCLUSION

		DATA AVAILABILITY STATEMENT

		ETHICS STATEMENT

		AUTHOR CONTRIBUTIONS

		FUNDING

		CONFLICT OF INTEREST

		GENERATIVE AI STATEMENT

		SUPPLEMENTARY MATERIAL

		REFERENCES









OPS/images/cover.jpg
’ frontiers | Frontiersin Bioengineering and Biotechnology

Biodegradable and injectable
curcumin-loaded hydrogel for
the prevention of postoperative
intrauterine adhesion





OPS/images/fbioe-13-1640440-g001.jpg
A CMC-OHA

Z )
Q.A\ ;7’
N g’
1000000
100000
10000
g & 1000
@ z
g & 100
E £ 10
«~
= 0.1
1509 1027 0.01
0.001
0 500 1000 1500 2000 2500 3000 3500 4000
4000 3500 3000 2500 2000 1500 1000 500 ts
G Wavenumber (cm™) H
100
=
— [}
< £ 80
) 2
= = 60
© s
o e
£ @ 40
5 -o- CMC-OHA 2
B
t?) -# Cur@CMC-OHA = 50
=
=3
(&]
0
0 4 8 12 16 20 24 28
Q o o © ©
Time (h) AV P00 P SO (P PV P S

Time (h)





OPS/images/fbioe-13-1640440-g002.jpg
>

In vitro degradation ratio (%)

100

=3
o

60

40

20

0

-~ CMC-OHA
-+ Cur@CMC-OHA

48 96 144 192 240 288 336 384
Time (h)

CMC-OHA

Cur@CMC-OHA

”










OPS/images/crossmark.jpg
©

|





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

Bioengineering and Biotechnology





