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Insufficient initial vascularization plays a pivotal role in the ineffectiveness of bone biomaterials for treating bone defects. Consequently, enhancing the angiogenic properties of bone repair biomaterials holds immense importance in augmenting the efficacy of bone regeneration. In this context, we have successfully engineered a composite hydrogel capable of promoting vascularization in the process of bone regeneration. To achieve this, the researchers first prepared an aminated bioactive glass containing zinc ions (AZnBg), and hyaluronic acid contains aldehyde groups (HA-CHO). The composite hydrogel was formed by combining AZnBg with gelatin methacryloyl (GelMA) and HA-CHO through Schiff base bonding. This composite hydrogel has good biocompatibility. In addition, the composite hydrogel exhibited significant osteoinductive activity, promoting the activity of ALP, the formation of calcium nodules, and the expression of osteogenic genes. Notably, the hydrogel also promoted umbilical vein endothelial cell migration as well as tube formation by releasing zinc ions. The results of in vivo study demonstrated that implantation of the composite hydrogel in the bone defect of the distal femur of rats could effectively stimulate bone generation and the development of new blood vessels, thus accelerating the bone healing process. In conclusion, the combining zinc-containing bioactive glass with hydrogels can effectively promote bone growth and angiogenesis, making it a viable option for the repair of critical-sized bone defects.
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1 INTRODUCTION
Repair of bone defects caused by various pathologies such as severe trauma, tumor resection, infection and degenerative diseases has been a major clinical challenge, which also brings a huge economic burden to patients (Shi et al., 2021). Although bone tissue has a certain regenerative capacity, bone grafting is usually required to achieve effective treatment for large bone defects that exceed the self-healing capacity of bone tissue. Natural bone grafts, such as autologous and allogeneic bone grafts, are frequently employed for the treatment of bone defects, but they are associated with limitations, such as restricted availability, donor injury, immune rejection, and risk of infection (Zhou et al., 2023). More importantly, the number of traditionally available natural bone grafts is still far from meeting the clinical needs, especially in the current environment of increasing global aging and obesity epidemic. In recent years, the advancement of bone tissue engineering technology has emerged as a promising avenue for addressing bone defects. This approach holds potential for overcoming the challenges associated with bone regeneration (El-Rashidy et al., 2017; Zhang et al., 2022; Yoon et al., 2023).
Notably, the interplay between osteogenesis and angiogenesis plays a crucial role in the process of bone regeneration. Blood vessels, serving as an essential supplier of nutrients to bone tissue, not only facilitate the transportation of minerals and growth factors, thereby promoting calcium salt deposition in bone, but also release paracrine signals to regulate the growth, differentiation, and regeneration of various cell types (Zhang et al., 2020). When bone biomaterials are used to treat bone defects, the vascular network induced in the early stage can provide sufficient nutritional support for subsequent new bone tissue, and can effectively transport metabolic substances away (Simunovic and Finkenzeller, 2021). For example, in order to augment the vascularization of the collagen-hydroxyapatite (CHA) scaffold, the integration of alginate particles (MPS) coated with vascular endothelial growth factor (VEGF) was implemented into the CHA scaffold. The findings demonstrated that the composite scaffold exhibited the ability to steadily release bioactive VEGF, thereby effectively stimulating the development of blood vessels and the restoration of bone defects (Quinlan et al., 2017). Insufficient blood supply during the process of bone tissue regeneration poses challenges in repairing and rebuilding bone tissue defects. Consequently, the revascularization of bone biomaterials emerges as a critical determinant for the success of bone tissue regeneration. The development of bone biomaterials capable of promoting the regeneration of vascularized bone represents an efficacious approach for treating bone defects.
Hydrogel is an insoluble hydrophilic polymer that mimics the natural extracellular matrix and can transport nutrients and metabolites, and is widely used in tissue engineering (Ding et al., 2023). Currently, gelatin methacryloyl (GelMA), as an emerging biomaterial, has been widely used in the field of bone repair (Wang et al., 2023). GelMA is a new type of hydrogel for photochemical cross-linking obtained by modifying methacryloyl to gelatin, which better retains the arginine-glycine-aspartic acid sequence and matrix metalloproteinase binding sequence of gelatin. It can effectively enhance cell adhesion and differentiation and ensure its biodegradability, which has great potential for application in bone tissue engineering (Dong et al., 2019). In addition, due to the presence of methacrylic anhydride, GelMA is able to generate thermally stable cross-linked hydrogels by photoinitiators and ultraviolet (UV) irradiation. Therefore, aqueous solutions of GelMA can be injected into irregularly shaped bone defects and subsequently cured to meet the complexity and variety of bone defect shapes. However, the GelMA itself has limited biological properties such as angiogenesis and osteogenesis, as well as limited ability to control drug release (Xiao et al., 2019; Liu et al., 2020). To address these issues, the properties of GelMA hydrogels have been improved by incorporating chemical components such as nanomaterials, microspheres, and natural or synthetic polymers (Shao et al., 2019; Sakr et al., 2022).
In recent years, bioactive glass has been gradually favored due to its good cytocompatibility, osteoconductivity and osteoinductivity (El-Rashidy et al., 2017). After implantation into the site of bone defect, bioglass will react with body fluids and degrade slowly in the body while gradually releasing ions such as silicon, calcium and phosphorus, forming a hydroxyapatite layer on the surface of the scaffold, which is chemically close to the composition of human bone, and promoting osteoclast adhesion and bone regeneration (Kong et al., 2018). For example, Zhang et al. (2016) found that Sr-substituted submicron bioactive glasses modulate macrophage responses to improve bone regeneration. Furthermore, the adjustability of bioglass components allows for the incorporation of inorganic particles, thereby enhancing its biological properties. This process involves compounding additional functional particles and releasing trace elements that facilitate bone repair and tissue regeneration as the bioglass degrades. Ultimately, this mechanism can promote osteogenesis and vasculogenesis, expediting the process of bone repair (Zhao et al., 2019). For example, a ph-responsive nanoplatforms was constructed by in situ growth of zinc sulfide (ZnS) nanoparticles on the surface of Ti3C2 MXene nanosheets, which were then incorporated into poly-L-lactic acid (PLLA) to produce composite bone scaffolds. This scaffold exhibited effective biofilm clearance and osteogenic properties (Qian et al., 2024a).
Zinc is one of the many metal ions that are essential for bone formation and mineralization. It is mainly found in bone tissue (Huang et al., 2020; Molenda and Kolmas, 2023). Numerous studies have shown that zinc has improved mechanical properties, good biocompatibility and osteoinductive properties (Huang et al., 2021). Zinc ions can regulate the expression of osteogenesis-related genes, such as runt-related transcription factor 2 (Runx-2), collagen type I (COL1), alkaline phosphatase (ALP), osteocalcin (OCN) (Qi et al., 2020; Qu et al., 2020). In addition, Zinc can promote migration and differentiation of bone marrow mesenchyml stem cells (BMSCs) as well as angiogenesis by activating mitogen-activated protein kinase (MAPK) (Song et al., 2020). A wide range of concerns have been raised about the use of zinc to enhance the osteogenic and angiogenic properties of bioglass (Dittler et al., 2019; Zamani et al., 2019).
In this study, we first prepared an aminated bioactive glass containing zinc ions, called AZnBg. AZnBg was then mixed in aldolylated hyaluronic acid (HA-CHO) and GelMA to form a composite hydrogel by photocross-linking of GelMA, termed G/H@AZnBg. During this process, the amino groups in AZnBg and GelMA formed Schiff bases with the aldehyde groups in HA-CHO, which maked the structure of the composite hydrogel more stable and could achieve acid-responsive ion release. In addition to characterizing the AZnBg particle morphology and release behavior, we also evaluated the in vitro angiogenic and osteoinductive activities of the composite hydrogel. Finally, the composite hydrogels were implanted into rat femoral defects to evaluate their ability to promote angiogenesis and bone formation in vivo. Figure 1 showed a schematic diagram of G/H@AZnBg promoting angiogenesis and promoting bone formation.
[image: Figure 1]FIGURE 1 | Schematic diagram of G/H@AZnBg promoting angiogenesis and enhancing osteogenesis.
2 MATERIALS AND METHODS
2.1 Fabrication and characterization of materials
2.1.1 Fabrication and characterization of AZnBg
3 g of silica nanoparticles was added into a beaker containing, 30 g of ethanol and 10 g of deionized water. The mixture was stirred at room temperature for 1 h after pH of mixture was adjusted to 6. Then a mixture of 0.3 g of KH550 and 5 g of ethanol was added to the silica solution. The white solution of dispersed silica nanoparticles was stirred at room temperature for 2 h. After reaction, the silica solution was separated by centrifugation and the precipitate of silica was washed three times with ethanol to remove unreacted KH550. Then 50 mL of ZnCl2 aqueous solution (0.2 M) was prepared by dissolving ZnCl2 in 50 mL of deionized water. The prepared silica nanoparticles (2 g) were added to zinc ions solution, stirred at room temperature for 2 h. After reaction, the mixture solution was separated by centrifugation and the precipitate of silica was washed three times with ethanol to remove excessive ZnCl2. The AZnBg was obtained and dried in a vacuum at 80°C for 12 h. The morphology of AZnBg was observed through transmission electron microscopy.
2.1.2 Fabrication and characterization of HA-CHO
Mix 1.5 g HA with 150 mL deionized water. Add 802 mg sodium periodate and stir for 2 h. Stop the reaction by adding 200 μL ethylene glycol. Dialyze with deionized water. Freeze-dry the resulting HA-CHO and store at 4°C. 1H NMR spectra were recorded in D2O on a Bruker Avance 400 at 400 MHz. FTIR was used to detect the molecular structure of HA-CHO and HA.
2.1.3 Fabrication of G/H@ AZnBg
A solution was prepared by dissolving 1 g of gelation, 100 mg of HA-CHO, and 50 mg of the photoinitiator lithium phenyl-2,4,6-trimethyl-benzoyl-phosphonic in 20 mL of deionized water at a temperature of 37°C. Subsequently, AZnBg was introduced into the aforementioned mixture. The resulting G/H@AZnBg composite was obtained through the process of photocrosslinking, utilizing a wavelength of 405 nm.
2.1.4 Characterization of G/H@ AZnBg
The self-healing properties of the hydrogel were tested by rheological analysis. In short, oscillatory strain scans were conducted from 0.1% to 1000%. After allowing the hydrogel to heal for 20 min, an oscillating time scan was performed to characterize the self-healing effect. The self-healing ability was further demonstrated by cutting two different colors of hydrogels into two halves and reconnecting them after exchange. After allowing for healing for 15 min, display the reconnected sample. All rheological measurements were conducted at 25°C to minimize evaporation.
The freeze-dried hydrogel was immersed in 20 mL Tris-HCl buffer solution under shaking at 37°C, 10 mL buffer solution was collected at different predetermined time points, and the same volume of fresh buffer solution was used to supplement. The release profiles of Zn ions from the hydrogels in the buffer solution were measured by inductively coupled plasma atomic emission spectroscopy (ICP-AES, Varian 715 ES, California, USA).
The freeze-dried hydrogel was weighed (W0) and then immersed in 20 mL PBS buffer. The hydrogel was weighed after PBS was removed at the scheduled time (Wt). The same amount of PBS is replaced after each measurement. The swelling rate of hydrogels was determined by the following equation:
[image: image]
Freeze-dried hydrogels are immersed in PBS buffers at 37°C (PBS buffers are replaced every 48 h). At the scheduled time, the hydrogel was taken out, washed with distilled water to remove excess PBS buffers, frozen in liquid nitrogen, and lyophilized. The weight of the initial and degraded hydrogels was recorded as W0 and Wd, respectively.
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2.2 Biocompatibility and osteogenic effect of G/H@AZnBg
2.2.1 Isolation and culture of BMSCs
8-week-old male Sprague-Dawley (SD) rat BMSCs were extracted with reference to previous studies (Zhou et al., 2023). Rat BMSCs were cultured using modified α-minimum medium (containing 10% fetal bovine serum, 1% penicillin, and streptomycin) at 37°C in an environment of 5% carbon dioxide. The medium was changed every 3 days, and third-generation BMSCs were used for the next study. A transwell’s co-culture system was used to assess the effect of G/H@AZnBg on osteogenesis. Hydrogels of different compositions (grouped as G/H, G/H@ABg, G/H@AZnBg) were immersed in the culture medium and placed in the upper chamber of the transwell for 12 h. BMSCs were inoculated and cultured in the lower layer of the transwell plate, and the medium was changed every 3 days.
2.2.2 Cell viability assay and cell proliferation
BMSCs were co-cultured with hydrogels of different compositions (grouped as G/H, G/H@ABg, G/H@AZnBg) using transwell plates, and cell viability was assessed using a live/dead cell assay kit (Beyotime) at 1, 3, and 7 days, and finally, stained cells were photographed using a fluorescence microscope. In the same culture, cell proliferation was assessed using cell counting kit-8 (CCK-8, Beyotime) and absorbance at 450 nm was measured by spectrophotometer after 1, 3 and 7 days of culture.
2.2.3 Scratch wound assay
BMSCs were first inoculated in 6-well plates cultured using conventional methods. When the cells were 90% full grown, a 200 µL sterile pipette tip was used to create a straight scratch in the cells, and then cell debris were washed off with PBS. Next the cells were cultured in conditioned medium containing different hydrogel compositions (grouped as G/H, G/H@ABg, G/H@AZnBg). Photographs of the scratch healing were taken at 6 and 12 h using a microscope.
2.3 Osteogenic effect of G/H@AZnBg
BMSCs were co-cultured with hydrogels of different compositions (grouped as G/H, G/H@ABg, G/H@AZnBg) using transwell plates, and the cell culture medium was replaced with osteoinductive medium. Alkaline phosphatase activity analysis was performed at day 7. Cells were stained with ALP chromogenic kit after fixation with 4% paraformaldehyde for half an hour. At day 14 and 21 of osteogenic induction, the cells were stained with alizarin red working solution after fixation with 4% paraformaldehyde. Images were taken with microscope.
RNA was extracted from the cell samples using Trizol reagent, and then reverse transcribed into cDNA using a reverse transcription kit. Finally, real-time fluorescence quantitative polymerase chain reaction (RT-qPCR) was applied to examinated the expression of four osteogenesis-related genes (Col1a1, Runx2, ALP, and OCN), and the internal reference gene was GAPDH.
2.4 Angiogenic effect of G/H@AZnBg
Growth factor-reduced Matrigel was first dropped into 24-well plates according to the instructions, and HUVECs were inoculated into 24-well plates after incubation at 37°C for 30 min. Then the HUVECs were incubated with medium containing different hydrogel compositions (grouped as G/H, G/H@ABg, G/H@AZnBg). 8 h later, the blood vessel formation was observed and photographed. Finally, the blood vessel formation was quantitatively analyzed using ImageJ software.
The steps about the scratch wound assay of HUVECs were the same as that of BMSCs. Briefly, we created scratches in the cells first, and then stimulated them with different hydrogel extracts and observed the migration of the cells at 6 and 12 h. In addition, we also used crystal violet staining to further verify the effect of hydrogels on the migration ability of HUVECs.
For immunofluorescence staining, HUVECs were stimulated by different hydrogel extracts, incubated with CD31 antibody and treated with fluorescent secondary antibody and DAPI. Then fluorescence images were taken, and the immunofluorescence intensity was analyzed semi-quantitatively by ImageJ.
2.5 In vivo evaluation of G/H@AZnBg on bone regeneration
All animal experimental protocols in this study were approved by the Ethics Committee of Soochow University. 8-week-old male SD rats weighing about 250 g were selected to establish a rat cranial critical size defect model. Four groups were randomly divided into (1) Defect group, (2) G/H group, (3) G/H@ABg, and (4) G/H@AZnBg. Sterilized hydrogel was injected into the cranial defect and then the tissue was sutured. The rats were executed at 4 and 8 weeks postoperatively, and the skulls were removed and fixed with 4% paraformaldehyde for 48 h. The skulls were scanned using Micro-CT, and three-dimensional reconstruction of regenerated bone tissues at the defects and quantitative analysis of trabecular number (Tb.N, 1/mm), bone tissue volume/total tissue volume (BV/TV) and bone mineral density (BMD, g/cm3) in the region of interest (ROI) were performed using NRecon v1.6 and CTAn v113.8.1 software. The region of interest (ROI) was defined as 3 mm in diameter and 2 mm in height. The skulls were next decalcified by immersion in EDTA for 1 month, and then the specimens were paraffin-embedded and histologically sectioned (5 μm thickness). Hematoxylin-Eosin staining (H&E) was performed to assess new bone formation according to the instructions.
Immunohistochemical staining for the bone formation-associated protein COLIA1 and the vascularization-associated protein VEGFA was performed to further reveal new bone and blood vessel formation. First, sections were incubated with 3% hydrogen peroxide to block endogenous peroxidase activity, followed by antigen repair for 30 min. next, sections were incubated in COLIA1 (1:500) and VEGFA (1:500) primary antibodies at low temperature overnight. Staining was then performed with the HRP-DAB kit according to the instructions. Finally, the sections were immersed in hematoxylin solution to stain the nuclei, dehydrated and sealed, and images were taken with a microscope.
2.6 Statistical analysis
All data were expressed as Mean ± SD. Comparison between two groups was performed by unpaired t-test (two-tailed), and comparison between multiple groups was performed by one-way analysis of variance or two-way analysis of variance combined with Tukey multiple comparisons. (*) p<0.05 was considered to indicate statistical significance.
3 RESULTS
3.1 Characterization of G/H@AZnBg
Transmission electron microscope (TEM) showed that bioglass had a spherical structure of nanometer size (Figure 2A). As shown in Figure 2B, two new peaks at 4.9 ppm and 5.0 ppm were observed on the 1H-NMR spectrum of HA-CHO. This may correspond to hemiacetalic protons formed from the aldehyde groups and neighboring hydroxyl groups. In addition, FTIR showed that compared with HA, a new peak was observed at 1720cm-1, which was ascribed to the stretching vibration of the novel aldehyde group of HA-CHO (Supplementary Figure S1). Then, the aldehyde group peak vanished at 1,720 cm−1 and new peaks manifested at 1,670 cm−1, offering strong evidence that the aldehyde group of HA-CHO responds with the amino group of G/H@AZnBg to generate a C=N bond (Supplementary Figure S1). Scanning electron microscope (SEM) showed that hydrogels had a good three-dimensional network structure, which facilitated cell migration and nutrient transport (Figure 2C). Figure 2D showed the element mapping of Si and Zn ion in G/H@AZnBg. From the element mapping images, it could be found that the AZnBg were evenly distributed in the hydrogel.
[image: Figure 2]FIGURE 2 | Characterization of materials. (A) TEM images of AZnBg. (B) 1H-NMR spectrum of HA and HA-CHO. (C) SEM images of G/H and G/H@AZnBg. (D) SEM images and element mapping (Si, Zn) of G/H@AZnBg. (E) Self-healing images of G/H@AZnBg. (F) Rheological measurements of G/H@AZnBg. (G) Swelling ratio of G/H and G/H@AZnBg. (H) Release of Zn ions from G/H@ZnBg and G/H@AZnBg. (I) Degradation of G/H@ZnBg and G/H@AZnBg.
In order to verify the self-healing ability, two circular hydrogels of different colors were cut, alternately placed and contacted for self-healing. As shown in Figure 2E, at 37°C, the hydrogel contact interfaces are fused together without cracks. When the strain increased from 0.1% to 10%, the hydrogel’s G′ and G″ values remained stable in the Figure 2F. Further increasing the strain to 1000% resulted in a decrease in G′ value, but an increase in G″ value followed by the appearance of a crossover point. In the next 1000 s, under the condition of 1% frequency and 1% strain, the internal structure of the hydrogel remained stable with the increase of time.
The swelling characteristics of hydrogels reflected their stability in humid environments (Figure 2G). In phosphate buffered saline solution at 37°C and pH 7.4, G/H@AZnBg first reacheed swelling equilibrium, with an equilibrium value of about 400%, while the equilibrium value of G/H was about 700%. After complete swelling, the hydrogel still retained the complete structure.
The release curve of zinc ion in hydrogel was evaluated by inductively coupled plasma atomic emission spectrometry (ICP-AES). The cumulative release of zinc ions in the hydrogel was shown in Figure 2H. In the first 5 days, the concentration of zinc ions significantly increased, and then the upward trend remained slow and stable. In addition, compared with G/H@ZnBg, the release rate of zinc ions in G/H@AZnBg was slower, which may be related to the interaction between amino modified bioglass and hydrogel, resulting in the change of network structure. Similarly, the release rate of Si ions in G/H@AZnBg were lower than that in G/H@ZnBg (Supplementary Figure S2). On the other hand, we have also found that zinc ions in hydrogels were released faster in acidic environments (Supplementary Figure S3).
The degradability of hydrogel is an important reference factor for in vivo application (Figure 2I). The weight of both hydrogels gradually decreased with time. The degradation rate of G/H-AZnBg is slower than that of G/H-ZnBg, which indicates that the interaction between amino-modified bioglass and hydrogel is stronger.
3.2 Biocompatibility of G/H@AZnBg
The biocompatibility of the hydrogels was assessed by examining the effects of cell viability, proliferation, and migration ability. As shown in Figure 3A, live/dead cell staining of all groups showed a large number of live cells and very few dead cells. Quantitative analysis further confirmed that the proportion of live cells was similar in the groups, indicating no cytotoxicity to BMSCs (Figure 3B). The results of CCK-8 showed that on the third and fifth day, the cell proliferation was faster in the G/H@AZnBg and G/H@ABg groups compared with the Ctrl and G/H groups (Figure 3C). G/H@AZnBg had the strongest cell proliferation capacity. In addition, the results of cell scratch assay showed that the G/H@AZnBg and G/H@ABg groups promoted cell migration faster than the other groups at 12h and 24h, and the G/H@AZnBg group was the strongest in cell migration ability (Figures 3D, E).
[image: Figure 3]FIGURE 3 | Biocompatibility of G/H@AZnBg. (A) Live/dead staining of BMSCs. (B) Quantitative analysis of live cell percentage of BMSCs. (C) CCK-8 assay indicating the proliferation rate of BMSCs after 1, 3 and 7 days. (D) Cell scratch assay of BMSCs at 0, 12, and 24 h. (E) Quantitative analysis of migration area.
3.3 In vitro evaluation of osteogenesis
We evaluated the effect of G/H@AZnBg on the osteogenic potential of BMSCs. G/H@AZnBg showed the highest ALP activity (Figure 4A). Quantitative analysis showed higher expression of ALP activity in the G/H@AZnBg and G/H@ABg groups compared to the Ctrl and G/H groups (Figure 4B). Calcium nodules are late markers of differentiation of BMSCs. After 14 and 21 days of osteogenic induction, a large number of positive calcium nodules were observed in the G/H@AZnBg and G/H@ABg groups (Figure 4C). Quantitative analysis showed that at 21 days, the degree of matrix mineralization in G/H@AZnBg was 5.5 and 2.6 times higher than that in G/H and G/H@ABg, respectively (Figure 4D).
[image: Figure 4]FIGURE 4 | Effect of G/H@AZnBg on the osteogenic differentiation of BMSCs. (A) ALP staining after 7 days of induction. (B) Quantitative analysis of ALP activity. (C) Alizarin Red S (ARS) staining after 14 and 21 days. (D) Quantification of the stained calcium nodule. (E) The gene expression of osteogenic makers, including Col1a1, ALP, Runx2, and OCN. Data are presented as means ± SEM. Statistically significant differences were indicated by *p < 0.05.
In addition, PCR results showed that the G/H@AZnBg and G/H@ABg groups promoted the expression of osteogenesis-related genes (Col1a1, ALP, Runx2, OCN) in BMSCs (Figure 4E). The G/H@AZnBg group showed the strongest mRNA expression of ALP compared with the other groups (Figure 4E). These findings suggested that G/H@AZnBg effectively promoted osteogenic differentiation of BMSCs by enhancing gene expression of matrix mineralization and osteogenesis-specific markers.
3.4 In vitro evaluation of angiogenesis
Early angiogenesis is a critical factor for successful bone repair. We evaluated the effect of G/H@AZnBg on vascularization by cell migration assay, angiogenesis, and immunofluorescence staining assay. Result of crystal violet staining showed that the number of positive migrating cells in G/H@AZnBg group was the highest (Figures 5A, B). Then, the cell scratch assay showed that the healing area in the G/H@AZnBg group was the largest and had the strongest migratory ability at 12h and 24h compared to the other groups (Figures 5C, D). These results indicated that G/H@AZnBg promoted the migration of HUVECs. In addition, angiogenic capacity of G/H@AZnBg was assessed by tubule formation assay. Compared with the other three groups, we observed that the G/H@AZnBg group allowed HUVECs to aggregate and build primary vessel-like network structures, whereas the other groups did not form (Figure 5E). Quantitative analysis also showed that the G/H@AZnBg group had the longest length of tube formation (Figure 5F). CD31 is an important endothelial marker for vascularization. The results obtained from immunofluorescence staining and subsequent quantitative analysis of fluorescence intensity indicated a statistically significant increase in the expression of CD31 in the G/H@AZnBg group when compared to the other groups (Figures 5G, H). These results indicated that G/H@AZnBg could promote angiogenesis.
[image: Figure 5]FIGURE 5 | Effect of G/H@AZnBg on angiogenesis of HUVECs. (A) Positive migrating cells stained with crystal violet. (B) Quantitative analysis of migrating cells stained with crystal violet. (C) Cell scratch assay of HUVECs at 0, 12, and 24 h. (D) Quantitative analysis of migration area. (E) Tube formation assay. (F) Quantitative analysis of tube length. (G) Immunofluorescence staining of CD31. (H) Fluorescence intensity of CD31. Data are presented as means ± SEM. Statistically significant differences were indicated by *p < 0.05.
3.5 In vivo bone repair assessment
Composite hydrogels were implanted into the femoral defects of rats to observe bone formation. In the Ctrl and G/H groups, almost no bone formation was observed 4 weeks after surgery (Figure 6A). Some bone tissue was found at the femoral defect in the G/H@ABg group and new bone formation was seen in the G/H@AZnBg group (Figure 6A). Quantitative analysis showed the BV/TV in the G/H@AZnBg reached 41.6% at the fourth postoperative week (Figure 6B). In addition, the Tb.N in the G/H@AZnBg and G/H@ABg groups were significantly higher than that in the Ctrl and G/H groups (Figure 6C). After 8 weeks, Micro-CT results showed that the BV/TV value of G/H@AZnBg was greater than 70%, indicated higher bone regeneration (Figure 6B). Consistent with the results of Micro-CT, H&E staining showed that G/H@AZnBg significantly promoted bone formation and bone maturation compared with other groups (Figure 7).
[image: Figure 6]FIGURE 6 | Micro-CT evaluation of in vivo bone defect regeneration. (A) Micro-CT imaging and 3D reconstruction of defect areas at 4 and 8 weeks. (B–D) Quantitative analysis of BV/TV, Tb.N and BMD in defect areas. Data are presented as means ± SEM. Statistically significant differences were indicated by *p < 0.05.
[image: Figure 7]FIGURE 7 | Histological analysis of the newly formed bone tissue. Representative hematoxylin and eosin (H&E) staining of the defect area implanted with G/H@AZnBg at 4 and 8 weeks post-surgery.
COL-1 is an important protein for bone formation and its expression reflects the activity of bone formation. As shown in the Figure 8A and Supplementary Figure S4, immunohistochemical staining showed the highest expression of COL1A1 in the G/H@AZnBg group and the lowest expression in the Ctrl and G/H groups. To investigate the effect of G/H@AZnBg on angiogenesis, we performed immunohistochemical staining to detect the expression of VEGFA. Immunohistochemical staining for VEGFA showed the strongest positive expression in the G/H@AZnBg group compared to the other groups (Figure 8B and Supplementary Figure S5). These findings demonstrated the effectiveness of G/H@AZnBg in promoting bone regeneration and facilitating neovascularization, thereby promoting repair of bone defects.
[image: Figure 8]FIGURE 8 | Immunohistochemical analysis of osteogenesis and vascularization. (A) Immunohistochemical staining for COL1A1 in the defect area at 4 and 8 weeks post-surgery. (B) Immunohistochemical staining for VEGFA in the defect area at 4 and 8 weeks post-surgery.
4 DISCUSSION
Adequate angiogenesis is essential for the reconstruction and regeneration of the bone matrix during bone repair (Kumar et al., 2022). Neovascularization provides essential nutrients and cytokines for bone regeneration to regulate the process of angiogenesis and osteogenesis (Lee et al., 2021). When the bone defect site is large, biomaterials have limited effect in promoting angiogenesis, which limits their application in tissue engineering. Therefore, improving the angiogenesis of bone repair biomaterials is important to increase the success rate of bone regeneration. In order to promote vascular network generation at defect sites, many scholars have promoted the vascularization of biomaterials by adding growth factors or cytokines (Walsh et al., 2019). Among the growth factors used to stimulate angiogenesis, the most widely used and successful are VEGF, fibroblast growth factors (FGFs), and platelet-derived growth factor (PDGF) (Ribatti and d'Amati, 2023; Cao et al., 2023; Mohan et al., 2022). However, these growth factors have disadvantages such as short duration of action, expensive and not easy to store (Wang et al., 2011). In recent years, doping biomaterials with vasculogenic metal ions has become an effective way to enhance the vasculogenic and osteogenic activities of biomaterials (Ma et al., 2021; Wu et al., 2021). Metal ions such as copper, cobalt, magnesium, zinc and strontium have been shown to have angiogenic activity and are widely used in biomaterials such as hydrogels, composite scaffolds, guided tissue regeneration membranes and other biomaterials for the treatment of various bone-related diseases (Mao et al., 2017; Lai et al., 2019).
Zinc ion is also a relatively rich trace element in the human body, involved in various biological reactions, especially bone metabolism (Raj Preeth et al., 2021; Wen et al., 2023). Some metalloenzymes in the body are regulated and catalyzed by zinc ions, such as ALP, which is closely related to the maturation of new bone. ALP is a glycoprotein containing zinc, which can provide an alkaline environment for the bone regeneration process and promote the mineralization process (Yang et al., 2021). In this study, it was also found that the expression of ALP was significantly promoted in the G/H@AZnBg group compared with the G/H group. In addition, studies in recent years have confirmed the role of zinc ions in promoting angiogenesis, and found that the relationship between angiogenesis and osteogenesis is close (Lin et al., 2019). Song et al. prepared a zinc silicate/nanohydroxyapatite/collagen (ZS/HA/Col) scaffold and found that the scaffold could promote cell secretion of chemokines and VEGF to promote endothelial cell proliferation, migration and angiogenesis (Song et al., 2020). Wang et al. evaluated the effect of magnesium-zinc alloy in enhancing osteogenesis and vascularization, and showed that magnesium and zinc ions showed synergistic effect, which could promote the proliferation of endothelial cells and the neovascularization (Wang et al., 2022). This is consistent with the results of our study, in which the addition of zinc ions significantly promoted angiogenesis and osteogenic differentiation.
Silicon, recognized as an essential trace element crucial for the growth and development of organisms, has been found to facilitate angiogenesis and the establishment of functional vascular networks, regulate bone formation and calcification, and contribute significantly to bone metabolism (Khandmaa et al., 2017a; Huang et al., 2018). The promotion of angiogenesis by silicon ions is achieved through the inhibition of prolyl hydroxylase-2 expression and the upregulation of the HIF-1 α signaling pathway (Khandmaa et al., 2017b). Research has demonstrated that the doping of silicon-coated implants can enhance angiogenesis through the facilitation of adhesion, proliferation, migration, tube formation, and the expression of angiogenesis-related genes in HUVEC (Fu et al., 2020; Monte et al., 2020). Furthermore, it has been observed that strontium-substituted calcium silicate ceramics have the ability to induce bone marrow stromal cells to secrete exosomal miR-146a, thereby modulating osteogenesis and angiogenesis (Liu et al., 2021).
Although zinc ions are more effective in promoting osteogenesis and angiogenesis, excessive zinc ions release rate may inhibit the activity of endothelial cells, thus affecting angiogenesis and osteogenesis (Zhu et al., 2022). To address this issue, in this study, amino-modified zinc-containing bioactive glass was prepared and combined with hydrogels via Schiff base bond. It was found that the composite hydrogel had a good slow-release effect and could release zinc ions slowly and sustainably. Although GelMA has cell adhesion, proliferation, differentiation and other properties conducive to osteogenesis, the lack of mechanical properties limits its application as a load-bearing material. Zheng et al. prepared an organic-inorganic composite hydrogel, which was prepared by physical and chemical cross-linking method using bioactive glass and GelMA, and found that its compression modulus was significantly improved (Zheng et al., 2018). Qian et al. enhanced the osteoinductive properties of PLLA by incorporating Zn-doped mesoporous silica (Zn-MS) particles into the scaffold, resulting in improved osteogenic induction and mechanical characteristics (Qian et al., 2021). Additionally, a separate study demonstrated that the growth of zeolitic imidazolate framework-8 (ZIF-8) on strontium carbonate (SrCO3) to form a core-shell SrCO3@ZIF-8 composite enhanced both the mechanical properties and osteogenic activity of the scaffold (Qian et al., 2024b). These studies show that bioglass and ions can optimize the mechanical properties and osteogenic activity of scaffolds, which are consistent with the results of our study. In addition, the addition of bioactive glass to the hydrogel could significantly improve the stability and bioactivity of the composite hydrogel, which could promote cell attachment, proliferation and osteogenic differentiation. Moreover, the bone microenvironment after injury is often acidic, which is unfavorable to new bone formation. We constructed an acid-responsive hydrogel through Schiff base bonding, which can achieve the purpose of releasing zinc ions in response to acid on the one hand, and improve the acidic microenvironment on the other hand, which is conducive to the formation of new bone.
In our study, we constructed an acid-responsive bone biomaterial by hydrogel-loaded zinc-modified bioglass to improve the bone microenvironment and repair bone defects. Compared with growth factors (Wu et al., 2020; Zhao et al., 2020), incorporating bioactive ions into bone substitutes is a simpler and safer method to promote bone regeneration at a relatively low cost. In addition, different from previous studies (Song et al., 2020; Wang et al., 2022; Tian et al., 2023), we not only used the osteogenic effects of zinc ions, but also used the amino groups in AZnBg and GelMA to form Schiff bases with the aldehyde groups in HA-CHO, thus making the structure of the composite hydrogel more stable and realizing acid-responsive ion release. Through the release of zinc and silicon ions at the site of bone injury, it can improve the angiogenesis and bone induction ability, improve the local microenvironment, and ultimately promote bone regeneration.
5 CONCLUSION
In summary, we have developed a composite hydrogel containing bioglass for repairing bone defects. The zinc-containing bioglass was bonded to the hydrogel via a Schiff base bond, which allowed a sustained and effective slow release of zinc ions. This composite hydrogel has good biocompatibility. In addition, it promoted cell proliferation and facilitated osteogenic differentiation of BMSCs. It is worth noting that the hydrogel can promote angiogenesis by releasing zinc ions. In vivo experiment results proved that the composite hydrogel implanted in the bone defect can effectively stimulate the bone formation and the development of new blood vessels, thus accelerating the bone healing process. Therefore, the combination of bioactive glass with zinc ions endows the material with vascularization-promoting and osteoinductive activities, which may provide inspiration for the design of bone repair biomaterials.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The animal study was approved by the Ethics Committee of Soochow University. The study was conducted in accordance with the local legislation and institutional requirements.
AUTHOR CONTRIBUTIONS
NL: Conceptualization, Data curation, Funding acquisition, Project administration, Software, Writing–original draft. ZZ: Formal Analysis, Investigation, Methodology, Resources, Writing–original draft. LH: Data curation, Formal Analysis, Investigation, Writing–original draft. HL: Methodology, Software, Writing–original draft. ML: Project administration, Supervision, Visualization, Writing–review and editing. ZQ: Conceptualization, Project administration, Supervision, Writing–review and editing.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This study was supported by Jiangsu Traditional Chinese Medicine Science and Technology Development Program (No. MS2023126).
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.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fbioe.2024.1389397/full#supplementary-material
REFERENCES
 Cao, H., Shi, K., Long, J., Liu, Y., Li, L., Ye, T., et al. (2023). PDGF-BB prevents destructive repair and promotes reparative osteogenesis of steroid-associated osteonecrosis of the femoral head in rabbits. Bone 167, 116645. doi:10.1016/j.bone.2022.116645
 Ding, Q., Zhang, S., Liu, X., Zhao, Y., Yang, J., Chai, G., et al. (2023). Hydrogel tissue bioengineered scaffolds in bone repair: a review. Molecules 28 (20), 7039. doi:10.3390/molecules28207039
 Dittler, M. L., Unalan, I., Grunewald, A., Beltran, A. M., Grillo, C. A., Destch, R., et al. (2019). Bioactive glass (45S5)-based 3D scaffolds coated with magnesium and zinc-loaded hydroxyapatite nanoparticles for tissue engineering applications. Colloids Surf. B Biointerfaces 182, 110346. doi:10.1016/j.colsurfb.2019.110346
 Dong, Z., Yuan, Q., Huang, K., Xu, W., Liu, G., and Gu, Z. (2019). Gelatin methacryloyl (GelMA)-based biomaterials for bone regeneration. RSC Adv. 9 (31), 17737–17744. doi:10.1039/c9ra02695a
 El-Rashidy, A. A., Roether, J. A., Harhaus, L., Kneser, U., and Boccaccini, A. R. (2017). Regenerating bone with bioactive glass scaffolds: a review of in vivo studies in bone defect models. Acta Biomater. 62, 1–28. doi:10.1016/j.actbio.2017.08.030
 Fu, X., Liu, P., Zhao, D., Yuan, B., Xiao, Z., Zhou, Y., et al. (2020). Effects of nanotopography regulation and silicon doping on angiogenic and osteogenic activities of hydroxyapatite coating on titanium implant. Int. J. Nanomedicine 15, 4171–4189. doi:10.2147/ijn.s252936
 Huang, T., Yan, G., and Guan, M. (2020). Zinc homeostasis in bone: zinc transporters and bone diseases. Int. J. Mol. Sci. 21 (4), 1236. doi:10.3390/ijms21041236
 Huang, X., Huang, D., Zhu, T., Yu, X., Xu, K., Li, H., et al. (2021). Sustained zinc release in cooperation with CaP scaffold promoted bone regeneration via directing stem cell fate and triggering a pro-healing immunestimuli. J. Nanobiotechnology 19 (1), 207. doi:10.1186/s12951-021-00956-8
 Huang, Y., Wu, C., Zhang, X., Chang, J., and Dai, K. (2018). Regulation of immune response by bioactive ions released from silicate bioceramics for bone regeneration. Acta Biomater. 66, 81–92. doi:10.1016/j.actbio.2017.08.044
 Khandmaa, D., Ahmed, E., Jennifer, O. B., Roman, A. P., Jonathan, C. K., and Hae-Won, K. (2017a). A mini review focused on the proangiogenic role of silicate ions released from silicon-containing biomaterials. J. TISSUE Eng. 8, 204173141770733. doi:10.1177/2041731417707339
 Khandmaa, D., Guang-Zhen, J., Joong-Hyun, K., Roman, P., Jun-Hyeog, J., and Hae-Won, K. (2017b). Promoting angiogenesis with mesoporous microcarriers through a synergistic action of delivered silicon ion and VEGF. BIOMATERIALS 116, 145–157. doi:10.1016/j.biomaterials.2016.11.053
 Kong, C. H., Steffi, C., Shi, Z., and Wang, W. (2018). Development of mesoporous bioactive glass nanoparticles and its use in bone tissue engineering. J. Biomed. Mater Res. B Appl. Biomater. 106 (8), 2878–2887. doi:10.1002/jbm.b.34143
 Kumar, A., Sood, A., Singhmar, R., Mishra, Y. K., Thakur, V. K., and Han, S. S. (2022). Manufacturing functional hydrogels for inducing angiogenic-osteogenic coupled progressions in hard tissue repairs: prospects and challenges. Biomater. Sci. 10 (19), 5472–5497. doi:10.1039/d2bm00894g
 Lai, Y., Li, Y., Cao, H., Long, J., Wang, X., Li, L., et al. (2019). Osteogenic magnesium incorporated into PLGA/TCP porous scaffold by 3D printing for repairing challenging bone defect. Biomaterials 197, 207–219. doi:10.1016/j.biomaterials.2019.01.013
 Lee, E. J., Jain, M., and Alimperti, S. (2021). Bone microvasculature: stimulus for tissue function and regeneration. Tissue Eng. Part B Rev. 27 (4), 313–329. doi:10.1089/ten.teb.2020.0154
 Lin, S. H., Zhang, W. J., and Jiang, X. Q. (2019). Applications of bioactive ions in bone regeneration. Chin. J. Dent. Res. 22 (2), 93–104. doi:10.3290/j.cjdr.a42513
 Liu, L., Yu, F., Li, L., Zhou, L., Zhou, T., Xu, Y., et al. (2021). Bone marrow stromal cells stimulated by strontium-substituted calcium silicate ceramics: release of exosomal miR-146a regulates osteogenesis and angiogenesis. ACTA BIOMATER. 119, 444–457. doi:10.1016/j.actbio.2020.10.038
 Liu, T., Weng, W., Zhang, Y., Sun, X., and Yang, H. (2020). Applications of gelatin methacryloyl (GelMA) hydrogels in microfluidic technique-assisted tissue engineering. Molecules 25 (22), 5305. doi:10.3390/molecules25225305
 Ma, L., Wang, X., Zhou, Y., Ji, X., Cheng, S., Bian, D., et al. (2021). Biomimetic Ti-6Al-4V alloy/gelatin methacrylate hybrid scaffold with enhanced osteogenic and angiogenic capabilities for large bone defect restoration. Bioact. Mater 6 (10), 3437–3448. doi:10.1016/j.bioactmat.2021.03.010
 Mao, L., Xia, L., Chang, J., Liu, J., Jiang, L., Wu, C., et al. (2017). The synergistic effects of Sr and Si bioactive ions on osteogenesis, osteoclastogenesis and angiogenesis for osteoporotic bone regeneration. Acta Biomater. 61, 217–232. doi:10.1016/j.actbio.2017.08.015
 Mohan, S., Karunanithi, P., Raman Murali, M., Anwar Ayob, K., Megala, J., Genasan, K., et al. (2022). Potential use of 3D CORAGRAF-loaded PDGF-BB in PLGA microsphere seeded mesenchymal stromal cells in enhancing the repair of calvaria critical-size bone defect in rat model. Mar. Drugs 20 (9), 561. doi:10.3390/md20090561
 Molenda, M., and Kolmas, J. (2023). The role of zinc in bone tissue health and regeneration-a review. Biol. Trace Elem. Res. 201 (12), 5640–5651. doi:10.1007/s12011-023-03631-1
 Monte, F., Awad, K. R., Ahuja, N., Kim, H., Aswath, P., Brotto, M., et al. (2020). Amorphous silicon oxynitrophosphide-coated implants boost angiogenic activity of endothelial cells. Tissue Eng. Part A 26, 15–27. doi:10.1089/ten.tea.2019.0051
 Qi, S., He, J., Zheng, H., Chen, C., Jiang, H., and Lan, S. (2020). Zinc supplementation increased bone mineral density, improves bone histomorphology, and prevents bone loss in diabetic rat. Biol. Trace Elem. Res. 194 (2), 493–501. doi:10.1007/s12011-019-01810-7
 Qian, G., Mao, Y., Shuai, Y., Zeng, Z., Peng, S., and Shuai, C. (2024b). Enhancing bone scaffold interfacial reinforcement through in situ growth of metal-organic frameworks (MOFs) on strontium carbonate: achieving high strength and osteoimmunomodulation. J. Colloid Interface Sci. 655, 43–57. doi:10.1016/j.jcis.2023.10.133
 Qian, G., Mao, Y., Zhao, H., Zhang, L., Xiong, L., and Long, Z. (2024a). pH-Responsive nanoplatform synergistic gas/photothermal therapy to eliminate biofilms in poly(L-lactic acid) scaffolds. J. Mater Chem. B 12 (5), 1379–1392. doi:10.1039/d3tb02600k
 Qian, G., Zhang, L., Wang, G., Zhao, Z., Peng, S., and Shuai, C. (2021). 3D printed Zn-doped mesoporous silica-incorporated poly-L-lactic acid scaffolds for bone repair. Int. J. Bioprint 7 (2), 346. doi:10.18063/ijb.v7i2.346
 Qu, X., Yang, H., Yu, Z., Jia, B., Qiao, H., Zheng, Y., et al. (2020). Serum zinc levels and multiple health outcomes: implications for zinc-based biomaterials. Bioact. Mater 5 (2), 410–422. doi:10.1016/j.bioactmat.2020.03.006
 Quinlan, E., Lopez-Noriega, A., Thompson, E. M., Hibbitts, A., Cryan, S. A., and O'Brien, F. J. (2017). Controlled release of vascular endothelial growth factor from spray-dried alginate microparticles in collagen-hydroxyapatite scaffolds for promoting vascularization and bone repair. J. Tissue Eng. Regen. Med. 11 (4), 1097–1109. doi:10.1002/term.2013
 Raj Preeth, D., Saravanan, S., Shairam, M., Selvakumar, N., Selestin Raja, I., Dhanasekaran, A., et al. (2021). Bioactive Zinc (II) complex incorporated PCL/gelatin electrospun nanofiber enhanced bone tissue regeneration. Eur. J. Pharm. Sci. 160, 105768. doi:10.1016/j.ejps.2021.105768
 Ribatti, D., and d’Amati, A. (2023). Bone angiocrine factors. Front. Cell Dev. Biol. 11, 1244372. doi:10.3389/fcell.2023.1244372
 Sakr, M. A., Sakthivel, K., Hossain, T., Shin, S. R., Siddiqua, S., Kim, J., et al. (2022). Recent trends in gelatin methacryloyl nanocomposite hydrogels for tissue engineering. J. Biomed. Mater Res. A 110 (3), 708–724. doi:10.1002/jbm.a.37310
 Shao, Y., You, D., Lou, Y., Li, J., Ying, B., Cheng, K., et al. (2019). Controlled release of naringin in GelMA-incorporated rutile nanorod films to regulate osteogenic differentiation of mesenchymal stem cells. ACS Omega 4 (21), 19350–19357. doi:10.1021/acsomega.9b02751
 Shi, Z., Zhong, Q., Chen, Y., Gao, J., Pan, X., Lian, Q., et al. (2021). Nanohydroxyapatite, nanosilicate-reinforced injectable, and biomimetic gelatin-methacryloyl hydrogel for bone tissue engineering. Int. J. Nanomedicine 16, 5603–5619. doi:10.2147/ijn.s321387
 Simunovic, F., and Finkenzeller, G. (2021). Vascularization strategies in bone tissue engineering. Cells 10 (7), 1749. doi:10.3390/cells10071749
 Song, Y., Wu, H., Gao, Y., Li, J., Lin, K., Liu, B., et al. (2020). Zinc silicate/nano-hydroxyapatite/collagen scaffolds promote angiogenesis and bone regeneration via the p38 MAPK pathway in activated monocytes. ACS Appl. Mater Interfaces 12 (14), 16058–16075. doi:10.1021/acsami.0c00470
 Tian, X., Zhang, P., and Xu, J. (2023). Incorporating zinc ion into titanium surface promotes osteogenesis and osteointegration in implantation early phase. J. Mater Sci. Mater Med. 34 (11), 55. doi:10.1007/s10856-023-06751-1
 Walsh, D. P., Raftery, R. M., Chen, G., Heise, A., O'Brien, F. J., and Cryan, S. A. (2019). Rapid healing of a critical-sized bone defect using a collagen-hydroxyapatite scaffold to facilitate low dose, combinatorial growth factor delivery. J. Tissue Eng. Regen. Med. 13 (10), 1843–1853. doi:10.1002/term.2934
 Wang, C., Min, S., and Tian, Y. (2023). Injectable and cell-laden hydrogel in the contained bone defect animal model: a systematic review. Tissue Eng. Regen. Med. 20 (6), 829–837. doi:10.1007/s13770-023-00569-2
 Wang, L., Zou, D., Zhang, S., Zhao, J., Pan, K., and Huang, Y. (2011). Repair of bone defects around dental implants with bone morphogenetic protein/fibroblast growth factor-loaded porous calcium phosphate cement: a pilot study in a canine model. Clin. Oral Implants Res. 22 (2), 173–181. doi:10.1111/j.1600-0501.2010.01976.x
 Wang, Z., Wang, W., Zhang, X., Cao, F., Zhang, T., Bhakta Pokharel, D., et al. (2022). Modulation of osteogenesis and angiogenesis activities based on ionic release from Zn-Mg alloys. Mater. (Basel). 15 (20), 7117. doi:10.3390/ma15207117
 Wen, X., Wang, J., Pei, X., and Zhang, X. (2023). Zinc-based biomaterials for bone repair and regeneration: mechanism and applications. J. Mater Chem. B 11 (48), 11405–11425. doi:10.1039/d3tb01874a
 Wu, L., Gu, Y., Liu, L., Tang, J., Mao, J., Xi, K., et al. (2020). Hierarchical micro/nanofibrous membranes of sustained releasing VEGF for periosteal regeneration. Biomaterials 227, 119555. doi:10.1016/j.biomaterials.2019.119555
 Wu, Q., Xu, S., Wang, X., Jia, B., Han, Y., Zhuang, Y., et al. (2021). Complementary and synergistic effects on osteogenic and angiogenic properties of copper-incorporated silicocarnotite bioceramic: in vitro and in vivo studies. Biomaterials 268, 120553. doi:10.1016/j.biomaterials.2020.120553
 Xiao, S., Zhao, T., Wang, J., Wang, C., Du, J., Ying, L., et al. (2019). Gelatin methacrylate (GelMA)-Based hydrogels for cell transplantation: an effective strategy for tissue engineering. Stem Cell Rev. Rep. 15 (5), 664–679. doi:10.1007/s12015-019-09893-4
 Yang, C., Ma, H., Wang, Z., Younis, M. R., Liu, C., Wu, C., et al. (2021). 3D printed wesselsite nanosheets functionalized scaffold facilitates NIR-II photothermal therapy and vascularized bone regeneration. Adv. Sci. (Weinh) 8 (20), e2100894. doi:10.1002/advs.202100894
 Yoon, J., Han, H., and Jang, J. (2023). Nanomaterials-incorporated hydrogels for 3D bioprinting technology. Nano Converg. 10 (1), 52. doi:10.1186/s40580-023-00402-5
 Zamani, D., Moztarzadeh, F., and Bizari, D. (2019). Alginate-bioactive glass containing Zn and Mg composite scaffolds for bone tissue engineering. Int. J. Biol. Macromol. 137, 1256–1267. doi:10.1016/j.ijbiomac.2019.06.182
 Zhang, J., Pan, J., and Jing, W. (2020). Motivating role of type H vessels in bone regeneration. Cell Prolif. 53 (9), e12874. doi:10.1111/cpr.12874
 Zhang, W., Zhao, F., Huang, D., Fu, X., Li, X., and Chen, X. (2016). Strontium-substituted submicrometer bioactive glasses modulate macrophage responses for improved bone regeneration. ACS Appl. Mater Interfaces 8 (45), 30747–30758. doi:10.1021/acsami.6b10378
 Zhang, Y., Chen, H., and Li, J. (2022). Recent advances on gelatin methacrylate hydrogels with controlled microstructures for tissue engineering. Int. J. Biol. Macromol. 221, 91–107. doi:10.1016/j.ijbiomac.2022.08.171
 Zhao, H., Ren, H., Zhang, J., Wang, L., Li, A., Tang, J., et al. (2019). Bioactive glass-polycitrate hybrid with osteogenetic ability comparable to autogenous bone. J. Biomed. Nanotechnol. 15 (3), 581–592. doi:10.1166/jbn.2019.2709
 Zhao, W., Li, Y., Zhou, A., Chen, X., Li, K., Chen, S., et al. (2020). Controlled release of basic fibroblast growth factor from a peptide biomaterial for bone regeneration. R. Soc. Open Sci. 7 (4), 191830. doi:10.1098/rsos.191830
 Zheng, J., Zhao, F., Zhang, W., Mo, Y., Zeng, L., Li, X., et al. (2018). Sequentially-crosslinked biomimetic bioactive glass/gelatin methacryloyl composites hydrogels for bone regeneration. Mater Sci. Eng. C Mater Biol. Appl. 89, 119–127. doi:10.1016/j.msec.2018.03.029
 Zhou, B., Jiang, X., Zhou, X., Tan, W., Luo, H., Lei, S., et al. (2023a). GelMA-based bioactive hydrogel scaffolds with multiple bone defect repair functions: therapeutic strategies and recent advances. Biomater. Res. 27 (1), 86. doi:10.1186/s40824-023-00422-6
 Zhou, Q., Chen, W., Gu, C., Liu, H., Hu, X., Deng, L., et al. (2023b). Selenium-modified bone cement promotes osteoporotic bone defect repair in ovariectomized rats by restoring GPx1-mediated mitochondrial antioxidant functions. Regen. Biomater. 10, rbad011. doi:10.1093/rb/rbad011
 Zhu, W. Q., Li, K., Su, S., Chen, W., Liu, Y., and Qiu, J. (2022). Effects of zinc ions released from Ti-nw-Zn surface on osteogenesis and angiogenesis in vitro and in an in vivo zebrafish model. Front. Bioeng. Biotechnol. 10, 848769. doi:10.3389/fbioe.2022.848769
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 © 2024 Lv, Zhou, Hong, Li, Liu and Qian. 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-12-1389397-g005.gif





OPS/images/fbioe-12-1389397-g006.gif





OPS/images/fbioe-12-1389397-g003.gif
GH GiH@ABg _ GH@AZnBg

g.
H
3

12h

il






OPS/images/fbioe-12-1389397-g004.gif





OPS/images/math_qu1.gif
swelling =





OPS/images/fbioe-12-1389397-g007.gif





OPS/images/fbioe-12-1389397-g008.gif
< W00 @  v493A





OPS/xhtml/nav.xhtml
Contents

		Cover

		Zinc-energized dynamic hydrogel accelerates bone regeneration via potentiating the coupling of angiogenesis and osteogenesis		1 Introduction

		2 Materials and methods		2.1 Fabrication and characterization of materials

		2.2 Biocompatibility and osteogenic effect of G/H@AZnBg

		2.3 Osteogenic effect of G/H@AZnBg

		2.4 Angiogenic effect of G/H@AZnBg

		2.5 In vivo evaluation of G/H@AZnBg on bone regeneration

		2.6 Statistical analysis





		3 Results		3.1 Characterization of G/H@AZnBg

		3.2 Biocompatibility of G/H@AZnBg

		3.3 In vitro evaluation of osteogenesis

		3.4 In vitro evaluation of angiogenesis

		3.5 In vivo bone repair assessment





		4 Discussion

		5 Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Publisher’s note

		Supplementary material

		References









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

Zinc-energized dynamic
hydrogel accelerates bone
regeneration via potentiating
the coupling of angiogenesis
and osteogenesis





OPS/images/fbioe-12-1389397-g001.gif





OPS/images/fbioe-12-1389397-g002.gif





OPS/images/math_qu2.gif
Residual weight =









OPS/images/crossmark.jpg
©

|





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

Bioengineering and Biotechnology





