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Infectious bone defects are one of the thorny problems faced by orthopedists. Developing prosthetic materials with antimicrobial osteogenic features is a key solution. Biodegradable Polyacrylic acid (PAA)-based hydrogels have gained attention for their exceptional qualities. However, the influence of zinc ions on PAA-based mineralized hydrogels remains understudied. In this paper, Poly (acrylic acid)-calcium-zinc (PA-CZ) biomineralized hydrogel was prepared through ionic cross-linking and biomineralization. In vitro bacterial and cell tests demonstrated the hydrogel’s exceptional biocompatibility, antibacterial, and osteogenic traits, along with good mechanical strength. The PA-CZ mineralized hydrogel lays the foundation for developing orthopedic implants with antimicrobial osteogenic features and offers a promising approach for treating infected bone defects.
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1 INTRODUCTION
Infection of the implant site remains a common and serious complication in orthopedic surgery. Infectious bone defects can cause delayed healing of damaged bones, which significantly increases treatment costs and may lead to amputation or patient death. It has a very high incidence rate and mortality and is a conundrum faced by orthopedists (Bhandari et al., 2015; Urish and Cassat, 2020). Infectious bone deformities are most commonly caused by S. aureus (S. aureus) (Kremers et al., 2015; Bakhshandeh et al., 2017; Urish and Cassat, 2020; Shen and Hu, 2021). Therefore, understanding the biological antibacterial characteristics of S. aureus is key to treating infectious bone defects. At present, surgical debridement, antibacterial treatment, and bone transplantation after eliminating infection are common methods for treating infectious bone defects (Cortés-Penfield and Kulkarni, 2019). Thorough clinical rehabilitation requires repeated surgical debridement, which increases the complexity of clinical interventions and the susceptibility of bone defects to infection. Antibiotics such as penicillin and cephalosporins are the main drugs used for treating infectious bone defects, but their bone tissue penetration is poor, and the drug’s bone concentration reaches only 5%–20% of the serum concentration, leading to unstable antibacterial effects and prolonged treatment courses (Nandi et al., 2016). Additional drawbacks of long-term systemic antibiotic therapy include hazardous side effects and drug resistance (Chee and Brown, 2020). Moreover, the development of related drug-carrying biomaterials is still limited by bacterial resistance to antibiotics.
These days, hydrogels are gaining a lot of interest because of their excellent delayed release, biodegradability, and biocompatibility (Naeem et al., 2024). Qin et al.(2023) reported that the addition of carboxymethyl chitosan (CMC) to methacrylated gelatin (GelMA) was effective in treating bone infections. However, the mechanical properties of GelMA as a matrix, which is susceptible to damage and deformation, remain inadequate. Therefore, developing novel hydrogel materials should have the following advantages: superior antibacterial properties, osteoinductive potential, biodegradability and stable mechanical properties.
Currently, inorganic materials with antibacterial effects include metallic materials such as silver (You et al., 2012; Pineda et al., 2022; Zhang et al., 2022), copper (Jing et al., 2008), zinc (Su et al., 2019; Vergara-Llanos et al., 2021) and titanium dioxide (Xu et al., 2018; Hu et al., 2023) and nonmetallic materials such as fluorine, fluoride (Nishida et al., 2021) and selenium (Manjunatha et al., 2021; Maqbool et al., 2021). The growth of bone tissue depends heavily on zinc. It contributes to the osteogenesis of the collagen matrix, which can influence osteoclast apoptosis and limit osteoclast development, in addition to its role in the composition of bone tissue (Molenda and Kolmas, 2023). In addition, in terms of antimicrobial properties, (Li et al., 2021) found that coating Hyaluronic acid (HA) samples with a high concentration of zinc ions significantly inhibited the growth of gram-negative anaerobic bacteria. It is thus clear that zinc has good antibacterial and osteoinductive properties. In an effort to obtain high-strength mechanical properties, biomineralization methods have been adopted to solve the problems associated with unstable and broken materials (Li et al., 2024). In a single step, Xu and colleagues created a mineralized hydrogel with high strength and toughness by copolymerizing acrylonitrile, 1-vinylimidazole, and polyethylene glycol diacrylate, followed by mineralization through in situ precipitation. Compared to the nonmineralized Polyvinyl alcohol (PAV) hydrogel, the mineralized hydrogel exhibited a two-fold uplift in tensile strength, a 5.5-fold growth in Young’s modulus, and a 1.6-fold enhancement in compressive strength (Xu et al., 2017).
Currently, reported antibacterial materials containing zinc include zinc oxide, zinc gluconate, zinc peroxide and others (Nhu et al., 2022; Habib et al., 2023). However, the application of zinc ions in polyacrylate-based mineralized hydrogels has not yet been reported. In our preliminary experiments, we combined calcium and zinc ions with PAA and sodium metasilicate to synthesize mineralized hydrogels via ionic cross-linking and biomineralization. This biomineralized hydrogel can replicate the chemical composition and structural traits of natural bone by altering the mineralization duration. Furthermore, it has the potential to undergo functionalization through the binding of different inorganic metal ions. This study presents the synthesis of a mineralized hydrogel composed of PA-CZ and analyzes its physical and mechanical characteristics. The material’s strong biocompatibility was validated, and its antibacterial and osteogenic induction capabilities were investigated. This research offers a novel perspective on creating effective antibacterial materials and addressing the treatment of infectious bone defects.
2 METHODS
2.1 Materials
PAA was purchased from Thermo Fisher Scientific Company (USA). Sodium metasilicate and Ca(OH)2 were bought from Shanghai Aladdin Biochemical Technology Co., Ltd. CaCl2 was obtained from Shanghai Yuanye Biotechnology Co., Ltd. ZnCl2 was bought from Shanghai Macklin Biochemical Technology Co., Ltd.
2.2 Preparation of PA-CZ mineralized hydrogels
Sodium metasilicate anhydrous (0.25 g) was added to 10 mL of 3.125% PAA, and the mixture was stirred until completely dissolved and then ultrasonicated for 20 s to remove bubbles. During the stirring process, 2 mL of different concentrations of CaCl2 and ZnCl2 (PA-CZ0 = 3 M CaCl2, PA-CZ50 = 1.5 M CaCl2&1.5 M ZnCl2, PA-CZ75 = 0.75 M CaCl2&2.25 M ZnCl2, PA-CZ100 = 3 M ZnCl2) were added to the solution and stirred for 15 min. Then, the hydrogel was immersed in deionized water for 24 h. Finally, the hydrogel was immersed in saturated Ca(OH)2 solution for 14 days to form a mineralized hydrogel.
2.3 Scanning electron microscopy (SEM)
The morphology of the mineralized hydrogels subjected to freeze-drying was analyzed using a scanning electron microscope (S-400 model, Hitachi, Japan). The hydrogel sample was fixed on the holder using conductive carbon tape. Then, a thin gold coating was evenly sputtered on the sample for 45 s using a plasma sputtering instrument, and the morphology was observed at 15 kV.
2.4 X-ray powder diffraction (XRD)
The mineralized hydrogel was freeze-dried and fully ground into powder. Next, the mineralized hydrogel powder was placed in the sample holder for analysis using XRD (D8 Advance, Germany) with a Cu target running at 40 mA and 40 kV. Data collection was performed within the 10°–80° range for 2θ. A dwell time of 0.1 s and a scanning step of 0.02° were utilized in the process.
2.5 In vitro degradation test
The mineralized hydrogel that had been dried was placed in phosphate-buffered saline (PBS) for evaluation of its degradation in a laboratory setting. W0 was used to denote the initial weight of the mineralized hydrogel. Subsequently, the samples were segregated into different sets and immersed in PBS before being kept at a constant temperature of 37°C in an incubator. The mineralized hydrogel was retrieved from the PBS solution on specific days including 1, 3, 5, 7, 10, 14, 21, 26, and 31. After that, it was dried at 37°C and weighed as Wt. The degradation pattern was determined utilizing the subsequent equation: Remaining rate (%) = Wt/W0 × 100%.
2.6 Zinc ion release test
Mineralized hydrogels (0.2 g, PA-CZ50, PA-CZ75, and PA-CZ100) were placed in 4 mL of PBS at room temperature. On days 1, 3, 5, 7, 10, 14, 20, 25, and 31, 10 μL of PBS was removed, and the Zn2+ content was measured using a zinc ion detection kit (Nanjing Jiancheng Bioengineering Institute, China). Then, 10 μL of PBS was added to maintain a constant volume of the solution. The zinc ion concentration was determined by analyzing the optical density (OD) value obtained at different time intervals.
2.7 Rheological properties
The hydrogels’ rheological characteristics were assessed using a Discovery Hybrid Rheometer (HR2, TA Instrument, United States). An oscillatory strain sweep in dynamic mode was performed at room temperature, with an amplitude ranging from 0.1% to 100% and a frequency of 1 Hz.
2.8 Mechanical properties test
We employed a universal mechanical testing machine (Shanghai Hengyi, China) to assess the compressive strength of the mineralized hydrogels. The mineralized hydrogel was formed into cylinders (diameter: 6 mm, height: 12 mm). The compressive test was performed at room temperature with a compression speed of 5 mm/min.
2.9 Cytoskeleton staining
Mesenchymal stem cells from the bone marrow (BMSCs) of 8-week-old male Sprague-Dawley (SD) rats were harvested. The BMSCs was donated by Professor Li from Soochow University. Cultured at a density of 1 × 104 per well in Minimum Essential Medium α (α-MEM, Gibco, America) supplemented with 1% streptomycin-penicillin and 10% fetal bovine serum (FBS) for 24 h. Subsequently, the cells were treated with mineralized hydrogel extract (0.2 g/mL) for 3 days. After washing with PBS, the cells were fixed with 4% paraformaldehyde (PFA) (Biosharp, China) and incubated with immunostaining blocking solution (Beyotime, China) at 4°C overnight. The cytoskeleton was then stained using phalloidin (Abcam, United Kingdom) and 4′,6-diamidino-2-phenylindole (DAPI) (Solarbio, China). Finally, images were captured and analyzed using a fluorescence microscope (Zeiss Axiovert 20).
2.10 Biocompatibility assessment
The biocompatibility of the mineralized hydrogels was examined using a Cell Counting Kit-8 (CCK-8) assay and live/dead staining methods. Initially, BMSCs were seeded into a 96-well plate at a concentration of 1 × 103 cells per well. Once cell attachment was complete, the medium was substituted with an extraction solution, and the cells were allowed to culture. Cell proliferation was assessed after 1, 3, and 5 days using a CCK-8 cell proliferation detection kit from Beyotime, China. The absorbance was read at 450 nm through a microplate reader (BioTek, Winooski, VT, United States).
Separately, BMSCs were cultured in a 24-well plate at a density of 1 × 104 cells per well. Following cell adhesion, the medium was exchanged for the extract solution, and the cells were cultured for 3 days. Subsequently, a calcein AM/propidium iodide (PI) detection working solution (Solarbio, China) was added, and the cells were incubated in the dark at 37°C for 30 min. Post-incubation, the stained cells were observed under a fluorescence microscope.
2.11 In vitro antibacterial testing
The colony-forming unit (CFU) method was utilized to assess the antibacterial properties of the mineralized hydrogel against S. aureus. S. aureus was purchased from Ningbo Testobio Co. For the experiment, S. aureus was cultured with the mineralized hydrogel on a 24-well plate at a density of 5 × 104 CFU/well for a duration of 24 h. Subsequently, the bacterial mixture was uniformly spread onto a Luria–Bertani (LB) agar plate. The plate was then inverted and incubated at 37°C in a 5% CO2 environment for 24 h. Following incubation, the colonies on the plate were counted and documented through photography.
2.12 Detection of bacterial biofilm inhibition
S. aureus suspension containing 5 × 107 colony-forming units per milliliter, LB medium, and sterile mineralized hydrogel were combined in 24-well plates and placed in a 37°C incubator for 48 h to develop bacterial biofilms. Then, 4% PFA was added to fix the S. aureus. Then, 1% crystal violet staining solution (Beyotime, China) was applied to stain the S. aureus, followed by decolorization with 95% ethanol solution. Finally, the absorbance at 595 nm was measured.
2.13 Alkaline phosphatase (ALP) staining
Mineralized hydrogel extracts were prepared using different hydrogel groups and osteogenic inductive medium (1% penicillin‒streptomycin solution, 10% fetal bovine serum in α-MEM, 100 mmol/L β-glycerophosphate, 2 mmol/L ascorbic acid, and 1 μmol/L dexamethasone) at a ratio of 0.2 g/mL. BMSCs were cultured with mineralized hydrogel extracts for 7 days. Next, fixed cells were treated with 4% PFA and stained using an ALP staining kit (Solarbio, China). Subsequently, the stained samples were visualized and captured under a microscope.
2.14 Alizarin red staining (ARS)
BMSCs were maintained in cultures containing mineralized hydrogel extracts for a duration of 14 days. At specific intervals, the cells were preserved using 4% PFA. Following this, ARS Kit (Solarbio, China) was employed to stain the calcium nodules. Lastly, the images were captured utilizing a microscope.
2.15 Statistical analysis
The statistical analysis employed one-way analysis of variance (ANOVA), and Tukey’s multiple comparison test was utilized to assess group variances. Origin2021 was utilized for processing all data and images. Results are presented as mean ± SD. A significance level of *p < 0.05 was deemed statistically significant.
3 RESULTS
3.1 Synthesis and characterization of the PA-CZ mineralized hydrogels
The PA-CZ mineralized hydrogels were synthesized using PAA and bivalent cations (Ca2+ and Zn2+). SEM was used to determine the internal morphology of the mineralized hydrogels with different Zn2+ concentrations. The internal cross section of the mineralized hydrogel possessed a porous structure. With increasing Zn2+ concentration, the porous structure became more condensed. Moreover, there were mineral deposits on the surface of the mineralized hydrogel after mineralization in a saturated Ca(OH)2 solution (Figure 1A). To determine the composition of the minerals, the mineralized hydrogels were analyzed using XRD (Figure 1B). No diffraction peaks were observed in the XRD results for the mineralized hydrogel, suggesting that the amorphous characteristics of the deposited minerals remained intact. To explore the stability of the mineralized material, an in vitro degradation test was performed in PBS. As shown in Figure 1C, the mineralized hydrogels cross-linked with pure Ca2+ degraded completely within 1 month. With increasing Zn2+ concentration, the degradation rate of the mineralized hydrogel decreased. The remaining masses of PA-CZ25, PA-CZ75, and PA-CZ100 were 44.02% ± 3.91%, 49.31% ± 1.32% and 62.19% ± 1.03%, respectively. Zn2+ ions possess good antibacterial properties. To evaluate the ability of the mineralized hydrogel to chelate Zn2+, the release of Zn2+ from the PA-CZ mineralized hydrogels was measured using a zinc ion detection kit. The curve of Zn2+ release unfolded that the concentration of Zn2+ raised slowly and arrived a plateau at 25 days. The cumulative release of Zn2+ from PA-CZ50, PA-CZ75 and PA-CZ100 on day 31 was 63.93 ± 11.40, 92.63 ± 4.15 and 161.70 ± 5.09 μmol/L, respectively (Figure 1D). Finally, the mineralized hydrogel’s mechanical properties were further investigated. Before mineralization, the PA-CZ hydrogel exhibited good shape. The dynamic storage modulus (G′) and the loss modulus varied (G″) with angular frequency, indicating physical crosslinking of the hydrogels. The G′ and G″ values were similar, indicating that the hydrogels were in a semiliquid state (Figure 1E). After mineralization, the compressive strength of the PA-CZ mineralized hydrogels improved significantly. According to the stress‒strain curve and Young’s modulus, the mineralized hydrogel chelated with pure Ca2+ had a greater compressive strength (7.51 ± 0.16 MPa, 187.98 ± 7.75 MPa) than Zn2+. With increasing concentrations of Zn2+ chelated by the mineralized hydrogel, the compressive strength and Young’s modulus decreased significantly (Figures 1F–H).
[image: Figure 1]FIGURE 1 | Characterization of the PA-CZ mineralized hydrogel. (A) SEM image of the mineralized hydrogel. (B) XRD image of the mineralized hydrogel. (C) Degradation test of mineralized hydrogel. (D) Zn2+ release test from mineralized hydrogels. (E) Plot of the rheological properties of the hydrogels. The mechanical properties of the PA-CZ mineralized hydrogel scaffolds included the stress‒strain curve (F), compressive strength (G), and Young’s modulus (H); *p < 0.05, **p < 0.01, ***p < 0.001.
3.2 Evaluation of the biocompatibility of mineralized hydrogels
The morphology of the BMSCs was evaluated using cytoskeleton staining. It was revealed that the cells in all groups were well spread and did not exhibit obvious cytotoxicity (Figure 2A). BMSCs were cocultured with PA-CZ hydrogel extracts, and cell proliferation was detected with a CCK-8 kit. The results are shown in Figure 2B. When the cells were cocultured with the extracts of each group for 1 day, similar proliferation rates were observed. The cell proliferation in the PA-CZ75 and PA-CZ100 groups was significantly higher than that in the control group at 3 days, and the proliferation in all groups exceeded that of the control group at 5 days. The PA-CZ mineralized hydrogel, an antibacterial agent, promoted the proliferation of BMSCs and had good biocompatibility. Cell viability was evaluated using live-dead staining experiments (Figure 2C). Compared to the control group, the cells in the experimental group all survived, indicating that the BMSCs in each group were viable and maintained good proliferation throughout the culture period.
[image: Figure 2]FIGURE 2 | In vitro biocompatibility evaluation of the PA-CZ mineralized hydrogel. (A) Cytoskeletal staining of BMSCs. (B) The CCK-8 method was used to detect the proliferation of BMSCs on days 1, 3, and 5. (C) Fluorescence image of live-dead-stained BMSCs. *p < 0.05, **p < 0.01, ***p < 0.001.
3.3 In vitro antibacterial evaluation
The antibacterial properties of the PA-CZ mineralized hydrogel were evaluated using S. aureus, a representative gram-positive bacterium. The results showed (Figure 3A) that the numbers of colonies in the PA-CZ0 group and the ctrl group were similar. The number of colonies observed in the PA-CZ100 group was significantly less than that in the ctrl group and PA-CZ0 group, which indicated that PA-CZ100 had high antibacterial activity against S. aureus. Quantitative analysis of the S. aureus colony count revealed that the antibacterial effect significantly improved with increasing zinc ion content, achieving an inhibition rate of up to approximately 90% (Figure 3C). In summary, zinc ions exhibit excellent antibacterial properties against S. aureus. The removal effect of the hydrogels on S. aureus biofilms was evaluated using crystal violet staining. The results showed (Figure 3B) that PA-CZ100 had the greatest effect on biofilm removal. There was no significant difference between the PA-CZ0 and ctrl groups, indicating that it had no clearing outcome on the biofilm. The colony photos showed trends consistent with the statistical results of crystal violet staining.
[image: Figure 3]FIGURE 3 | In vitro antibacterial performance evaluation of the PA-CZ mineralized hydrogel. (A) Photograph of S. aureus colonies cultured on LB agar plates. (B) Crystal violet staining was used to detect S. aureus biofilm formation. (C) Quantitative analysis of antibacterial rate. *p < 0.05, **p < 0.01, ***p < 0.001.
3.4 In vitro osteogenesis evaluation
The in vitro osteogenic activity of the PA-CZ mineralized hydrogel was investigated using ALP and ARS to assess the osteogenic differentiation of BMSCs. BMSCs were cocultured with PA-CZ hydrogel extracts for 7 days, after which the cells were stained with ALP. As shown in Figure 4A, compared with the control group, ALP expression was notably upregulated with the incorporation of calcium and zinc ions. After 14 days of culture, mineralized nodules were stained with Alizarin red and observed. Microscopy image analysis (Figure 4B) revealed that, compared with the control group, the addition of the PA-CZ hydrogel caused the BMSCs to produce more mineralized nodules, indicating that the PA-CZ hydrogel exhibited superior osteogenic induction ability.
[image: Figure 4]FIGURE 4 | In vitro osteogenic induction ability of different PA-CZ mineralized hydrogels. (A) ALP staining image of BMSCs cultured in PA-CZ mineralized hydrogel extract for 7 days. (B) ARS image of BMSCs cultured in PA-CZ mineralized hydrogel extract for 14 days.
4 DISCUSSION
As a polymer biomaterial, hydrogels can simulate the extracellular matrix and form a biomimetic local microenvironment, and they can also be used as a loading platform to construct various drug delivery systems. However, their inherent antibacterial and osteogenic abilities are limited, so relevant modifications or material loading are needed to enhance these properties (Cao et al., 2021). PAA is a nontoxic and degradable polymer that can obtain better chemical properties through chemical modification of carboxyl groups (Arkaban et al., 2022). Different configurations of PAA and nanostructures have demonstrated significant potential across numerous areas, including antibacterial applications, cancer treatment, biosensor technology, and tissue engineering (Arkaban et al., 2022). Wen et al. reported that PAA-based mineralized hydrogels can induce osteogenic differentiation, adjust to uneven hard tissue defects, and facilitate bone tissue regeneration (Wen et al., 2023). Zinc exhibits effective antibacterial properties against various bacterial strains and strikes a superior balance between its antibacterial efficacy and cytotoxicity compared to other antibacterial metals like silver and copper (Jin et al., 2014). Therefore, in this study, PAA and calcium zinc ions were used to prepare hydrogels through physical cross-linking. The hydrogel itself has weak mechanical properties; therefore, mineralization was employed to increase its compressive strength and Young’s modulus, thereby enhancing its mechanical properties (Figure 5A).
[image: Figure 5]FIGURE 5 | (A) PA-CZ mineralized hydrogel preparation process. (B) The antibacterial mechanism of Zn ions.
The management of bone defects caused by infections has consistently posed a significant challenge in the field of orthopedics. Its treatment consists of two key components: elimination of infection and restoration of bone defects. It is known that in the case of bacterial infection, the repair and healing of bone defects are extremely slow and may even worsen (Cui et al., 2022). At present, numerous materials exhibiting both antibacterial and osteogenic properties have been created in the field of tissue engineering. These materials integrate metal ions, pharmaceuticals, and biomaterials (Budiatin et al., 2021; Qiu et al., 2022; Xu et al., 2022). Qiu et al. explored the efficacy of using a scaffold made of β-tricalcium phosphate in conjunction with vancomycin hydrochloride incorporated into polylactic-co-glycolic acid microspheres for the purpose of treating bone defects that have become infected (Qiu et al., 2022). In this study, Zn2+ was continuously and stably released from the PA-CZ hydrogel. With increasing soaking time, the concentration of released zinc ions increased, reaching a highest cumulative concentration of 103.96 ± 6.42 μmol/L after 1 day (Figure 1D). Zinc is crucial for cellular proliferation and the induction of osteogenesis. Hence, it is especially vital to meticulously regulate zinc concentration and release, as elevated levels of zinc may lead to cytotoxic effects and potentially apoptosis (Yu et al., 2020). Zinc ions can attach to bacterial cell membranes, significantly enhancing their permeability and causing substantial cytoplasmic leakage (Feng et al., 2018). Bacterial death can also be induced by zinc ions through mechanisms such as protein inactivation, generation of substantial reactive oxygen species, and DNA damage, which subsequently impacts biofilm formation (Figure 5B) (Li et al., 2018; Yang et al., 2022). In this study, as the concentration of Zn2+ increased, the count of S. aureus colonies was greatly reduced, the antibacterial rate reached 90% (Figure 3A), and the clearance rate of biofilms also significantly improved (Figure 3B). This indicates that zinc exhibits good antibacterial properties against S. aureus. Furthermore, it was found that Zn can induce osteogenic differentiation (Figure 4) and is nontoxic to BMSCs (Figure 2). In summary, the PA-CZ mineralized hydrogel exhibits superior biocompatibility, osteogenic properties, and antibacterial properties against S. aureus, and its use as an orthopedic implant represents an effective strategy to address the problem of S. aureus-infected bone defects.
5 CONCLUSION
In summary, a PA-CZ mineralized hydrogel with superior antibacterial properties against S. aureus and osteogenic properties was prepared through physical cross-linking and mineralization in this study. The osteogenic differentiation of BMSCs is induced via the deliver of zinc ions while inhibiting bacterial growth. However, research on PA-CZ mineralized hydrogels is still in the in vitro experimental stage, and in vivo research needs to be further improved to promote clinical translation and application. Moreover, the antibacterial characteristics of PA-CZ mineralized hydrogels against S. aureus still have significant potential for enhancement. The use of PA-CZ mineralized hydrogel, a material with dual antibacterial and osteogenic functions, represents an effective method for treating S. aureus infected bone defects. Whether it is material design or research on antibacterial mechanisms, they are subject to future research and exploration and have broad application prospects.
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