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An open critical-size bone defect is a major medical problem because of the difficulty in self-healing, leading to an increased risk of bacterial infection owing to wound exposure, resulting in treatment failure. Herein, a composite hydrogel was synthesized by chitosan, gallic acid, and hyaluronic acid, termed “CGH.” Hydroxyapatite was modified with polydopamine (PDA@HAP) and introduced to CGH to obtain a mussel-inspired mineralized hydrogel (CGH/PDA@HAP). The CGH/PDA@HAP hydrogel exhibited excellent mechanical performances, including self-healing and injectable properties. Owing to its three-dimensional porous structure and polydopamine modifications, the cellular affinity of the hydrogel was enhanced. When adding PDA@HAP into CGH, Ca2+ and PO43- could release and then promoted differentiation of BMSCs into osteoblasts. Without any osteogenic agent or stem cells, the area of new bone at the site of defect was enhanced and the newly formed bone had a dense trabecular structure after implanting of the CGH/PDA@HAP hydrogel for 4 and 8 weeks. Moreover, the growth of Staphylococcus aureus and Escherichia coli was effectively inhibited through the grafting of gallic acid onto chitosan. Above, this study provides a reasonable alternative strategy to manage open bone defects.
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1 INTRODUCTION
Large bone defects caused by trauma seriously affect the physical and psychological health of patients (Xie et al., 2020). Although autologous grafts and allografts are widely used as the gold-standard bone repair materials for clinical treatment, they are associated with numerous disadvantages, including immune rejection, surgical trauma, and limited biological activity (Wang et al., 2022). Use of a scaffold exhibiting desirable biomechanical properties, degradability, and osteogenic activity is considered a reasonable method to promote bone regeneration in the field of tissue engineering. Hydrogels have been developed with these advantageous properties, which have been shown to effectively accelerate the bone healing process, thus offering great application value (Sahiner et al., 2016; Guan et al., 2019; Liu et al., 2022). In particular, the extracellular matrix-like structure and properties of hydrogels conferred by loading osteogenically active substances can effectively regulate the adhesion, diffusion, and osteogenic differentiation of bone marrow-derived mesenchymal stem cells (BMSCs), thus laying a solid foundation for the subsequent formation of bone tissue (Sun et al., 2016; Liu et al., 2018).
Hydroxyapatite (HAP) is mainly responsible for the support, protection, and carrying capacity of natural bone tissue, and organic components such as type I collagen, type III collagen, and fibrin mainly control the proliferation, migration, and differentiation of BMSCs (Gao et al., 2018; Leng et al., 2020). Accordingly, biomineralized hydrogels with HAP as the main active ingredient have been manufactured that exhibit desirable hydrophilicity, degradability, and mechanical strength (Zhao et al., 2020; Ren et al., 2022; Wan et al., 2022). Such HAP-based hydrogels not only positively regulate the biological behavior of BMSCs but also provide a suitable biochemical environment for the osteogenic differentiation of BMSCs via the continuous release of Ca2+ and PO43- from HAP (Lee et al., 2014; Chen et al., 2016; Gao et al., 2022). However, HAP is prone to aggregation in hydrogels, leading to high concentrations during degradation, which interfere with the adhesion, proliferation and osteogenic differentiation of BMSCs (Jiang et al., 2017; Pan et al., 2020; Xu et al., 2020). Thus, improving the biocompatibility of HAP-based hydrogels is an important clinical need.
Inspired by the proteins responsible for the strong adhesion property of mussels, polydopamine (PDA) has been applied in the functionalization of biomaterials to bind with Ca2+ owing to its catechol structure (Zhou et al., 2012; Peng et al., 2014). Through PDA coating, HAP is evenly distributed on materials, which can avoid its aggregation and excessive ion concentration (Gao et al., 2022). Furthermore, the catechol group of PDA has strong surface activity for nucleophilic functional groups, which can promote cell growth onto the materials (Cui et al., 2012; Park et al., 2014; Wang et al., 2021a). This effect can be attributed to the ability of PDA to increase the overall positive charge and thus improve the hydrophilicity of the material (Zhang et al., 2022b; Li et al., 2022).
Post-traumatic bone infection is one of the common complications of an open bone defect because an open wound provides the opportunity for Staphylococcus aureus and other Gram-negative pathogenic bacteria to invade the defect area, leading to bone destruction and non-union (Lüthje et al., 2020). Although surgical debridement and postoperative application of antibiotics reduce the probability of infection to some extent, the disadvantages of a longer treatment cycle and generation of drug-resistant strains cannot be ignored, and bacteria colonizing deep areas of the wound are often difficult to detect (Wang et al., 2021b). Therefore, introducing an active substance with inherent antibacterial properties into scaffolds is a reasonable modification strategy (Han et al., 2019; Chen et al., 2021; Yang et al., 2021). Gallic acid (GA) has been widely applied for antibacterial modification of biomaterials given its ability to destroy the integrity of the bacterial cell wall and interfere with the activity of the respiratory electron transport chain (Shi et al., 2021). Moreover, catechol groups on the surface of GA react actively with various functional groups to promote cell adhesion, providing multiple possibilities for its application in hydrogel grafting (Asha et al., 2022).
In this study, we developed a mussel-inspired mineralized hydrogel based on GA-grafted chitosan (CS) by introducing PDA-modified HAP (PDA@HAP), which exhibited excellent osteogenic and antibacterial properties (Scheme 1). Specifically, this hybrid hydrogel (CGH/PDA@HAP) was fabricated from the assembly of CS-grafted GA (CG), hyaluronic acid (HA), and PDA@HAP. The three-dimensional porous structure of the CGH/PDA@HAP hydrogel allows BMSCs to adhere to and proliferate on its surface, showing good biocompatibility. The HAP is evenly distributed along the hydrogel owing to the grafted PDA, thereby avoiding aggregation and stabilizing the ion concentration in the local environment. As a result, PDA@HAP effectively promoted the differentiation of BMSCs into osteoblasts and upregulated the expression of osteoblast-related genes in vitro. Further, imaging with micro-computed tomography (micro-CT) and histological observations with hematoxylin-eosin (HE) and Masson staining revealed the desirable therapeutic effect of the CGH/PDA@HAP hydrogel on rat calvarium defects. Finally, GA grafting clearly improved the antibacterial properties of the hydrogel, preventing bacterial infection during bone regeneration in vivo.
[image: Scheme 1]SCHEME 1 | Preparation and biological effects of the CGH/PDA@HAP hydrogel. (A) Synthetic process (B) Biological effects.
2 MATERIALS AND METHODS
2.1 Preparation and characterization of the CGH/PDA@HAP hydrogel
2.1.1 Preparation of PDA@HAP
For PDA functionalization of HAP, 90 mL of Tris-hydrochloride buffer (pH 8.5; Aladdin, China) was mixed with 10 mL of ethanol. Subsequently, 2 g of HAP (Aladdin, China) was dispersed over the solution by ultrasound. Dopamine hydrochloride (1 mg/mL; Aladdin, China) was then added to the above solution and stirred in the dark for 24 h. The unreacted dopamine hydrochloride was removed by washing with water and centrifugation, and the product was ultrasonically dispersed. Finally, PDA@HAP was obtained by freeze-drying.
2.1.2 Preparation of oxidized HA (HA-ALD)
One Gram of HA (Yuanye, China) was uniformly dissolved in 100 mL of H2O, followed by the addition of 1 g of sodium periodate (NaIO4; Sigma, America), which was left to react for 3 h in the dark. Subsequently, 3 mL ethylene glycol (Beijing Chemical Works, China) was added to the solution and stirred for 1 h to terminate the reaction. The obtained solution was dialyzed in deionized water for 3 days and the water was changed at least three times a day. Finally, the solution was freeze-dried to obtain HA-ALD.
2.1.3 Preparation of GA-modified CS (CS-GA)
CS (Aladdin, China) was dissolved in water and adjusted to form a 1 wt% solution with 5 M HCl. The solution was heated in a water bath and deoxidized with N2 for 15 min. GA (Aladdin, China) was then dissolved in the CS solution. The N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC; Aladdin, China) and N-Hydroxysuccinimide (NHS; Aladdin, China) dissolved in 50 mL H2O were dropped into the GA and CS mixture, and left to react for 10 h in the N2 environment while maintaining the pH at 5. The obtained solution was dialyzed with acidified deionized water for 3 days to inhibit oxidation of the catechol group. Finally, the CS-GA powder was obtained by freeze-drying.
2.1.4 Preparation of the CGH/PDA@HAP hydrogel
The 1 wt% HA-ALD solution was dissolved in a 2 wt% CS-GA solution, and then 1 wt% PDA@HAP was dissolved in a 5 wt% HA-ALD solution and uniformly distributed under ultrasonic stirring. The two solutions were then mixed and shaken to obtain a uniform GGH/PDA@HAP hydrogel. CS hydrogels without the GA modification were prepared under the same process for comparison.
2.1.5 Characterization of the CGH/PDA@HAP hydrogel
The synthesized hydrogel was characterized by Fourier-transform infrared (FTIR) spectra obtained on a BLUCK spectrophotometer over a wavenumber range from 4000 to 500 cm-1, ultraviolet (UV)-visible absorption spectra measured with a Lambad 800 spectrophotometer, and H-nuclear magnetic resonance (NMR) spectroscopy on a BLUCK AVANCEIII600 device. The dynamic mechanical properties of the hydrogel were determined with a rheometer (TA Instruments-waters LLC). The morphology of the hydrogels was observed by cryo-scanning electron microscopy (Cryo-SEM; Zeiss Sigma-300, Germany) at −140°C. X-ray diffraction (XRD; Rigaku, Japan) was used to analyze the phase compositions of the CGH and CGH/PDA@HAP hydrogels. The swelling ratio of the hydrogels was measured in PBS at 37°C. For enzymatic degradation assay, the CGH and CGH/PDA@HAP hydrogels were incubated in the PBS solution containing hyaluronidase (900U/mL; Solarbio, China) at 37°C for 21 days. The CGH/PDA@HAP hydrogel was immersed in sterile deionized water for 5 days and inductively coupled plasma emission spectrometer (ICAP-7400; ThermoFisher, America) was used to an investigate the calcium (Ca2+) and phosphorus (PO43-) release.
2.2 Cytotoxicity and cell proliferation assay
2.2.1 Cell culture
The BMSCs were isolated from three-week-old male Sprague-Dawley (SD) rats (Changsheng Biotechnology, China) and cultured in low-glucose Dulbecco’s modified Eagle medium (LG-DMEM; Solarbio, China) supplemented with 10% fetal bovine serum (FBS; Genemini, United States) and 1% penicillin-streptomycin (P-S; Hyclone, United States) at 37°C in a 5% CO2 atmosphere. BMSCs were used at passage 3 for further in vitro experiments.
To assess the effects of the hydrogel on BMSCs, the culture medium was supplemented with CGH and CGH/PDA@HAP. Briefly, the hydrogels were immersed in LG-DMEM and cultured for 48 h (Xu et al., 2020). The extracts were filtered for sterilization and the cells were subsequently cultured in osteogenic medium (85% LG-DMEM, 10% FBS, 1% P-S, 50 μM ascorbate, 100 mM β-sodium glycerophosphate, 100 nM dexamethasone).
2.2.2 Cell live/dead staining
The Calcein AM/propidium iodide (PI) cell live and dead staining kit (Yeasen, China) was used to observe the survival of BMSCs for evaluating the cytotoxicity of CGH and CGH/PDA@HAP hydrogels. In brief, the bottom of a 6-well plate was covered with the prepared hydrogel, sterilized by UV light, cleaned in deionized water, and pre-soaked in DMEM before the experiment. The hydrogel was then inoculated with 5 × 104 BMSCs. After culturing for 24 h, the fluorescence staining solution (2 μM Calcein AM and 4.5 μM PI) was added, incubated for 15 min, and imaged by a live cell imager.
2.2.3 Proliferation assay
To further assess the effect of the hydrogels on the proliferation of BMSCs, the Cell Counting Kit-8 (CCK-8; Yeasen, China) assay was used to evaluate the number of live BMSCs in the hydrogels. The hydrogel was pre-treated as described above. Subsequently, 5 × 103 BMSCs were seeded onto the surfaces of the hydrogels in a 96-well plate and the complete medium was replaced every 3 days. The cell proliferation was assessed at 1, 4, and 7 days. At each time point, the medium was replaced with fresh basic medium and CCK-8 reacting solutions were added. After incubation for 2 h, the optical density (OD) value was measured at 450 nm with a microplate reader. BMSCs cultured only in complete medium were used as the control group.
2.3 Osteogenic differentiation assay in vitro
2.3.1 Alkaline phosphatase (ALP) staining
ALP is a marker of early osteogenesis that is often used to evaluate the degree of the early osteogenic differentiation of BMSCs (Wang et al., 2021a). ALP staining and corresponding quantitative analysis were performed to evaluate the effect of the hydrogel on the osteogenic differentiation ability of BMSCs in the early stage. Briefly, BMSCs were cultured in the extract-modified osteogenic medium for 14 days, washed twice by phosphate-buffered saline (PBS), and then fixed with 4% paraformaldehyde for 30 min. The staining procedure was performed according to the protocol described in the kit instructions (Beyotime, China). After staining, BMSCs were washed with PBS and observed under a light microscope, and images were captured. A quantification kit (Jiancheng, China) was also used to quantify the ALP activity in the BMSCs. Briefly, BMSCs were fully lysed and the protein supernatant was obtained to measure the ALP activity. A bicinchoninic acid (BCA) kit (Beyotime, China) was used to normalize the total protein concentration. BMSCs incubated in osteogenic medium alone were set as the control group.
2.3.2 Alizarin Red staining (ARS)
ARS was used to observe the mineralization in the extracellular matrix of BMSCs. Briefly, after culture for 21 days, BMSCs were washed with PBS, fixed with 4% paraformaldehyde for 30 min, and then ARS reaction solution (Solarbio, China) was added to the 6-well plate. After incubating in the dark for 30 min, the solution was aspirated and the 6-well plate was washed with deionized water three times, followed by image capture and analysis. Quantification of mineralization in the extracellular matrix was performed using 10% cetylpyridinium chloride (Aladdin, China) to dissolve the cells stained by Alizarin Red. The OD value was measured at 562 nm using a microplate reader. BMSCs incubated in osteogenic medium alone were set as the control group.
2.3.3 Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)
RT-qPCR was used to evaluate the osteogenic differentiation of BMSCs according to the mRNA expression of the osteogenic markers Runt-related transcription factor-2 (Runx2), alkaline phosphatase (Alp), and osteocalcin (Ocn). Briefly, after culture for 7 and 14 days, BMSCs were washed with PBS and total RNA was isolated by Trizol Reagent (Yeasen, China) according to the manufacturer instructions. The concentration and purity of RNA were measured by a NanoDrop 2000c spectrophotometer (ThermoFisher Scientific, United States). RNA with a concentration of 100–1000 ng/μL and an absorbance ratio at 260/280 nm of approximately 1.8–2.2 was considered to be of suitable quality for further analysis. The total RNA was reverse-transcribed into cDNA using Strand cDNA Synthesis SuperMix kit (Yeasen, China). The cDNA was then used as the template for qPCR with SYBR Green Master Mix (Yeasen, China) and primers for the target gene, and the results were analyzed on a Lightcycler 960 system. The primers were synthesized by Sangon Biotech and their sequences are shown in Table 1; β-actin served as housekeeping gene for normalization. The 2–△△Ct method was used to compare relative mRNA expression levels between experimental and control groups. BMSCs incubated in osteogenic medium alone were set as the control group.
TABLE 1 | Primer sequences for RT-qPCR.
[image: Table 1]2.4 Bone regeneration assay in vivo
2.4.1 Rat calvarium defect model establishment and hydrogel implantation
All animal studies were approved by the Institutional Animal Care and Use Committee of Jilin University (IACUC No. SY202203100). A critical-sized rat calvarium defect was made to evaluate the osteogenesis effects of the CGH/PDA@HAP hydrogel in vivo. Eighteen male SD rats with a weight of 220–250 g were weighed and anesthetized by intraperitoneal injection of pentobarbital sodium (45 mg/kg). After successful anesthesia, the rats were fixed in prone position. After routine preparation of the cranial skin, 1% iodophor and 75% alcohol were used for disinfection and sterile towels were spread. A 1.5-cm incision was made along the sagittal line of the skull. The skin and periosteum were dissected, and the periosteum was separated with an exfoliator to fully expose the skull. An annular bone drill was connected to the implant base, and a bone defect of 5 × 5 mm was prepared by drilling a hole (drilling rate <1500 rpm) in the outer lower quadrant of the skull where the median suture and the herringbone suture crossed. During the operation, normal saline was used to avoid overheating that could cause local tissue necrosis and to avoid the damage of brain tissue due to drilling too deep. After confirming successful model establishment, the hydrogels were injected at the same time, and the periosteum, subcutaneous tissue, and epidermis were sutured in sequential layers. The rats were placed in a warm and ventilated cage until they regained consciousness and crawled on their own. After the operation, aspirin (100 mg/kg) was dissolved in the drinking water for free ingestion of analgesia for no less than 3 days. The rats were divided into three groups: CGH, CGH/PDA@HAP, and control group (without any hydrogel).
2.4.2 Micro-CT analysis
To detect the new bone regenerated at defect sites, micro-CT (SCANCO, Switzerland) was employed for observation and quantitative analysis. Briefly, three-dimensional reconstruction of samples of each group was performed, and the bone volume/tissue volume (BV/TV) and trabecular separation (Tb.Sp) were automatically determined according to manufacturer’s operational protocol for further evaluating the healing effect on bone defects of each group.
2.4.3 Histological evaluation
All samples were decalcified with 15% ethylenediaminetetraacetic acid (pH 7.2) for 4 weeks. The dehydrated specimens were embedded in paraffin and cut into 5-μm continuous sections for staining. The pathological sections of each group were evaluated by HE and Masson’s trichrome staining, and the films were taken under a light microscope. Additionally, the major organs, including the heart, liver, spleen, lung, and kidney, were harvested for HE staining to evaluate the biosafety of the hydrogels.
2.5 Antibacterial assay
2.5.1 Bacterial strains and culture
Staphylococcus aureus (ATCC29213; Fenghui, China) and Escherichia coli (ATCC25922; Fenghui, China) were selected in this study. Briefly, each species was incubated with Luria-Bertani (LB) medium at 37°C under relative humidity above 90%. Based on the OD value measured at 600 nm in a UV spectrophotometer, the bacterial suspension was adjusted to 1 × 106 colony-forming units (CFU)/mL for subsequent experiments.
2.5.2 Planktonic bacteria inhibition assay
Time-kill curves construction and bacterial colony counting were applied to evaluate the bacterial inhibitory ability of the CGH/PDA@HAP and CGH hydrogels. Briefly, hydrogels (200 μL) were co-cultured with the bacterial suspension (500 μL) in 24-well plates for 12 h. The OD value was measured at 600 nm every 2 h for 12 h and time-kill curves were constructed. Subsequently, the suspension treated with the hydrogel materials was diluted to a certain ratio, and a 30 μL solution was evenly spread onto agar LB plates. The colonies were observed and the CFU was calculated after culturing for 48 h. Staphylococcus aureus and E. coli simply cultured in LB medium were set as the control groups.
2.5.3 Bacteria live/dead staining assay
The SYTO 9/PI (live/dead) staining kit (ThermoFisher, America) was used to determine the survival status of S. aureus and E. coli cultured on CGH/PDA@HAP and CGH hydrogels. Briefly, the bacteria were cultured as described above. SYTO 9 (2.5 mM) and PI (2.5 mM) were mixed to form a reacting solution, added onto the surface of the hydrogel, and then left to react in the dark for 15 min. Images were observed and captured with an inverted fluorescence microscope.
2.5.4 Metabolic activity
The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Beyotime, China) assay was used to evaluate the biofilm activity of S. aureus and E. coli when co-cultured with the CGH and CGH/PDA@HAP hydrogels. Briefly, 0.4 mL MTT solution (0.5 mg/mL) (Beyotime, China) was added onto the hydrogel in a 24-well plate and incubated for 2 h at 37°C. Equal amounts of dimethyl sulfoxide was added to each well to dissolve the formaldehyde crystals after reacting in the dark. The MTT dye was transferred onto a new 96-well plate and the OD value was measured at 540 nm in a standard enzyme assay instrument.
2.6 Statistical analysis
Quantitative values are presented as mean ± standard deviation from at least three independent experiments and differences among groups were analyzed using one-way analysis of variance (GraphPad Prism 8.0.1 software) to assess statistical significance. p < 0.05 was considered statistically significant.
3 RESULTS AND DISCUSSION
3.1 Preparation of the CGH/PDA@HAP hydrogel
To overcome the problem of poor HAP dispersion, we modified the surface of HAP with PDA (PDA@HAP) to effectively improve its hydrophilicity, which is mainly achieved due to the large number of hydrophilic groups on the surface of PDA (Wu et al., 2019; Gao et al., 2022). The successful preparation of the PDA@HAP material was confirmed by the FTIR spectra (Supplementary Figure S1). Moreover, we synthesized CS-GA by the amidation reaction of CS and GA, which significantly improved the solubility of CS. The UV absorbance spectrum exhibited an obvious characteristic peak, demonstrating the successful preparation of CS-GA (Figure 1B). Aldehyde-modified HA (HA-ALD) was synthesized by oxidizing HA with periodate. H-NMR data further confirmed the successful synthesis of the CS-GA and HA-ALD, as shown in Supplementary Figures S2 and S3. We then added the PDA@HAP into the HA-ALD with ultrasonic stirring. We successfully synthesized the injective hydrogel by a Schiff-base reaction between the aldehyde-modified HA-ALD and the amino group of CS-GA. It provides a smart strategy to fill irregular defects and promote tissue healing (Pan et al., 2020; Zhang et al., 2022a). The sol-to-gel transformation process is shown in Figure 1A The successful synthesis of hydrogels occurred after the two solutions were homogeneously mixed at a volume ratio of 1:1 for 10 s. The FTIR spectra were measured to characterize the chemical structure of the composite hydrogel. As shown in Figure 1C new carbonyl peak of the acyl hydrazone bond appeared at 1662 cm-1, indicating the Schiff binding between CS-GA and HA-ALD. The FTIR spectra of the CGH/PDA@HAP hydrogel also showed characteristic peaks of PDA@HAP at 565, 603, and 1033 cm-1, demonstrating the successful introduction of PDA@HAP. Further, XRD was performed to analyze the composition of hydrogels. As shown in Figure 1D, the diffraction peak intensities of PDA@HAP were weaker than those of HAP, which indicate that the PDA was coated on the surface of HAP. The main peak of the CGH/PDA@HAP hydrogel is matched to that of HAP, which proves that HAP was present in the hydrogel.
[image: Figure 1]FIGURE 1 | Preparation of the CGH/PDA@HAP hydrogel. (A) Optical image of the gelation process. (B) UV absorbance spectrum of CS-GA. (C) FTIR spectra. (D) XRD analysis. (E) Swelling ratio. (F) Enzymatic degradation.
Since the swelling ratio of materials is closely related to the behavior of cells and the effect of tissue healing, the swelling profiles of the CGH and CGH/PDA@HAP hydrogels were evaluated. As shown in Figure 1E, the freeze-dried hydrogels were quickly swelled at the first 1 h, then reached an equilibrium state. Both of the hydrogels exhibited a favorable ability of water uptake. In particular, the swelling ratio decreased through PDA@HAP introducing, proving that PDA grafting is an effective method to make hydrogel stable (Huang et al., 2022). Further, enzymatic degradation assay was performed to evaluate the degradability and stability of the CGH and CGH/PDA@HAP hydrogels in a simulated in vivo environment. As show in Figure 1F, the CGH and CGH/PDA@HAP hydrogels could degrade in the hyaluronidase solution, indicating the degradability of them. The long-term application of HA remains challenge due to the enzymatic degradation mediated by tissue (Ito et al., 2007). Previous study has been proved that HA was completely degraded in a hyaluronidase solution with a concentration of 10U/mL for 5 days (Lin et al., 2015). The results in this study indicated that the CGH and CGH/PDA@HAP hydrogels remains more than 25% of residual weight on 5 days even in a relative high concentration of hyaluronidase solution (900U/mL). It can be attributed to that the Schiff-base triggers the crosslinking reaction, thus prolonging the degradation time (Yuan et al., 2017). This is consistent with previous study (Ma et al., 2021).
The microstructure of the CGH/PDA@HAP hydrogel was also observed by Cyro-SEM. As shown in Figure 2A, the CGH and CGH/PDA@HAP hydrogel had uniform porous microstructures, indicating the three-dimensional mesh structure of these hydrogels. As shown in Figures 2B–D, the addition of PDA@HAP has no obvious effect on the pore size and porosity percentage of the hydrogel. In particular, the interconnected porous structures could mimic the histological morphology of the native bone, thus increasing the osteo-conductivity (Zhao et al., 2020). This is essential to promote proliferation and differentiation of BMSC (Yi et al., 2016). Moreover, elemental mapping (Figure 2A) demonstrated that the distribution of HAP was evenly on the CGH/PDA@HAP hydrogel through PDA modification, thus overcoming the disadvantage of aggregation (Gao et al., 2022).
[image: Figure 2]FIGURE 2 | Cyro-SEM observation of the CGH and CGH/PDA@HAP hydrogels. (A) SEM images and elemental mapping. (B) Average pore size of the CGH hydrogel. (C) Average pore size of the CGH/PDA@HAP hydrogel. (D) Porosity percentage of the CGH and CGH/PDA@HAP hydrogels. Scale bar: 2.5 μm.
3.2 Characterization of the CGH/PDA@HAP hydrogel
The oscillatory rheology of the CGH/PDA@HAP hydrogel was characterized to further investigate the stability and mechanical behaviors. First, we prepared the nano-HAP–loaded CGH (CGH/HAP) hydrogel as a control. As shown in Figure 3A, The CGH/HAP and CGH/PDA@HAP hydrogels exhibited a similar elastic modulus, suggesting that the introduction of PDA had little effect on the mechanical strength. As shown in Figure 3B, the storage modulus (G′) was consistently larger than the loss modulus (G″) when the angular frequency ranged from 0.1 to 100 rad/s, confirming the elastic behavior of the CGH/HAP and CGH/PDA@HAP hydrogels. Moreover, rheological recovery and macroscopic self-healing behavior tests were conducted to estimate the self-healing properties of the CGH/PDA@HAP hydrogel. Based on the strain amplitude sweep measurement, no obvious change of the modulus was observed even after five cycles, demonstrating the outstanding self-healing ability of the CGH/PDA@HAP hydrogel (Figure 3C). We also cut the CGH/PDA@HAP hydrogel into two parts, which healed within a short time (Figure 3D), further indicating the self-healing of the CGH/PDA@HAP hydrogel from a macro perspective.
[image: Figure 3]FIGURE 3 | Characterization of the CGH/PDA@HAP hydrogel. (A) Rheological strain sweeps. (B) Rheological frequency sweeps. (C) Step strain sweeps. (D) Optical images of the self-healing phenomenon. (E) Viscosity as a function of shear rate. (F) Optical images of the injectable property of the hydrogel.
The dependence of viscosity on shear rate was explored to investigate the injectability of CGH/PDA@HAP hydrogel. As shown in Figure 3E, the viscosity of the hydrogel decreased with the shear rate increased, confirming the CGH/PDA@HAP had the ability to shear thinning. Therefore, the CGH/PDA@HAP hydrogel can be extruded through a syringe and maintain a stable gel state after removing the shear stress, further demonstrating the injectability of the CGH/PDA@HAP hydrogel.
3.3 Biocompatibility evaluation
To determine whether the concentration of the PDA@HAP in hydrogel could affect the viability of BMSC, three hydrogels containing different mass fractions (0.5% wt, 1% wt and 2% wt) were prepared. As shown in Figure 4A, most of the BMSCs survived and were capable of migration and adhesion in each group, suggesting that the hydrogel scaffolds have minimal cytotoxicity. Notably, BMSCs cultured with the hydrogel containing 1% wt PDA@HAP exhibited higher metabolic rates than the other groups (Figure 4B). Thus, the CGH/PDA@HAP-1%wt was selected for the subsequent studies.
[image: Figure 4]FIGURE 4 | Biocompatibility of CGH and CGH/PDA@HAP hydrogel. (A) Live/Dead cell staining. (B) CCK-8 assay. (*indicates significant differences; *p < 0.05, **p < 0.01).
It is generally acknowledged that the advantage of the three-dimensional porous structure of a hydrogel is to guide the orderly migration and proliferation of cells (Zhang et al., 2021c; Zhou et al., 2022). Compared with traditional two-dimensional culture, this three-dimensional culture structure can establish favorable conditions for the growth of cells in a given space, which lays a good foundation for osteogenic differentiation (Shanbhag et al., 2021; Xu et al., 2021; Zhu et al., 2022). As reported in previous studies, a PDA-modified material has an increased surface positive charge, which makes it easier to bind to integrin receptors on the surface of cell membranes and attract cells for attachment on the material (Yu et al., 2021; Im et al., 2022). Moreover, the hydrophilicity of the material itself increases after PDA grafting, which offers another advantage to promote cell attachment (Wu et al., 2019; Zhang et al., 2020). Given these properties, the CGH/PDA@HAP hydrogel was verified to be able to support BMSC adhesion and proliferation, which are key factors contributing to osteogenesis.
3.4 Osteogenic differentiation effect of the CGH/PDA@HAP hydrogel in vitro
To explore the osteogenic differentiation effect of the CGH/PDA@HAP hydrogel on BMSCs, ALP activity assessment and ARS were performed. As shown in Figures 5A, B, ALP activity was significantly increased in the CGH/PDA@HAP group compared with that of the control and CGH groups when BMSCs were treated for 14 days. After 21 days of treatment, orange-red calcium nodules formed in the extracellular matrix of BMSCs in all groups. However, the number and area of orange-red nodules in the CGH/PDA@HAP group were significantly higher than those in the control and CGH groups (Figure 5C). Corresponding quantitative analysis of ARS demonstrated the same trend and was consistent with the staining results (Figure 5D). It is generally acknowledged that the hydrogel scaffolds are with the remarkable drug loading characteristics and capable to form a slow-release effect in the injured site, ensuring a long-term and effective treatment to promote tissue healing (Zhang et al., 2021b; Wang et al., 2023). In this study, Ca2+, as well as PO43-, were confirmed to be released from the CGH/PDA@HAP hydrogel (Supplementary Figure S4). These results may reflect the fact that the PDA@HAP in the hydrogel can continuously release Ca2+, which can provide a favorable chemical environment for the differentiation of BMSCs into osteoblasts (Ciobanu et al., 2018).
[image: Figure 5]FIGURE 5 | Osteogenic differentiation of BMSCs. (A) ALP staining of BMSCs cultured in osteogenic medium supplemented with extracts of various materials for 14 days. (B) Quantification of ALP activity of BMSCs cultured in osteogenic medium supplemented with extracts of various materials. (C) ARS assay of BMSCs cultured with osteogenic medium supplemented with extracts of various materials for 21 days. (D) Quantitative analysis of (C). (E,F and G) Expression of osteoblastic genes of BMSCs after culture for 7 days. (H,I and J) Expression of osteoblastic genes of BMSCs cultured for 14 days. (*indicates significant differences compared with the control group and # indicates significant differences compared with the CGH group; *p < 0.05, **p < 0.01, #p < 0.05, ##p < 0.01).
To further evaluate the osteogenic differentiation effect of CGH/PDA@HAP, RT-qPCR was employed to detect the expression of several osteogenesis-related genes, including Runx2, Alp, and Ocn. As shown in Figures 5E–J, the expression of these genes in the CGH/PDA@HAP group was notably upregulated compared with that in the control and CGH groups, which was consistent with the staining results summarized above. Although HAP can improve the osteogenic conduction and induction of a hydrogel scaffold, its aggregation may cause a high ion concentration in the microenvironment, thereby impairing the proliferation and osteogenic differentiation of BMSCs (Pan et al., 2020; Xu et al., 2020). Therefore, we adopted the strategy of modifying HAP with PDA to evenly distribute the HAP in the hydrogel, preventing the production of excessively high concentrations of ions to provide a favorable condition for osteoblast differentiation (Gao et al., 2022). Moreover, Ca2+ can further promote the osteogenic differentiation of BMSCs through the activation of calcium channels on the surface of BMSCs by endogenous electrical signals, thus increasing the intracellular Ca2+ concentration (Ciobanu et al., 2018). These results demonstrated that the effect of inducing osteogenic differentiation of BMSC was enhanced when introducing PDA@HAP into the hydrogel, and the expression of osteogenic-related genes was upregulated, especially at 14 days. Moreover, there was no inhibition of cell proliferation and differentiation due to HAP aggregation.
3.5 Effect of the CGH/PDA@HAP hydrogel on bone healing in vivo
To evaluate the bone healing effect of the CGH/PDA@HAP hydrogel in vivo, a 5-mm-diameter critical cranial defect was created in SD rats to study the osteogenic effect. At 4 weeks and 8 weeks post-surgery, micro-CT was employed to assess the healing of the cranium defect. As shown in Figure 6A, bone healing in the CGH/PDA@HAP group was more obvious compared to that observed in the control and CGH groups at both 4 and 8 weeks post-surgery. At 8 weeks after implantation, the CGH/PDA@HAP hydrogel induced significant new bone formation both in the periphery and in the center of the defect. Moreover, the BV/TV was remarkably increased in the CGH/PDA@HAP group compared with that of the control and CGH groups, whereas the opposite result was found for the Tb. Sp measurement (Figures 6B–E). These findings suggested that the CGH/PDA@HAP hydrogel has improved osteogenic effects in vivo, consistent with the results found in vitro.
[image: Figure 6]FIGURE 6 | The CGH/PDA@HAP hydrogel promotes bone regeneration in vivo. (A) Three-dimensional reconstructed micro-CT images of rat cranial bone defects at 4 and 8 weeks after injecting hydrogel materials. Red circles illustrate the original defect area and blue parts in the images represent the background. Gray areas in red circles indicate new bone formation. (B) BV/TV of the defect area of each group at 4 weeks post-surgery. (C) Tb. Sp of the newly formed bone of each group at 4 weeks post-surgery. (D) BV/TV of the defect area of each group at 8 weeks post-surgery. (E) Tb. Sp of the newly formed bone of each group at 8 weeks post-surgery. (F) HE staining images of each group at 4 weeks post-surgery. (G) Masson’s trichrome staining images of each group at 4 weeks post-surgery. (H) HE staining images of each group at 8 weeks post-surgery. (I) Masson’s trichrome staining images of each group at 8 weeks post-surgery. (*indicates significant differences compared with the control group and # indicates significant differences compared with the CGH group; *p < 0.05, **p < 0.01, ##p < 0.01).
This effect can be attributed to the fact that the differentiation of BMSCs into osteoblasts is closely related to the structure of scaffold materials (Zhang et al., 2021c). The three-dimensional porous structure of the hydrogel can not only recruit more cells to the defect area, but its morphological regulatory function also plays an essential role in the osteogenic differentiation of BMSCs (Xu et al., 2021; Zhu et al., 2022). The in vivo three-dimensional culture conditions created by the hydrogel not only facilitate the migration and proliferation of BMSCs through the paracrine secretion of exosomes via activation of the HMGB1/AKT pathway, but also synergize with osteogenically active substances in the system to accelerate osteogenic differentiation (Matsumoto et al., 2011; Oliveros et al., 2021; Ren et al., 2021; Tavakol et al., 2021). More importantly, the catechol group on the surface of PDA-modified scaffolds can effectively anchor calcium ions in HAP, which stabilizes the local calcium concentration and induces the osteogenic differentiation of BMSCs (Gao et al., 2022). On this basis, the formation of hydroxyapatite on the scaffold surface can be promoted to accelerate the process of osseointegration (Matsumoto et al., 2011; Wu et al., 2011; Wu et al., 2019; Zhang et al., 2021a).
Furthermore, HE staining and Masson’s trichrome staining were used to verify the effect of the CGH/PDA@HAP hydrogel on bone defect healing at the histology level. As shown in Figures 6F,H large amount of newly regenerated bone was induced from the margin to the central area of the defect in the CGH/PDA@HAP group, whereas new bone formation was hardly detected in the control group. Masson’s trichrome staining images showed the same tendency as found for the HE staining results (Figures 6G,I). In addition, no obvious pathological changes were observed in the HE-staining images of the major organs, including the heart, liver, spleen, lung, and kidney, suggesting that the CGH/PDA@HAP hydrogel has good biological safety in vivo (Supplementary Figure S5). The Cyro-SEM images further proved that the CGH/PDA@HAP hydrogel has a three-dimensional porous structure, which is a key feature to endow the hydrogel with excellent osteogenic conduction for directing BMSC migration toward the center of the bone defect. Moreover, PDA enhanced the bioactivity of the hydrogel surface and made it easier to recruit cells, laying a solid foundation for bone regeneration (Gao et al., 2022). Significantly, the HAP in the hydrogel can effectively induce the osteogenic differentiation of BMSCs, promoting mineralization of the extracellular matrix to form mature new bone (Zhao et al., 2020). These findings are thus consistent with the results of the in vitro experiments. In summary, the CGH/PDA@HAP hydrogel recruited cells to the center of the defect and regulated the behavior of cells in a programmed manner at both the internal morphology and the active substance, thus achieving a satisfactory therapeutic effect of bone healing.
3.6 Antibacterial effect in vitro
S. aureus and E. coli were used to study the antibacterial effect of the CGH and CGH/PDA@HAP hydrogels on Gram-negative and Gram-positive bacteria, respectively. To evaluate the inhibiting effect of the CGH and CGH/PDA@HAP hydrogels on planktonic bacteria, time-kill curves were constructed. As shown in Supplementary Figure S7, the growth curves of S. aureus and E. coli exhibited an increasing trend within 12 h in the control group, whereas growth was maintained at a stable level in the CGH and CGH/PDA@HAP groups. To further investigate these effects, the CFU count was quantified. Accordingly, colony formation was significantly inhibited when the bacteria were cultured with CGH and CGH/PDA@HAP hydrogels (Figure 7A). Quantitative analysis demonstrated that the inhibitory rate of the CGH hydrogel against S. aureus and E. coli was above 90% (Figures 7B, C). To further investigate the inhibition of S. aureus and E. coli biofilm formation, bacteria live and dead staining was used, in which live bacteria are stained with green fluorescence while dead bacteria are stained red. As shown in Figure 7D, S. aureus and E. coli in the CGH and CGH/PDA@HAP groups emitted a strong red signal, indicating that most of the bacteria had been killed on the hydrogels. Moreover, the MTT assay showed that the metabolic activity of S. aureus and E. coli biofilms significantly decreased in both the CGH and CGH/PDA@HAP groups compared with that of the control group (Figures 7E, F).
[image: Figure 7]FIGURE 7 | Antibacterial properties of the CGH/PDA@HAP and CGH hydrogels against Staphylococcus aureus and Escherichia coli. (A) Typical images of Staphylococcus aureus and Escherichia coli bacterial colonies after culture with CGH/PDA@HAP and CGH hydrogels. (B,C) Quantitative analysis of (A). (D) Live/dead bacteria staining to evaluate the capability of CGH/PDA@HAP and CGH hydrogels to prevent adhesion of Staphylococcus aureus and Escherichia coli. (E,F) MTT assay to assess the effects of CGH/PDA@HAP and CGH hydrogels on the metabolic activity of Staphylococcus aureus and Escherichia coli biofilms. (*indicates significant differences compared with the control group; **p < 0.01).
Staphylococcus aureus is considered the main pathogen of postoperative infection in open bone defect cases, which is attributed to the fact that it can induce the differentiation of osteoclasts via the secretion of proinflammatory factors and proteins, either directly or indirectly (Tong et al., 2022). Moreover, intense inflammatory reactions initiated by infection lead to the release of inflammatory factors, which inevitably increases apoptosis and inhibits the osteogenic differentiation of BMSCs (Xu et al., 2016). Our results demonstrated that the CGH/PDA@HAP hydrogel represents a scaffold with broad-spectrum antibacterial activity that could inhibit S. aureus, thereby showing potential to prevent infection and effectively avoiding the negative effects of inflammation on bone regeneration.
Notably, GA can penetrate the bacterial cell wall to change osmotic pressure and inhibit the bacterial respiratory chain, thus reducing the drug resistance (Shi et al., 2021; Wei et al., 2023). A previous study demonstrated that GA can effectively decrease metabolic activity and destroy the biofilms of S. aureus and E. coli (Sun et al., 2022). In this study, the CGH and CGH/PDA@HAP hydrogels successfully inhibited S. aureus and E. coli, preventing bacterial colonization and biofilm formation, and reducing metabolic activity. Therefore, the inherent antibacterial properties of hydrogel scaffolds can be improved through GA grafting even without loading antibacterial substances, which overcomes the lack of antibacterial properties of traditional bone scaffolds.
4 CONCLUSION
We developed a mussel-inspired mineral CGH/PDA@HAP hydrogel through the assembly of PDA@HAP, CS, GA, and HA, which exhibited desirable properties, including a porous structure, tunable mechanical property, injectability, as well as self-healing ability. It is expected that PDA enhances the bioactivity of the hydrogel and plays a positive role in bone formation in collaboration with HAP. Moreover, GA modification was used to improve the antibacterial properties of the hydrogel so as to promote bone regeneration while preventing infection. Based on this concept, we have proven that the CGH/PDA@HAP hydrogel has superior performance for promoting the adhesion, proliferation, and osteogenic differentiation of BMSCs in vitro. Notably, animal experiments further proved that the CGH/PDA@HAP hydrogel could meet the demand of promoting bone tissue regeneration and reconstruction when the defect reaches a certain critical size that prevents regeneration. In addition, GA grafting greatly improved the antibacterial performance of the hydrogel system, which inhibited the growth, adhesion, colonization, and biofilm formation of S. aureus and E. coli in vitro. In conclusion, our study provides a new strategy for treating open bone defects and preventing the occurrence of infection during bone healing.
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