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        Abstract



        
          

          Introduction


          This study aimed to ascertain the efficacy of a novel injectable hydrogel containing quercetin and silver nanoparticles incorporated with gelatin to enhance bone formation.

        


        
          

          Materials and Methods


          The lyophilized material preparation involved creating a gel-based medium containing xenogenic bone graft Bio-Oss, silver nanoparticles, and quercetin, followed by freeze-drying and injection into rat femurs for antibacterial efficacy and structural property assessment via an MTT Assay. In vitro analysis included testing cell viability and antimicrobial properties. Swelling tests measured scaffold swelling ratios in a culture medium, providing insights into their performance. Animal studies were conducted involving surgical procedures to create bone defects and assess the efficacy of bone grafts on rat tibiae. Nano-computed tomographic imaging was used to evaluate changes in bone volume post-operation, providing detailed insights into alterations in trabecular content. An independent t-test was performed for statistical analysis.

        


        
          

          Results


          No significant difference was found between groups with respect to cell viability and antimicrobial activity. There was maximum bone volume and trabecular width seen in the experimental group (426.54 ±34.78 mm3, 0.509 ± 0.023 mm), followed by the control group, and the difference was statistically significant (p<0.05).

        


        
          

          Discussion


          Injectable hydrogels, containing mesenchymal stem cells and bioactive substances, have been developed to improve bone growth in atrophic dental ridges, with promising results in antimicrobial properties and infection control.

        


        
          

          Conclusion


          The study shows that the application of this injectable hydrogel helped in enhancing bone formation.
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      1. INTRODUCTION


      Atrophic alveolar ridges are a common issue, posing significant challenges for both patients and practitioners. These ridges are characterized by a reduction in the volume of the maxilla and mandible, which can be caused by periodontal disease, endodontic complications, or trauma, eventually leading to tooth loss due to vertical or horizontal bone loss. This bone resorption can result in a variety of issues, including decreased oral function, aesthetic concerns, and difficulties in dental implant placement and restoration. Bone grafting has emerged as a crucial and effective solution to address these problems. In this treatment modality, bone graft material is used to supplement areas of deficient bone, helping to restore a solid foundation for dental prostheses and implants.


      A bone graft is a crucial tissue that can promote bone healing when implanted into a bony defect, either alone or in combination with other materials [1]. Bone graft materials can vary, with autogenous grafts being harvested from the patient’s own body. Common sources for autogenous grafts include intraoral sites such as the ramus of the mandible and symphysis, as well as extraoral sites like the fibula and iliac crest [2, 3]. Allografts, on the other hand, are materials obtained from a donor of the same species [4]. Some of the most commonly used bone grafts available commercially include Demineralized Freeze-Dried Bone Allografts (DFDBAs) and Freeze-Dried Bone Allografts (FDBAs) [5]. Xenografts are materials that are procured from different species altogether. They could be of bovine or porcine origin [6]. Alloplastic grafts are made of synthetic materials like hydroxyapatite or bioactive glass.


      Dental implants require a strong and healthy bone for osseointegration, which is the main reason why bone grafting is necessary in scenarios where bony defects or atrophic ridges are present. The implants act as artificial tooth roots, and in order for osseointegration to occur, there must be enough bone density and volume, keeping in mind that there is a chance resorption could occur [7]. The lack of healthy bone could result in issues, such as implant instability, pain, or, in worse cases, even implant rejection. Dental specialists can strengthen and rejuvenate the weakened bone through bone grafting operations, providing a stable foundation for implant placement. Various studies have shown the importance and increased frequency of the usage of grafting procedures [8, 9].


      Xenogeneic bone grafts are commonly used to augment areas of the alveolar ridges that lack sufficient width or height, preparing these regions for dental implants. These grafts undergo specific treatments to minimize the risk of immunological reactions and disease transmission. Generally, xenogeneic bone grafts have demonstrated good success rates [10]. They provide a biocompatible scaffold that facilitates the development and integration of new bone, creating a stable foundation for dental implants. Xenogeneic bone grafts have proven effective in facilitating implant insertion and promoting long-term dental health outcomes. However, success rates may vary based on patient-specific factors and grafting techniques. These grafts are available in various forms, such as powder and putty, and the use of resorbable and non-resorbable membranes, including titanium membranes, can further enhance long-term success [11, 12].


      Injectable hydrogels represent a promising new category of xenogeneic bone solutions. With high biocompatibility, predictable application, and customizable properties, hydrogel systems enable minimally invasive surgeries without the need for subsequent implant procedures. Additionally, they provide effective methods for mimicking the Extracellular Matrix (ECM) and encapsulating a variety of mesenchymal stem cells and bioactive substances. This approach helps to fill the defect zone and promotes bone growth [13].


      The above benefits enable hydrogel systems to satisfy the unique requirements of repair and regeneration. This study was conducted to ascertain the success of a novel injectable hydrogel containing quercetin and silver nanoparticles incorporated with gelatin to enhance bone formation, where the null hypothesis stated that there would be no change in the bone formation after the addition of a gelatin-based injectable hydrogel.

    


    
      

      2. MATERIALS AND METHODS


      
        

        2.1. Study Design


        The sample size for the study was decided using the G-Power software (Version 3.1.9). The final calculation indicated that 16 samples should be included [13]. The animal ethical clearance was also obtained from the Institutional Animal Ethics Committee (IAEC), Biomedical Research Unit and Laboratory Animal Centre at Saveetha Dental College and Hospital, Saveetha Institute of Medical and Technical Sciences, Chennai, India (BRULAC/SDCH/SIMATS/IAEC/05-2022/118).

      


      
        

        2.2. Hydrogel Preparation Protocol


        About 10% (w/v) gelatin solution was prepared by dissolving Gelatin Type B (Sigma-Aldrich, USA) in distilled water under continuous stirring at 50°C. Methacrylation was carried out by gradually adding methacrylic acid (20:1 molar ratio to gelatin) while stirring at room temperature. Xenogenic bone graft (Bio-Oss, Geistlich, Switzerland), silver nanoparticles, and quercetin were then introduced in precise quantities and stirred at 500 rpm for 30 minutes. Irgacure 2959 (0.5% w/v) was added, and stirring was continued for an additional 15 minutes under dark conditions. Crosslinking was initiated by exposing the hydrogel to 365 nm UV light for 10 minutes. The hydrogel was then frozen at -80°C overnight and lyophilized through freeze-drying for 48 hours to obtain the final lyophilized form. Finally, the hydrogel was sterilized and stored under vacuum-sealed conditions at room temperature until further use.

      


      
        

        2.3. In-vitro Analysis


        
          

          2.3.1. Cell Viability


          Cell viability was assessed using the MTT assay [14]. A 1 mg/mL quercetin solution was added to the silver nanoparticle sample preparation, which was then immersed in Dulbecco's Modified Eagle Medium (DMEM F12). The medium contained 1% penicillin and 10% fetal bovine serum (FBS) (Gibco, Waltham, USA). After incubation for 24 hours, the media was removed and replaced with fresh media for cell treatment to assess compatibility. The cells were further incubated for 24 hours, after which 10 µL/100 mL of MTT reagent (5 mg/mL stock) was added. The cells were incubated for 4 hours at 37°C to allow formazan dye formation. The medium was then replaced with 200 µL of Dimethyl Sulfoxide (DMSO) (Sigma-Aldrich, St. Louis, USA) and incubated for 10 minutes. The final reaction was transferred to a 96-well ELISA plate, and absorbance was measured at A570 using a plate reader.

        


        
          

          2.3.2. Antimicrobial Test


          Utilizing a sterile 5ml pipette, 5ml of sterile saline was meticulously introduced into a test tube, ensuring strict adherence to sterility protocols. S. aureus and Candida albican colonies were carefully chosen from subculture plates using sterile inoculating loops and transferred to distinct sterile saline tubes. Subsequently, the organisms underwent dilution to attain a turbidity mirroring the 0.5 McFarland standard. Post-dilution, a sterile swab was immersed in the inoculum, allowing absorption for a duration of 15 minutes. Excess fluid was eliminated by spinning the swab against the tube's inner wall.


          The swab was used to streak the entire agar surface three times, rotating the plate and swab by 60 degrees between each streak. Drug-impregnated disks were then placed on the agar surface, and the plate was inverted for incubation at 37°C. Streptococcus organisms were incubated in an environment enriched with 5–10% CO2. After an incubation period of 16–24 hours, only the areas exhibiting complete inhibition were measured in millimeters. These measurements were compared to those on the Disk Diffusion Zone Diameter Chart to determine antibiotic susceptibility based on the MIC concentrations, and continuous metric diameter tests were conducted.

        


        
          

          2.3.3. Swelling Test


          Measurements of the swelling ratio of the scaffolds were conducted in a culture medium maintained at 37°C. An electronic balance was utilized to accurately measure and record their initial weights. Subsequently, the scaffold samples were allowed to remain in the medium to swell for a complete day. Following this incubation period, the swollen scaffolds were removed from the medium and weighed, with any excess surface-adhered medium being gently wiped off using tissue paper. The swelling ratio was calculated using the formula: Swelling ratio = (Wt − W0) / W0 × 100%, where Wt. represents the weight of the scaffold after immersion for a specified time 't' in the medium, and W0 denotes the initial weight of the scaffold prior to immersion in the medium [15].

        

      


      
        

        2.4. Animal Study


        
          

          2.4.1. Sample Selection for Animal Study


          The Animal Ethics Committee had approved all procedures involving the use of animals for this research. The lateral femoral shaft of a rat was fixed to be the ideal site for the test to be conducted, and a cylindrical bone defect repair model was created. Sixteen male white Wistar albino rats, with an average weight of 296 g ± 25.6 g, were part of the test, all of whom were 3 to 5 months old. All animals used in this study were obtained from the Biomedical Research Unit and Laboratory Animal Centre, Saveetha Dental College and Hospitals, Saveetha Institute of Medical and Technical Sciences -SIMATS (CCSEA Registered In-House Breeding Approval Number: 856/PO/ReBi/S/04/CCSEA). The procured rats were housed and handled in accordance with the CCSEA (Committee for Control and Supervision of Experiments on Animals) guidelines. All the protocols were approved by the Institutional Animal Ethics Committee and followed strictly during the course of the experiment.

        


        
          

          2.4.2. Estimation of Sample Size and Grouping


          There were two experimental groups: the experimental group, which received the novel hydrogel-based bone graft, and the control group, which did not receive the hydrogel and served as a baseline to assess bone formation after implant placement. A total of 16 samples were included in the study.

        


        
          

          2.4.3. Surgical Procedure


          Under completely sterile circumstances, the surgery was conducted using an intraperitoneal injection of 2% xylazine (10 mg/kg) (Rompun, Bayer, Germany) and ketamine (10 mg/kg) Anaket, Neon Laboratories Ltd., India) to anesthetize the rats. Subcutaneous injections of buprenorphine were used for the reduction of postoperative pain. Keeping the knee joint fixed at full extension, the right hind limb was shaved. The lateral femoral condyle was exposed by a 15 mm longitudinal incision made lateral to the patellar ligament. Drilling with a 3 mm drill bit created a hole that was 4 mm deep and 3 mm in diameter. The broken bone chips were then removed with saline. To this, the gelatin-based bone graft material was added. The bone graft material was packed, and the excess was removed. The incision was sutured layer by layer to prevent the formation of any scar tissue after the surgical site was cleaned with regular saline. After six weeks, the rats were decapitated in order to remove their femurs (Fig. 1).

        


        
          

          2.4.4. Histopathological Analysis


          The implant placement site and surrounding tissue were removed, fixed in 10% neutral buffered formalin, and examined under a microscope. Following fixation, Hematoxylin & Eosin (H&E) stain was used to prepare tissue specimens.

        


        
          

          2.4.5. Nano-computed Tomographic Imaging


          Nano-computed tomographic scanning was employed to evaluate changes in bone volume in both experimental groups. The scanning was performed using a Nano-CT scanner (Skyscan 2214, Bruker, Billerica, USA), which provided detailed images of the bone slices. The obtained sections were reconstructed, and the grayscale images were analyzed.This allowed for a more accurate assessment of changes in trabecular content, aiding in the evaluation of the efficacy of the bone graft medium.
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Fig. (1)


          (A) Shaved site (B) Incision, (C) Elevation, (D)-Drilling protocol, (E) Reflected site to receive the test gel, (F) Suturing done.
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Fig. (2)


          Graphical representation of the cell compatibility between the control group and test gel.


          
            Table 1 Mean and standard deviation zone of inhibition on C. Albicans and S. Aureus for control and experimental group; p-value was derived from independent t test.


            
              
                
                  	Dependent Variable

                  	Group

                  	Mean ± SD

                  	Mean Difference

                  	T-value

                  	p-value

                  	Null Hypothesis
                

              

              
                
                  	S. Aureus

                  	Experimental group

                  	32.12 ± 0.64

                  	0.62

                  	1.81

                  	0.09

                  	Accepted
                


                
                  	Control group

                  	31.50 ± 0.54
                


                
                  	C. Albicans

                  	Experimental group

                  	12.5 ± 0.53

                  	0.72

                  	2.12

                  	0.06

                  	Accepted
                


                
                  	Control group

                  	11.78 ± 0.64
                

              
            


          

        

      


      
        

        2.5. Statistical Analysis


        Statistical analysis was carried out using SPSS software (IBM Corp., 2011; IBM SPSS Statistics for Windows, Version 20.0; Armonk, NY: IBM Corp.), with a significance level established at p < 0.05 for all analyses. An Independent t-test was performed to compare the two groups.

      

    


    
      

      3. RESULTS


      
        

        3.1. Cell Compatibility


        The purpose of this test was to determine whether the injectable hydrogel would be compatible with the surrounding cells at the site of placement. Compatibility is essential for displaying osteogenic potential, which aids in bone formation. The cell compatibility tests revealed that the experimental gel exhibited good cell compatibility (92.16±4.21) compared to the control group (90.50±4.51). No significant difference was observed between the groups (p=0.64) (Fig. 2).

      


      
        

        3.2. Antimicrobial Tests


        The antimicrobial tests were conducted using S. aureus and C. albicans. The results demonstrated promising outcomes, with the experimental group showing a larger zone of inhibition for both organisms. However, no significant difference (p>0.05) was observed between the two materials tested (Table 1).

      


      
        

        3.3. Histopathological Analysis


        Histopathological evaluation revealed the defect area (indicated by asterisks) between the two-shaft walls of the femur bone in both the control and experimental groups. The femur walls consisted of compact bone (denoted by thin black arrows) maintaining its regular architecture. Material particles within the defect area were indicated by thick red arrows. The formation of a network of woven bone (depicted by thick black arrows) suggested the presence of immature bone at the defect site, demonstrating the ongoing process of bone remodeling and the subsequent transformation and maturation of endochondral ossification (Figs. 3 & 4).

      


      
        

        3.4. Tomography Image


        Nano-CT imaging revealed significant bone volume growth, and the data obtained from the imaging were used for the quantitative analysis of bone volume and trabecular width at the defect site 4 weeks postoperatively (Figs. 5 and 6). The experimental group showed the highest bone volume and trabecular width (426.54 ± 34.78 mm3, 0.509 ± 0.023 mm), followed by the control group (281.93 ± 17.59 mm3, 0.415 ± 0.042 mm). The differences between the groups for both parameters were statistically significant (p < 0.05) (Table 2).
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Fig. (3)


        Photomicrographs showing the histopathology of the control group stained with H&E at 10X Magnification.


        [image: ]
Fig. (4)


        Photomicrographs showing the histopathology of the experimental group stained with H&E at 10X Magnification.

      

    


    
      

      4. DISCUSSION


      The emergence of injectable hydrogels, highlighted as a promising advancement in xenogenic bone solutions [16, 17], presents a transformative approach to addressing widespread challenges associated with atrophic dental ridges [18]. Injectable hydrogels simulate the Extracellular Matrix (ECM), encapsulating mesenchymal stem cells and bioactive substances to foster bone growth [19, 20]. In the context of the study, the aim was to specifically target the enhancement of bone formation as a solution to the prevalent challenges posed by atrophic dental ridges given in the literature [21].


      [image: ]
Fig. (5)


      Colour-enhanced 2D Nano CT images. The warm colours represent denser regions, while the cool colours indicate areas with less density. (A). Control group in the X-Y axis. (B). Experimental group in the X-Y axis. (C). Control group in the X-Z axis. (D). Experimental group in the X-Z axis.
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Fig. (6)


      Three-dimensional Nano CT views. (A) Control group (grayscale image), with bright areas indicating higher density and dark areas indicating lower density. (B) Experimental group (grayscale image) with similar density representation. (C) Control group (colour-enhanced image), where warm colours indicate denser regions and cool colours show less dense areas. (D) Experimental group (colour-enhanced image), with the same colour-coding indicating density variations.


      
        Table 2 Mean and standard deviation of the bone volume and trabecular thickness of the experimental and control group; p-value was derived from independent t test.


        
          
            
              	Dependent Variable

              	Group

              	Mean ± SD

              	Mean Difference

              	T-value

              	p-value

              	Null Hypothesis
            

          

          
            
              	Bone volume

              	Experimental group

              	426.54 ±34.78

              	144.60

              	3.19

              	0.006*

              	Rejected
            


            
              	Control group

              	281.93 ± 17.59
            


            
              	Trabecular Thickness

              	Experimental group

              	0.509 ± 0.023

              	0.09

              	4.77

              	0.001*

              	Rejected
            


            
              	Control group

              	0.415 ± 0.042
            

          
        


      


      The comprehensive evaluation of this study reveals promising outcomes across multiple parameters. In the MTT assay, the treatment group exhibited notably higher cell viability compared to the control group, indicating the enhanced cellular compatibility of this developed formulation. Moreover, the antimicrobial test displayed the remarkable effectiveness of the presented material in comparison to the control group, highlighting its potential in combating microbial threats. AgNPs exhibit broad-spectrum antimicrobial properties, disrupting bacterial cell walls, inhibiting biofilm formation, and preventing post-surgical infections. Quercetin acts as an antibacterial agent by generating Reactive Oxygen Species (ROS) and impairing bacterial DNA (Deoxyribonucleic acid) replication, further enhancing wound healing. This explanation will clarify the biological role of these components in bone regeneration. Contrarily, in the swelling test, our treatment demonstrated reduced swelling compared to the control group, suggesting its ability to mitigate inflammation. Moving to the animal study, tomography imaging revealed distinctive patterns between the treatment group and the control group. The treatment group displayed favorable bone volume, indicating a pronounced potential for enhanced bone formation. Trabecular thickness provided insights into improved structural integrity. Quercetin has been shown to enhance osteoblastic differentiation by upregulating osteogenic markers, such as ALP(Alkaline phosphatase), Runx2(Runt-related transcription factor 2), and OCN (Osteocalcin). It activates the Wnt/β-catenin and BMP(Bone Morphogenetic Proteins) signaling pathways, which play critical roles in bone formation. Silver nanoparticles (AgNPs) contribute to osteogenesis by promoting mesenchymal stem cell differentiation into osteoblasts and stimulating calcium deposition. Quercetin enhances angiogenesis by increasing VEGF(Vascular endothelial growth factor) expression, which is essential for vascularization in bone healing. This supports nutrient supply and bone remodeling. AgNPs also play a role in angiogenesis by modulating endothelial cell proliferation and migration, aiding in neovascularization within the bone defect.


      The study stands in close relation to several key aspects of previous literature, solidifying its significance within the broader context of bone regeneration and biomaterial development [22]. Previous articles underscore the relevance of silver nanoparticles and gelatin in wound healing and osteogenic differentiation, yet our study advances beyond by combining these components synergistically. The MTT assay results underscore the effectiveness of our treatment, revealing significantly higher cell viability in the positive treatment group compared to the control. This supports the non-toxic nature of AgNPs/Gel hydrogels to osteoblasts, aligning with the findings of Han et al., which explored the role of gelatin in stabilizing silver nanoparticles for bone fracture healing. Their study provides valuable insight into the individual components we integrate into our gelatin-based hydrogel [23]. By building on this understanding, our study advances the field by synergistically combining gelatin, quercetin, and silver nanoparticles, offering a more comprehensive approach to bone regeneration. Furthermore, the antimicrobial results surpass those of previous studies, demonstrating the exceptional efficacy of our treatment and highlighting its potential for infection control [24, 25].


      The presence of closed pores in the treatment group highlights the intricate porosity, a key factor for bone regeneration. This finding aligns with the results reported by Szwed-Georgiou et al. [26]. Our study revealed a distinct pattern of bone formation, characterized by increased bone volume, surface area, and trabecular thickness in the treatment group, contrasting sharply with the control group. This deviation from the trends observed in previous studies further emphasizes the unique effectiveness of our approach [26, 27]. It is important to acknowledge that despite these affirmative results, further statistical validation is imperative to establish the robustness and significance of the observations. The rejection of the null hypothesis serves as a strong foundation for the potential clinical impact of our gelatin-based hydrogel in enhancing bone formation, laying the groundwork for future advancements in bone regenerative therapies.


      A recent article explored novel tissue regeneration strategies, highlighting the significance of innovative biomaterials and bioactive molecules for bone repair. The parameters of our study align with this perspective, as we employ gelatin as a structural scaffold and incorporate quercetin and silver nanoparticles to enhance the biological properties of the hydrogel. This approach demonstrates compatibility with the evolving landscape of tissue engineering.


      The work demonstrated by Wei et al. on bone tissue engineering using gelatin methacrylate (GelMA) hydrogel and solid lipid nanoparticles (SLNs) loaded with resveratrol offers an understanding and insights into utilizing hydrogels for bone regeneration [27]. Although the focus of this article is on SLNs loaded with resveratrol, the study extends this concept by incorporating silver nanoparticles and quercetin, demonstrating a unique combination that contributes to enhanced bone formation potential. Moreover, a study by Abtahi et al. discusses Guided Bone Regeneration (GBR) using resorbable membranes [28]. While GBR primarily employs barrier membranes, this gelatin-based hydrogel serves as a three-dimensional scaffold with inherent properties beneficial for bone regeneration. The comparison enriches our understanding of various strategies within the domain of bone tissue engineering [29-31].


      While the research shows promising results in enhancing bone formation with the injectable hydrogel, limitations include the reliance on an animal model and the need for extended observation periods to assess long-term effects. Clinically, the study addresses atrophic dental ridges with a minimally invasive approach, potentially improving implant success rates, as partially discussed in previous literature [32, 33, 5]. This technology also holds promise for other conditions involving bone defects. Future research could focus on optimizing the hydrogel formulation, exploring variations, conducting long-term human trials, and investigating synergistic approaches to further enhance bone regeneration.

    


    
      

      CONCLUSION


      The exploration of an injectable hydrogel containing quercetin and silver nanoparticles incorporated with gelatin presents promising avenues for enhancing bone formation, particularly in the challenging context of atrophic dental ridges and bone defects. While acknowledging limitations related to the animal model and the need for extended observations, the clinical significance is evident in offering a minimally invasive solution with potential implications for improved dental implant success rates. Future research focusing on optimizing the hydrogel formulation, conducting long-term human trials, and exploring synergistic approaches could further advance the field of bone tissue engineering. Overall, our findings contribute to addressing critical challenges in dental implantology and pave the way for innovative strategies in bone regeneration.

    


    
      

      SUGGESTIONS FOR FUTURE RESEARCH


      The authors of this study suggest investigating the effect of injectable hydrogel containing quercetin and silver nanoparticles with xenogenic silver nanoparticles for enhancing bone formations in humans.
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            	ROS

            	= Reactive Oxygen Species
          


          
            	DMSO

            	= Dimethyl Sulfoxide
          


          
            	FBS

            	= Fetal Bovine Serum
          


          
            	DFDBAs

            	= Demineralized Freeze-Dried Bone Allografts
          


          
            	FDBAs

            	= Freeze-Dried Bone Allografts
          


          
            	ECM

            	= Extracellular Matrix
          


          
            	DMEM F12

            	= Dulbecco's Modified Eagle Medium
          


          
            	DNA

            	= Deoxyribonucleic acid
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            	= Solid Lipid Nanoparticles
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            	= Guided Bone Regeneration
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