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Editorial on the Research Topic 
Advanced biomaterials for hard tissue repair and regeneration


Bone and tooth are typical hard tissues in vertebrates. Due to hierarchical structural characteristics and excellent mechanical properties, hard tissues play important roles for human body, such as health protection, movement support, and food mastication. Once hard tissue defect occurs, our living quality will be seriously affected. In general, hard tissues lack the ability of self-repair, except for the regeneration ability of bone for small-scale defects. As a result, the past few decades have witnessed great progress in the field of biomaterials for hard tissue repair. Actually, both bone and tooth are masterpieces of biomineralization in nature, the repair and regeneration of hard tissues should be performed in a biomimetic way. Therefore, this Research Topic provides a comprehensive overview of the current state of the art regarding advanced biomaterials used to repair or regenerate damaged hard tissues, as well as to highlight the most promising advanced strategies other than suggest the future direction in the field. In the present Research Topic, 154 authors from all over the world decided to publish their outstanding and promising results.
1. For bone regeneration, biomaterials should serve as desirable scaffolds not only to offer a microenvironment closer to in vivo conditions, but also to exhibit excellent bioactivity, biocompatibility, and osteogenic properties. Combined with cell seeding and bioactive molecule functionalization, a faster repair rate and better regeneration quality in bone defects would be expected.
In particular, Zhu et al. present a comprehensive review of recent developments in responsive scaffolds, thereby contributing novel insights to the field of bone defect repair.
Nelson et al. tested the efficacy of mineral coated microparticles (MCM) and fluoride-doped MCM (FMCM) to effectively deliver firefly luciferase (FLuc) mRNA lipoplexes (LPX) to the fracture site, and found that FMCM-LPX-FLuc could serve as a promising mRNA delivery platform for fracture healing applications.
Sui et al. described the advances in materials used for minimally invasive treatment of vertebral compression fractures and enumerated the types of bone cement commonly used in current practice. They also discussed the limitations of the materials themselves, and summarized the approaches for improving the characteristics of bone cement.
Zhao et al. established a model of chronic infectious mandibular defect (IMD) by mixed infection with Staphylococcus aureus and Pseudomonas aeruginosa, further explored the occurrence and development of IMD and identified key genes by transcriptome sequencing and bioinformatics analysis.
Sun et al. proposed a submicron forest-like (Fore) silicon surface based on photoetching, and found that the upregulation of macrophage M2 polarization on the Fore surface contributed to enhance osteogenesis in vitro and accelerate bone regeneration in vivo.
Wang et al. assessed the impact of low-intensity pulsed ultrasound (LIPUS) therapy on the peri-implant osteogenesis in a Type II diabetes mellitus (T2DM) rat model. The results showed that LIPUS has a great potential for T2DM patients to attain improved peri-implant osteogenesis.
Xu et al. developed Ti-24Nb-4Zr-8Sn scaffolds with methacrylated gelatin and deferoxamine, providing a new strategy to improve the osteogenesis and angiogenesis for repair of large bone defects.
Wang et al. suggested that, biomaterial scaffolds seeded with allogenic fetal BMSCs represent a promising strategy to induce and improve bone regeneration under diabetic condition.
Liu et al. constructed a novel injectable strontium-doped hydroxyapatite bone-repair material, which demonstrated good antibacterial properties, biocompatibility, and osteoinductivity.
Finally, Guo et al. reviewed the current mainstream types and characteristics of hydrogels, and summarized the relevant basic research on hydrogels in promoting periodontal tissue regeneration and bone defect repair in recent years.
2. For tooth repair, biomimetic approaches should be developed to remineralize dentin, manage root canal, enhance the restorative materials with bonding/antibacterial ability, or mimic natural teeth from multiple perspectives (such as morphology, strength, and color). Accordingly, new biomaterials, methodologies, and approaches for tooth repair are continually invented.
In particular, Zhao et al. suggested that the acetone-wet bonding (AWB) technique was effective in enhancing the dentin bond durability by increasing the wettability of dentin surface to adhesives, removing residual water in the hybrid layer, improving the penetration of adhesive monomer, and inhibiting the collagenolytic activities.
Sheng et al. investigated the antimicrobial properties of Triton, an all-in-one irrigant, on Enterococcus faecalis and multispecies oral biofilms in dentin canals, as well as its ability to remove the smear layer.
Zhu et al. found that color adjustment potential was dependent on resin composite type, background color, and restoration depth, so shade selection is indispensable for multi-shade resin composites. Charisma Diamond One exhibited the highest color adjustment potential and the most pronounced color shifting, contributing to simplifying the process of shade selection and improving the efficiency of clinical work.
Indurkar et al. present the synthesis of ACP with naturally occurring organic compounds (ascorbate, glutamate, and itaconate) ubiquitously found in mitochondria and vital for bone remodeling and healing. This research contributes to the expanding field of biomaterial science by bridging the gap between the biomineralization process and synthetic material.
Wang et al. demonstrated that antibiofilm peptides are effective in promoting corrosion resistance of titanium against Streptococcus mutans, suggesting a promising strategy to enhance the stability of dental implants by endowing them with antibiofilm and anticorrosion properties.
Chen et al. synthesized quercetin-encapsulated hollow mesoporous silica nanocomposites (Q@HMSNs), which held promise for inhibiting dentine erosion and abrasion by promoting tubule occlusion and demineralized organic matrix preservation.
Jiang et al. illustrated that proper incorporation of bioceramic micro-fillers in attachments provides an innovative approach for clear aligner therapy with reinforced antibiofilm and remineralization effects without weakening shear bonding strength.
Hu et al. reported that the bond strength between ceramic brackets and zirconia was significantly lower after thermocycling compared to that of metal brackets and zirconia. SBPM exhibited consistent and robust bond strength between ceramic/metal brackets and zirconia across various storage conditions.
Chen et al. evaluated the ability of theaflavin-3,3′-digallate (TF3)/ethanol solution to crosslink demineralized dentin collagen, resist collagenase digestion, and explore the potential mechanism.
Finally, Hu et al. proved that two antimicrobial peptides (AMPs), buCaTHL4B and Im-4, possessed remarkable antibacterial and anti-biofilm capabilities against pathogenic root canal biofilms in vitro, indicating their potential as promising additives to optimize the effectiveness of root canal treatment as alternative irrigants.
In summary, we have gathered an array of cutting-edge research articles that delve into the exciting realm of advanced biomaterials for hard tissue repair and regeneration, particularly focusing on the domains of bone and tooth restoration. The compilation of 20 meticulously curated contributions not only showcases the remarkable progress made in this interdisciplinary field but also offers a glimpse into the promising avenues that lie ahead.
Future research should strive to address the limitations of current biomaterials, such as their long-term stability, biocompatibility, and the potential for immune rejection. The integration of advanced manufacturing techniques, such as 3D printing and precision engineering, can further refine the design and fabrication of biomaterials, enabling the creation of customized, patient-specific solutions. Moreover, a deeper understanding of the cellular and molecular mechanisms underlying hard tissue repair and regeneration is crucial for the rational design of next-generation biomaterials.
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The continuous destruction of dental hard tissues increases the risk of bacterial invasion, which leads to pulp infections. Irrigation is critical for successful root canal treatment in terms of infection control. However, no single irrigant covers all of the functions demanded, including antibiofilm and tissue-dissolving activities. The aim of this study was to investigate the antimicrobial properties of Triton, an all-in-one irrigant, on Enterococcus faecalis and multispecies oral biofilms in dentin canals, as well as its ability to remove the smear layer. Dentin blocks (192 specimens) were prepared from single-root human teeth and then assigned to 48 groups (24 groups for each biofilm type). Serial centrifugation was used for bacterial introduction into dentinal tubules. After 3 weeks, half of the specimens were created a uniform smear layer. The following treatments were applied: short time (separate): Triton, 6% NaOCl, 2% NaOCl, and water (all for 3 min); short time (combined): Triton (3 + 1 min), 6% NaOCl +17% EDTA (3 + 1 or 2 + 1 min), and 2% NaOCl +17% EDTA (3 + 1 min); and long time: Triton (3 + 3 min), 6% NaOCl (5 min), 6% NaOCl +17% EDTA (5 + 1 min), and water (3 + 3 min). Confocal laser scanning microscopy and scanning electron microscopy were employed to examine the antimicrobial activity and smear layer removal, respectively. The results revealed that despite the absence or presence of the smear layer, Triton (3 + 3 min) showed the highest killing for both tested biofilms (61.53%–72.22%) among all groups (p < 0.05). Furthermore, the smear layer was removed by Triton after 3 + 3 min, exposing open dentin canals. These findings demonstrated that Triton can provide dual benefits of antibiofilm and smear layer removal capabilities simultaneously, indicating a simplified and effective strategy for application in root canal treatment.
Keywords: antimicrobial, biofilm, dentin, irrigant, smear layer
1 INTRODUCTION
Human teeth are effective in combating external adverse challenges to protect the internal pulp tissues because of their delicate microstructure and ordered crystal arrangement (An et al., 2012). In nature, dental hard tissues are rarely self-repairing; the destruction of enamel and dentin allows bacteria to invade the pulp and cause infection and pain (Lawn et al., 2010; Yu et al., 2023). The primary purpose of endodontic treatment focuses on eradicating microorganisms within the infected root canals and preventing reinfection, thereby saving the natural tooth (Zehnder and Belibasakis, 2015). The necrotic, inflamed tissue/dentin debris and microbes inside the root canal can be removed under constant irrigation following mechanical instrumentation (Neelakantan et al., 2017). Irrigating solutions play a vital role in influencing canal wall areas that are not touched by the instruments (Boutsioukis and Arias-Moliz, 2022) and are beneficial in preventing bacterial extrusion into the periapical areas; their distinguishing features include organic or inorganic tissue-dissolving ability or antimicrobial/antibiofilm activities (Haapasalo et al., 2014). Despite advancements in disinfectants, instruments, and techniques have made endodontic treatment more predictable nowadays, there is no single irrigant that adequately covers all of the functions demanded. As a result, the combined, sequential use of irrigants is crucial to the clinical success of root canal treatment.
Sodium hypochlorite (NaOCl) is the most commonly used irrigant in endodontic treatment, due to its ability to dissolve organic tissues (including collagen, pulpal remnants, and organic components of the smear layer) and its broad-spectrum antimicrobial activity against Enterococcus faecalis (E. faecalis) and multispecies biofilms (Gu et al., 2017). Whereas, removal of dentin debris and inorganic components of the smear layer is also required for the complete cleaning of the root canal system (Bilvinaite et al., 2022). Ethylenediaminetetraacetic acid (EDTA) or citric acid (CA) is generally applied following NaOCl to effectively dissolve the inorganic substances of the smear layer and dentin (Turk et al., 2015). However, neither has any or little organic tissue-dissolving ability (Prado et al., 2015). Because of its favorable antibacterial properties, chlorhexidine digluconate (CHX) has long been employed in dental disinfection and plaque controlling (Kamolnarumeth et al., 2021). CHX, on the other hand, cannot replace NaOCl since it is incapable of dissolving organic debris and killing oral biofilms (Wang et al., 2020). Given that the successive use of these irrigants prolongs root canal cleaning, using combination products of irrigants with multiple functions would be desirable to simplify the clinical procedures.
The past few decades have witnessed the introduction of several combination products for root canal irrigation. Previous studies have shown that 2-in-1 solutions incorporating EDTA or CA and CHX or doxycycline can provide benefits (Andrabi et al., 2013; Balto et al., 2015; Giardino et al., 2018), but incorporating NaOCl in these solutions is not practical as EDTA neutralizes NaOCl (Rossi-Fedele et al., 2012). Additionally, concerns cover cytotoxicity, tooth staining, and drug resistance exist with the use of CHX or doxycycline (Shen et al., 2016; Liu et al., 2018; Wang et al., 2020). To address these concerns, a new all-in-one endodontic irrigant, Triton, has recently been developed, which avoids the use of EDTA, CHX, and antibiotics. Triton comprises two parts with distinct components, with Part A containing chelators (CA), surfactants, pH modifiers, and stabilizers, while Part B containing 8% NaOCl and a pH modifier. The automix technique precisely mixes the two parts to deliver the final solution (4% NaOCl), allowing for simultaneous organic and inorganic tissue dissolution. Despite its potential benefits, no related information on the antibiofilm activity and smear layer removal of Triton is currently available.
The objective of this study was to evaluate the antibiofilm and smear layer removal effectiveness of Triton as an endodontic irrigant. The null hypotheses were that: i) there is no significant difference in the antimicrobial efficacy between Triton and NaOCl or NaOCl + EDTA against E. faecalis and multispecies oral biofilms in dentin canals; and ii) Triton does not remove the smear layer.
2 MATERIALS AND METHODS
2.1 Dentin block preparation
In accordance with the protocol approved by the Clinical Research Ethics Committee of the University of British Columbia (certificate H12-02430), 48 single-root, non-caries human teeth subjected to orthodontic extraction were collected. All procedures were performed following the Declaration of Helsinki. As the same procedure described in our previous studies (Wang et al., 2018; Huang et al., 2019), 96 dentin blocks (with a dimension of 4 × 4 × 2 mm) were prepared to yield 192 specimens. The schematic diagram of this study is presented in Figure 1.
[image: Figure 1]FIGURE 1 | Schematic illustration of the experimental design in this study.
2.2 Disinfecting solution preparation
Triton (Brasseler, Savannah, United States) was prepared by mixing components from Parts A and B at a 1: 1 volume ratio. The composition of ingredients of Triton is summarized in Supplementary Table S1. Seventeen percent EDTA (pH 7.0) (Vista, Racine, United States) and 6% NaOCl (Clorox, Oakland, United States) were achieved from the manufacturers. The iodometric titration was used to verify the available chlorine concentration. Sterilized deionized water was used to dilute 6% NaOCl for 2% NaOCl preparation.
2.3 Dentin block infection
The bacterial strain, E. faecalis VP3-181, was initially isolated from an infected root canal as previously reported (Peciuliene et al., 2000). Brain-heart infusion (BHI) agar (BD Corp., Sparks, United States) plates were used to anaerobically incubate E. faecalis overnight at 37°C. Supra- and subgingival plaque from one healthy adult volunteer was collected after informed consent was obtained. BHI broth was utilized to suspend E. faecalis and plaque mixed bacteria, respectively. In line with a previously published protocol (Ma et al., 2011), suspensions of E. faecalis and plaque were centrifuged into dentinal tubules after being adjusted to the same optical density (0.05 at 405 nm). A 3-week anaerobic incubation was implemented at 37°C for dentin blocks with bacterial suspensions in BHI broth. During the incubation period, fresh BHI broth was used to change the old broth once a week.
2.4 Dentin disinfection
After 3 weeks, the infected specimens were removed from the tubes. The nail varnish was employed to mimic the cement layer on the root surface by sealing the outer side of the specimens after sterile water rinse and air drying. According to different solutions and treatment times as shown in Table 1, the prepared specimens were randomly assigned to 48 groups (24 groups for E. faecalis and the other 24 groups for plaque; 4 specimens in each group). For groups with the smear layer, a medium-grit cylinder flat-end bur (Patterson Dental, Halifax, Canada) was used to create a smear layer on the root canal side of each block for 4 s each at 1,500 rpm prior to treatments. After that, 50 μL of each solution was applied on the root canal side of the specimens for designated short and long periods of time. To expose fresh surfaces of longitudinally fractured dentinal tubules (Wang et al., 2017), each specimen was vertically split across the center of the root canal into two-halves after rinsing for 1 min with sterile water. Each specimen in the groups treated with two solutions was rinsed with PBS for 30 s and dried before being treated with the second solution.
TABLE 1 | Times of exposure to the experimental solutions used in this study.
[image: Table 1]2.5 Examination of confocal laser scanning microscopy (CLSM)
Following gentle rinsing with PBS for 1 min, each specimen was stained with a live/dead bacterial viability kit (L7012, Molecular Probes, Eugene, United States) protected from light according to the manufacturer’s protocols. SYTO-9 and propidium iodide included in this kit enable live and dead bacteria to show green and red fluorescence, respectively (Huang et al., 2019; Yu et al., 2021). CLSM (FV10i-LIV, Olympus, Tokyo, Japan) was employed to scan biofilm images (512 × 512 pixels) from four randomly selected areas for each specimen with a z-stack of 20 slices at 0.5-μm step, and a minimum of 16 scans were obtained for each group. An Imaris 7.4.2 software (Bitplane, Zurich, Switzerland) was used to reconstruct three-dimensional volume stacks and quantitatively determine the proportions of live and dead bacteria (Guo et al., 2021; Zhu et al., 2023).
2.6 Smear layer removal
Additional dentin disk specimens were prepared in accordance with previously proposed approach (Wang et al., 2017). These specimens were exposed to one of five freshly prepared solutions (2 mL) as follows: i) 6% NaOCl +17% EDTA (3 + 1 min), ii) 6% NaOCl +17% EDTA (5 + 1 min), iii) 6% NaOCl + water (5 + 1 min), iv) Triton (3 min), and v) Triton + Triton (3 + 3 min). This process was conducted with gentle vibration (60 rpm) at room temperature. Sterilized deionized water was used to rinse the specimens for 1 min between exposure to two solutions, and a final rinse for 1 min was applied for all specimens. Scanning electron microscopy (SEM, SU3500, Hitachi, Toronto, Canada) was utilized to observe the smear layer removal at 3 kV.
2.7 Colony forming unit (CFU) test
Sterile hydroxyapatite (HA) disks (Clarkson Chromatography Products, Williamsport, United States) with 1.52 mm thickness and 9.65 mm diameter were used as the growth substrates of plaque biofilms. The formation of biofilms on HA disks was performed based on a well-established model, as previously reported (Wang et al., 2020). The 3-week-old biofilms formed on the surface of disks were scraped off into BHI broth medium, and the suspension was adjusted to an optical density of 0.25 at 405 nm. One hundred μL of each plaque suspension was then added to 400 μL of sterile water, 6% NaOCl, and Triton for 30 s. After that, 100 μL of each suspension was added to 900 μL of BHI broth medium to perform ten-fold serial dilution. A droplet of 20 μL of diluent from each of three solutions was overspread onto blood agar plates (BHI agar with 5% heparinized sheep’s blood; BD Difco, Detroit, United States) and anaerobically cultivated at 37°C for 48 h, followed by calculating the total number of CFU. The percentage of bacteria killed was defined as previously described (Wang et al., 2020). Three repeated tests were accomplished for the CFU test.
2.8 Statistical analysis
Statistical analysis was carried out using SPSS 22.0 (IBM, Armonk, United States). The Shapiro-Wilk test and Levene’s test were utilized to confirm the normality of the distribution and the homogeneity of variance, respectively. Univariate analysis of variance (ANOVA) with post hoc multiple comparisons was employed to analyze the CLSM and CFU data. The significance level was set at 0.05.
3 RESULTS
3.1 Antimicrobial effects by CLSM analysis
CLSM images of 3-week-old E. faecalis and plaque multispecies biofilms in dentin canals after exposure to different irrigants are shown in Figure 2 and Figure 3, respectively, and the corresponding proportions of dead bacterial cells in the biofilms are summarized in Figure 2. In the absence of the smear layer (Figures 2–4), large proportions of two types of bacteria (64.09% ± 3.81% for E. faecalis and 61.73% ± 4.72% for multispecies biofilms) were killed by Triton alone in 3 min, while 6% NaOCl induced approximately half of the bacterial death. The use of Triton by 3 + 3 min killed 71.05% ± 6.68% in E. faecalis and 72.22% ± 6.81% in multispecies biofilms, achieving the highest biofilm killing among all groups (p < 0.05), irrespective of bacterial type or short or long exposure.
[image: Figure 2]FIGURE 2 | Three-dimensional reconstructed CLSM images of 3-week-old Enterococcus faecalis biofilms in dentin canals after exposure to different irrigants (live bacteria, green; dead bacteria, red). For each medication, pictures on the left and right respectively show the absence and presence of the smear layer.
[image: Figure 3]FIGURE 3 | Three-dimensional reconstructed CLSM images of 3-week-old plaque multispecies biofilms in dentin canals after exposure to different irrigants (live bacteria, green; dead bacteria, red). For each medication, pictures on the left and right respectively show the absence and presence of the smear layer.
[image: Figure 4]FIGURE 4 | The proportions of dead bacterial cell volumes in 3-week-old biofilms of dentin canals after short and long exposure to different irrigants. Data are represented as means ± standard deviations. Different letters indicate statistical differences (p < 0.05).
In the presence of the smear layer (Figures 2–4), Triton alone was as effective as 6% NaOCl (without the smear layer) in killing E. faecalis and multispecies biofilms in 3 min, while outperforming 6% NaOCl (with the smear layer) (p < 0.05). Six percent or 2% NaOCl +17% EDTA was more effective in bacterial killing than NaOCl alone, and the weakest effects were found when 2% NaOCl was used alone. Long exposure to Triton by 3 + 3 min resulted in significantly higher bacterial death for both E. faecalis (61.53% ± 5.36%) and multispecies (63.65% ± 5.05%) biofilms, when compared to all other groups (p < 0.05).
3.2 Smear layer removal
Figure 5 shows the typical SEM images of smear layer removal by different treatments. Groups containing Triton or EDTA removed the smear layer to varying degrees, leaving open dentin canals exposed. In contrast, the 6% NaOCl + water (without EDTA) group did not cause the removal of the smear layer, and no open dentinal tubules were visible.
[image: Figure 5]FIGURE 5 | Characteristic SEM images of smear layer removal by different treatments. For each group, images (×3,500) correspond to high-magnification images of the blue box region (1,500 ×).
3.3 Bacterial killing by CFU test
Supplementary Figure S1 displays CFU results for 3-week-old dispersed plaque multispecies biofilms after exposure to different medicaments for 30 s. The use of 6% NaOCl killed 99.46% ± 0.15% of the bacteria. As for Triton, all of the bacteria were killed.
4 DISCUSSION
The effectiveness of Triton on killing mono- and multispecies oral biofilms and removing the smear layer in dentin canals was evaluated in the present study. The results demonstrated that Triton showed significantly higher bacterial killing for both E. faecalis and multispecies biofilms in dentin canals when compared to NaOCl or NaOCl + EDTA and can remove the smear layer with open dentin canals exposed. As a result, Triton is effective in providing the antibiofilm and smear layer removal activities, and the two null hypotheses have to be rejected.
The prerequisite for successful endodontic treatment derives from effective bacterial biofilm elimination in the root canal systems. Both E. faecalis and multispecies biofilms were tested since the former is generally detected in chronic endodontic infection and the latter could better mimic actual oral conditions (Shen et al., 2011; Rosa et al., 2017). Treatment with Triton for 3 min resulted in significant bacterial killing in both biofilms (Figures 2–4). Interestingly, when Triton was used for 3 min, followed by another 3 min of treatment, it showed significantly higher biofilm bacterial death compared to 6% NaOCl (5 min) and 6% NaOCl + 17% EDTA (5 + 1 min), regardless of the presence of the smear layer. It is worth noting that clinical cases may involve more than one canal in a tooth, potentially necessitating longer irrigant exposure. Therefore, both short-time and long-time irrigation were employed in this study to account for such scenarios. The findings suggest that Triton exhibits superior antimicrobial effects on oral mono- and multispecies biofilms within dentin canals, outperforming NaOCl or NaOCl + EDTA. Additionally, the long-time treatment with Triton resulted in even more pronounced antimicrobial effects compared to the short-time treatment. These results underscore the potential of Triton as an effective antimicrobial agent for endodontic procedures. Unlike conventional irrigants or 2-in-1 products, Triton avoids the use of EDTA and/or CHX to work differently because NaOCl neutralizes upon contact with EDTA rapidly. Two separate components are designed in Triton, and the automix mechanism will precisely mix Part A (contains CA and surfactants) and Part B (contains 8% NaOCl) to produce the final solution (4% NaOCl). Interestingly, Triton with 4% NaOCl had higher antibiofilm activity than 6% NaOCl alone or in combination with 17% EDTA. The reasons may ascribe to the following perspectives. CA may promote the antibiofilm effectiveness of hypochlorite in deeper layers of dentin with the removal of the smear layer (Campello et al., 2022). Previous studies have highlighted that the antimicrobial and tissue-dissolving effects of hypochlorite also can be enhanced by the addition of surfactants (Stojicic et al., 2010; Iglesias et al., 2019). It is worth mentioning that differences in solution concentrations and tissue types may lead to partially contradictory outcomes (Poggio et al., 2010; Clarkson et al., 2012). Furthermore, pH modifiers (specifically sodium hydroxide) contained in Triton could maintain NaOCl solutions at an alkaline pH. As a result, the alkaline environment inside dentin canals is beneficial to combat acidic by-products generated by microbial metabolism within biofilms to enhance the cleansing effects (Ran et al., 2015).
In addition to eradicating biofilms in root canal systems, the dissolution of necrotic, infected organic and inorganic substances with irrigating solutions is required for complete cleaning. The smear layer is typically created during instrumentation and may act as an impediment to microbial killing of antimicrobial agents in the canals (Wang et al., 2013). In this regard, it is crucial that the smear layer should be removed. Since hypochlorite can only remove the organic components of the smear layer, the activity of irrigants against inorganic components and dentin debris is preferred. Hence, the ability of Triton on the smear layer removal was determined in this study. SEM observation confirmed that Triton treatment for 3 and 3 + 3 min removed the smear layer with open dentin canals exposed (Figure 5), which is as effective as NaOCl + EDTA, implying a favorable tissue-dissolving activity. This finding could be related to the function of CA incorporated in Triton. Despite the scarce antibacterial activity, CA as a chelator is capable of effectively dissolving inorganic materials, including dentin remnants and apatite crystals (Gandolfi et al., 2018). Recent literature has reported that synergistic action of mode interacting with other chemicals can be provided by CA (Olivieri et al., 2016; Wilkoński et al., 2021). Furthermore, the stable, high pH condition of NaOCl solutions created by pH modifiers plays a vital role in exerting stronger proteolytic effects. Significantly more necrotic, inflamed tissue, dentin debris, and inorganic components of the smear layer are likely to be dissolved according to previous evidence (Jungbluth et al., 2011; Trautmann et al., 2021). In other words, the all-in-one design in Triton demonstrated positive effects for the combination of NaOCl, CA, surfactants, and pH modifiers. It should be emphasized that the use of Triton did not weaken or compromise the efficacy of any of the components included. Instead, effective antimicrobial and tissue-dissolving activities can be achieved simultaneously.
As a critical field of research in endodontics, ideal dentin disinfection has been pursued for decades. The role of microorganisms in dentin canals may vary in different cases (Bergenholtz, 2016). In clinical practice, the effectiveness of various antimicrobial strategies can be considered one of the most useful indicators for dentin disinfection (Han et al., 2021; Yan et al., 2022; Hu et al., 2023). To simulate the clinical conditions more realistically in this study, short and long time exposure to different irrigating solutions was evaluated on the basis of previous investigations (Wang et al., 2018; Huang et al., 2019). Although it appears to be a relatively long irrigation exposure of 3 + 3 or 5 + 1 min, the significance is that searching for potential curved, calcified, or missing canals in multirooted teeth cases that require a prolonged time is available. Additionally, serial centrifugation for dentin blocks was implemented by introducing E. faecalis and multispecies bacteria into the dentinal tubules in our model. In this regard, it will be possible to make comparisons between specimens since all dentin blocks secure the bacteria inside the dentinal tubules via centrifugation (Ma et al., 2011; Al-Zuhair et al., 2023).
The application of Triton succeeds in the synergistic killing of oral bacterial biofilms and removal of the smear layer as an alternative irrigant. The action of mode of the all-in-one strategy also simplifies procedural steps for endodontic treatment. However, the limitations of this study should not be omitted. Given the complexity of dentin canal and apical structure, an ex vivo model (instead of an in vitro model) of dentin infection should also be employed to investigate the antimicrobial efficacy of the irrigants in future studies. Although promising findings have been demonstrated, it should be noted that the in vitro conditions tested in the present study may not exactly mimic actual oral conditions. In addition, to further determine the molecular biological mechanism of antibiofilm activity, additional analyses, such as polymerase chain reaction assay, need be considered apart from CLSM examination. Further research is also demanded to investigate the detailed mechanism and wide-ranging application of Triton.
5 CONCLUSION
The use of Triton effectively killed E. faecalis and multispecies oral biofilms in dentin canals and demonstrated a higher killing ability than 6% NaOCl and 6% NaOCl +17% EDTA. Meanwhile, Triton can be used to remove the smear layer while leaving the open dentinal tubules exposed. The all-in-one design for offering dual effectiveness of antibiofilm and smear layer removal capabilities indicates a promising strategy to optimize the mode of action of irrigation in root canal treatment. Thus, the development of Triton may serve as an alternative irrigant to provide significant benefits in leading a simplified and effective irrigation era in clinical practice.
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Vertebral compression fractures are becoming increasingly common with aging of the population; minimally invasive materials play an essential role in treating these fractures. However, the unacceptable processing-performance relationships of materials and their poor osteoinductive performance have limited their clinical application. In this review, we describe the advances in materials used for minimally invasive treatment of vertebral compression fractures and enumerate the types of bone cement commonly used in current practice. We also discuss the limitations of the materials themselves, and summarize the approaches for improving the characteristics of bone cement. Finally, we review the types and clinical efficacy of new vertebral implants. This review may provide valuable insights into newer strategies and methods for future research; it may also improve understanding on the application of minimally invasive materials for the treatment of vertebral compression fractures.
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1 INTRODUCTION
A vertebral compression fracture (VCF) is defined as a reduction in the height of a single vertebral body by 20% or 4 mm (Black et al., 1999). It is caused by either trauma or a pathological process that causes bone destruction (such as osteoporosis and vertebral tumors). Although osteoporosis is the most common cause of VCFs, tumors, trauma, and infections are also commonly implicated (Liang et al., 2022). Their incidence is usually related to age, occurring in 30% of individuals aged more than 80 years and only 5%–10% of those aged younger (Beall et al., 2018). This condition is becoming increasingly common with aging of the population; approximately 1.5 million individuals are affected each year in the United States. VCF can lead to severe physical limitations including back pain, functional disability, and progressive kyphosis, and ultimately leads to a loss of appetite, malnutrition, and impaired lung function. Recent reports indicate that the thoracolumbar junction (T12 to L2) is the most commonly affected area, accounting for 60%–75% of cases; this is followed by the L2 to L5 region, which accounts for 30% of fractures (Hoyt et al., 2020). Low back pain is therefore the most common clinical manifestation; this severely affects function and quality of life (Ashammakhi et al., 2019). Conservative treatments including medications and physical support cannot offer effective pain control and functional recovery in the long term (Ong et al., 2018). In addition, patients are predisposed to the development of cardiorespiratory complications, which increase patient mortality. Surgery offers an alternative treatment modality for VCF; however, the inability to offer adequate mechanical support often leads to residual postoperative pain. In patients with osteoporotic VCF, surgery is associated with a risk of pedicle screw loosening due to a reduction in bone quality and quantity (Girardo et al., 2019).
Percutaneous vertebroplasty (PVP) and kyphoplasty (PKP) are currently the most common modalities employed for the treatment of VCFs (Hoyt et al., 2020). The procedure involves puncture of the vertebral body with a needle and the injection of cement or other injectable biomaterials via a cannula. This surgical procedure re-stabilizes the height and kyphotic angle of the vertebral body, thereby offering rapid pain relief and an improvement in the quality of life (Roux et al., 2021). Polymethyl methacrylate (PMMA) is widely used in orthopedics and dentistry owing to its high mechanical strength, short setting time, rheological properties, and biocompatibility, making it the most commonly used injectable bone cement for PVP/PKP. However, non-degradability, lack of bioactivity, the presence of unreacted toxic monomers, and the need for high curing temperatures are some of the factors that lead to clinical complications (Martikos et al., 2019). This issue can be partially addressed by using injectable calcium phosphate bone cement (CPC), which has been used as an injectable material in orthopedic surgery due to its chemical similarity to bone and its ability to harden in situ (Deng et al., 2020). However, it is brittle and has uncontrollable porosity that does not allow ingrowth of bone; in addition, the paste decomposes when in contact with body fluids and has poor injectability. This led investigators to incorporate certain biomaterials that may enhance its properties (Le Ferrec et al., 2018). In this context, newer materials including magnesium phosphate bone cement (MPC) and calcium silicate (CSC) have been used for minimally invasive treatment due to their unique properties (Huang et al., 2019; Liu et al., 2022). In recent years, vertebral implants composed of implantable materials are being used in third-generation spinal augmentation systems for treating VCFs (Khan and Kushchayev, 2019). The process involves the placement of expandable implants via percutaneous puncture; these are placed either bilaterally or unilaterally through the pedicles. The transition from cement injection alone to the combined use of cement injection and vertebral body implants allows for effective restoration of the height of the collapsed vertebral body; it also improves restoration of vertebral kyphosis and reduces the risk of cement leakage (Moura and Gabriel, 2021). Four vertebral body implant systems are currently in common use; these include the Vertebral Body Stenting, SpineJack, Kiva, and Osseofix systems (Jacobson, 2020; Chang et al., 2021; Gandham et al., 2021; Vendeuvre et al., 2021). Notably, an individualized approach needs to be adopted for implantation; different implants need to be selected for different cases and anatomical locations.
Materials used for minimally invasive treatment of VCFs have been widely studied in recent years. However, their clinical application is limited by limitations of the materials used. In this review, we describe the various types of bone cement used for minimally invasive treatment of VCFs, starting from the most commonly used material, namely, PMMA; we also discuss their limitations. In addition, we enumerate the materials that are commonly used to improve the properties of bone cement (including bioactive ceramics (Gao et al., 2019), bioactive glass (Golubevas et al., 2017), nanomaterials (Miola et al., 2021), and natural or synthetic polymers (Guo et al., 2021a)) and elaborate on their beneficial impact on the properties of bone cement (Table 1). We additionally describe the types of novel vertebral implants and their clinical efficacy (Scheme 1). Finally, we discuss the prospects for the development of materials used for minimally invasive treatment of VCFs and the directions for further investigation.
[image: Scheme 1]SCHEME 1 | Classification of materials used for minimally invasive treatment of vertebral compression fractures and modification of bone cements.
TABLE 1 | Summary of bone cements and modified materials.
[image: Table 1]2 BONE CEMENT
Bone cement is widely used in orthopedics and other fields due to the properties of injectability and curing. The treatment of VCF primarily involves the injection of PMMA bone cement into the diseased vertebral body via a minimally invasive surgical approach (Zhu et al., 2020). Notably, other bone cement materials including CPC, MPC, and CSC are being increasingly investigated due to their unique properties.
2.1 Classification of bone cement
2.1.1 PMMA-based cement
PMMA, as a representative bone cement, is widely used in the treatment of VCFs due to its outstanding mechanical strength and biocompatibility (Sun et al., 2022b). In 2004, the United States Food and Drug Administration formally approved PMMA bone cement for the treatment of vertebral fractures caused by osteoporosis and tumors. It consists of solid and liquid phases; the PMMA bone cement is formed via an exothermic curing reaction after mixing of both phases. PMMA has become the most widely used material for minimally invasive treatment of VCFs due to its excellent mechanical properties, biocompatibility, and ability to act as a drug-carrying platform (Zheng et al., 2021). Despite its considerable success in clinical applications, it has certain limitations; these include excessive mechanical strength, the occurrence of an exothermic reaction, low viscosity, the lack of osteogenic activity, and the propensity to cause various clinical complications (Sue et al., 2019).
2.1.1.1 Excessive mechanical strength
Owing to the inherent excessive compressive strength and elastic modulus of PMMA, differences in mechanical strength between PMMA and the adjacent vertebral bone may easily lead to fractures in the latter following injection. Finite element analysis suggests that filling the vertebrae with bone cement may significantly alter their stiffness and lead to shifting of load on to the intervertebral disc; this may be responsible for fractures in the adjacent vertebrae (Baroud et al., 2003). Clinical findings have shown that injecting excessive amounts of cement during vertebral kyphoplasty may increase the risks of postoperative vertebral re-fracture (Zhai et al., 2021); in this context, Hu et al. (2019) concluded that injection of more than 40.5% of cement resulted in fractures of the adjacent vertebrae. However, some investigators believe that adjacent vertebral fracture represents a natural evolutionary process in patients with osteoporosis or neoplastic disease, and is not related to the injected PMMA. Notably, several studies have shown that the mechanical properties of PMMA are reduced by mineralized collagen and other materials; clinical results from studies using these cement composites have indicated a significant reduction in the incidence of postoperative adjacent vertebral fractures (from 13.3% to 2%) (Wang et al., 2018a). We therefore believe that it is essential to modify PMMA. In this context, a common approach used for reducing the excessive mechanical strength involves the addition of polymers. The degradation and absorption of these materials lead to the formation of pores within the PMMA and effectively reduce the mechanical strength (Tavakoli et al., 2020).
2.1.1.2 Excessive exothermic reaction
The exothermic reaction associated with polymerization of bone cement can reach temperatures of between 70°C and 120°C, resulting in thermal burns of the surrounding tissue (De Mori et al., 2019). Severe damage to neuromuscular structures have been reported; these can lead to serious complications including paralysis, bleeding, and even death. Bone necrosis and the resultant fiber healing caused by thermal injuries may weaken the interface between the implant and host bone; this may lead to aseptic loosening of the implant (Stoops et al., 2022). Appropriate temperature reduction can be achieved by decreasing the amount of PMMA powder; however, this tends to prolong setting times and reduce the viscosity of bone cement, thereby increasing intraoperative manipulation times and the risk of postoperative cement leakage. The incorporation of biocompatible materials such as polymers, linseed oil, and metamorphic materials may allow absorption of the excess heat generated by polymerization and achieve significant improvement (Lv et al., 2015; Tai et al., 2016; De Mori et al., 2019).
2.1.1.3 Low viscosity
Leakage of bone cement due to low viscosity is a common postoperative complication. Entry into blood vessels can lead to serious consequences including compression of the spinal cord and nerve damage, pulmonary embolism, and cardiac perforation (Hsieh et al., 2019; Naud et al., 2020; Zhang et al., 2022). Guo et al. retrospectively analyzed data from 1,373 patients who underwent PKP and demonstrated significant leakage from the paravertebral venous plexus to be an important risk factor for pulmonary embolism (Guo et al., 2021b). Although symptoms are not observed in most cases, the consequences are often fatal (Hassani et al., 2019). In their retrospective study, Wang et al. found the use of high-viscosity bone cement in PVP/PKP to be a potential option for reducing the risk of leakage (Wang et al., 2022). Similarly, Zhang et al. observed a lower risk of intervertebral disc space or venous leakage with high-viscosity cement (Zhang et al., 2018b). Investigators added polyvinyl alcohol (PVA) to increase the viscosity of PMMA bone cement and prevent cement leakage; the introduction of ethylene via the surface of the PVA membrane allowed the glycidyl methacrylate-PVA membrane to firmly adhere to PMMA-based bone cement. This enabled the cement to covalently react with the PVA membrane (Zhang et al., 2018b). Gelatin particles can also be incorporated to achieve this purpose; notably, particle size and polymer density also regulate cement viscosity (Meng et al., 2013).
2.1.1.4 Lack of bioactivity
As PMMA lacks bioactivity, the major inorganic phases of natural bone are less likely to form on the surface of this polymer; in addition, its surface is not conducive to osteoblast adhesion, proliferation, and differentiation. The formation of a fibrous layer at the PMMA-bone interface prevents direct bone contact, leading to loss of the interface between cement and bone; this further contributes to cement loosening in the postoperative period (Freeman et al., 1982). In their retrospective study, Nakamae et al. found that 25% of patients developed cement loosening after 6 months of PVP; patients with cement loosening had significantly higher mean visual analog scale scores than those without loosening (Nakamae et al., 2018). The incorporation of bioactive materials such as hydroxyapatite (HA) into PMMA represents a good strategy for improving the bioactivity of the latter and enhancing bonding between cement and bone. These materials can allow direct chemical bonding between bone and PMMA cement to enhance interface stability and enhance osteoconductivity (Choi et al., 2010).
2.1.2 Calcium phosphate-based cement
Bone is an organic-inorganic tissue and is composed primarily of collagen and calcium phosphate apatite crystals (Wang et al., 2020a). CPC has a natural affinity for bone tissue, as it resembles the inorganic components of bone. It has become the focus of new developments in injectable bone cement owing to its bioactivity, biocompatibility, osteoconductivity, injectability, and rapid setting time. However, its material properties are relatively immature and there are obvious limitations to its use; investigators are therefore attempting to address these major issues (Klein et al., 2017).
2.1.2.1 Insufficient mechanical properties
Inadequacies in the mechanical property of CPC remain one of the main reasons limiting its application. As per the specifications of International Organization for Standardization 5,833, bone cement needs to have a compressive strength of ≥70 MPa; however, CPC often fails to meet this standard (Schroeter et al., 2020). In addition, the load applied to human bones includes a complex combination of compression, tension, torsion, and bending; parameters such as compressive strength alone often do not accurately reflect the ability of CPC to resist fracture under cyclic loading in clinical settings (Paknahad et al., 2020). As CPC is an inorganic salt material, it is highly brittle; this may make it susceptible to fatigue from cyclic loading and destruction during long-term implantation in the human skeleton. This represents a major limitation that restricts its use in load-bearing sites (Ding et al., 2021). In addition, its low fracture toughness makes CPC considerably sensitive to the presence of defects and imperfections (e.g., porosity); this exacerbates crack propagation. Therefore, the brittleness of CPC and its mechanical properties can be effectively improved by either modifying its microstructure (e.g., porosity and pore size) or activating toughening mechanisms (increasing the resistance to crack extension by using processes such as fiber reinforcement) (Gong et al., 2023).
A denser and more homogeneous matrix composed of smaller crystals is needed to produce smaller pores; this may improve mechanical properties while preserving inward bone growth and other key biological properties. Factors such as porosity, pore size, and particle size of the initial material are key to the mechanical properties of CPC (Lu et al., 2019). In addition to the mentioned effects of densification and homogenization of the cement matrix, the incorporation of fibers or polymers into CPC can enhance mechanical properties. Similar to fiber reinforcement in civil engineering, this is mainly based on three mechanisms: fiber bridging, crack deflection, and friction sliding (Li et al., 2020b). The fibers bridge the cracks to resist their further opening and propagation as the matrix begins to fracture. Crack deflection of the fibers extends the distance over which the cracks propagate; this leads to expenditure of more energy on the newly formed surface. Frictional sliding of the fibers against the matrix during drawing further consumes the applied energy and increases fracture resistance of the composite (Kucko et al., 2019).
2.1.2.2 Poor degradability
CPC is a highly interconnected and porous material; it is almost exclusively composed of micropores and lacks a macroporous structure. The pores in CPCs can be categorized according to their size; micropores have an inner pore width of 100 μm and have a positive impact on the biological response, as they allow protein adsorption, cell attachment, and permeability of the implanted material to body fluids, all of which play a crucial role in promoting osteogenesis. However, the lack of interconnected macropores (exceeding 10 μm) in CPCs hinders angiogenesis and inward tissue growth; it can only be degraded layer-by-layer. This limits degradation at the bone-implant interface and thereby hinders the degradation process (Vezenkova and Locs, 2022). In order to improve CPC degradation, its porosity is controlled by optimizing its material structure. The porosity can be effectively increased by changing the particle size and liquid-powder ratio of the CPC powder phase. The use of powders with smaller particle-size and smaller liquid-to-powder ratios results in ample formation of smaller pores during the crystallization reaction (Lodoso-Torrecilla et al., 2021; Lofrese et al., 2021). Large pores may be introduced into CPC by adding water-soluble and polymeric pore-forming agents (Lu et al., 2021). Polymeric pore-formers are added to the CPC paste as a second solid phase. After curing of the CPC, these polymeric pore-formers begin to degrade and produce macroporous CPC composites; notably, these polymers confer unique properties, such as improved osteogenesis. In this context, CPC should ideally degrade at an appropriate rate to allow for concomitant new bone formation.
2.1.2.3 Poor injectability
The poor injectability of CPC is one of the main factors that limit its use in PVP and PKP procedures. The higher liquid content in uncured CPC leads to lower viscosity, lower cohesion, increased setting times, and lower mechanical strength. This subsequently leads to extravasation of bone cement from the surgical site, leading to complications such as pulmonary embolism. This possible deviation of the actual composition of the extruded paste may be attributed to the filtration pressure, which affects the injectability of CPC pastes (Habib et al., 2008). During the construction of an injectable model, Bohner and Baroud found that the reduction of extrusion pressure (by increasing fluidity) and permeability of the paste improved cement injectability. Certain changes were made to the cement to address these two issues; the average particle size was reduced, the liquid-solid ratio was increased, round and de-agglomerated particles were used, a wide particle size distribution was adopted, ions or polymers were added to minimize particle interactions, and the viscosity of the mixture was increased (Bohner and Baroud, 2005). Ishikawa et al. observed that CPC pastes made from round particles could be injected more easily than those made from irregular particles (Ishikawa and Asaoka, 1995). However, in view of the favorable effect of high viscosity on resistance to disintegration, the latter two strategies appear to be the most appropriate for improving cement injectability. The addition of binders may also effectively reduce phase separation; however, this can result in several undesirable consequences, such as an increase in the force required for injection and a decrease in mechanical properties (Schickert et al., 2020b).
2.1.2.4 Poor cohesion
Cohesion represents the ability of CPC to harden and maintain the integrity of the cement paste in a static aqueous environment without disintegrating into small particles; it prevents attrition of the paste by the surrounding liquid (Vezenkova and Locs, 2022). The cohesion of CPC paste often depends on the forces between the constituent particles and the interaction between the paste and the surrounding fluid. Spatial stabilization is usually associated with the presence of dissolved polymers on the surface or space between particles. Thus, the addition of polymers can spatially stabilize the cement paste and increase cohesion. Increasing the viscosity of the mix is another effective approach for increasing cohesion. Numerous biopolymers, including hydroxypropyl methylcellulose and starch, have been blended into powders or liquids of CPC (Liu et al., 2014; Tian et al., 2021). Small amounts of these biopolymers can significantly improve cohesion and erosion resistance of CPC. However, although these viscous solutions may significantly improve paste cohesion, they may affect the setting time and mechanical properties in certain cases.
2.1.3 Novel inorganic bone cement
The study of magnesium phosphate for bone cement is a relatively recent development. The excellent osteogenic and vasculogenic properties of MPC are the key factors that contribute to its use in research; these factors are mainly attributed to magnesium ions, which exert an osteogenic effect via the activation of osteoblast activity. They promote the proliferation of osteoblasts via the mitogen-activated protein kinase/extracellular signal-regulated kinase signaling pathway by increasing phosphorylation of the latter (thereby enhancing the level of c-FOS) and inducing the phosphorylation of glycogen synthase kinase-β (thereby enhancing the level of β-conjugated proteins) (Wang et al., 2018b). Magnesium ions also promote osteogenesis by promoting angiogenesis (Zhang et al., 2021). Recent studies have found that depletion of magnesium content is associated with low bone mineral density, reduced bone progression, the development of osteoporosis, and skeletal improvement; they have also found that higher magnesium intake effectively inhibits a reduction in bone mineral solids in patients with osteoporosis. In this context, a magnesium alloy was found to release magnesium ions after implantation in osteoporotic rats; this increased bone morphogenetic protein 2-related osteogenesis and reduced the deleterious effects of osteoporosis (Guo et al., 2013). The localized release of magnesium ions from magnesium implants in an animal model of osteoporosis was also found to contribute to the formation of a condensate around the implant; significantly higher volumes of new bone were observed in magnesium-containing specimens (Galli et al., 2018). Although MPC does not currently meet the criteria for clinical application in terms of handling properties, it can be improved considerably by employing a wide variety of modifications. Its mechanical properties allow it to withstand loads of up to 112 MPa; this is equivalent to the mechanical strength of human cortical bone (Liu et al., 2022). Liu et al. demonstrated the acceptable injectibility and filling properties of MPC; they injected MPC into 3 dimensional-printed artificial vertebral bodies and porcine spine models and were able to achieve a good distribution. This could allow it to be successfully used in PVP/PKP or for filling other bone defects (Liu et al., 2023). Chitosan has been added to MPC to improve its handling properties; chitosan-MPC has a longer setting time, lower reaction temperature, higher strength, and more neutral pH than MPC (Yu et al., 2020).
CSC has also been used in orthopedic applications due to its superior biocompatibility and bone regeneration properties, which are similar to those of MPC. CSC generates less heat during the exothermic curing reaction and demonstrates superior bioactivity, excellent osteoconductive activity, and degradability. Huang et al. proposed a method to synthesize biodegradable calcium silicate cement by incorporating strontium into cement through solid-state sintering. The degradation rate of the cements increased with increasing content of strontium, consequentially raised the levels of released strontium and silicon ions. The elevated dissolving products may contribute to the enhancement of the cytocompatibility, alkaline phosphatase activity and osteocalcin secretion (Huang et al., 2019). Furthermore, the MPC/CS composite bone cement demonstrated apatite mineralization ability and osteogenic potential. This composite was experimentally shown to stimulate the proliferation of MC3T3-E1 cells (Liu et al., 2022). However, it demonstrates poor scour resistance, deficiencies in mechanical properties, and long curing times. These deficiencies limit its application as a clinical material and warrant modification (Zanfir et al., 2019).
3 MATERIALS USED TO IMPROVE BONE CEMENT
3.1 Bioceramics
Bioactive materials are defined as those that stimulate a beneficial response in the body, especially in terms of binding to host tissues (Jones, 2013). Bioactive ceramics and glass have been added to bone cement due to their superior biocompatibility and osteogenic capacity. Traditional bioactive ceramics such as HA, β-tricalcium phosphate (TCP), and calcium silicate ceramics have been widely used in the modification of bone cement (Liu et al., 2023b) (Figure 1).
[image: Figure 1]FIGURE 1 | Bioactive ceramics as bone cement additives for enhancing osseointegration and bone regeneration. (A) Bone cement preparation and study design of in vitro and in vivo models. (B) (A) Temperature measurement of cement from mixing to setting. (B) Compressive strength measurement of cement during reaction. (C) (a) New bone formation around implanted scaffolds. (b) New bone generation ratio and (c) new bone covered area of cement scaffold at 4 weeks after implantation into bone defect. (D) Actin, vimentin and DAPI immunostaining of BMSCs after seeding on cement scaffold. (E) Representative histological findings from implant sites at 4 weeks (sagittal plane) and 8 weeks (coronal plane) post-implantation (the scale bar = 4 mm and 100 μm); hematoxylin and eosin stain. © 2023 The Authors. Published by Elsevier Ltd.
HA has been used as an inorganic filler in bone cement to improve its biocompatibility, as it has a chemical composition and crystal structure similar to that of apatite found in human bone tissue. HA is highly osteoinductive; this promotes chemical interactions with osteoblasts and the local microenvironment and thereby promotes the formation of new bone (Thorfve et al., 2014). In terms of processing properties, researchers have extensively investigated the feasibility of combining HA/brushite with PMMA. Aghyarian et al. prepared two composite bone cements, namely, HA-PMMA and brushite-PMMA, and found that the addition of both materials increased cement viscosity. These cements also exhibited high shear thinning, which aided injection (Aghyarian et al., 2014) and an appropriate increase in compressive strength. They subsequently prepared bone cement with various concentrations of brushite; PMMA was replaced by a 40% mass concentration of brushite to prepare dual solution cement, which could provide an optimal combination of the studied properties. The cement was viscous, highly injectable, and had high compressive strength (Rodriguez et al., 2014). Further characterization was performed in porcine vertebral bone and in two functional cadaveric spinal units, where the biomechanical properties of calcium phosphate-PMMA were found to be comparable to those of commercial bone cement; this indicated excellent prospects for clinical application (Aghyarian et al., 2015; Aghyarian et al., 2017). Although β-TCP demonstrates a good dissolution rate and bone regeneration capacity, the mechanical strength of TCP/PMMA composite bone cement was found to be lower than that of its conventional counterpart; it therefore failed to meet the enhancement requirements of clinical implants (Yang et al., 2015). Biphasic calcium phosphate, a mixture of β-TCP and HA, can effectively harmonize the properties of both materials. Its implantation improves biodegradability of TCP, leading to supersaturation of the local microenvironment with calcium and hydrogen phosphate; this accelerates the formation of calcium-deficient HA microcrystals, ultimately promoting mineralization of the extracellular matrix and subsequent generation of new bone during healing (Zhang et al., 2018a).
Calcium silicate bioceramics are being increasingly investigated as potential novel bioceramic materials for bone grafting, as their osteogenic properties are superior to those of HA (Vallet-Regi and Arcos, 2005). Several studies have shown that in a physiological environment, silicon ions released from calcium silicate ceramics play an important role in promoting bone regeneration by stimulating the proliferation of mesenchymal stem cells, osteogenic differentiation, and osteoblastic gene expression (Lin et al., 2015). In their study using a goat vertebral defect model, Sun et al. used new PMMA/calcium silicate hybrid cements for PVP and PKP; these cements optimally filled and stabilized vertebral defects and significantly promoted new bone formation in defective vertebrae at 6 months after injection (Sue et al., 2019). However, silicate bioceramics offer insufficient mechanical strength due to degradation. A series of silicate-based bioceramics have therefore been developed, including those that incorporate iron, magnesite, akermanite (Ca2MgSi2O7, AKT), and tremolite (CaO-MgO-2SiO2) (Chen et al., 2015b; Choudhary et al., 2020). The compressive strength of akermanite/PMMA composite bone cement is approximately 100 MPa, which is comparable to that of commercial PMMA bone cement (at 73–120 MPa) (Chen et al., 2015b). Notably, the compressive strength and Young’s modulus of PMMA-diopside composites match the lower limit of those of cancellous bone (Choudhary et al., 2020).
3.2 Bioglass
Bioactive glass (BG) includes glass that can produce a specific biological response at the material-bone interface and promote efficient bonding between them (Shearer et al., 2023). Silicate and borate BGs are the most commonly used. Notably, BGs bond to bone faster than other bioceramics (Zhang et al., 2022a) (Figure 2). The process of osseointegration begins with the release of silica ions from the surface of the BG; the released ions form a layer of silica on the surface and then form an amorphous calcium phosphate precipitate, which initiate the formation of a HA layer that bonds to the bone cortex, further activating cell migration and triggering new bone formation (Cole et al., 2020a). Its osteogenic properties are an area of considerable interest as its dissolution products stimulate bone progenitor cells at the genetic level (Rahaman et al., 2011). BG stimulates bone formation by polarizing macrophages from the M1 to M2 phenotype and thereby increasing the activity of relevant genes. M1 macrophages produce pro-inflammatory cytokines and exhibit strong microbicidal properties in the early stages of inflammation. However, in the later stages of bone regeneration, persistent and excessive inflammation hinders complete local bone tissue remodeling. M2 macrophages produce anti-inflammatory cytokines to promote the tissue healing process. Therefore, regulation of the transition from M1 to M2 phenotypes represents a crucial step in the process of bone regeneration (Gomez-Cerezo et al., 2018). In this context, an alkaline environment may enhance bone formation in osteoporosis by inhibiting osteoclast activity and increasing osteoblast viability. A moderately alkaline pH of 7.8–8.5 has been reported to provide a favorable environment for new bone formation (Ding et al., 2023). Numerous researchers have prepared novel BGs that release boron and strontium ions, which create an alkaline environment; this is of particular significance in the treatment of osteoporotic VCFs. In their study on osteoporotic rabbits, Chen et al. constructed a porous injectable composite by combining silicate BG with PMMA; they found that injection of the composite into the vertebrae of the rabbits increased the bone volume fraction (trabecular bone to total bone volume) from 28.27% ± 1.69% to 38.43% ± 1.34% (Chen et al., 2015a). Hu et al. also reported similar findings in an osteoporotic rabbit model. The application of BG-modified CPC to the bone defects resulted in significant upregulation of osteogenic marker expression (including Runx2, alkaline phosphatase, osteopontin, and osteocalcin) and a significant decrease in osteoblastic marker expression (including tartrate-resistant acid phosphatase, matrix metalloprotease 9, and histone K) in the osteoblasts (Hu and Xu, 2019).
[image: Figure 2]FIGURE 2 | Borosilicate glass (BSG)-reinforced PMMA bone cement used for vertebroplasty. (A) Schematic diagram illustrating the preparation of BSG/PMMA cement and the its use for promoting bone repair. (B) Expression of pro-inflammatory genes and anti-inflammatory genes after culture with 10-BSG/PMMA or OSTEOPAL® plus cement for 3 days. (C) Van Gieson staining of rat tibia defects after 2 and 12 weeks of cement implantation. The images on the left and right are from the same group; they represent the overall picture and the partial images. (D) Results of subchronic systemic toxicity in the experimental and control groups, including rat serum electrolyte indices at different time points. (E) Overall and partial images of sequential fluorescence staining, and (F) semi-quantitative evaluation of new bone formation based on calculation of the area with fluorescent staining (as determined from panel E). Results are shown as means ± standard deviation (*: p < 0.05). Copyright © 2022, American Chemical Society.
Although numerous experiments have demonstrated that the addition of BG sufficiently enhances the bioactivity of bone cement, it impacts the mechanical properties (including injectability) of the cement. In this context, borate-based BG demonstrates a controlled degradation rate; the bioactivity and degradation rate of borosilicate-based BG can be regulated by the introduction of variable quantities of boric oxide to match the growth rate of new bone tissue (Cui et al., 2016). In their study, Cole et al. added borate-based BG to PMMA; long-term dissolution of BG could be achieved without affecting short-term degradation. Ion release was also maintained without affecting mechanical strength. The compressive properties remained higher than those required by the American Society for Testing and Materials and International Organization for Standardization (Cole et al., 2020b). BG also enhances the compressive strength of CPC, as it becomes smaller and denser after pore sintering; this increases the compressive strength of HA/BG composites. This increase improves its load-bearing capacity and implant stability in the tissue (Ebrahimi and Sipaut, 2021). BG also improves the initial and long-term compressive strength of calcium sulfate bone cement and demonstrates good injectability and controlled setting times; all of these make it suitable for vertebral augmentation (Mansoori-Kermani et al., 2023). However, the introduction of BG adversely affects the handling properties of bone cement to varying degrees. A decrease in BG particle size has been found to reduce injectability of the cement. The fine BG particles agglomerate and absorb more water; this increases the friction between them. The setting time of formulated cement also increases significantly with a decrease in BG particle size, as the cohesion in the cement paste weakens (Hasan et al., 2019; Mabroum et al., 2022).
3.3 Nanomaterials
3.3.1 Carbon nanotubes
Carbon nanotubes (CNTs) can significantly improve the mechanical properties of bone cement. This may be mainly attributed to certain unique properties including nanoscale diameters, longer length, higher strength and stiffness, and considerably high aspect ratios. Multi-walled CNTs prevent cracks in the cement from expanding; they provide a bridging effect at the tails of the crack in a direction perpendicular to that of crack expansion. In their study, Sadati et al. found that the incorporation of 0.5% of multi-walled CNTs into PMMA significantly increased tensile strength, elastic modulus, and bending strengths by 37%. The finite element method was used to simulate the bridging mechanism of PMMA/multi-walled CNT nanocomposites (Sadati et al., 2022). Combining the functionalized CNTs with PMMA significantly reduces the high polymerization temperature of PMMA. The reduction in generated heat translates to a reduction in the thermal necrosis index value of the corresponding nanocomposite cement; this may reduce the high temperatures in vivo and decrease the possibility of heat-induced bone tissue necrosis induced by polymerization of PMMA cement. In their study, Ormsby et al. found that the addition of functionalized multi-walled CNTs led to a significant reduction in the quantity of heat generated by the exothermic polymerization reaction of PMMA bone cement; it also significantly reduced thermal necrosis index values from 3% to 99% (Ormsby et al., 2011). Mabroum et al. had combined CNT with commercial bone cement; they also observed a significant reduction in the heat generated by the exothermic polymerization reaction of Simplex PTM bone cement. They suggested that the carboxylated multi-walled CNTs acted as a heat trap in the bone cement matrix to reduce the generated heat (Ormsby et al., 2014).
The possibility of nanotoxicity needs to be considered in the case of CNT-based biomaterials (Wang et al., 2019) (Figure 3). Pahlevanzadeh et al. incorporated CNT into PMMA-monticellite bone cement; they found that the cement retained good bioactivity after incorporation of CNT, as evidenced by the absence of cytotoxic effects in MG63 cells (Pahlevanzadeh et al., 2019). Similarly, the addition of CNT to MPC exerted no cytotoxic effects; the cells exhibited appropriate adhesion to the bone cement and acceptable proliferation (Esnaashary et al., 2020). However, Medvecky et al. reported conflicting results; their experiments, that involved material testing and live/dead staining of CNT-CPC, suggested that multi-walled CNT composite cement surfaces were cytotoxic (Medvecky et al., 2019). Notably, some believe that an optimal CNT content is required for cellular activity. An increase in the concentration of CNT in PMMA nanocomposites allows for adequate survival and proliferation of mesenchymal stem cells (MSCs) on their surface; the cell density decreases significantly when the number of CNTs exceeds 0.25 percent by weight (Sadati et al., 2022).
[image: Figure 3]FIGURE 3 | Incorporation of multi-walled CNTs into PMMA bone cement improves cytocompatibility and osseointegration. (A) (a) Transmission electron microscopy image of NC3151 grade multi-walled CNT. (b) Scanning electron microscope images of PMMA bone cement loaded with multi-walled CNT powder affecting the proliferation of rabbit BMSCs. (B) (a) deoxyribonucleic acid (DNA) content, (b) Protein/DNA content and (c) ALP/DNA (mean ± SD) of the rabbit BMSCs when exposed to blank control and PMMA bone cements loaded with different concentrations of multi-walled CNT powder. (C) 3-dimensional reconstruction of computed tomography images of PMMA-multi-walled CNT bone cement specimens from Group D after 4, 8, and 12 weeks. (D) Van Gieson-stained images of PMMA-MWCNT bone cement specimens from group D (1.0 percent by weight) after 4, 8, and 12 weeks: (a) 4 weeks, (b) 8 weeks, (c) 12 weeks. Collagen fibers (C) are stained red. The nucleus (N) is stained brown-black. Crown Copyright © 2019 Published by Elsevier B.V. All rights reserved.
3.3.2 Graphene oxide
As graphene has a lower metal impurity content than CNTs, the purification processes for removal of trapped nanoparticles require less time. Based on the method of fabrication, graphene can be categorized into numerous subtypes; these include graphene, graphene oxide (GO), and reduced GO, which is of particular interest. GO has a larger number of hydrophilic groups than simple CNT and graphene; these allow it to form chemical bonds (between functional groups) with molecules in the bone cement. This facilitates good dispersion, thereby enhancing mechanical strength and improving biological properties. In their study, Paz et al. loaded different proportions of graphene and GO onto PMMA; they found that the PMMA cement with a lower load of graphene or GO powder (≤0.25 percent by weight) showed significantly superior fracture toughness and fatigue properties (Paz et al., 2017). In addition, GO powder demonstrated greater dispersion and improvement in mechanical properties than those obtained with graphene powder. In their study, Arici et al. compared the mechanical properties and cellular activity of CNT with those of GO. They found that GO further improved the percentage of cell viability, conferred superior mechanical properties, and offered a more stable pH and cell viability than CNT; this may be attributed to the larger surface area of GO (Arici et al., 2023). The introduction of GO has also been found to improve cell viability and osteogenic differentiation. All anabolic genes including COL1A1, BMP4, BMP2, RUNX2, and ALP demonstrate stimulatory effects, while catabolic genes (MMP2 and MMP9) exert inhibitory effects (Mirza et al., 2019). Another mixing approach involves the incorporation of hybridized GO/CNT into bone cement. This approach offers better dispersion properties than CNTs and GO alone; it also shortens the final setting time and reduces the mobility of MPC. In this context, a study showed that the addition of 13.77% GO/CNTs (by weight of cement) increased the compressive and flexural strength of MPC by 17.50% and 0.05%, respectively (Du et al., 2020).
3.3.3 Magnetite (Fe3O4)
The combination of nanomaterials with PMMA represents an important area of interest in the treatment of tumor-induced VCFs. While the PMMA implanted in the fracture site plays a role in supporting the fractured vertebrae and relieving pain, the magnetic nanomaterials act as heat-seeded materials in magnetic thermotherapy; they generate heat due to loss of magnetism in the presence of an external magnetic field (Yu et al., 2019) (Figure 4). Heating of the cancerous area to temperatures of over 42°C kills the cancer cells, while allowing normal cells to survive. Magnetite is well suited for use as a heat seed material due to its excellent heat-generating properties and biocompatibility. In their study, Ling et al. placed PMMA-Fe3O4 in an ex vivo magnetic field; the increase in temperature of resected bovine liver was found to positively correlate with the iron content and time. This suggested that the intratumoral temperature is controllable (Ling et al., 2017). However, as the heat generated by magnetothermic materials may damage surrounding healthy tissues (especially the spinal cord), Harabech et al. evaluated the heating effect of Fe3O4 nanomaterials in bovine vertebrae in an ex vivo alternating magnetic field. The temperature in the PMMA-magnetic nanoparticle composite rose by approximately 7°C; however, that in the spinal column only rose by only 1°C, thereby creating a smaller thermal impact on the spinal cord (Harabech et al., 2017). Although Fe3O4 demonstrates excellent heat generation properties as a magneto-thermal material, its rate of warming and bioactivity need to be improved. Certain investigators have attempted to increase the weight percentage of magnetic nanoparticles in PMMA in order to improve the magneto-thermal efficiency of nanomaterials. However, an inappropriately high weight ratio of magnetic nanoparticles affects the physicochemical properties and increases cytotoxicity (Miola et al., 2021). Ren et al. attempted to improve performance by adding 1 percent by weight of Zn0.3Fe2.7O4 nanoparticles to PMMA; in addition to providing reliable mechanical support, the resulting bone cement demonstrated high thermal efficiency (Ren et al., 2022). The wrapping of Fe3O4 with GO (which has superior thermal conductivity) addresses the important issue of non-uniform heating of magnetic thermal materials; this allows for more rapid heating of the composite materials and achievement of thermal equilibrium. This shortens the time of thermal therapy and reduces heat-resistance caused by an excessively long heating time (Yan et al., 2019).
[image: Figure 4]FIGURE 4 | PMMA-Fe3O4 composite used for internal mechanical support and magnetic thermal ablation of bone tumors. (A) Prepared magnetic PMMA bone cement for magnetic thermal ablation of tumors. (B) Magnetic hystersis loop of polymerized PMMA-6% Fe3O4. (C) Thermal images of rabbit leg in the PMMA-6% Fe3O4-H group and Tumor-H group. (D) Hematoxylin and eosin staining on day 1 (scale bar: 50 μm) and day 4 (scale bar: 100 μm) (red dotted line: edge of ablation, blue dotted line: edge of the tumor, black dotted line: edge of removed PMMA-6% Fe3O4 composite). (E) (a) and (b) indicate the apoptosis index (AI) and proliferation index (PI) of each group. (c) Heat shock protein-70 levels of rabbit serum in different groups before and after magnetic thermal ablation. (d) Interleukin-2 levels of rabbit serum in different groups before and after magnetic thermal ablation. Copyright © 2019, Ivyspring International Publisher.
3.3.4 Other nanomaterials
Layered double hydroxide has recently provoked considerable interest owing to its excellent properties. Liquid MMA monomer was added to the pre-polymerized PMMA and powders of COL-I and/or LDH, and the polymerization reaction of MMA was initiated at room temperature (25°C) for 20 min after the powders were thoroughly mixed. It demonstrates outstanding thermal insulating properties, which may inhibit thermal diffusion during the polymerization reaction of methylmethacrylate and help protect the surrounding osteoblast-associated cells. In addition, the magnesium ions released by LDH promote osteogenesis. The larger micro sheets of layered double hydroxide are able to produce a certain number of holes on the surface of PMMA; this is beneficial for osseointegration between cement and bone (Wang et al., 2021). Titanium dioxide and magnesium oxide nanoparticles have also been added to PMMA due to their excellent osteogenic activity (Li et al., 2020a; Vedhanayagam et al., 2020).
3.4 Polymer materials
3.4.1 Natural polymers
Natural polymers are used as biomaterials in medicine due to their excellent biomimetic properties and biocompatibility (Guo et al., 2021c). Chitosan, a linear polysaccharide obtained by deacetylation of chitin, is one of the most common natural polymers used (Sultankulov et al., 2019). Given its excellent biocompatibility, biodegradability, and bioactivity, it has been used for the modification of bone cement. As chitosan is degraded in vivo, its incorporation into PMMA bone cement creates appreciable porosity. The increase in porosity facilitates osseointegration between bone and cement and promotes more stable fixation; it also reduces the mechanical strength of PMMA-based bone cement, thereby reducing the difference with bone (Sun et al., 2022a). The improvement in bioactivity and polymerization temperature were found to be dose-dependent; an increase in the loading concentration of chitosan (to >10%) significantly reduced the heat generated by PMMA during polymerization (De Mori et al., 2019). In their study, Zapata et al. obtained similar outcomes compared to CS when using <15% loading; the composite PMMA/CS bone cement having >15% loading achieved more rapid deposition of calcium and phosphorus ions, and showed more rapid bioactivity (Valencia Zapata et al., 2020). Incorporating different forms of chitosan may also produce different effects. In their study, Zamora Lagos et al. incorporated different forms of chitosan into PMMA; CS sheets provided greater porosity to the cement than CS spheres (Zamora Lagos et al., 2020). However, CS microspheres demonstrated greater degradation in bone cement, thereby effectively improving the osteoconductivity and degradation of CPC (Meng et al., 2019).
Collagen is a natural antigenic biomaterial found in the skin, ligaments, bone, and cartilage (Li et al., 2021). Type I collagen accounts for 90% of the total collagen and is present in large quantities in the bone extracellular matrix secreted by osteoblasts. Collagen can be easily combined with other biomaterials; mineralized collagen (MC) can be formed by mineralization of HA and collagen molecules. Owing to similarities in structure and chemical composition between MC and natural bone components, the former demonstrates good osteogenic activity; it also increases the differentiation of MSCs to osteoblasts (Zhu et al., 2023). MC-modified bone cement significantly improves the adhesion of preosteoblasts and their proliferation; this promotes good osseointegration between the cement and host bone tissue. It also promotes higher alkaline phosphatase activity (secreted by human bone marrow MSCs) and higher expression of osteoblast-specific genes (Jiang et al., 2015). Notably, osteogenic differentiation has been found to be more than twice as high in MC-PMMA than in PMMA after 21 days of culture (Wu et al., 2016). In addition, the introduction of this material can effectively improve the maneuverability properties of bone cement. In their study, Li et al. used 15.0% by weight-impregnated MC-PMMA; this material significantly reduced the modulus of elasticity of PMMA bone cement from 1.91 to 1.21 GPa (Li et al., 2015). The results also revealed that the addition of MC significantly reduced the compressive elastic modulus of PMMA, thereby reducing the pressure on adjacent vertebrae. However, addition of MC had no significant effect on the injectibility and processing time of the cement. Similarly, Zhu et al. found that the addition of MC improved the handling properties of this composite bone cement in the clinical setting (Zhu et al., 2020) (Figure 5). Clinical evidence suggests that patients treated with MC-PMMA show significant improvement in postoperative low back pain, dyskinesia, and vertebral height (Bai et al., 2017). Notably, patients in a study who were treated with MC-PMMA demonstrated greater improvements in bone density at 6-month and 1-year follow-up than those treated conventionally; the incidence of adjacent vertebral fractures decreased to 2% after modified cementing. This represented a significant improvement over the rate of 13% observed after conventional cementing (Wang et al., 2018a).
[image: Figure 5]FIGURE 5 | Mineralized collagen-reinforced PMMA bone cement for the treatment of osteoporotic vertebral compression fractures. (A) Preparation of mineralized collagen and PMMA bone cement. (B) Handling properties of bone cements. (C) Morphology of BMSCs on days 1, 3, and 7 with MC-PMMA or PMMA bone cement. Cells stained with rhodamin-phalloidin for F-actin (red) and SYTOX Green for nuclei (green). (D) Histological staining in the PMMA and MC-PMMA groups after 4 and 12 weeks using methylene blue (light blue) and basic fuchsin (red). The bone cement is in gray. (E) Lateral projection re-examination by computed tomography at 3 days and 1 year after surgery. (F) The visual analog scale score was evaluated by three doctors. Results are presented as the mean ± standard deviation; *p < 0.05. Copyright © 2020, Ivyspring International Publisher.
3.4.2 Synthetic polymers
Synthetic polymers offer more possibilities for chemical modifications and molecular alterations than their natural counterparts. This may help tailor system performance to specific application requirements (Wong et al., 2023). These polymers have customized matrix structures and chemical properties. In this context, poly (lactide-co-glycolide) (PLGA) is a linear copolymer of lactic and glycolic acid monomers (Jin et al., 2021). The time needed to degrade PLGA can be adjusted (to align with that of bone regeneration) by adjusting the ratio of lactic and glycolic acid. The degradation of PLGA gradually enhances stress stimulation of new bone; it may therefore promote bone regeneration and structural remodeling. PLGA is currently incorporated into bone cement to improve its properties. CPC scaffolds are doped with novel PLGA microspheres; these microspheres provide pores that allow CPC to grow into the new bone tissue. In a study using a rat femoral defect model, the PLGA microspheres were found to be nearly filled with mature new bone upon degradation at 24 weeks (Liang et al., 2020). Composites of dense PLGA particles have also been found to be suitable for use as pore generators in CPC; in a study, they accelerated degradation and were more effective in promoting murine BMSC proliferation (Qian et al., 2020; Lu et al., 2021). In their study, Yu et al. found that the addition of fibrous PLGA to bone defects effectively improved the brittleness of CPC. A two-fold increase in toughness was observed in addition to a moderate improvement in compressive strength (Yu et al., 2018; Cai et al., 2023) (Figure 6).
[image: Figure 6]FIGURE 6 | Injectable PLGA nanofiber-reinforced bone cement with controlled biodegradability for bone regeneration after minimally-invasive surgery. (A) Schematic representation of fabrication of C/PL/C injectable bone cement for bone regeneration. (B) Anti-washout performance of CPC, C/C, and C/PL/C-10, respectively. (C) Injectability, compressive strength, and setting time of cements. Data are presented as the mean ± standard deviation; n = 3; *significant difference compared with control group, *p < 0.05 and **p < 0.01. (D) Hematoxylin and eosin staining of non-decalcified femoral condyle sections 6 and 12 weeks after implantation. NB: newly formed bone; BV: blood vessels; M: materials. (E) Scanning electron microscope images of human umbilical vein endothelial cells on the cement surface after 24 h of incubation (human umbilical vein endothelial cells are in color for ease of observation). (F) 3-dimensional reconstruction of the implants in different groups; gray: cement; yellow: newly formed bone. © 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
PLGA is effective in improving the handling properties of bone cement; it has also been widely used as a drug delivery system for molecules such as proteins, peptides, and genes due to its excellent carrier properties. PLGA was first used in a study on the treatment of infectious osteomyelitis; it was used in the form of microspheres after immobilizing ciprofloxacin and triclosan-containing PLGA microspheres on PMMA (Wang et al., 2020b). In their study, Qiao et al. loaded rifampicin/moxifloxacin onto PLGA microspheres for local drug delivery; microspheres prepared using PLGA and embedded with moxifloxacin and rifampicin/moxifloxacin using the water-in-oil-in-water double emulsion solvent evaporation technique were used for local delivery (Qiao et al., 2019). The results from these studies provide valuable insights into the treatment of osteoporotic and neoplastic VCFs. PLGA can also be used as a drug carrier for the treatment of oncologic bone disease. In their study, Jayaram et al. added zoledronic acid to PLGA, which released it at a concentration of 8% over 97 weeks. In contrast, PMMA released 13%–17% of zoledronic acid; PLGA therefore offered better release kinetics (Jayaram et al., 2021). PLGA loaded with doxorubicin was combined with bone cement in a study; it prolonged the release of doxorubicin and has a positive impact on the treatment of sarcoma (Dewhurst et al., 2020). In the treatment of osteoporotic VCFs, nano-sized PLGA particles were able to encapsulate and release the functional recombinant protein (ICOS-F) into cement formulations to provide an anti-osteoclastic effect and stimulate an appropriate bone remodeling response, which was conducive to effective healing (Banche-Niclot et al., 2023). On injecting CPC/PLGA composites loaded with alendronate in an osteoporotic rat model, the composites exhibited a suitable setting time, appropriate compressive strength, and controlled release of alendronate; bone formation was also demonstrated under osteoporotic conditions (van Houdt et al., 2018).
PVA fibers have been added to other gel matrices (as high-tenacity materials) due to their excellent high modulus of elasticity and tensile strength (Shi, 2021). The area of fiber reinforcement of cement matrices (used in civil engineering) has been researched extensively. However, the findings have been less frequently applied to medical bone cementing. It is believed that PVA fibers are usually covered by a hydrophobic oil-based coating, which reduces their hydrophilicity and optimizes energy dissipation via a friction-sliding mechanism; this hydrophobic PVA improves toughness and ductility (Kucko et al., 2019). In view of its high toughness, it may be a good candidate for incorporation into brittle bone cements such as CPC. In the dental field, reinforcement of the cement matrix with PVA fibers has led to the successful development of tough fiber-reinforced CPCs. The incorporation of PVA fibers reinforces CPCs to improve cement toughness and structural stability upon degradation; however, it does not affect biocompatibility and the osseointegration process (Schickert et al., 2020a). Reinforcement with PVA fibers increases the flexural strength and toughness of CPCs by more than 3 and 435-fold, respectively; this makes reinforcement an extremely effective strategy for strengthening and toughening (Kucko et al., 2019). In their study, Luo et al. found that cement containing 5 percent by weight of fibers offer a good compromise, with compressive strengths of 46.5 ± 4.6 MPa (compared to 62.3 ± 12.8 MPa without fibers), which are considerably greater than that of human trabecular bone (0.1–14 MPa) (Luo et al., 2019).
4 VERTEBRAL IMPLANTS
Unlike minimally invasive injectable cement materials, vertebral implants are primarily composed of implantable metals (Cornelis et al., 2019) (Figure 7). These include the Vertebral Body Stenting (VBS), SpineJack, Kiva, and Osseofix systems, which are based on a similar principle of percutaneous implantation of an expandable vertebral body stent (to restore vertebral height) and the correction of kyphosis; this procedure is referred to as third-generation vertebral body augmentation (Dong et al., 2022).
[image: Figure 7]FIGURE 7 | Innovative spine implants for improved augmentation and stability in neoplastic vertebral compression fractures. (A) SpineJack® implantation procedure. (B) Vertebral Body Stent® (VBS®) deployment procedure. (C) KIVA® implant design and delivery ancillaries. (D) Views of V-STRUT© implants in a vertebra, perspective and top view. © 2019 The Authors. Published by MDPI.
The goal of restoring mechanical stability to the diseased vertebral body is achieved by use of a vertebral body implant. An in vitro biomechanical study on the Osseofix system used human cadaveric vertebrae; it showed that the yield and ultimate loads of the vertebrae repaired by the system were similar to those of intact vertebrae. In addition, the Osseofix system was effective in restoring the original biomechanical strength of fractured vertebrae, unlike kyphoplasty (Ghofrani et al., 2010). An in vitro study that compared the mechanical properties of the SpineJack system and balloon kyphoplasty in human cadaveric bone found that both procedures restored height; strength and stiffness were partially restored without any significant differences. Although the mechanical properties of most vertebral implants have been well documented, further investigation is needed to assess the clinical effectiveness and scope of application of these metallic implants in posterior convex VCFs (Sietsma et al., 2009). Certain recent clinical studies have found this new type of implant to be effective in the treatment of traumatic VCFs or pathological fractures caused by osteoporosis or metastatic tumors of the spine. A study evaluated the extent of height recovery offered by the VBS in cases of acute traumatic VCFs among young non-osteoporotic patients. The values for mean postoperative vertebral height gain, vertebral kyphosis angle correction, and Beck index improvement were 3.8 mm, 4.3°, and 0.07, respectively. The results from the study confirmed that VBS can significantly restore vertebral height in young patients with traumatic VCFs (Garnon et al., 2019). A study had retrospectively evaluated the safety and efficacy of the VBS in patients with post-traumatic A3.2 and A2 type fractures (single traumatic thoracolumbar fractures) who were treated between 2010 and 2019. The results confirmed an improvement in posterior convexity and restoration of vertebral height in all patients (Salle et al., 2022). In a prospective study on type A1.3 and A3.1 fractures, the VBS offered satisfactory improvements in pain, function, posterior convexity correction, and even endplate repositioning in osteoporotic and traumatic fractures (Klezl et al., 2011). The system was also found to be effective in correcting kyphotic deformities and restoring loss of vertebral height in patients with chronic osteoporosis who had VCFs; these findings confirm the feasibility of its clinical application (Premat et al., 2018). A recent study evaluated the utility of the OsseoFix system for the treatment of VCFs caused by multiple myeloma; it found that the implant provided significant improvements in terms of both pain and prognostic scores, thereby significantly reducing complications. The total number of implants used in this study was the highest to be reported in the literature to date; the use of expandable titanium mesh cages allowed safe and effective treatment (Gandham et al., 2021).
Although, new implant materials have been able to address certain limitations of PVP and PKP, various clinical adverse events continue to occur. For instance, stent tumbling prevents the contralateral stent from providing adequate support (Kanematsu et al., 2023). In this context, a randomized controlled trial evaluated the impact of two different augmentation procedures, namely, the KIVA system and PKP, on the readmission rate due to serious adverse events. The patients with a previous history of VCF or significant osteoporosis who were treated using the KIVA system demonstrated a greater risk of readmission due to serious adverse events (at 1-year after treatment) than those who underwent PKP (Beall et al., 2017). Therefore, future studies need to evaluate the issue of appropriate selection of metallic implants for different vertebral body fractures.
5 CONCLUSION AND PROSPECTS
The appropriate selection of implantable materials is crucial to the clinical outcomes of minimally invasive treatment for VCFs. However, the materials in current use have various limitations, which hinder clinical application. As the first and second generation of minimally invasive implantable materials for vertebral body augmentation, traditional bone cement (represented by PMMA) is widely used in the clinic. However, it lacks bioactivity and leads to a series of clinical complications. Therefore, newer bone cements including MPC and CSC have been developed; these have been favored by researchers owing to their superior osteoclastogenic and angiogenic effects. Biomaterials with various beneficial properties have been mixed with bone cement to improve its handling properties and bioactivity in a targeted manner. A review of the types and clinical efficacy of new vertebral implants used in third-generation vertebroplasty show that a wide variety of options are available for the treatment of different types of VCFs.
Although the implant materials developed for minimally invasive treatment have various outstanding properties, their clinical effectiveness and safety remain unclear. In addition, clinical validation of processing properties such as injectability and setting time are lacking for new composite bone cement materials. Large-scale controlled clinical studies evaluating the efficacy of new vertebral implants are also lacking; the scope of their application warrants further investigation. Clinicians also need to address the issue of selection of appropriate materials for minimally invasive surgery. In conclusion, the ongoing improvements in technology and biomaterials are expected to make minimally invasive surgery for VCFs safer and more effective.
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The investigation of bone defect repair has been a significant focus in clinical research. The gradual progress and utilization of different scaffolds for bone repair have been facilitated by advancements in material science and tissue engineering. In recent times, the attainment of precise regulation and targeted drug release has emerged as a crucial concern in bone tissue engineering. As a result, we present a comprehensive review of recent developments in responsive scaffolds pertaining to the field of bone defect repair. The objective of this review is to provide a comprehensive summary and forecast of prospects, thereby contributing novel insights to the field of bone defect repair.
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1 INTRODUCTION
Bone tissue defects present a significant health risk to individuals (Buza and Einhorn, 2016). Approximately four million surgical procedures are performed annually to address bone loss, utilizing grafts and/or substitutes, thereby establishing it as the second most commonly transplanted tissue worldwide (Greenwald et al., 2001). Although bone grafting serves as the preferred method for repairing extensive defects resulting from congenital anomalies, tumor removal, and traumatic fractures, it is accompanied by challenges such as limited availability, morbidity at the donor site, and inflammation, among others (Brydone et al., 2010; Tang et al., 2016).
The primary objective of bone tissue engineering is to develop bone-graft substitutes that can overcome the limitations associated with natural bone grafts (Shrivats et al., 2014). Scaffolds, which serve as a potential approach for treating bone defects, are currently being explored. The selection of appropriate biomaterials is of utmost importance in the fabrication of these scaffolds, and various techniques and materials are under investigation. The ideal bone graft substitutes should possess biocompatibility, biodegradability, and ease of production. Additionally, they should facilitate cell infiltration, stimulate bone growth, and provide biomechanical support during the regeneration of bone by osteoblasts (Bose et al., 2012).
Researchers have employed diverse scaffold materials to facilitate endogenous regeneration. Conventional scaffold materials comprise organic polymers such as collagen and hyaluronic acid, artificial polymers like polylactic acid, and biologically active inorganic materials like calcium phosphate, which enhance bone regeneration (Khan et al., 2008; Collins et al., 2021). However, conventional scaffolds exhibit a deficiency in controlled release capabilities, rendering them incapable of effectively regulating chronic inflammation as required (Ye et al., 2022). As a result, scholars have redirected their focus towards the advancement of responsive scaffolds.
Responsive scaffolds are considered to be groundbreaking in the field of bone repair. These scaffolds are comprised of materials that possess the capability to be activated and respond to various external stimuli, such as light, magnetism, and pH, or internal stimuli, including cytokines, enzymes, and biological signals. Responsive scaffolds demonstrate the ability to react to triggers originating from external regulatory equipment and internal microenvironment alterations, thereby enabling them to deliver drugs in a timely manner in response to a diverse array of circumstances (Wei et al., 2022). Moreover, they exhibit the capacity to react to both external and internal triggers, enabling them to deliver drugs as needed in response to a wide range of situations.
The occurrence of bone loss can lead to injury in both hard and soft tissues, with the microenvironment of diseased tissue exhibiting notable distinctions from that of healthy tissue. These disparities are believed to exploit various stimuli, including lower pH levels, elevated concentrations of reactive oxygen species (ROS), and heightened enzyme and osteoclast activities, thereby promoting bone resorption. By utilizing a responsive scaffold, it becomes possible to activate and target these specific stimuli, facilitating the precise delivery of drugs to modify the microenvironment and effectively repair the injury. For instance, researchers have developed a modified-scaffold composed of an electrospun asymmetric double-layer membrane made of polycaprolactone and collagen (PCL/Col) to address the low pH environment in bone defect sites. This composite scaffold exhibited the release of approximately 93% of Zn2+ ions from the PCL/Col/ZIF-8 membrane within 12 h under acidic conditions (pH 5.5). The pH-sensitive structure of the scaffold provides a favorable environment for the proliferation of osteoblasts, thereby presenting a promising approach for bone regeneration (Xue et al., 2021). Responsive scaffolds have demonstrated potential and approval in the treatment of bone injuries.
This review primarily examines the recent advancements in responsive biomaterials and scaffolds utilized in bone tissue engineering. It specifically delves into their application, material selection, scaffold design, and their efficacy in addressing bone defects. Furthermore, the review explores the current limitations and potential prospects for bone defect restoration, drawing upon substantial evidence that substantiates the favorable outcomes achieved through the implementation of functionalized responsive scaffolds.
2 THE CATEGORIES OF RESPONSIVE SCAFFOLDS
This study primarily encompasses three primary categorizations of stimulus-responsive scaffolds based on the source of stimuli: physical stimuli (e.g., light, temperature change, electric field, magnet, and ultrasound), chemical stimuli (e.g., pH level and ROS), and enzyme stimuli (Figure 1) (Table 1).
[image: Figure 1]FIGURE 1 | Different types of responsive scaffolds for bone repair.
TABLE 1 | The summarization of recent responsive scaffolds.
[image: Table 1]2.1 Physical stimuli
Physical-responsive scaffolds are predominantly comprised of materials that are sensitive to physical stimuli. These materials possess a structure that can be reconfigured when exposed to various factors, including light, magnetism, temperature, ultrasonic waves, and magnetic fields. Consequently, these alterations in structure facilitate the delivery of drugs. For instance, temperature-responsive scaffolds exhibit stability in healthy tissue, but undergo degradation in diseased tissue. In the initial phases of bone defects, inflammation induces a localized increase in temperature. This change in temperature can serve as an endogenous stimulus for the scaffold to respond and subsequently release the drug (Zhang et al., 2013; Karimi et al., 2016b).
Under specific circumstances, elastin-like polypeptides (ELPs) exhibit a lower critical solution temperature (LCST) in contrast to other synthetic polymers (Tamburro et al., 2005). Upon surpassing this transition temperature, ELPs undergo a first-order phase transition, resulting in the formation of a peptide and water-rich phase (Krishna et al., 2012; Zhao et al., 2016). This distinctive characteristic has sparked considerable enthusiasm in the advancement of biomaterials capable of reacting to external stimuli. In a recent study, researchers have successfully synthesized elastin-like self-assembly nanoparticles with thermos-responsive characteristics. These nanoparticles were employed for the controlled release of bone morphogenetic protein-2 (BMP-2) and bone morphogenetic protein-14 (BMP-14), exploiting the reverse temperature transition of bio-generated polymer(VPAVG) 220 (Bessa et al., 2010). This distinctive property can be harnessed to mitigate inflammation and facilitate bone regeneration under specific conditions. In the field of bone tissue engineering, a wide range of physical-responsive scaffolds are frequently utilized to modulate drug delivery.
2.1.1 Temperature response
Temperature-responsive scaffolds can undergo structural reconstruction and release drug payloads when the desired temperature is achieved, as they are triggered by changes in the surrounding environment. Thermo-responsive polymers, employed in the fabrication of these scaffolds, may experience phase transitions above the LCST (Bordat et al., 2019) or expedite degradation when exposed to elevated temperatures. For instance, certain thermo-responsive polymers undergo a transition from a liquid state to a stable viscoelastic gel, while certain thermo-sensitive polymers exhibit accelerated degradation at elevated temperatures, thereby facilitating the controlled release of drugs.
In a recent study, a cohort of alginate bioconjugates comprising micrografted poly(ε-caprolactone-co-lactide)-b-PEG-b-poly(ε-caprolactone-co-lactide) (PCLA) and o-phosphorylethanolamine were synthesized with the aim of facilitating bone regeneration (Kim et al., 2020). These bioconjugated salts have the ability to undergo a conversion into durable viscoelastic gels when administered in vivo and subjected to physiological temperature, surpassing the LCST threshold. This conversion enhances the mechanical characteristics and fosters bone regeneration, thereby suggesting their potential utility in promoting bone formation. Methylcellulose is a cellulose polysaccharide known for its biocompatibility, biodegradability, and hydrophilicity. It demonstrates gelation properties, resulting in gel formation at specific temperatures (Lioubavina-Hack et al., 2005; Kim et al., 2018). Composite hydrogels, comprising chitosan and methylcellulose, encapsulate veratric acid and exhibit desirable biocompatibility. These hydrogels gelatinize at 37°C, making them suitable for use as a restorative agent to enhance osteoblast differentiation (Durairaj et al., 2023).
Endogenous temperature stimulation is elicited by fluctuations in temperature conditions at the site of the lesion. The lesion tissue undergoes pathological deformation and hyperthermia, which stem from trauma and tumors, thereby triggering the release of inflammatory factors and evaluation of the local environmental temperature. Consequently, the scaffold structure in pathological sites undergoes alterations when the temperature is elevated. During the initial phase of bone defect, the localized temperature elevation can serve as a stimulus for scaffold response and/or drug release (Zhang et al., 2013; Karimi et al., 2016b).
Nanocarriers engineered for thermal responsiveness have the potential to maintain stability at the physiological temperature of the human body. Upon exposure to external heat or assessment of the local environmental temperature, these carriers can efficiently release therapeutic agents either promptly upon heating or in a controlled manner at the site of disease. In a recent study, Fe3O4 nanoparticles were employed by researchers within a magnetic field to induce heat generation and eradicate infected cells (Abdellahi et al., 2018a). The magnetite nanoparticles (MNPs) possess the ability to elevate temperature upon exposure to an alternating magnetic field, thus facilitating the degradation of the drug carrier for drug release (Abdellahi et al., 2018b; Sahmani et al., 2018). In this particular scenario, hydroxyapatite (HA) and gelatin (GN) were integrated with MNPs to fabricate bio-nanocomposite scaffolds, which subsequently underwent degradation under magnetothermal conditions. The results indicate that the prepared scaffold exhibits promising potential for utilization in bone tissue engineering for both biological and thermal applications (Sahmani et al., 2020).
The achievement of thermal specificity in temperature-responsive systems poses a significant obstacle due to the restricted variability observed in pathological tissues within living organisms. Consequently, future research endeavors should prioritize the development of scaffold materials that are more responsive to lower temperatures, possess enhanced stability in normal tissues, and ensure greater safety.
2.1.2 Light response
Various light-responsive materials exhibit different responses to various wavelengths of light, thereby facilitating the identification of suitable materials for diverse clinical needs. Upon exposure to light, light-responsive scaffolds undergo changes in their physical properties, thereby enabling efficient drug delivery. This responsiveness of scaffolds is primarily attributed to the degradation of materials containing light-sensitive components or the modification of light-sensitive molecules. Consequently, when scaffolds are exposed to light, the drug bound or encapsulated within them is released (Mayer and Heckel, 2006; Chen and Zhao, 2018).
Black phosphorus (BP), a novel nanomaterial characterized by its two-dimensional framework, exhibits remarkable biosafety, inherent biocompatibility, and photosensitivity (Pandey et al., 2020). In a recent study, a multifunctional nanofiber scaffold was developed by incorporating ibuprofen black phosphorus (BP + IBU@SA microspheres) and sodium alginate microspheres onto aminated poly-L-lactic acid (PLLA) nanofibers. This scaffold demonstrates exceptional near-infrared light-responsive release capabilities and anti-inflammatory properties. BP was employed to induce the destruction of polymeric shells through the utilization of near-infrared (NIR)-mediated photothermal performance, thereby achieving controlled drug release. By subjecting the scaffolds to NIR light, the adverse effects of rapid drug release can be mitigated, while maintaining the drug concentration at an optimal level to meet the specific requirements of bone repair. The conducted investigations have demonstrated that the incorporation of functionalized scaffolds enhances cell adhesion, proliferation, and apatite formation, rendering it a viable and promising approach for bone tissue engineering (Chen et al., 2021).
Silicon (Si) is widely employed as a semiconductor material in bio-implantation devices (Kang et al., 2016; Parameswaran et al., 2018). When subjected to near-infrared illumination, Si structures produce electrical signals that depolarize cell potentials and trigger intracellular calcium activation. Consequently, these optoelectronic signals play a role in directing hBMSCs towards osteogenic differentiation (Wang et al., 2023). Recently, a three-dimensional (3D) biomimetic scaffold utilizing thin-film Si microstructures has been developed. Through the utilization of NIR light, researchers have discovered that the Si film facilitates the attachment and growth of cells. The Si-based hybrid scaffold offers a 3D hierarchical structure that effectively governs cell growth and regulates cell behavior via light-responsive electrical signals. These silicon structures are remotely manipulated by infrared radiation to regulate the depolarization of stem cell membranes, resulting in heightened Ca2+ activities for hBMSCs, as well as improved potential and intracellular calcium dynamics. Consequently, this process promotes both cell proliferation and differentiation. The utilization of silicone scaffolds resulted in enhanced bone formation when subjected to light stimulation (Wang et al., 2023) (Figure 2).
[image: Figure 2]FIGURE 2 | Bioregenerative 3D optoelectronic scaffold with Si nanostructures for bone regeneration. (A) An illustration of an implantable scaffold in concept. (B) Native bone hierarchical structure. (C) Structural design of the 3D hybrid scaffold. Reproduced from (Wang et al., 2023) with permission. Copyright 2023 AAAS.
However, the advancement of light-responsive systems continues to encounter various obstacles. In numerous applications, the ability of radiation below 650 nm to penetrate tissue beyond a depth of 1 cm is limited, while NIR light within the range of 650–900 nm (as water absorbs wavelengths longer than 900 nm) can penetrate up to 10 cm. However, these penetration depths are not considered clinically significant due to being either too shallow or too deep in vitro (Weissleder, 2001; Fomina et al., 2012). Additionally, further quantitative investigation is necessary to evaluate the biological safety of light-sensitive materials and ascertain the optimal duration and intensity of light exposure.
2.1.3 Electric response
Electrical stimulation (EStim) has undergone extensive research and has proven to be an effective intervention in medical settings for the purpose of enhancing bone healing (Bhavsar et al., 2020), as it exerts influence on the migration (Yuan et al., 2014), proliferation (Ercan and Webster, 2008), differentiation (Eischen-Loges et al., 2018) of bone cells. Presently, the integration of electrostimulation therapy with electric-responsive stents is regarded as a compelling approach in clinical practice (Palza et al., 2019; Vaca-González et al., 2019).
Endogenous electrical currents exert a substantial influence on diverse physiological processes in the human body. These naturally occurring electrical fields possess the capacity to induce either depolarization or hyperpolarization of the membrane potential in living tissues, thereby eliciting the activation of signaling factors that facilitate cell proliferation and migration, including those of bone cells (Funk, 2015). Exogenous electrical stimulation including alternating current (AC), which reverses direction periodically and direct current (DC) which flows in one direction both have effects on bone tissue and scaffold (Chen et al., 2013). Electric-responsive scaffolds possess inherent bioactivity and can facilitate tissue formation with or without the need for external electrical stimulation. These scaffolds are capable of responding to electrical fields in living tissues, thereby expediting drug release. Consequently, electric-responsive scaffolds have been employed in various studies within the field of bone tissue engineering.
Conductive polymers, namely polyaniline, poly-pyrrole, polythiophene, and their derivatives (Cui et al., 2012; Xie et al., 2015) have been found to augment cellular activities, including cell adhesion, proliferation, differentiation, migration, and protein secretion, at the interface between the polymer and tissue, regardless of electrical stimulation (Hardy et al., 2013). These polymers demonstrate favorable biocompatibility in both in vivo and in vitro settings, while also exhibiting high conductivity under physiological conditions. Polyaniline (PA) is a conductive polymer that exhibits the ability to undergo transference when subjected to pulsed EStim (Wang et al., 2017). Additionally, polylactide (PLA) is a polymer known for its favorable biodegradability (Huang et al., 2007). In light of these aforementioned attributes, a novel electric-responsive scaffold has been developed, comprising a main chain composed of poly (l-lactic acid)-block-aniline pentamer-block-poly (l-lactic acid) (PLA-AP) and a triblock copolymer of poly (lactic-co-glycolic acid)/hydroxyapatite (PLGA/HA). The composite scaffold (PLGA/HA/PLA-AP/phBMP-4) underwent degradation upon electrical stimulation (Cyclic voltammograms (CV), scanning rate of 100 mVs−1) to control the release of phBMP-4 and regulate gene expression of doxycycline (Dox). In an experimental model involving rabbit radius defects, the electric-responsive scaffold demonstrated enhanced cell proliferation, improved osteogenic differentiation, and influenced the process of bone healing (Cui et al., 2020).
Poly-pyrrole has garnered significant attention in academic research due to its exceptional conductivity. In this study, H2O2-loaded polylactic acid microparticles were manufactured, and gelatin-graft-poly-pyrrole with varying pyrrole contents and periodate-oxidized pectin were synthesized to create an injectable conductive hydrogel/microparticle scaffold. This scaffold demonstrated the ability to sustain oxygen release for a duration of 14 days. The conductivity of the scaffold can enhance the bone healing process when responding to electrical stimuli, making it a promising candidate for bone tissue engineering applications (Nejati et al., 2020).
Electret materials, known for their enduring polarization properties (Zhang et al., 2023), have the ability to generate intrinsic electrical stimulation when subjected to an external electric field (Guo et al., 2022; Lin et al., 2022; Qiao et al., 2022). In tissue engineering, electret materials commonly employed include inorganic compounds like silicon dioxide (SiO2) (Qiao et al., 2022), zinc oxide (ZnO) (Zhu et al., 2018), HA (Nakamura et al., 2009), as well as biopolymers such as proteins (e.g., collagen), polysaccharides (e.g., chitin), and polynucleotides (e.g., DNA), also demonstrate the phenomenon of the electron effect (Zheng et al., 2020). SiO2, a material with electret properties, exhibits favorable biocompatibility and charge retention ability (Li et al., 2015). In order to enhance its electroactive properties, researchers developed a composite membrane by integrating silicon dioxide with poly(dimethylsiloxane) (SiO2/PDMS). The composite membranes underwent polarization through the application of an external electric field, resulting in the retention of residual charge for a duration of up to 6 weeks. The electreted SiO2/PDMS membranes demonstrated a favorable electrical microenvironment, leading to enhanced osteogenic differentiation of BMSCs in vitro and accelerated bone defect healing in vivo (Qiao et al., 2022) (Figure 3).
[image: Figure 3]FIGURE 3 | The schemes of electreted sandwich membranes. (A) Illustration of persistent electrical stimulation provided by electreted sandwich-like SiO2/PDMS composite membranes. (B) Implanted composite membranes act as native periosteum covering the bone defect region to enhance well-integrated bone formation and regeneration. Reproduced from (Qiao et al., 2022) with permission. Copyright 2022 American Chemical Society.
The potential application of electrical stimuli-responsive scaffolds in bone repair shows promise. However, the controllability of electric field changes in organisms remains uncertain, necessitating further investigation into the application of telephony stents.
2.1.4 Mechanical response
Mechanical-responsive materials possess the ability to promptly alter their physiochemical attributes when subjected to mechanical force or deformation (Shabani and Bodaghi, 2023). Piezoelectric biomaterials are a class of intelligent materials capable of producing electrical activity in response to mechanical stimulation, independent of the need for external electrical devices (Zheng et al., 2020). Piezoelectricity arises from the inherent crystal or chemical structure of materials, leading to the development of a net dipole or charge during mechanical deformation. Additionally, piezoelectric materials possess the ability to modulate cellular behavior by generating surface charges in response to deformation caused by cellular interaction. This characteristic offers novel avenues for biomechanical simulation, bone regeneration, and bone defect repair (Tandon et al., 2018; Khare et al., 2020).
Piezoelectric materials can be classified into various categories including polymers (such as PLLA and poly (vinylidene fluoride) (PVDF)), ceramics [such as HA and barium titanate (BT)], natural materials like collagen, and composite polymers. An example of such composites is the aligned porous BT/HA composites, which have been developed to possess high piezoelectric coefficients owing to their exceptional piezoelectric property. These composites serve as a charge supplier, thereby stimulating the bone healing process, and exhibit similar charge supply properties and stress-generated potentials as natural collagen bone (Baxter et al., 2010; Zhang et al., 2014).
Collagen, a naturally occurring protein and integral component of bone, exhibits piezoelectric properties that render it well-suited for tissue engineering applications. Specifically, the piezoelectric nature of collagen within bone induces the generation of a streaming potential when subjected to stress, leading to a decrease in hydraulic permeability and an augmentation in stiffness (Ahn and Grodzinsky, 2009; Ferreira et al., 2012). The suitability of the collagen-HA piezoelectric composite scaffold for cellular growth and bone healing has been demonstrated in previous research (Silva et al., 2001). Nevertheless, this scaffold is subject to certain limitations, including low mechanical stiffness, rapid degradation, and potential toxicity resulting from the use of crosslinking agents.
Despite facing challenges related to material stability, biocompatibility, and the need to balance mechanical properties, the investigation of piezoelectric materials in the realm of bone tissue engineering presents promising opportunities for the treatment of bone defects and the regeneration of bone.
2.1.5 Magnetic response
The utilization of magnetic nanoparticles in bone tissue engineering has gained attention due to their inherent magnetism and the magnetocaloric effect, among other factors. These nanoparticles demonstrate a responsive characteristic towards magnetic fields, including both alternating magnetic field (AMF) that periodically change direction, and constant magnetic field (CMF) that remain in one direction (Goharkhah et al., 2015). Moreover, they possess the potential to augment the osteoinductive, osteoconductive, and angiogenic properties of scaffolds (Dasari et al., 2022).
A magnetic-responsive scaffold comprising of a piezoelectric polymer, PVDF, and magnetostrictive particles of CoFe2O4 has been successfully fabricated, with nylon template structures utilized to facilitate the solvent casting process. The investigation revealed that the PVDF component of the scaffold undergoes crystallization into the electroactive β-phase when subjected to magnetic and/or electromagnetic stimulation (permanent magnets, frequency of 0.3 Hz), thereby enhancing the proliferation of preosteogenic cells. This observed phenomenon can be attributed to the interplay between the magnetic and electromagnetic properties of the magnetic nanoparticles upon stimulation (Fernandes et al., 2019) (Figure 4). The magnetomechanical and magnetoelectric response of the scaffolds is believed to be a valuable resource.
[image: Figure 4]FIGURE 4 | The schemes of 3D magnetoactive scaffolds for bone tissue engineering. (A) Schematic representation for the 3D scaffold development. (B) Schematic representation of the cell culture assays and stimulation profile. (C) Schematic representation of magnetomechanical and local magnetoelectrical properties of 3D scaffolds upon the magnetic stimuli. Reproduced from (Fernandes et al., 2019) with permission. Copyright 2019 American Chemical Society.
In a separate investigation, the magnetic-responsive scaffold is comprised of PCL microparticles that enclose MNPs and placental proteins. The MNPs, due to their magnetocaloric effect, induce heating and subsequent melting of the PCL upon exposure to AMF (strength from−1 to 1 T), thereby facilitating the diffusion of proteins from the microparticles to stimulate bone formation. Upon deactivation of the magnetic field, the PCL solidifies once again, potentially enabling repeated administration of drugs in a cyclic manner (Lanier et al., 2021). This present study introduces a magnetic-responsive delivery system designed for localized drug release, with potential applications in bone regeneration.
The magnetic field presents a superior setting for external stimuli-responsiveness in comparison to light and temperature due to its ability to fully penetrate human tissue and initiate release, while also allowing for complete external control. Nevertheless, magnetic nanoparticle could face drawbacks of diffusion out within one or 2 days, thus preventing a continuous release (Veres et al., 2022), during the bone defect treatment and Iron oxide magnetic nanoparticles may mediate ROS generation and have an impact on other cells (Hohnholt et al., 2011; Sruthi et al., 2018).
2.1.6 Ultrasound response
Ultrasound, a mechanical wave with a high frequency (≥20 kHz), possesses the ability to be concentrated and transmitted within a particular medium, thereby finding utility in various clinical domains including in vivo imaging and physical therapy (Wheatley and Cochran, 2013). Furthermore, ultrasound exhibits potential in addressing bone defects as it can influence the biological aspects and drug administration characteristics of materials (Wei et al., 2021; He et al., 2023).
In order to obtain biomimetic scaffold composites (BSCs), researchers fabricated acoustically responsive hydrogel scaffolds (ARSs) that were developed and incorporated with stromal cell derived factor-1 (SDF-1) and BMP-2. The alginate hydrogel scaffold was degraded through pulsed ultrasound (p-US) irradiation, resulting in the exposure of ARSs to BMSCs due to its thermal effect. Subsequently, sinusoidal continuous wave ultrasound (s-US) irradiation was applied to stimulate the intrinsic resonance of ARSs, thereby facilitating the capture of endogenous BMSCs on the scaffolds and significantly enhancing their adhesion and growth for the in situ repair of bone defects (He et al., 2023).
The ultrasound-responsive scaffold facilitates the precise release of drugs and recruitment of cells in a spatiotemporal manner, while minimizing adverse effects through a non-toxic pathway (Pitt et al., 2004; Zardad et al., 2016). Nonetheless, the uncontrolled depth of ultrasound penetration and the potential thermal effect necessitate further investigation. In contrast to ultrasound, shockwave, which is a prevalent mechanical wave, exhibits greater shock amplitude and energy (Smallcomb et al., 2022). It is commonly employed to facilitate the biological healing processes of bones. Although shockwave is seldom reported as a stimulus source for responsive scaffolds, it offers a promising and innovative avenue for the repair of bone defects (Cheng and Wang, 2015).
2.2 Chemical stimuli
Chemically-responsive scaffolds are primarily constructed using materials that demonstrate sensitivity to specific variations in environmental concentration. When exposed to changes in the pH value, ROS concentration, ion concentration, and other conditions, the drug-encapsulated scaffold undergoes stimulation, leading to the rupture of responsive chemical bonds or modification of the functional group structure within the scaffold. Consequently, this process triggers the release of the drug. For example, ROS concentration can be activated by phagocytes (such as granulocytes and macrophages) under inflammatory conditions after trauma, and phenylborate pinanol ester (PBAP), a compound that can be combined on scaffold, break chemical bonds and fracture under high ROS, which lead to the quickly drug releasing on the certain site (Zhang et al., 2017; Yuan et al., 2021). Therefore, the development of chemical-responsive materials holds potential in facilitating targeted drug delivery at the site of injury to promote bone repair. Here are several common types of chemical-responsive scaffolds on bone regeneration.
2.2.1 pH response
pH-responsive scaffolds are specifically engineered to react to alterations in pH levels, which are induced by the release of inflammatory factors from injured tissues. Extensive research has demonstrated that the pH value can decrease to 6.5 within a span of 60 h following the onset of inflammation (Caliceti, 2011). Furthermore, various organelles exhibit distinct pH values, such as lysosomes (4.5–5), endosomes (5.5–6), golgi apparatus (6.4), and cytosol (7.4) (Karimi et al., 2016a). Consequently, it becomes feasible to incorporate pH-responsive chemical groups into scaffold materials, thereby empowering the scaffold to regulate the release of drugs within the affected tissue.
Zeolitic imidazolate framework-8 (ZIF-8) belongs to the class of metal-organic frameworks (MOFs), which are formed through the connection of metal ions or clusters with organic ligands. Its remarkable pH-sensitivity has led to its application as a bone substitute and drug carrier (Zheng et al., 2016). Research has demonstrated that ZIF-8 is capable of releasing Zn2+ ions in acidic environments, thereby displaying a favorable osteogenic impact (Liu et al., 2022). To facilitate the promotion of vascularized bone regeneration, electrospun polycaprolactone/collagen (PCL/Col) membranes were modified with ZIF-8. The ZIF-8 structure experienced collapse and subsequent release of Zn2+ ions at a pH value of 5.5. Within a 12-h timeframe, approximately 93% of Zn2+ ions were discharged from the PCL/Col/ZIF-8 composite membrane under acidic conditions (pH 5.5). Utilizing this pH-responsive scaffold, concurrent restoration of blood vessels and bone was achieved in a rat model with calvarial defects (Xue et al., 2021).
In a separate study, ZIF-8 nanocrystals were employed as a carrier for vancomycin in order to achieve a delivery profile that responds to changes in pH. These nanocrystals were incorporated into chitosan fiber-scaffolds to create a potential substitute for bone tissue, which also possessed antimicrobial properties and facilitated interaction with osteoblast cells. Following a 48-h period at a pH of 5.4, the release of vancomycin reached a plateau at 77%, subsequent to the increased dissolution of ZIF-8 under acidic conditions. This dissolution served to diminish the activity of S. aureus and promote the differentiation of preosteoblasts into osteoblasts (García-González et al., 2018; Karakeçili et al., 2019).
The pH-responsive system presents a captivating approach for drug delivery, leveraging the pH discrepancies observed in various tissues within the living organism. Nevertheless, the exclusive reliance on pH reaction systems may encounter limitations in terms of specificity and sensitivity, given the inconsistent magnitude of pH disparity between the target tissue and healthy tissue.
2.2.2 Redox response
ROS, encompassing highly reactive ions, free radicals or molecular compounds such as superoxide (O2-), hydroxyl radicals (·OH), hypochlorite ion (ClO−), and hydrogen peroxide (H2O2), play a significant role as signaling molecules in the progression of inflammatory disorders. Given their close relationship with bone growth and remodeling, ROS hold particular appeal for augmenting material responsiveness (Martin et al., 2021).
At the site of a bone defect caused by inflammation, polymorphonuclear neutrophils (PMNs) produce an excessive amount of ROS, leading to endothelial dysfunction and tissue damage, which is detrimental to the process of bone repair. In comparison to healthy tissues, inflamed tissues exhibit ROS concentrations that are 10–100 times higher (Liu et al., 2016). Consequently, the development of a scaffold that is responsive to ROS for the purpose of regulating drug release in inflammatory sites and other afflicted tissues represents a promising approach for enhancing bone repair (Mura et al., 2013).
A critically-sized bone defect refers to a clinical situation wherein bone loss or removal occurs as a result of trauma, infection, tumor, or other factors, and is unable to undergo spontaneous healing (Huang et al., 2022). In such circumstances, the defect lacks the ability to self-repair and necessitates external interventions. A recent investigation has documented a study on a polycation that exhibits compatibility with the Layer-by-Layer (LBL) technique and is exclusively degraded by ROS produced by cells. When the concentrations of ROS increase in the surrounding environment, the thioketal-based polymers containing a scaffold structure can be activated and broken down by physiological levels of ROS. Additionally, these polymers enable the controlled release of therapeutic BMP-2 upon oxidation. The findings of this study suggest a direct correlation between ROS-responsive scaffolds and the promotion of bone growth in critically-sized bone defects (Martin et al., 2021).
In the context of pathological tissues, the maintenance of a stable structure by the ROS response system assumes critical importance. Nevertheless, the development of a ROS-responsive system that operates optimally under specific conditions presents a persistent challenge owing to the intricate and heterogeneous in vivo microenvironment. Despite continuous endeavors, there persist unresolved fundamental concerns that impede its attainment of perfection.
2.3 Enzyme stimuli
Enzymes have found application in the realm of nanotechnology, particularly in the development of nano-drug carriers, owing to their distinctive biological targeting and catalytic attributes. In the context of lesion tissue, enzyme levels undergo alterations within the local microenvironment as a consequence of injury and inflammation. By employing this approach, enzymes can be directed towards specific biochemical signals within the area of bone defect, facilitating the regulation of active ingredient release.
Neovascularized bone, for example, expresses high levels of matrix metalloproteinase-1 (MMP1) (Quintero-Fabián et al., 2019). MMP1 can degrade extracellular matrix proteins by cleaving specific amino acid sequences, which can promote the migration of vascular endothelial cells by decomposing the extracellular matrix (Quintero-Fabián et al., 2019). The KLDL-MMP1 (Ac-KLDLKLDLVPMSMRGGKLDLKLDL-CONH2) peptides were synthesized by the researchers, as they can be degraded by MMP1. To develop a microfluidic chip, the researchers utilized an injectable MMP1-sensitive hydrogel microsphere (KGE), which was created by combining self-assembling peptide (KLDL-MMP1), gelatin methacryloyl (GelMA), and bone marrow mesenchymal stromal cell-derived exosomes (BMSC-Exos). The Exo-release material, which is sensitive to enzymes, exhibits a specific response and degradation towards MMP1 originating from neovascularization during the angiogenesis phase subsequent to bone injury. This degradation process facilitates the release of exosomes within scaffolds, thereby facilitating the recruitment of cells for the purpose of bone defect repair (Yang et al., 2023) (Figure 5).
[image: Figure 5]FIGURE 5 | Structural design of enzyme-responsive KGE microspheres. (i) KGE microspheres encapsulated Exos before enzymatic hydrolysis. (ii) MMP1 degrades KGE, releasing Exos after injection. (iii) Through neovessels, Exos diffuse into bone defects to promote BMSCs migration and osteodifferentiation. (A–C) The MMPs expression in neovascularized and vascularized bone tissues. (A) CD31 immunohistochemical staining of SD rat skull defect on day 14, scale = 100 μm. (B) CD31/α-SMA Immunofluorescent staining of SD rat skull defect on day 14, scale = 100 μm. (C) Detection of MMPs concentration by ELISA, ∗∗∗: p < 0.001, ∗∗: p < 0.01, ns: p > 0.05. Reproduced from (Jia et al., 2023) with permission. Copyright 2023 Elsevier.
A novel enzyme-responsive scaffold has been developed utilizing glucose oxidase (GOD), an enzyme capable of selectively catalyzing the degradation of glucose. In individuals with diabetes, the process of osteogenesis is frequently hindered due to the presence of elevated glucose levels in the body, which in turn leads to inflammation that inhibits osteogenesis. In a high-glucose environment, glucose can undergo specific catalysis by glucose oxidase, resulting in the production of gluconic acid. Consequently, the researchers incorporated glucose oxidase into the nanofiber scaffold to construct a glucose oxidase responsive scaffold. As the glucose concentration increased, the nanofiber scaffolds gradually expanded, leading to the subsequent release of dexamethasone (DEX), which possesses anti-inflammatory properties and promotes bone formation. Thus, these glucose-sensitive nanofiber scaffolds present a promising therapeutic approach for individuals with diabetes and alveolar bone defects (Jia et al., 2023).
Despite the extensive development of enzymatic reaction systems, they still possess several drawbacks within an academic context. One such limitation pertains to the variability in enzyme expression levels observed among patients, thereby raising concerns regarding the adequacy of enzyme expression within the target population. Additionally, the lack of specificity poses another challenge, as different types of matrix metalloproteinases (MMPs) may exhibit cross-reactivity. For example, all of MMP1, MMP8, and MMP13 can cleave glycine–isoleucine or glycine–leucine bond (Williams and Olsen, 2009). These limitations ultimately impede the progress of enzyme-reactive scaffolds in the field of bone engineering.
3 CONCLUSION AND DISCUSSION
Stimuli-responsive scaffolds have emerged as a promising class of intelligent biomaterials in recent years. The advantages and limitations of responsive scaffold categories are shown in Table 2. They possess the ability to detect various physical stimuli, including light, temperature, electric field, magnetic field, and ultrasound, as well as chemical stimuli such as pH and redox response, and enzyme stimuli. Upon encountering specific stimuli, these scaffolds facilitate cell adhesion, migration proliferation, and differentiation. Consequently, they hold great potential for the repair of bone defects. Despite the notable progress made in biomaterial advancements for bone tissue engineering over the past few decades, there remains a considerable amount of work to be done, particularly in three specific areas that warrant further investigation in the future: 1) Responsive scaffolds for bone tissue engineering must possess specific biocompatibility and exhibit targeted responses to particular stimuli. However, achieving a singular response is challenging due to the intricate nature of the human physiological environment and the diverse conditions found at injury sites. Consequently, the development of multi-response scaffolds is gradually gaining momentum as a means to attain optimal therapeutic outcomes; 2) Further in-vivo experiments are necessary to ascertain the interactions between biomaterials and the local microenvironment. The implantation of biomaterials can induce substantial alterations in the microenvironment, thereby exerting a significant influence on osteogenesis. Consequently, it is imperative to continuously monitor the dynamic changes of substances within the body; 3) Furthermore, the challenges pertaining to the precision and specificity of responsive tissue engineering scaffolds persist. The accurate identification of the lesion site and the implementation of targeted responses necessitate additional attention and research. Continued advances in bone tissue engineering are anticipated to facilitate the rapid development of stimuli-responsive scaffolds, offering additional treatment options for the clinical management of bone defects, and ultimately influencing clinical outcomes.
TABLE 2 | The advantages and limitations of responsive scaffold categories.
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The objectives of this study was to evaluate the effects of background color and restoration depth on color adjustment potential of a new single-shade resin composite versus multi-shade resin composites. Two multi-shade resin composites (Spectrum TPH3 and Clearfil AP-X) marked A2 shade and a new single-shade resin composite (Charisma Diamond One) were tested. Four base shades (A1, A2, A3, and A3.5) of the same resin composite (Filtek Z250) were selected as different background colors. Dual specimens with 1-, 2-, and 3-mm restoration depth and single specimens of all materials were fabricated. CIE color coordinates were measured using a spectrophotometer, then color differences (∆E00) and translucency parameter (TP00) were calculated using the CIEDE2000 formula. Independent observers performed visual scoring. CAP-I and CAP-V values were calculated according to ΔE00 and visual scoring. The results revealed that CAP-I and CAP-V were significantly affected by resin composite type, background color, and restoration depth. CAP-I and CAP-V decreased as restoration depth increased at the same background color for all materials. Charisma Diamond One had the highest CAP-I and CAP-V values at all background colors and restoration depths, with the highest TP00 value. These findings demonstrated that color adjustment potential was dependent on resin composite type, background color, and restoration depth, so shade selection is indispensable for multi-shade resin composites. Charisma Diamond One exhibited the highest color adjustment potential and the most pronounced color shifting, contributing to simplifying the process of shade selection and improving the efficiency of clinical work.
Keywords: color adjustment potential, resin composites, color shifting, single shade, CIEDE2000
1 INTRODUCTION
Resin composites are now widely used as esthetic restorative materials in dentistry, which can perfectly achieve the restoration of tooth defect and the modification of tooth color and shape in a conservative and inexpensive way (Korkut and Türkmen, 2021; Da Rosa Rodolpho et al., 2022). Unlike indirect restorations made of ceramic materials whose color can be achieved by external staining at the later stage of treatment, the accurate shade selection is necessary for resin composite restorations before treatment, so as to select the materials closest to the color of the surrounding teeth for good esthetic effects (Ismail et al., 2020; Diamantopoulou et al., 2021; Vargas et al., 2023). The shade of resin composite selected based on a light-cured resin ball refers to placing a resin ball on the surface of tooth, comparing the color difference between the tooth and the resin ball after light-curing, and then removing it until a resin composite with the appropriate shade is determined by clinicians. Obviously, the shade selection of resin composite is complex and time-consuming (Browning et al., 2009; Tabatabaian et al., 2021).
In clinic, we can feel that the color differences between resin composites and surrounding tooth tissues are less perceived when viewed as a whole after finishing the restorations than when viewed separately before filling treatment (Tsubone et al., 2012; de Abreu et al., 2021). This phenomenon is called “chameleon effect” in dental parlance interpreted as color shifting which includes two major aspects: the blending effect (not measurable by any instrument, an optical illusion) and the effect of physical translucency (Paravina et al., 2008; Ismail and Paravina, 2022). More recently, color adjustment potential (CAP) is a term that describes and quantifies the interaction between the physical and perceptual components of color shifting, which can be assessed both instrumentally (CAP-I) and visually (CAP-V) (Trifkovic et al., 2018; Pereira Sanchez et al., 2019). Previous studies have shown that the CAP of resin composite is affected by many factors such as the type and shade of resin composite, background color, restoration depth, etc. (Tanaka et al., 2015; Akgül et al., 2022; El-Rashidy et al., 2022; Yamashita et al., 2023).
In order to minimize the shade selection, simplify the process of resin composite restoration, and reduce the chair-side time, single-shade resin composites were created and introduced, which have only a narrow range of colors but can match the colors of different teeth (de Abreu et al., 2021; Lucena et al., 2021; Altınışık and Özyurt, 2023). In other words, single-shade resin composites have enhanced CAP.
Recently, a newly developed single-shade resin composite (Charisma Diamond One, Kulzer, Hanau, Germany) has been introduced, which can supposedly match all Vita Classical shades according to the manufacturer’s information (Altınışık and Özyurt, 2023). However, no published third-party study has evaluated the CAP of the new single-shade resin composite compared with multi-shade resin composites to truly prove its superiority in color matching over conventional multi-shade resin composites.
Therefore, this study aimed to evaluate and compare the instrumental and visual color adjustment potential (CAP-I and CAP-V) of the newly developed single-shade resin composite compared with two clinically available multi-shade resin composites in relation to background color and restoration depth. The null hypotheses tested were: (1) there are no significant differences in color adjustment potential (CAP-I and CAP-V) among the resin composites evaluated, (2) background color or restoration depth would have no effect on the color adjustment potential (CAP-I and CAP-V).
2 MATERIALS AND METHODS
2.1 Specimen preparation
Two multi-shade resin composites marked A2 shade and a new single-shade resin composite were evaluated in this study. Four base shades (A1, A2, A3, and A3.5) of the same resin composite were selected to simulate different background colors. Details of these materials were listed in Table 1.
TABLE 1 | Materials used in this study.
[image: Table 1]All specimens were made in custom-designed, Teflon molds (Figure 1). All specimens were filled in twice and each time filled the materials with a thickness of approximately 2 mm and then light-cured for 20 s using an LED light curing unit (Bluephase II; Ivoclar Vivadent, Schaan, Liechtenstein). The resin composite specimens were divided into four groups: three groups of dual specimens and one group of single specimens (Figure 2). The single specimens were disk-shaped (diameter = 10 mm, thickness = 4 mm) and fabricated for all materials included in this study (n = 9). The dual specimens consisted of an outer ring (diameter = 10 mm, thickness = 4 mm) made of base shades and an inner hole in the center (diameter = 6 mm) filled with each of the 3 tested materials after the cavities were treated with a transparent universal bonding agent (3 M-ESPE, St Paul, MN, United States) (n = 9). to According to the depth of the inner hole (corresponds to the thickness of the tested shade), dual specimens were divided into 3 groups including 1.0 mm-group, 2.0 mm-group, and 3.0 mm-group for each test material (Akgül et al., 2022; Yamashita et al., 2023).
[image: Figure 1]FIGURE 1 | Diagram for the fabrication of single and dual specimens. The heights of raised part in the hole of Teflon molds for dual specimens were 1.0 mm, 2.0 mm, and 3.0 mm respectively in different groups.
[image: Figure 2]FIGURE 2 | Schematic representation of single and dual specimens.
The same operator progressively polished all specimens on both sides using wet silicon carbide paper of increasing grit number (P600-, P800-, and P1200-grit) for 10 s each, at a speed of 150 rpm, with mild hand pressure in a table-top grinder-polisher (EcoMet 250; Buehler, Lake Bluff, IL, United States). All specimens were incubated at 37°C for 24 h to ensure complete polymerization.
2.2 Instrumental evaluation
A portable clinical spectroradiometer (Vita Easyshade V; VITA Zahnfabrik, Bad Sackingen, Germany) was used for the color measurements for all specimens against both black and white backgrounds. The probe (diameter = 5 mm) of spectroradiometer faced the center of the specimen during measurement. The spectrophotometer was calibrated in compliance with the manufacturer’s instructions before each measurement. L*, a*, and b* color coordinates based on the CIELAB system were recorded, where L* represents the lightness on a scale of 0 (black) to 100 (white), a* represents the hue and chroma on the red-green axis, and b* represents the hue and chroma on the yellow-blue axis.
Color coordinates measured were used for computation of color differences. The color difference (ΔE) was calculated using the CIEDE2000 color difference formula as follows (Perez Mdel et al., 2011):
[image: image], where ΔL′, ΔC′, and ΔH' were the differences in lightness, chroma, and hue for a pair of points. SL, SC, and SH were the weighing functions for the lightness, chroma, and hue components, respectively. The parametric factors (KL, KC, and KH) were the expressions for experimental conditions. All parametric factors of the CIEDE2000 color difference formula were set to 1. RT was the rotation factor that considers the interactions between hue and chroma differences in the blue area.
In addition, translucency parameter (TP00) values were determined by calculating the color coordinates values between the readings over the black and white backgrounds according to the following CIEDE2000 color difference formula (Lucena et al., 2021):
[image: image], where the subscripts “B” and “W” referred to the lightness (L′), chroma (C′) and hue (H′) of the specimens over the black and white backgrounds, respectively.
2.3 Visual evaluation
Visual color evaluations were performed by three dentistry specialists with demonstrated superior color discrimination competency according to ISO/TR 28642:2016. Under D65 illumination and using a 0°/45° viewing geometry, the observers performed blind visual evaluations of all specimens placed on a neutral gray paper in a random order. Color differences were graded from 0 to 4 as follows: 0 = excellent match, 1 = very good match, 2 = not so good match (border zone mismatch), 3 = obvious mismatch, and 4 = huge (pronounced) mismatch.
2.4 Color adjustment potential (CAP) indices
The CAP indices included instrumental CAP (CAP-I) index and visual CAP (CAP-V) index (Figure 3).
[image: Figure 3]FIGURE 3 | The measurement areas of instrumental and visual evaluation; the calculation method of CAP-I and CAP-V.
CAP-I was calculated as follows: CAP-I = 1 [image: image], where ΔEDUAL was the CIEDE2000 color difference between the test shade in dual specimen and the base shade both in single specimen, and ΔESINGLE was the CIEDE2000 color difference between the test shade and base shade in separate single specimen.
CAP-V was calculated as follows: CAP-V = 1 [image: image], where VDUAL was the visual scoring between the test shade and base shade both in the same dual specimen, and VSINGLE is the visual scoring between the test shade and base shade in separate single specimen.
2.5 Statistical analysis
Statistical analysis was performed with IBM SPSS Statistics for Mac (version 26; IBM Corp., Armonk, NY, United States). The data were presented as mean and standard deviation values. The result of the Shapiro–Wilk test showed that the data presented normal distribution (p > 0.05). A three-way analysis of variance (ANOVA) was used to analyze the effects of material type, background color, and restoration depth on ∆E00, CAP-I, and CAP-V values. The least significant difference (LSD) test and Dunnett’s T3 test were applied for multiple comparisons when significant variation was detected. The test standard was bilateral (α = 0.05 for all tests).
3 RESULTS
Figure 4 showed representative single and dual specimens. In order to eliminate unwanted specular reflections on the surfaces of specimens caused by the flash, the photos were taken with a cross-polarization filter, which contributed to improving color selection and communication (Villavicencio-Espinoza et al., 2018; Sampaio et al., 2019; Jorquera et al., 2022).
[image: Figure 4]FIGURE 4 | The representative single and dual specimens of all test materials and base materials.
The mean and standard deviation values of ∆E00 and visual scoring for the single specimens and the dual specimens with three restoration depths were respectively shown in Tables 2, 3. According to the results of multiple comparisons, ∆E00 values and visual scoring were both significantly affected by material type, background color, restoration depth, and specimen type (p < 0.001).
TABLE 2 | Descriptive statistics and multiple comparisons of ∆E00 values.
[image: Table 2]TABLE 3 | Descriptive statistics and multiple comparisons of visual scoring.
[image: Table 3]From the perspective of instrumental evaluation, for Charisma Diamond One, the ∆E00 values of all dual specimens were significantly lower than those of single specimens against the same background color. However, for Clearfil AP-X and Spectrum TPH3, the ∆E00 values of only a small portion of the dual specimens (mainly with 1-mm restoration depth) were significantly lower than those of the single specimens. But from the perspective of visual evaluation, the visual scorings of dual specimens were statistically significantly lower than or equal to those of single specimens at the same background color for all materials with different restoration depths. Nevertheless, for all materials, both ∆E00 values and visual scorings increased as restoration depth increased against the same background color.
In addition, at the same restoration depth, Clearfil AP-X showed the highest ∆E00 values and visual scorings against A1 base shade and the lowest mainly against A3/A3.5 base shade, Spectrum TPH3 showed the highest ∆E00 values and visual scorings against A3.5 base shade and the lowest mainly against A2 base shade, and Charisma Diamond One showed the highest ∆E00 values against A3.5 base shade and the lowest against A1 base shade.
According to the three-way ANOVA results, CAP-I and CAP-V values were both significantly affected by material type, background color, restoration depth, and their interactions (p < 0.001) (Table 4). Figure 5 presented the CAP-I and CAP-V values of three test materials with three restoration depths under four background colors. For all materials, both CAP-I and CAP-V decreased as restoration depth increased against the same background color. CAP-I values ranged from −0.45 to 0.79 and CAP-V values ranged from −0.02 to 0.77, both with the highest values consistently found for Charisma Diamond One among three test materials at the same background color and restoration depth (p < 0. 001).
TABLE 4 | Three-way ANOVA results of CAP-I and CAP-V.
[image: Table 4][image: Figure 5]FIGURE 5 | The CAP-I and CAP-V values of three test materials with different restoration depths under four background colors.
Figure 6 showed the TP00 values of all test materials and base materials for the single specimens. Charisma Diamond One and Filtek Z250 (A1 shade) showed, respectively, the greatest and the lowest translucency values, with significant differences (p < 0.001). There was no statistically significant difference among the TP00 value of Spectrum TPH3, Filtek Z250 (A2 shade), and Filtek Z250 (As shade) (F = 0.396, p = 0.678), as well as between the TP00 value of Filtek Z250 (A1 shade) and Filtek Z250 (A3.5 shade) (F = 0.597, p = 0.560).
[image: Figure 6]FIGURE 6 | The TP00 values of all test materials and base materials for the single specimens. Different lowercase letters indicate the significant statistical difference (p < 0.05).
4 DISCUSSION
The results of present study showed significant differences in both instrumental and visual color adjustment potential among all test resin composites at different background colors and restoration depths. Therefore, both experimental hypotheses were rejected.
The color adjustment potential can be evaluated instrumentally and visually. Color measurement instruments can describe the results in terms of color coordinates. Spectrophotometers have been proven to be useful and accurate instruments for measuring color in dentistry, which can improve the sensitivity and accuracy of measurement compared with visual evaluation (Karamouzos et al., 2007; Johnston, 2009). However, visual evaluation remains an important indicator for evaluating the color difference and color adjustment potential of resin composites (Chu et al., 2010), as it is the most commonly used method primary basis for clinicians and patients to determine the esthetic effect of resin composite restoration in clinic (de Abreu et al., 2021; Ruiz-López et al., 2022). Therefore, both instrumental and visual evaluation were used in present study to comprehensively compare the color adjustment potential of different resin composites. The CIELAB formula is frequently-used in the evaluation of color difference in dentistry. However, in order to achieve a better correlation between visual perception and instrumental evaluation, the recent color difference formula CIEDE2000 was developed and increasingly popular (Pecho et al., 2016; Günal-Abduljalil and Ulusoy, 2022).
The result from the present study was in accordance with previous investigations that the color difference of resin composite restoration depended on the material type and background color (Pereira Sanchez et al., 2019; de Abreu et al., 2021; Saegusa et al., 2021). Because the types and contents of base resins and fillers, as well as the size and shape of fillers, all have an impact on the color shifting ability of resin composites. Previous studies founded a positive correlation between the amount of Bis-GMA in the resin composite and its translucency because Bis-GMA has a higher translucency compared to UDMA and TEGDMA (Azzopardi et al., 2009; Miletic et al., 2017). And some studies also showed the color shifting ability of resin composites would improve with the increase in the filler contents (Altınışık and Özyurt, 2023). In addition, the size and shape of resin composite fillers determine the final surface properties of restorations, such as the size and shape of defects on the surfaces after polishing, resulting in the different wavelengths reflected from the surface and affecting the human perception of color (Sang et al., 2021; da Costa et al., 2021). Although the shade of all test resin composites (except Charisma Diamond One) was selected as A2 shade in this study, not all materials showed the lowest color difference under background of A2 shade. In this study, Spectrum TPH3 marked A2 shade matches the Filtek Z250 marked A2 shade best, with the lowest ∆E00 values and visual scoring among four background colors. However, Clearfil AP-X marked A2 shade matches the Filtek Z250 marked A3 or A3.5 shade best. Therefore, shade selection is indispensable in clinic when using multi-shade resin composites, especially when it comes to highly esthetic restorations (Ismail et al., 2020). The shade selection does not just determine the shade of the tooth needed treatment. More importantly, the shade of the resin composite selected based on the light-cured resin balls is necessary, because there are color differences between different resin composites marked the same shade.
CAP is a term representing color shifting referring to the interaction of dental materials with surrounding tissues, which determine the esthetic effect of resin composite (Ismail and Paravina, 2022). Equally, CAP was also depended on the material type and background color. The resin composite with positive CAP value means that it has less color differences when viewed together with surrounding after restoration than when viewed separately (Durand et al., 2021). Currently, there has been no uniform standard for the CAP value as a threshold of effective color shifting yet. Pereira et al. and Altınışık et al. thought that a CAP value of 0.20 (corresponding to a 20% reduction in the value of color difference in dual specimen compared with single specimen) was the threshold (Pereira Sanchez et al., 2019; Altınışık and Özyurt, 2023), while Durand et al. thought a CAP value of 0.50 was the threshold (Durand et al., 2021). However, there is no doubt that among all the materials tested, Charisma Diamond One exhibited the best and effective color shifting ability at all different background colors and restoration depths, with CAP-I or CAP-V values always greater than 0.20 and the vast majority greater than 0.5.
As expected, the color difference and CAP were significantly affected by restoration depth. The color difference (both ∆E00 value and visual scoring) increased as restoration depth increased against the same background color for all test materials, while CAP-I and CAP-V values decreased as restoration depth increased. This result indicated that the esthetic effect of resin material was declined as restoration depth increased, which highlighted the importance of layering technique in esthetic restoration of resin composite. The color construction of natural tooth is more complex than the experimental sample, so layering technique is necessary to simulate the optical properties of a natural tooth and minimize the color difference when it comes to resin composite restoration, especially for the anterior teeth with high esthetic requirements (Romero, 2015; Miotti et al., 2017; Ricci and Fahl, 2023).
Previous studies have reported that the CAP of resin composite increased in accordance with an increase in translucency (Paravina et al., 2006). Translucency is one of the primary factors in controlling esthetics and it can be evaluated by the translucency parameter (TP00) (Lucena et al., 2021). The higher the TP00 value is, the more light can be reflected from the background color into the composite restoration (Wang et al., 2013). This may explain the higher CAP-I and CAP-V values of Charisma Diamond One were recorded compared to other resin composites, with the highest TP00 value among all materials.
According to the manufacturer and literature, Charisma Diamond One utilizes “adaptive light matching” which determines the shade of the restoration by absorbing light waves reflected from the surrounding tooth shade. It contains urethane methacrylates, whose refractive index decreases as the size of side alkyl chain increases. Therefore, the translucency of Charisma Diamond One could increase after curing (Altınışık and Özyurt, 2023). On the other hand, due to the effect of the dark background in the oral cavity, the level of translucency that is incompatible with the surrounding structures can result in grayish restorations for the anterior teeth (Lucena et al., 2021). This also explains the higher ∆E00 value and visual scoring were recorded for Charisma Diamond One compared to other resin composites. One possible solution to this problem may be the “blocker”, which is used for the restoration of anterior teeth, so as to better combine the resin composite with the adjacent tooth structure (de Abreu et al., 2021).
Apart from the CAP, color difference is also an important indicator for evaluating the color shifting ability of resin composite. Some previous studies have proposed to adjust the acceptable threshold of color difference to ΔE00 ≤ 1.8 units (Paravina et al., 2015). According to this standard, only Spectrum TPH3 with 1- and 2-mm restoration depths under A2 background color and Charisma Diamond One with 1- and 2-mm restoration depths under A1 base shade displayed the acceptable color difference. However, ΔE00 value is affected by measuring instrument, illuminant condition, environment brightness, background color, and so on (Lagouvardos et al., 2009; Lee et al., 2010; Tabatabaian et al., 2021). The result of visual evaluation showed that most of the tested groups of the dual specimens were superior or equal to “border zone mismatch” (visual scoring ≤ 2). Combined with the result of visual evaluation, the acceptable threshold value of ΔE00 in this study should be higher than 1.8.
Based on the comprehensive results of this study, Charisma Diamond One had the best color shifting ability, for its better CAP at different background colors and restoration depths. Charisma Diamond One is likely to match different teeth colors, which contributes to simplifying the process of shade selection and improving the efficiency of clinical work. However, it may only be suitable for restoration of the posterior teeth. For the restoration of the anterior teeth with high esthetic requirements, its application may be limited by the fact that the color difference evaluated instrumentally or visually was not minimal all the time for it and it may result in grayish restorations.
The current study has several limitations. Only four background colors were evaluated and the specimen cannot completely simulate the color construction of a natural tooth. And the experimental conditions for color evaluation are different from clinical treatment. In addition, the color stability of resin composites can be significantly affected by the aging process in the oral environment such as changes in temperature and the absorption of colorants contained in foods and beverages, which affects the esthetic result and clinical longevity of resin composite restorations. The evaluation of these variables needs to be further studied in vivo and in vitro, which will provide more detailed information about the color properties of resin composites.
5 CONCLUSION
The color adjustment potential was significantly affected by resin composite type, background color, and restoration depth, regardless of instrumental or visual evaluation. Charisma Diamond One exhibited the most pronounced color shifting ability with the highest CAP-I and CAP-V values at all background colors and restoration depths, compared to other multi-shade resin composites. These findings demonstrated that shade selection is indispensable for multi-shade resin composites and Charisma Diamond One contributes to simplifying the process of shade selection and improving the efficiency of clinical work.
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Objective: This paper aimed to assess the impact of the acetone wet-bonding (AWB) technique on dentin bonding and to investigate its potential underlying mechanisms.
Materials and Methods: Caries-free third molars were sliced, ground, etched, water-rinsed. Then the specimens were randomly allocated to four groups according to the following pretreatments: 1. water wet-bonding (WWB); 2. ethanol wet-bonding (EWB); 3. 50% (v/v) acetone aqueous solution (50%AWB); 4. 100% acetone solution (AWB). Singlebond universal adhesive was then applied and composite buildups were constructed. The microtensile bond strength (MTBS), failure modes and interface nanoleakage were respectively evaluated after 24 h of water storage, 10,000 times of thermocycling or 1-month collagenase ageing. In situ zymography and contact angle were also investigated.
Results: Acetone pretreatment preserved MTBS after thermocycling or collagenase ageing (p < 0.05) without affecting the immediate MTBS (p > 0.05). Furthermore, AWB group manifested fewer nanoleakage than WWB group. More importantly, the contact angle of the dentin surfaces decreased significantly and collagenolytic activities within the hybrid layer were suppressed in AWB group.
Conclusion: This study suggested that the AWB technique was effective in enhancing the dentin bond durability by increasing the wettability of dentin surface to dental adhesives, removing residual water in the hybrid layer, improving the penetration of adhesive monomer, and inhibiting the collagenolytic activities.
Clinical significance: The lifespan of adhesive restorations would be increased by utilization of acetone wet-bonding technique.
Keywords: dentin, bonding, adhesive, interface, Acetone
1 INTRODUCTION
Since the 20th century, adhesive techniques played a dominant role in aesthetic dentistry (Drummond, 2008). Although the manufacturers claim that dentin adhesive system has evolved as far as eighth generation (Taneja et al., 2017), the dentin bonding durability remains inadequate despite its immediate effectiveness (Deligeorgi et al., 2001). Consequently, almost half of all aesthetic restorations require repair over a span of a decade and dentists find themselves dedicating a significant portion, approximately 60%, of their work hours to replace them (Deligeorgi et al., 2001). Therefore, urgent measures must be taken to enhance the durability of dentin bonding to prolong the service life of adhesive restorations.
The degradation of the hybrid layer at adhesive-dentin bonding interface is widely regarded as the chief contributing factor for the decline of bond durability (Tjaderhane et al., 2013). Adhesive hydrolysis, host-derived enzymatic degradation of collagen, inadequate infiltration of adhesive monomers, and secondary caries are possible threats that could lead to hybrid layer degradation (Breschi et al., 2018; Stewart and Finer, 2019). Various of measures, such as ethanol wet-bonding, biomimetic remineralization, collagen cross-linkers, and MMP inhibitors, have been suggested as potential options to protect the integrity of bonding interfaces and achieve reliable bonding durability (Ekambaram et al., 2014; R; Guo et al., 2021; Yang et al., 2016; Yi et al., 2019; Yu et al., 2022).
During dentin bonding, the dentin surface is firstly demineralized using phosphoric acid to create exposed collagen matrix with nanometer porosities. To prevent etched collagen from collapsing, water is needed to enter and maintain the interfibrillar spaces. This facilitates the infiltration of the adhesive monomers into the nanosized porosities of the collagen matrix for interlocking (Sartori et al., 2015). Consequently, the “wet bonding technique” was introduced to achieve higher bonding effectiveness, enhanced sealing of dentinal tubules and less post-operative discomfort (D. H. Pashley et al., 2011). But residual water can induce phase separation of the adhesive monomer (Spencer and Wang, 2002), leading to the formation of hydrophilic comonomer in the hybrid layer. This, in turn, results in the exclusion of hydrophobic monomers and hydrolyzation of the collagen (Wang and Spencer, 2003). Additionally, existing water in the collagen matrix actives endogenous enzymes, which triggers the proteolytic degradation process of the unprotected collagen (D. H. Pashley et al., 2004; Sartori et al., 2015). To address these issues, another solvent, ethanol, was introduced to replace water. Satisfactory laboratory results were obtained in in vitro studies by utilizing the “ethanol wet bonding technique”, which requires experimental hydrophobic dental adhesive to contain ethanol of incremental concentrations (Ekambaram et al., 2014).
Acetone is a colorless, flammable and volatile liquid with a low-boiling point that evaporates rapidly and has a faint aroma. It is renowned as one of the most commonly employed solvents in various applications because it can readily blend with most organic solvents and completely with water. Moreover, it can be naturally synthesized by the human body during metabolic processes. Therefore, it has been considered a Generally Recognised As Safe (GRAS) substance when found in desserts, beverages and baked goods (Besinis et al., 2016). Acetone is a polar aprotic solvent capable of dissolving both polar and nonpolar compounds. It dissolves most monomers in dental adhesives (Ekambaram, Yiu and Matinlinna, 2015). Owing to its high dipole moment and good evaporation capacity (Abate, Rodriguez and Macchi, 2000), acetone possesses excellent water-removal capacities, earning it the name “water-chaser” (Jacobsen and Soderholm, 1995; Van Landuyt et al., 2007). Due to the fact that ethanol possesses a viscosity three times greater than that of acetone, dental adhesives based on acetone are less viscous than those based on ethanol, which promotes the acetone’s infiltration into the demineralized dental collagen matrix (Faria-e-Silva et al., 2013). Previous studies examining acetone-based adhesives did not exclusively employ acetone as a sole preconditioning agent. Moreover, crucial parameters such as microtensile bond strength after ageing, nanoleakage, zymography and contact angle were not reported, all of which are essential for assessing dentin bond durability and dentin surface wettability (Irmak et al., 2016; X; Li, et al., 2004). Therefore, it is promising to explore the feasibility of “acetone wet-bonding” to improve the dentin bonding stability, especially when contrasted with conventional wet boding technique.
Thus, the objective of this study was to assess the impact of acetone pretreatment on dentin bonding in comparison to water and ethanol and explore possible mechanisms. The null hypotheses posited that acetone pretreatment would not result in (1) an enhancement in bond strength and a decrease in nanoleakage within the hybrid layer, and (2) any impact on collagen hydrolytic degradation within the hybrid layer, as well as the contact angle of the dentin surface.
2 MATERIALS AND METHODS
2.1 Chemicals and reagents
Singlebond universal adhesive and 35% phosphoric acid gel were purchased from 3M ESPE (St. Paul, MN, United States). Charism resin composite was supplied by Heraeus Kulzer (Hanau, Germany). Ethanol and acetone were provided by Aladdin Bio-Chem Technology (Shanghai, China). Kits of gelatinase/collagenase assay (E12055) was supplied by Molecular Probes (Invitrogen, Eugene, OR, United States). The chemicals and reagents were utilized in their as-received condition. Figure 1 displays the chemical structure of acetone.
[image: Figure 1]FIGURE 1 | Chemical structure of acetone.
2.2 Specimen preparation and bonding protocols
Sixty sound caries-free third molars were promptly cleansed and subsequently preserved in a 0.1% thymol solution at a temperature of 4 °C before utilization. Approval from the Ethics Committee for Human Studies of the School and Hospital of Stomatology, Wuhan University, China was secured for the utilization of the human third molars. A 50% (v/v) acetone aqueous solution was promptly prepared prior to use by blending acetone in sterilized deionized water.
To reveal the mid-coronal dentin surfaces, the teeth were cut below the enamel-dentinal junction using a diamond saw (Isomet, Buehler Ltd., Lake Bluff, IL, United States). The standardized smear layer was produced by wet-polishing the dentin surfaces with 600-grit SiC paper for 60s. Subsequently, the specimens underwent a 15 s etching with 35% phosphoric acid, followed by thoroughly rinsing with deionized water. The surfaces were then blot-dried and treated with four primer solutions by using a micro-brush for 60s. The specimens were randomly distributed into four groups, with 15 teeth in each group, based on the different solutions as follows.
Group 1: deionized water (water wet-bonding, WWB group).
Group 2: absolute ethanol (ethanol wet-bonding, EWB group).
Group 3: 50% (v/v) acetone aqueous solution (water-acetone wet-bonding, 50%AWB group).
Group 4: absolute acetone (acetone wet-bonding, AWB group).
Following gentle blotting with filter paper, the dentin surface was rubbed for 20 s by a micro-brush dipped with Singlebond Universal (St. Paul, MN, United States). Then, the surfaces were subjected to 5 s of air blowing, and a LED light-curing (Bisco Inc., Schaumburg, IL, United States) was employed to polymerize the adhesive for 20 s. A 5-mm thick layer of composite (Charisma, Kulzer, Germany) was gradually added and polymerized for 20 s at a time. All the experimental procedures were performed by the same highly skilled clinician. Figure 2 illustrates the entire experimental procedure.
[image: Figure 2]FIGURE 2 | Schematic diagram illustrating the workflow of this study, including sample preparation, measurement of microtensile bond strength, nanoleakage, in situ zymography and contact angle.
2.3 Microtensile bond strength test
The bonded teeth were immersed in water for 24 h. Then the specimens were longitudinally sectioned, yielding slabs with a thickness measuring 0.9 mm. To assess nanoleakage, six middle slabs from each group (n = 6) were randomly chosen and stored. Additionally, two middle slabs from each group (n = 2) were randomly chosen and set aside for in situ zymography. The remaining slabs were subsequently cut to produce beams measuring 0.9 mm × 0.9 mm. Following careful evaluation, unqualified beams, for example, those with enamel residual or positioned at the periphery were excluded. Twelve eligible beams were then selected from each tooth sample. Out of these, four (total n = 36) underwent MTBS immediately, another four (total n = 36) were subjected to 10,000 runs of thermocycling, and the remaining four (total n = 36) were assessed after 1 month of collagenase ageing. For the thermocycling procedure, the samples were inserted into a thermocycling apparatus (Thermo Fisher, Newington, United States) and subjected to alternate temperature cycles of 5°C and 55°C every 15 s, totaling 10,000 cycles (Deng et al., 2014). Regarding collagenase ageing, the specimens were submerged in a 0.1 mg/mL collagenase solution at 37°C in a dark environment. The ageing solution was produced by dissolving collagenase from Clostridium histolyticum in an artificial saliva medium (Zhang et al., 2020). The ageing solution was replenished periodically, every 3 days.
The chosen beams were individually affixed to a microtensile testing apparatus (Bisco Inc., Schaumburg, IL, United States). They were subjected to tension until fracture occurred, with a cross-head speed set at 1 mm per minute. Comprehensive data were meticulously documented, inclusive of the prematured detached beams. However, it is noteworthy that the values of these samples were excluded from the statistical analysis due to the fact that premature failure constituted less than 3 percent of the total samples tested in each group. Following the determination of the maximum load (N), the dimensions of each beam (mm2) were assessed utilizing a digital caliper. Subsequently, the ultimate microtensile bond strength (MPa) was computed accordingly.
2.4 Fracture mode analysis
Following the MTBS assessment, the fractured beams were collected and subjected to drying. The surface of each beam underwent sputter-coating with Au-Pd alloy (JFC-1600, JEOL, Tokyo, Japan), and they were then subjected to analysis utilizing field-emission scanning electron microscopy (FESEM, Zeiss sigma, Jena, Germany). The fracture patterns were categorized into four types (Cova et al., 2011): (1) adhesive failure/A; (2) cohesive failure in dentin/CD; (3) cohesive failure in composite/CC; (4) mixed failure/M.
2.5 Interfacial nanoleakage evaluation of adhesive-dentin interface
Six middle slabs selected from each group, which had been stored, were randomly assigned for immediate evaluation (n = 2), evaluation after thermocycling (n = 2), or evaluation after 1 month of collagenase ageing (n = 2). The specimens underwent a double layer of nail polish application, with careful attention to maintain a consistent 1 mm distance from the bonded interface. Subsequently, all slabs were immersed in a 50% (w/v) silver nitrate/ammoniacal solution in the absence of light for a duration of 24 h. Following this, they underwent a thorough rinse in deionized water and were then immersed in a photo developing solution, exposed to fluorescent lighting for a duration of 8 h. They were subsequently wet-ground using 600, 800, 1,200, 2000 and 3000-grit silicon carbide papers. All specimens were subjected to ultrasonic cleaning, followed by drying and sputter-coating with carbon (JFC-1600, JEOL, Tokyo, Japan) before the final evaluation.
Using field-emission scanning electron microscopy (FESEM) in the back-scattered electron mode, the interfacial nanoleakage in all slabs was evaluated. In each slab, a total of 10 randomly chosen field-of-views were captured spanning the entire bonding interface and documented (20 images per subgroup). NIH ImageJ software (Bethesda, MD, United States) was employed to calculate the nanoleakage percentage of silver nitrate deposition within the dentin-adhesive layer. The interfacial nanoleakage was individually assessed by two examiners, expressed as a percentage and scored on a scale of 0–4, following a previously reported protocol (Li et al., 2017): 0, indicating no nanoleakage; 1, representing less than 25% nanoleakage; 2, denoting nanoleakage between 25% and 50%; 3, signifying nanoleakage between 50% and 75%; 4, indicating more than 75% nanoleakage. Kappa test was conducted to evaluate the consistency between the two examiners (K = 0.88).
2.6 Zymography of the hybrid layer
Two of the middle slabs, which had been preserved, were randomly chosen from each group for in situ zymography. The manufacturer’s instructions were followed in the preparation of the gelatinase/collagenase assay kit, which contained fluorescein-tagged DQ gelatin conjugate. After wet-burnishing the specimens to achieve a thickness of approximately 50 μm, they were carefully mounted on a microscope slide. Subsequently, the specimens were covered with coverslips after applying the gelatin mixture onto these slabs. In the next 24 h, the prepared specimens were incubated in a darkened, humid chamber at a temperature of 37°C.
The slabs underwent examination through confocal laser scanning microscopy (CLSM, Leica, Wetzlar, Germany) in fluorescence mode, employing a ×40 objective lens with a numerical aperture of 0.95. The excitation/emission wavelengths were adjusted at 488/530 nm. Characteristic images were randomly captured from each slab, all at the same z layer. This was done to assess the activity of endogenous gelatinolytic proteases, encompassing MMPs and cysteine cathepsins, determined by the level of green fluorescence (Gou et al., 2018).
2.7 Surface contact angle measurements
Twelve third molars were used to acquire dentin disks, each 0.5 mm in thickness, by sectioning them below the enamel-dentinal junction with a low-speed diamond saw. These specimens were then subjected to wet-burnishing with 600, 800, 1,200, and 2000-grit SiC papers and 0.25 μm diamond paste, followed by a 5-min ultrasonic cleaning, a 15-s etching with 35% phosphoric acid gel, thorough rinsing with deionized water, and blot drying with filter papers. The disks were subsequently distributed randomly into four groups, each consisting of 6 disks: Group 1 (WWB); Group 2 (EWB); Group 3 (50%AWB); Group 4 (AWB). To measure the contact angle of each specimen, a Contact Angle System OCA (Dataphysics Instruments, Filderstadt, Germany) was utilized. A 5 μL of Singlebond universal adhesive was meticulously applied onto the surface immediately after blot-drying. The droplet’s image was captured with a digital camera, and the contact angle was subsequently measured, keeping the distance between the dentin surface and the tip constant.
3 RESULTS
3.1 Microtensile bond strength
The mean MTBS values obtained from the four groups are depicted in Figure 3. Two-factor ANOVA indicated that both pretreatments (F = 24.730, p < 0.001) and ageing methods (F = 11.408, p < 0.001) had a significant impact on dentin bond strength. For immediate bond strength, there was no significant difference observed in the EWB and AWB groups compared with the WWB group (p > 0.05). On the contrary, the 50%AWB group exhibited the highest value (p < 0.05).
[image: Figure 3]FIGURE 3 | Means and standard deviations of microtensile bond strength (MTBS) for each group (groups with the same superscripts are not statistically significant (p > 0.05)).
In terms of bond strength after thermocycling or collagenase ageing, the AWB and 50%AWB groups displayed significantly higher values than the WWB group (p < 0.05). While there was no significant difference among the experimental groups (p > 0.05), it is worth noting that the AWB and 50%AWB groups had higher absolute values than the EWB group. The bond strength of the WWB group witnessed a significant decrease after thermocycling or collagenase ageing. However, the bond strength of the AWB group remained unaltered (p > 0.05).
3.2 Fracture mode analysis
Figure 4 illustrates the frequency distribution of fracture modes for the four groups. Compared to WWB group, the occurrence rate of adhesive failure increased to varying degrees in the other groups. Adhesive failure was the predominant mode in the immediate groups, whereas the occurrence rate of mixed failure showed an increase in the ageing groups. Figure 5 presents the representative FESEM images of the fractured surfaces.
[image: Figure 4]FIGURE 4 | Distribution of failure modes after MTBS test.
[image: Figure 5]FIGURE 5 | Representative FESEM images of dentin sides of fractured surfaces after MTBS test (The overall morphology is shown at the left lower corner of corresponding image). (A) adhesive failure; (B) cohesive failure in composite, pointers denoting occluded tubules; (C) cohesive failure in dentin, pointers denoting open dentinal tubules; (D) mixed failure, pointers denoting occluded tubules.
3.3 Interfacial nanoleakage evaluation of adhesive-dentin interface
Table 1 exhibits the quantitative data obtained from nanoleakage evaluation. According to the Kruskal-Wallis test results, specimens pretreated with acetone exhibited significantly lower levels of nanoleakage (p < 0.05) compared to the control group, irrespective of the ageing method (i.e., thermocycling or collagenase ageing). Similar nanoleakage level was observed in the WWB group and 50%AWB group (p > 0.05).
TABLE 1 | Percentage distribution of nanoleakage scores from each group for immediate, 10,000 runs of thermocycled and after 1-month collagenase ageing.
[image: Table 1]Figure 6 shows representative FESEM micrographs of interfacial nanoleakage. Regardless of the ageing methods (immediate, thermocycling or collagenase ageing), the control and 50%AWB group showed thick and continuous silver precipitates along the adhesive-dentin interface, part of which infiltrated into the dentin tubules. However, sparse and interrupted distribution of silver particles along the interface of dentin and adhesive was observed in the EWB and AWB group. Furthermore, there were no silver granules observed within the dentin tubules, with the AWB group being particularly noteworthy in this regard. The silver uptake changes were not significant after thermocycling (Figure 6A2-D2) or collagenase ageing (Figure 6A3-D3) compared to immediate groups (Figure 6A1-D1).
[image: Figure 6]FIGURE 6 | Representative FESEM images of interfacial nanoleakage expression at hybrid layer for each group. Images of (A1-D1), (A2-D2), and (A3-D3) represents nanoleakage for immediate, thermocycling, and collagenase ageing evaluation, respectively. Images of (A1-A3), (B1-B3), (C1-C3), and (D1-D3) represents the WWB, EWB, 50%AWB, and AWB groups, respectively.
3.4 Zymography of the hybrid layer
Figures 7A–D shows the typical CLSM images from the control or different pretreatment groups, which indicates the activity of endogenous proteases within the hybrid layers. In the WWB group, there was a substantial presence of green fluorescence within the hybrid layer, signifying extensive hydrolyzation of the DQ gelatine conjugate in this area compared to other groups. Conversely, the 50%AWB group displayed less green fluorescence within the hybrid layer, though the level of fluorescence was higher than that observed in the EWB and AWB groups. The EWB group showed a minimal level of green fluorescence, whereas the AWB group exhibited almost no green fluorescence along the hybrid layer.
[image: Figure 7]FIGURE 7 | (A–D) Characteristic CLSM pictures from in situ zymography stained by fluorescent DQ gelatin conjugate. (A) water wet-bonding (WWB, (A); (B) ethanol wet-bonding group (EWB, (B); (C) 50% (v/v) acetone aqueous solution (50%AWB, (C); (D) 100% acetone solution (AWB, (D). (E) The degree of adhesive contact angle and respective views of the different pretreatment groups on the demineralized dentin surfaces. Groups with different letters are statistically different (p < 0.05). Real representative image of each group’s anterior view was displayed below accordingly.
3.5 Surface contact angle measurements
Figure 7E shows the contact angle values for each group along with their respective views. Real representative images of each group were displayed below the contact angle values. Among the four groups, the WWB group demonstrated the highest contact angle (p < 0.05). Both the EWB and 50%AWB groups exhibited significantly lower contact angles compared to the WWB group, yet notably higher angle than the AWB group (p < 0.05). The AWB group demonstrated the lowest contact angle (p < 0.05), indicating that the acetone pretreatment improved the permeability of the dental adhesive into the dentin surface.
4 DISCUSSION
The current study assessed the impact of acetone wet-bonding (AWB) on enhancing the bonding strength of adhesive-dentin interface. The application of acetone and a 50% aqueous solution of acetone on the dentin surface as a pretreatment was found to increase the immediate bond strength. This enhanced bond strength was maintained even after undergoing different ageing methods, such as 10,000 runs of thermocycling and 1 month of collagenase ageing. Furthermore, the use of the AWB method resulted in a reduction in nanoleakage compared to the water wet-bonding technique, regardless of whether the sample underwent thermocycling or collagenase ageing. Additionally, acetone pretreatment suppressed the activity of endogenous proteases, and notably, decreased the contact angle of the etched dentin surface to dental adhesives. Consequently, the null hypotheses were disproved.
During the development of dentin bonding techniques, it was discovered that moisture on the dentin surface plays an essential role in achieving high dentin bond strength (Yiu et al., 2005). Hence, the WWB technique was introduced, which involves the use of acid etching to markedly reduce the water contact angle on the dentin surface (Rosales-Leal et al., 2001). However, the low vapor pressure of water relative to other solvents necessitates a longer air-drying time, and residual water can cause hydrolytic degradation, making it less than ideal (Ekambaram et al., 2015; Jacobsen and Soderholm, 1995; E. L; Pashley, Zhang et al., 1998). As a result, alternative solvents such as ethanol were introduced (D. H. Pashley et al., 2007). Of all the bonding solvent employed in dental adhesives, acetone has the highest vapor pressure and effectively eliminates moisture from the demineralized dentin matrix (Van Landuyt et al., 2007). Additionally, acetone exhibits lower viscosity compared to ethanol, allowing it to better penetrate the demineralized dentin (Ekambaram et al., 2015; Besinis et al., 2016).
Contact angle measurement can be utilized to quantify the extent of liquid spreading on a surface. (Marshall et al., 2010). However, dentin is a non-ideal surface because of its composition and surface roughness (Besinis et al., 2016). In the wet-bonding technique process, the dentin was acid etched, water rinsed and blot-dried before the surface is treated with solvents and dental adhesives (D. H. Pashley et al., 2007). Thus, the real wettability of dentin surface after treatment is actually measurement of contact angle of the dentin surface to dental adhesives. In order to correctly measure the dentin surface wettability, a thin solvent film, according to different pretreatment groups, was cautiously left on the dentin surfaces to mask surface irregularities like smear layer and dentinal tubules, resulting in a smoother surface. If the dentin surface was dry, then the irregularities would impact the contact angle measurements necessitating the need for correction by applying the Wenzel equation (Wenzel, 1936). In this study, this method was undertaken to improve the accuracy of contact angle measurement.
In the acetone wet-bonding (AWB) technique, dentin is acid-etched and then rinsed with water, after which acetone solution is applied to interact with the residual water in the demineralized dentin. This process results in the displacement of water and transportation of adhesive monomers into the dentin collagen matrix with the help of acetone. Consequently, it enhances the dentin surface’s wetting properties and improves the infiltration of adhesive (D. H. Pashley and Carvalho, 1997). In the present study, the application of acetone on the dentin led to a significant decrease in contact angle, indicating improved wettability. While pretreatment with ethanol and acetone aqueous solution also reduced the contact angle compared to water, the effect was not as pronounced as that of pure acetone. This “activation effect” of the dentin surface by the AWB technique helps to lower the surface tension of the dentin collagen matrix, creating better compatibility with primer and adhesive resins. This, in turn, facilitates the improved infiltration of adhesive monomers into the etched dentin (Besinis et al., 2016; D. H; Pashley and Carvalho, 1997). Notably, the contact angle was lowest in the AWB group, suggesting that acetone is the most effective solution for enhancing dentin wettability compared to other solvents.
The infiltration of monomer into the collagen matrix after etch-and-rinse has always been a problem (J. Guo et al., 2017). Deep penetration of the adhesive monomer can enhance the bond strength, as well as reducing the amounts of unprotected collagens which are vulnerable to hydrolysis. The breakdown of demineralized dentin matrices is a procedure that involves the swift and spontaneous establishment of fresh hydrogen bond (H-bonds) among collagen peptides (D. H. Pashley et al., 2007). Hoy’s solubility parameter theory is widely used to evaluate capacity of chemicals to H-bonds (Barton, 1991). D. H. Pashley et al calculated Hoy’s solubility parameters of collagen and found that 100% collagen has a Hoy’s δh value of 14.8 (J/cm3)1/2 (Agee et al., 2006). Only solvents like water with a δh value of 40.4 (J/cm3)1/2 which is higher than collagen have the capacity to disrupt the interpeptide hydrogen bonds, permitting the expansion of the collagen matrix. However, water is volatile and cannot polymerize and most adhesive monomers have δh value lower than 14.8 which means, in neat form, they cannot expand dry dentin collagen matrix (D. H. Pashley et al., 2007). In order to replace water and transport hydrophobic monomers into the gaps of collagen, amphiphilic solvents are needed. Acetone, which is amphiphilic and possesses qualities like strong permeability, can replace water and make it evaporate quickly, then transport hydrophobic monomers like MDP and hydrophilic monomers like HEMA into the gaps between collagens (Besinis et al., 2016). The immediate bond strength of 50% acetone pretreatment group (50%AWB) is notably higher than that of WWB group (p < 0.05), since the acetone aqueous solution can expand the collagen matrix efficiently and help the adhesive monomers infiltrate deeper simultaneously. Also, better penetration of monomers and more thorough replacement of water with the help of acetone lead to the decrease of unprotected collagens and the inhibition of enzyme hydrolysis, resulting in good bond durability. Thus, the bond strength of AWB group exhibited a notable increase compared to the WWB group following thermocycling or collagenase ageing (p < 0.05). Furthermore, neither thermocycling nor collagenase ageing led to a substantial decline in bond strength for the 50%AWB and AWB group.
The expression of nanoleakage is commonly utilized as a significant indicator to evaluate the durability and stability of dental bonding due to the fact that the intrusion of bacteria and the penetration of water into voids or channels within the adhesive-dentin interface can result in the deterioration of the hybrid layer (Deng et al., 2014). Kruskal-Wallis test (Table1) indicated that nanoleakage of AWB group significantly decreased in comparison to other groups (p < 0.05), irrespective of thermocycling or collagenase ageing. This was further demonstrated by details in Figure 6 which exhibited fewer silver deposition in AWB group. Dentin bonding is a procedure that encompasses the demineralization of dentin surface and refilling of the collagen matrix by adhesive monomers. After infiltration, adhesive monomers help form the mechanical interlock between dentin collagen and the adhesive (Pashley et al., 2003). After demineralization, it is essential to ensure that water and solvents are thoroughly eliminated from the dentin surface before curing to avoid jeopardization of the polymerization of adhesives (Yiu et al., 2005). However, the water is difficult to be removed due to its low vapor pressure (Ekambaram et al., 2015). Other solvents are then needed to replace water and help its evaporation. Acetone, which is called “water chaser”, would be the most efficient solvent because of its vapor pressure as high as 184.8 mmHg at 20 °C (Ekambaram et al., 2015). It would not only help water to evaporate but also facilitate the penetration of adhesive monomers. Therefore, the silver deposition in AWB group, which represents the holes in hybrid layer caused by the residual water after bonding, decreased significantly compared to other groups as shown in Figure 6. R. L. Sakaguchi and J. M. Powers (Sakaguchi and Powers, 2012) insisted on applying multiple coats of acetone-based adhesive due to the potential risk of evaporation during storage. However, as pretreatment solution, this would not be a problem since the concentration of pure acetone solution would not change, although the volume loss during storage is still inevitable.
The deterioration of the dentin collagen matrix can be initiated by internal enzymes such as MMPs and cysteine cathepsins and external enzymes like bacterial collagenase (Mazzoni et al., 2015). Thus, it is necessary to evaluate the activities of exogenous and endogenous enzymes. In this study, in situ zymography test of the hybrid layer developed by Breschi was chosen to detect the location of enzyme activities (Mazzoni et al., 2014). This method can reveal the gelatinolytic activity within the hybrid layer, which aligns with areas where collagen is left unprotected owing to incomplete resin infiltration. Results revealed a significant presence of fluorescent green within the control group, affirming the heightened activity of proteases. Conversely, the intensity of fluorescent green diminished progressively when higher concentrations of acetone were applied, suggesting the inhibition of the gelatinolytic activity. The details in Figure 7A disclosed that pretreatment with ethanol and acetone can significantly suppress the activity of endogenous proteases. There was almost none fluorescent green detected in AWB group as shown in Figure 7D. Although no direct evidence shows that acetone could inhibit dentin proteases, this phenomenon may be contributed to the better penetration of adhesive monomers with the help of acetone. After acid etching of dentin surfaces, the collagen left unprotected would be degraded by enzymes, resulting in poor dentin bonding durability (Liu et al., 2011). Since the acetone helps water evaporate, the adhesive monomers were transported deeply into the gaps of the dentin collagen. Subsequently, the collagens were enveloped and protected by adhesive monomers, thereby preventing enzymatic degradation of the collagen. The negative correlation of gelatinolytic activity and bond durability corroborated that enzyme activity could be a contributing factor to the decline in long-term bond strength.
In this study, the implementation of the acetone wet-bonding technique represents a promising approach for reducing contact angle, improving resin monomer penetration and enhancing dentin bond durability. However, limitations cannot be neglected. The high vapor pressure of acetone is a mixed blessing. Although it helps the removal of water from dentin surfaces and improves the infiltration of resin monomers into collagen matrix, the risk of evaporation can impact its longevity on the shelf. Further investigations are warranted to delve in to the underlying mechanisms of how acetone interfere with collagen hydrolytic degradation.
5 CONCLUSION
This study posits that the acetone wet-bonding (AWB) technique exhibits the capacity to sustain bond strength over an extended duration. Additionally, it demonstrates efficacy in improving dentin wettability to dental adhesives, facilitating adhesive monomer penetration, mitigating collagen exposure, decreasing nanoleakage, and attenuating collagen degradation. Within the confines of this in vitro investigation, acetone wet-bonding emerges as a promising strategy for prolonging the lifespan of adhesive restorations.
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Introduction: Clear aligners, while offering a more hygienic alternative to fixed appliances, are still associated with challenges including plaque accumulation and enamel demineralization. The aim of the present study was to investigate the antibiofilm and remineralization effectiveness of innovative flowable composite attachments containing bioceramic micro-fillers.
Methods: Four experimental attachments were formulated and bonded to human enamel specimens: 3M Filtek Supreme flowable composite (Filtek SF) + 10% bioactive glass 45S5 (BAG), Filtek SF + 30% BAG, Filtek SF + 10% Bredigite (BRT), Filtek SF + 30% BRT. Plaque biofilms were grown on the bonded enamel using a standardized protocol and the biofilm-killing effect was assessed by confocal laser scanning microscopy and scanning electron microscopy. Vickers microhardness was measured to evaluate the remineralization effect of the attachments containing bioceramic fillers after acid challenge. Shear bond test was performed to assess the bonding strength.
Results: Attachments with bioceramic fillers significantly inhibited plaque biofilm growth in 3 weeks on enamel, contributing over 20% bacterial cell killing in 10% filler groups and over 30% killing in 30% filler groups. All four experimental groups demonstrated significantly higher microhardness values than the control group without fillers on the attachment side. The shear bonding strength was not compromised in the attachments with micro-fillers.
Discussion: Proper incorporation of bioceramic micro-fillers in attachments provides an innovative approach for clear aligner therapy with reinforced antibiofilm and remineralization effects without weakening shear bonding strength.
Keywords: bioactive glass, bioceramic filler, bredigite, clear aligner attachment, plaque biofilm
1 INTRODUCTION
Over the past few decades, there has been a growing demand for alternatives to conventional fixed orthodontic appliances, driving the development of more comfortable and aesthetically pleasing appliances. This shift has led to the emergence of clear aligner therapy (Khosravi et al., 2017). Removable thermoplastic clear aligners, worn sequentially by patients, have gained popularity for achieving targeted orthodontic results (Weir, 2017). However, it’s worth noting that composite clear aligner attachments tend to exhibit increased biofilm accumulation compared to other restorative materials (Bourbia et al., 2013; Bichu et al., 2023).
Despite claims of a more hygienic design and expectations of fewer white spot lesions with clear aligners compared to traditional fixed appliances (Buschang et al., 2019), enamel demineralization and plaque accumulation remain critical side effects, particularly with prolonged wear (Santonocito and Polizzi, 2022). A significant increase in the total bacterial load with both types of appliances was reported (Mummolo et al., 2020). A recent randomized clinical trial has reported a significantly larger lesion area in the clear aligner group at T1 (3 months after treatment) than at T0 (beginning of treatment) and the fixed appliance group (Albhaisi et al., 2020). This increase in white spot lesions during clear aligner therapy may be attributed to limitations in saliva flow, natural buffering, and remineralizing properties (Azeem and Hamid, 2017). Resin composites, known to enhance bacterial growth (Beyth et al., 2008), contribute to a high cariogenic challenge due to bacterial biofilm accumulation around attachments during intraoral wear.
Previous antibiofilm studies have predominantly focused on fixed orthodontic appliances rather than clear aligner attachments (Badawi et al., 2003; Zhang et al., 2015a; Ferreira et al., 2019), often employing single-species bacteria (e.g., Streptococcus mutans and Lactobacilli) rather than the multispecies bacteria commonly found in white spot lesions (Chin et al., 2006; Zhang et al., 2015b). However, bacteria in white spot lesions all originate from multispecies plaque on the tooth surface (Cheng et al., 2012; Beerens et al., 2017). Most commercially available composite resins exhibit minimal antibiofilm effects, with biofilms tending to accumulate on them over time (Beyth et al., 2007; Khalichi et al., 2009). Additionally, these composites can be degraded by enzymes from saliva and bacteria (Montoya et al., 2021). The acid produced by bacterial biofilms can cause enamel demineralization around the clear aligner attachments (Zhang et al., 2017). Therefore, exploring novel bioactive attachment materials that enhance antibiofilm and remineralization properties without compromising bonding strength is essential in clear aligner therapy.
Existing antibacterial/antibiofilm agents containing leachable compounds (e.g., chlorhexidine), antibiofilm peptides, and filler nanoparticles (e.g., zinc and silver) have major limitations of short-term effectiveness and an inability to regenerate mineral content lost due to hard enamel damage (Stewart and Finer, 2019; Makvandi et al., 2020). Bioactive glass (BAG) has been identified for its ability to inhibit enamel demineralization in orthodontic bonding resins (Lee et al., 2018). Two studies have highlighted the robust antimicrobial activity of bioactive glass S53P4 against S. aureus and Pseudomonas aeruginosa (Coraça-Huber et al., 2014; Drago et al., 2014). Bredigite (BRT) bioceramics have demonstrated osteogenic effects on dentin and plaque growth suppression (Shen et al., 2016). However, the effects of using BAG and BRT as micro-fillers in clear aligner attachments remain relatively unexplored.
Achieving long-term clinical success necessitates an ideal material that is multifunctional, capable of overcoming limitations of individual formulations. Despite the potential offered by bioactive fillers, there is a lack of standardized protocols to systematically assess antibiofilm, remineralization, and bonding in one study, specifically mirroring the clinical situation of clear aligner therapy. Existing in vitro studies have often focused on evaluating the antimicrobial effect of bonding materials independently on composite resin disks (Zhang et al., 2015a; Zhang et al., 2015b; Altmann et al., 2017) rather than on attachment bonded enamel. Thus, the development of a standardized model is crucial to simulate the clinical reality of clear aligner therapy.
This project aimed to formulate two bioceramic micro-filler-based attachments and systematically investigate their antibiofilm and remineralization effects, as well as assess shear bond strength on a standardized platform, providing a comprehensive evaluation of their performance in a manner that closely replicates the clinical conditions of clear aligner therapy.
2 MATERIALS AND METHODS
2.1 Enamel sample and attachment mould preparation
This study was approved by the Clinical Research Ethics Committee of the University of British Columbia (certificate H22-01985). Sixty caries-free human premolars subjected to orthodontic extraction were collected. The extracted teeth were stored in deionized water at 4°C. The crown of each premolar was sectioned perpendicularly to the long axis of the tooth at the cementoenamel junction using a low-speed water-cooled diamond saw (Isomet, Buehler, Lake Bluff, IL, United States).
A platinum-catalyzed silicone rubber (Ecoflex™ Smooth-on, Macungie, PA, United States) was used to fabricate flexible silicone moulds used for the preparation of attachments. Each mould featured an inner diameter of 2 mm (length) × 4 mm (width) × 3 mm (thickness) and an outer diameter of 4 mm (length) × 6 mm (width) × 3 mm (thickness), following the manufacturer’s guidelines.
The experimental design is outlined in the schematic diagram presented in Figure 1.
[image: Figure 1]FIGURE 1 | Schematic illustration of the experimental design in the present study.
2.2 Bioceramic fillers and attachment material preparation
The composition of bioactive glass 45S5 (BAG), bredigite (BRT), and the flowable composite attachment material (Filtek SF) is listed in Table 1. Bioactive glass 45S5 contains 45 wt% SiO2, 24.5 wt% CaO, 24.6 wt% Na2O, and 5.8 wt% P2O5. According to a previously described protocol, BRT powders were synthesized by a sol-gel method using raw materials including (C2H5O)4Si, Mg(NO3)2·6H2O and Ca(NO3)2·4H2O (Sigma Aldrich, St Louis, MO, United States) (Wu and Chang, 2007).
TABLE 1 | Composition of the bioceramic micro-fillers and their incorporated flowable composite attachments.
[image: Table 1]Flowable composite attachments containing four different types of experimental bioceramic micro-filler were formulated freshly before the attachment bonding. The flowable composite attachment, 3M Filtek Supreme Flowable (Filtek SF), was manually blended with 10 wt% BAG, 30 wt% BAG, 10 wt% BRT and 30 wt% BRT powders respectively using a metallic spatula. This mixture was further homogenized in an amalgamator (Ivoclar Vivadent, Mississauga, ON, Canada) for 30 s. Subsequently, the mixture was dispensed into a resin dispenser and injected into the attachment molds.
2.3 Enamel-attachment bonding
The 60 teeth were randomly divided into 5 groups, each consisting of 12 teeth. The groups were defined as follows: 3M Filtek Supreme Flowable (Filtek SF) only (control group), Filtek SF + 10% BAG, Filtek SF + 30% BAG, Filtek SF + 10% BRT, and Filtek SF + 30% BRT.
The buccal enamel surface of each tooth was etched with 35% phosphoric acid (Pulpdent, Watertown, MA, United States) for 30 s, followed by a thorough 30-s water rinse and complete drying with oil-and-moisture-free air. A thin uniform layer of Assure universal bond (Reliance orthodontic products, Itasca, IL, United States) was applied to the etched surfaces and cured for 10 s. Subsequently, a silicone mold, as described in Section 2.1 was gently positioned on the center of the buccal enamel surface and pressed firmly into place. The various attachment materials, corresponding to the five groups, were dispensed into the rubber mold.
Excess adhesive around the attachment was meticulously removed using a cotton pellet, ensuring the integrity of the mold. The attachment underwent light-curing (LED-B, Woodpeck Inc., Guilin, China) for 30 s with the mold in place. Following mold removal, an additional 20 s of light-curing was administered. All attachment-bonded samples were then immersed in deionized water at 37°C for 24 h before further utilization.
2.4 Biofilm model
Supragingival plaque samples were obtained from the first or second premolars of two adult volunteers: one non-clear aligner wearer (donor 1) and another wearing clear aligner for 3 months (donor 2). Collected plaques from both donors were separately mixed in brain–heart infusion broth (BHI) (Becton Dickinson, Sparks, MD) by pipetting. Bacterial suspensions from each donor were standardized to an optical density (OD) of 0.10 (150 μL at 405 nm) using a microplate reader (Model 3350; Bio-Rad Laboratories, Richmond, CA, United States).
In an effort to replicate clinical conditions, enamel samples with attached attachments were coated with saliva. The saliva was collected from each volunteer (at least 1.5 h after meal) in sterile 14-mL polypropylene tubes (Corning, NY, United States) and filtrated using sterilized 0.2 μm syringe filters. Each bonded enamel surface was coated with 500 μL infiltrated saliva for 4 h in a well of a sterile 24-well polystyrene cell culture plate (Corning, NY, United States) before initiating biofilm culturing.
Subsequently, the saliva-coated enamel samples were placed in the wells of a 24-well cell culture plate, each containing 1.8 mL of BHI. Each well was inoculated with 0.2 mL of dispersed plaque suspension from either donor 1 or donor 2. The samples were incubated in the BHI-plaque suspension in air at 37°C for 1 and 3 weeks. For each time point in each group and from each donor, three attachment-bonded samples were utilized. Fresh BHI broth was replaced weekly for the 3-week specimens.
2.5 Evaluation of the antibiofilm effect
The plaque biofilm on the enamel around attachments was subjected to bacterial viability staining and observed under a confocal laser scanning electron microscopy (CLSM). Attachment-bonded samples cultured with biofilm for 1 and 3 weeks were rinsed in 0.85% physiological saline for 1 min. Subsequently, the attachments on the enamel samples were meticulously removed using debonding pliers (HuFriedy Group, Chicago, IL, United States).
LIVE/DEAD BacLight Bacterial Viability kit L-7012 (Molecular Probes, Eugene, OR, United States), containing a two-component dye (SYTO 9 and propidium iodide in a 1: 1 mixture) in a solution, was used for staining the biofilm following the manufacturer’s protocols. The excitation/emission maxima for these dyes were 480/500 nm for the SYTO 9 whole cell stain and 490/635 nm for the dead cell stain propidium iodide. A confocal laser scanning electron microscopy (FV10i-LIV, Olympus, Tokyo, Japan) was used to analyze the plaque biofilm fluorescence. Fluorescence from each stained cell was viewed using a CLSM at a 512 × 512 pixel scan area with a 10 × lens.
For each subgroup, five randomly selected biofilm areas at a distance of 100 μm away from the debonded attachment and biofilm interface were scanned by CLSM. The biofilms were scanned with a 1.5 μm step size from top to bottom, resulting in 15 scanned areas (n = 15) for each subgroup. The confocal images were analyzed and quantitated (live/dead ratios) using the Imaris 7.2 software (Bitplane Inc., St Paul, MN, United States). The total biovolume of the biofilm in the scanned area was calculated, and the volume ratio of red fluorescence to green and red fluorescence indicated the proportion of killed plaque bacteria.
The morphology of plaque biofilms cultivated around various attachments after a 3-week culturing period was investigated through scanning electron microscopy (SEM). An additional three samples from each group with plaque biofilm growth were prepared following the biofilm sample preparation procedure described above. The samples for SEM were prefixed with phosphate-buffered 2.5% glutaraldehyde for 10 min and then immersed in 2 mL 1% osmium tetroxide for 1 h. Subsequently, the specimens were dehydrated through a series of increasing ethanol concentrations (50%, 70%, 80%, and 100%). The dehydrated samples were dried by using a critical point drier (Samdri-795; Tousimis Research Corporation, Rockville, MD), sputter-coated with iridium (Leica EM MED020 Coating System, Tokyo, Japan), and examined by SEM (Helios Nanolab 650, FEI, Eindhoven, the Netherlands) at an accelerating voltage of 3 kV.
2.6 Remineralization test
An additional set of 30 enamel samples (6 for each attachment-bonded group) were prepared as outlined in Section 2.3 for microhardness evaluation.
Demineralization was conducted using 0.1 M lactic acid, with the pH adjusted to 4.0 (Zhang et al., 2018). Each attachment-bonded enamel sample was placed flat in a well of a 12-well plate (Corning, NY, United States) with the buccal surface in contact with the bottom of the well. The attachment bonded interface was fully immersed in 3 mL of lactic acid solution at 37°C for 28 days (Liu et al., 2018) and the lingual enamel surface was exposed. The demineralization solution was refreshed on a weekly basis.
Each attachment-bonded tooth was hemi-sectioned sagittally through the center of the attachment into mesial and distal halves (12 tooth-halves; n = 12) using a low-speed diamond saw (Isomet, Buehler, Lake Bluff, IL, United States) under water cooling. The sectioned specimens were embedded in self-curing epoxy-resin (Epo Thin 2, Buehler, Lake Bluff, IL, United States), leaving the sectioning side exposed. The resin-embedded specimens were wet polished using 600-grit, 1000-grit and 1200-grit silicon carbide grinding papers (CarbiMet; Buehler Ltd., Lake Bluff, IL, United States) under constant water irrigation. Final polishing was achieved with 1 μm diameter diamond cream and polishing-cloth disk (Buehler, Lake Bluff, IL, United States).
The Vickers microhardness of each specimen was measured using a microhardness tester (Micromet 3 microhardness tester; Buehler Ltd., United States) equipped with a Vickers diamond indenter at a load of 200 g and a dwell time of 15 s. The Vickers hardness (HV) was calculated using the formula: HV = 1.8549 (F/d2), where F is the load and d is the mean of the two diagonals produced by the indenter (Nekoofar et al., 2010).
Four indentations were made in each embedded tooth-half from four different locations. On the buccal surfaces, three indentations were made under the attachment, at the coronal and cervical edges of the attachment, respectively. An additional indentation was made on the lingual enamel surface. All four indentations were made at 60 μm from the external enamel surface. In total, 12 indentations were made for each position per group (n = 12). The mean and standard deviation of microhardness values for each group were calculated.
2.7 Shear bond testing
Thirty enamel samples were prepared as described in Section 2.1 with six samples for each group. The shear bond test was performed according to a previously published protocol (Hong et al., 2022). Teeth samples were mounted in an acrylic mold (Ultradent Products, South Jordan, UT, United States) using self-curing resin (Epo Thin 2, Buehler, Lake Bluff, IL, United States), positioning the buccal surface for exposure. Specimens (height = 2.38 mm, diameter = 2.00 mm) of flowable composites from different groups were fabricated using a bonding clamp and bonding mold inserts (Ultradent Products, South Jordan, UT, United States). Enamel surfaces were etched and bonded with different flowable composites from the five groups using the same bonding protocol outlined in Section 2.3. Each group was equally divided into two subgroups. The first subgroup samples were immersed in deionized water for 24 h before shear bond testing. Samples from the second subgroup were aged in 0.1 M lactic acid (pH = 4) for 28 days before shear bond testing.
Individual specimens were secured using a metal base clamp (Ultradent Products, South Jordan, UT, United States). The buccal axis of the sample was oriented so that the labial surface was parallel to the applied force. A crosshead assembly chisel (Ultradent Products, South Jordan, UT, United States) attached to a universal Testing Machine (Instron, ElectroPuls E10000 Linear-Torsion, Shimadzu, Japan) was positioned over the upper part of the attachment and parallel to the bonded interface. An occlusogingival load was applied at a crosshead test speed of 0.5 mm/min until the attachment detached. The force required for debonding was recorded and expressed in megapascals (MPa). Shear bond strength (MPa) was calculated as the debonding force divided by the attachment surface area (mm2).
Following detachment, each enamel surface was examined under a stereomicroscope (Nikon Eclipse Ci, Tokyo, Japan) to analyze the failure mode. The adhesive remnant index (ARI) was determined based on the presence of remaining adhesive on enamel, classified as follows: 0 = no adhesive remaining on enamel; 1 = less than half of the adhesive remaining on enamel; 2 = more than half of the adhesive remaining on enamel; 3 = all the adhesive remaining on enamel.
2.8 Statistical analysis
Statistical analyses were conducted using SPSS 29 software (SPSS, Chicago, IL, United States) for Windows. The mean values with standard deviation were used to present all data derived from confocal and microhardness tests, as well as shear bond strength assessments. The homogeneity of variance was evaluated using the Levene’s test. Univariate analysis of variance (ANOVA) was applied, and post hoc multiple comparisons were conducted to isolate and compare the significant results at a 5% significance level. The differences in the ARI scores between groups were analyzed by the Kruskal–Wallis test and the Mann-Whitney test at a significance level of p < 0.05.
3 RESULTS
3.1 Antibiofilm effect
No significant difference was found in the sensitivity of biofilms (both biovolume and percentage of killed biofilm bacteria) from the two donors for attachments containing different bioceramic micro-fillers (p > 0.05) (Figures 2C, D, G, H).
[image: Figure 2]FIGURE 2 | Bioceramic micro-filler containing clear aligner attachment impacts on oral plaque biofilm. (A) Three-dimensional constructions of CLSM scans of 1-week plaque biofilm (donor 1) formation around the attachments; (B) Three-dimensional constructions of CLSM scans of 3-week plaque biofilm (donor 1) formation around the attachments; (C) Total biovolume of plaque biofilm formed in 1 and 3 weeks from donor 1; (D) The proportion of the killed biofilm microbial cells of the entire plaque biofilm from donor 1. (E) Three-dimensional constructions of CLSM scans of 1-week plaque biofilm (donor 2) formation around the attachments; (F) Three-dimensional constructions of CLSM scans of 3-week plaque biofilm (donor 2) formation around the attachments; (G) Total biovolume of plaque biofilm formed in 1 and 3 weeks from donor 2; (H) The proportion of the killed biofilm microbial cells of the entire plaque biofilm from donor 2; SEM micrographs of 1-week-old biofilm exposure to Filtek SF under low (I) and high (J) magnifications. SEM micrographs of 3-week-old biofilm exposure to Filtek SF under low (K) and high (L) magnifications. SEM micrographs of 1-week-old biofilm exposure to Filtek SF + 30% BAG under low (M) and high (N) magnifications. SEM micrographs of 3-week-old biofilm exposure to Filtek SF + 30% BAG under low (O) and high (P) magnifications. SEM micrographs of 1-week-old biofilm exposure to Filtek SF + 30% BRT under low (Q) and high (R) magnifications. SEM micrographs of 3-week-old biofilm exposure to Filtek SF + 30% BRT under low (S) and high (T) magnifications. The yellow arrow shows interface of attachment and biofilm. The green arrow shows the cell lysis effect. Different letters in C, D, G and H indicate statistical differences (p < 0.05).
Significant reductions in 3-week-old biofilm biovolume were observed with the addition of 10% and 30% bioceramic micro-fillers in comparison to the Filtek SF control, particularly evident in 3-week-old biofilms (Figures 2B–D, F–H). Filtek SF + 30% BAG demonstrated up to 29.7% reduction in 3-week-old biofilm biovolume compared to Filtek SF controls (Figures 2C, G; Supplementary Datasheet S1). While 1-week-old biofilm groups with 10% BAG and 10% BRT exhibited similar biovolume to Filtek SF controls, the 30% micro-filler groups displayed increased resistance to biofilm growth (Figures 2C, G).
Attachments containing either BAG or BRT demonstrated statistically significant increase in biofilm bacteria killing compared to attachment with no fillers (p < 0.05) (Figures 2A, B, D–F, H). The proportion of killed biofilm bacterial cells was significantly correlated with the portion of bioceramic fillers in the flowable composite attachments. Attachments containing 30% bioceramic micro-fillers were superior to groups with 10% fillers in biofilm-killing efficacy for both donors (p < 0.05) (Figures 2D, H). The combination of Filtek SF and 30% BAG or 30% BRT killed 35%–37% of the 1-week-old plaque bacteria for both donors (Figures 2D, H; Supplementary Datasheet S1). The addition of 10% BAG or 10% BRT into Filtek SF resulted in 24%–26% biofilm killed (Figures 2D, H; Supplementary Datasheet S1). When 30% of bioceramic fillers were added, the rate of biofilm killing was lower in the 3-week-old plaque biofilm compared to the 1-week-old biofilm except for the 30% BRT group from donor 1 (Figures 2D, H). No statistically significant difference was detected between 1-week-old biofilm and 3-week-old biofilm in 10% bioceramic micro-fillers and no-filler control groups (p > 0.05) (Figures 2D, H).
The multispecies composition and distribution of the plaque biofilm after debonding was validated by SEM, showing cocci, rods and filaments within the biofilms forming mixed communities along the debonded interface (Figures 2I, K, M, O, Q, S). Control biofilms growing around non-filler-containing Filtek SF demonstrated well-organized network structures with smooth surfaces and no disrupted bacterial cells (Figures 2I–K, L). In contrast, cell lysis was evident in biofilms grown around attachments containing bioceramic micro-fillers (Figures 2N, P, R, T). The bacterial cell membranes of 1-week-old biofilms became wrinkled in the 30% BRT group (Figure 2R), and both the 30% BAG and BRT groups exhibited fine particles released within the biofilm structures (Figures 2N, P, R, T).
3.2 Microhardness test
Significant differences in microhardness values were found depending on the concentration of bioceramic micro-fillers in the attachments. Vickers hardness values (VHN) derived from microhardness testing were illustrated in Figure 3; Supplementary Datasheet S1. Lingual enamel surfaces that were not exposed to the demineralization solution displayed the highest microhardness values ranging between 299 and 306 (Figure 3; Supplementary Datasheet S1). In contrast, the enamel hardness on the buccal surface was significantly reduced in the Filtek SF group without the addition of bioceramic micro-fillers. No statistically significant difference in microhardness was detected among the positions of the indentation on the buccal enamel (coronal, under attachment, and cervical) for all groups (p > 0.05) (Figure 3).
[image: Figure 3]FIGURE 3 | Mean surface Vickers microhardness (VHN) obtained from different locations in enamel samples bonded with Filtek SF, Filtek SF + 10% BAG, Filtek SF + 30% BAG, Filtek SF + 10% BRT, Filtek SF + 30% BRT. Columns labeled with different letters are statistically significantly different (p < 0.05).
With the inclusion of 10% bioceramic micro-fillers, the Filtek SF + 10% BAG group exhibited significantly higher microhardness values than the Filtek SF control (p < 0.05). The Filtek SF + 10% BRT group showed no significant difference compared to the Filtek SF + 10% BAG group (p > 0.05). However, groups with 10% micro-fillers still demonstrated significantly lower microhardness than the lingual control (p < 0.05). As the percentage of BAG and BRT reached 30% in weight, microhardness values from coronal, under attachment, and cervical enamel surfaces showed no statistically significant difference from the lingual controls (p > 0.05) (Figure 3).
3.3 Shear bond strength
The incorporation of BAG and BRT into Filtek SF did not compromise the bond strength of the Flitek flowable composite. The highest bond strength was 10.8 MPa from the Filtek SF group after 24 h of storage in water (Figure 4A; Supplementary Datasheet S1). No statistically significant difference was observed between all four experimental groups and the Filtek SF group (p > 0.05). However, the bond strength was significantly reduced after 28 days of aging in the pH 4 demineralization solution for the Filtek SF and Filtek SF + 10% BRT groups (Figure 4A). No statistically significant difference in bond strength was detected between the 24 h in water and 28 days in acid storage conditions in the BAG and 30% BRT groups (p > 0.05). The 30% BAG and 30% BRT groups exhibited significantly higher shear bond strength than the Filtek SF control (p < 0.05).
[image: Figure 4]FIGURE 4 | Shear testing of bioceramic micro-filler containing clear aligner attachments bonded to enamel using. (A) Shear bond strength. Columns labeled with different letters are statistically significantly different (p < 0.05). (B) Adhesive remnant index in different subgroups.
The ARI scores are depicted in Figure 4B. After the acid challenge, there were more score “0” samples in the aging in demineralization solution groups than the 24 h in water groups. However, no significant difference in debonding patterns was observed between groups. Furthermore, no statistically significant difference was detected among all the groups regardless of the storage types (p > 0.05).
4 DISCUSSION
The current study enabled us to investigate, for the first time, the antibiofilm and remineralization effects of bioceramic micro-fillers containing clear aligner attachments on human enamels, which brought us one step closer to establishing in vitro models representing clinical clear aligner therapy. The observed outcomes highlight the potential fortification achievable through the integration of bioceramic micro-fillers in clear aligner applications. While previous studies have explored the antibiofilm effects of various orthodontic cements, one major limitation was the predominant use of S. mutans in assessing the antimicrobial effects of orthodontic adhesives (Altmann et al., 2015; Kim et al., 2018; Liu et al., 2018). Often only a single strain (e.g., Streptococcus Sobrinus and Lactobacillus casei) was used (Imazato et al., 2003; Salehi et al., 2015). It is crucial to note that bacteria in white spot lesions and dental caries all originate from tooth surface plaque (Jakubovics and Kolenbrander, 2010). Unlike previous studies using resin disks for antibiofilm tests, our approach involved a plaque microcosm biofilm to assess the antibiofilm effects of restorative dental adhesives (Zhang et al., 2015a; Zhang et al., 2015b). Moreover, the lack of available data on the anti-plaque effectiveness of bioceramic micro-fillers containing clear aligner attachment on enamel surfaces underscores the novelty of our findings. Importantly, our minimally invasive approach preserves the biofilm around the clear aligner attachments, providing a more realistic representation of the clinical scenario.
Clinical studies have highlighted the challenge of biofilm accumulation with orthodontic appliances and emphasized the importance of managing plaque to prevent adverse effects on oral health. The present study addressed this challenge by demonstrating reduction in biofilm growth and bactericidal effects of attachments with bioceramic micro-fillers on human enamels. The value of clear aligner attachments with inherent antibiofilm properties lies in the sustained protection against plaque biofilm growth. Unlike intermittent mechanical cleaning, an attachment with intrinsic antibiofilm effects serves as a continuous source of protection. In the present study, the incorporation of bioceramic micro-fillers at a rate of 30% resulted in over 35% killing of 1-week-old plaque (Figure 2). Even at the lower incorporation percentage of 10%, there was a notable 25% reduction in 1-week-old biofilm. This aligns with a previous study showing that BRT successfully inhibited plaque biofilm formation, suppressing over 40% of biovolume in 2 weeks (Shen et al., 2016). Our findings indicated that older plaque biofilm exhibited increased resistance to antibiofilm effects compared to younger biofilm. Three-week-old plaque displayed amore mature structural development of the biofilm compared to the 1-week-old plaque. The physical barrier provided by the extracellular polymeric matrix and the presence of more persister cells both contributed to the higher resistance of mature biofilm (Xiao et al., 2012).
While both BAG and BRT groups showed comparable antibiofilm efficacy, their mechanism may differ slightly. Our study chose the well-studied bioactive glass 45S5 due to its widespread recognition as the most utilized bioactive glass with established antibacterial and remineralization potentials (Waltimo et al., 2007). The antibiofilm effect of BAG-containing attachments appears to be associated with the high surface area of BAG micro-fillers and the release of ionic components (e.g., K+, Na+, and Ca2+) (Waltimo et al., 2007). The exchange of network-modifier ions with H+ and H3O+ ions from surrounding gingival fluids results in an alkaline microenvironment with high local pH (Drago et al., 2015). Additionally, the release of PO43-, Si4+, and Ca2+ from the BAG enhances perturbations of the membrane potential of bacteria, leading to increased osmotic pressure (Begum et al., 2016). The sudden rise in the external solutes concentration induces rapid water efflux and a pressure drop across the bacterial cell membrane, resulting in altered cell size and cell lysis as shown in the SEM (Figure 3). On the other hand, the antibiofilm effects of BRT-containing attachments may be more related to the Mg2+ ions (Robinson et al., 2010). Upon interaction with surrounding body fluid, Mg(OH)2 can formed with a pH above 11 (Shen et al., 2016). The released Si at a high pH environment may synergistically inhibit bacterial viability by acting as a surfactant to modify the cellular integrity of bacteria (Shen et al., 2016). A recent study has highlighted BRT’s ability to reinforce biological properties of a Mg–Zn bio-composite (Zhang et al., 2023). The addition of BRT to the bio-composite effectively prevented the growth and invasion of Escherichia coli and Staphylococcus aureus. This evidence supported the positive impact of BRT on flowable composite in the present study. Interestingly, there was no significant difference in the antibiofilm effects of different attachments against plaque from the two donors (p > 0.05). This result suggests that the source and possible differences in the species composition of biofilms from patient wearing clear aligners had no substantial impact on their susceptibility to the bioceramic micro-fillers.
Enamel demineralization is a common clinical issue during orthodontic treatment. Preserving enamel health is a priority in clinical orthodontic practice, and the innovative attachments may contribute to minimizing the risk of white spot lesions and caries (Azeem and Hamid, 2017). The present study used cross-sectional microhardness to evaluate the remineralization effects of the clear aligner attachments. The microhardness values of the lingual enamel surfaces were the highest, consistent with previously published human enamel hardness values (Galo et al., 2015). Lactic acid was used as the demineralization solution. This mimicked the biofilm acids that the orthodontic adhesive-enamel bonded areas would encounter in vivo, potentially affecting the resin-enamel bond strength (Langhorst et al., 2009). With the addition of bioceramic microfillers, the microhardness values significantly increased on the attachment side. When the proportion of bioceramic microfillers reached 30%, no statistically significant difference was detected between the buccal side with attachments and lingual enamel with no demineralization (p > 0.05). This result revealed a significant remineralization potential of BAG and BRT. Bioactive glass degrades and releases calcium and phosphate ions, acting as an external mineral ion source that accelerates remineralization (Wang et al., 2011). Apatite growth on the demineralized surfaces filled the gaps, leading to a relatively intact subsurface. Subsequent precipitation of a polycondensated silica-rich layer (Si-gel) served as a template for the formation of a calcium phosphate (Ca/P), which then crystallized into hydroxycarbonate apatite (Chen et al., 2008). The intact subsurface might be the primary reason for the higher subsurface hardness found in the experimental groups containing BAG.
A prior study demonstrated that BRT could activate the Wnt/β-catenin signalling pathway in periodontal ligament cells, promoting cementogenic/osteogenic differentiation (Zhou et al., 2013). The observed increase in microhardness may be attributed to its potential to stimulate periodontal bone formation (Shen et al., 2016), which is beneficial for restoring dental hard tissues. However, when only 10% BRT was added to the flowable composite, the microhardness in the cervical area showed no statistically significant difference with the control group (Figure 3). The lack of significance could be attributed to the crystallization of BRT in the presence of Mg2+, which differs from the BAG remineralization process where hydroxycarbonate apatite dominates the precipitation in the demineralized lesions.
The ability to maintain robust shear bond strength is aligned with the contemporary emphasis on attachment resilience over the course of orthodontic treatment (Weir, 2017). The shear bond strength results provided valuable insights into the performance of the developed bioceramic filler-containing clear aligner attachment. Importantly, no statistically significant difference in shear bond strength was found between the experimental groups and the control group. This suggested that the incorporation of bioceramic micro-fillers did not adversely affect the bonding efficacy (Figure 4). This finding is consistent with previous research indicating that the addition of micro-fillers can maintain bond strength without compromising shear bond properties (Guan et al., 2001; Yang et al., 2022).
The significant reduction in bond strength observed after 28 days of storage in a pH 4 demineralization solution for the Filtek SF and Filtek SF + 10% BRT groups aligns with findings from studies that highlight the susceptibility of certain adhesive systems to acidic challenges (Fan et al., 2022; Garma and Ibrahim, 2022). In contrast, the 30% BAG and 30% BRT groups exhibited significantly higher shear bond strength than the Filtek SF control under the same acidic conditions, suggesting a potential protective effect conferred by the higher concentration of bioceramic micro-fillers to enhance bond durability in acidic environments. This corresponds with previous work emphasizing the acid-resistant properties of bioactive glass in dental applications (Wang et al., 2011).
The specific reasons for the reduction in bond strength in the 10% BRT group, while not observed in the 30% BRT and BAG groups, could be influenced by various factors including the particle distribution and interaction with matrix material (Nabiyev et al., 2021). It's possible that the particle distribution in the 10% BRT group was not ideal for promoting strong adhesion, whereas the 30% BRT and BAG groups had a more favorable particle arrangement. In addition, the 10% BRT group may have exhibited less favorable chemical interactions with the resin matrix, resulting in a weaker bond compared to the 30% BRT and BAG groups.
The ARI scores provided additional insights, revealing consistent debonding patterns across all groups. While the present study did not identify significant differences in debonding patterns between groups, there were more score “0” samples in the aging in demineralization solution groups than the 24 h in water groups. This result shows that the acid environment could have affected the enamel bonding interface (Liu et al., 2018).
Within the limitation of this study, our primary focus was on establishing the short-term efficacy of the new attachments. It is indeed crucial to investigate the attachment performance over prolonged durations, ultimately contributing to improved patient outcomes. Subsequent studies may also explore other bioceramic variants including other types of BAG, building upon the results gained from this foundational investigation. Future investigations could also expand the scope by examining more types of clear aligner attachments, contributing to the continuous advancement of attachment technologies in orthodontic practice.
5 CONCLUSION
The bioceramic micro-fillers modified clear aligner attachment materials revealed significant advancements in antibiofilm and remineralization properties. The attachments demonstrated bactericidal and biofilm inhibition effects proportional to the micro-filler concentration. Moreover, the innovative materials exhibited an enhanced potential for enamel remineralization, as indicated by increased microhardness compared to control groups. Importantly, the shear bond strength remained uncompromised with the addition of micro-fillers. Overall, the incorporation of bioceramic micro-fillers represents a promising approach for enhancing oral health outcomes during clear aligner therapy.
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Introduction: Impaired fracture healing, specifically non-union, has been found to occur up to 14% in tibial shaft fractures. The current standard of care to treat non-union often requires additional surgeries which can result in long recovery times. Injectable-based therapies to accelerate fracture healing have the potential to mitigate the need for additional surgeries. Gene therapies have recently undergone significant advancements due to developments in nanotechnology, which improve mRNA stability while reducing immunogenicity.
Methods: In this study, we tested the efficacy of mineral coated microparticles (MCM) and fluoride-doped MCM (FMCM) to effectively deliver firefly luciferase (FLuc) mRNA lipoplexes (LPX) to the fracture site. Here, adult mice underwent a tibia fracture and stabilization method and all treatments were locally injected into the fracture. Level of osteogenesis and amount of bone formation were assessed using gene expression and histomorphometry respectively. Localized and systemic inflammation were measured through gene expression, histopathology scoring and measuring C-reactive protein (CRP) in the serum. Lastly, daily IVIS images were taken to track and measure transfection over time.
Results: MCM-LPX-FLuc and FMCM-LPX-FLuc were not found to cause any cytotoxic effects when tested in vitro. When measuring the osteogenic potential of each mineral composition, FMCM-LPX-FLuc trended higher in osteogenic markers through qRT-PCR than the other groups tested in a murine fracture and stabilization model. Despite FMCM-LPX-FLuc showing slightly elevated il-1β and il-4 levels in the fracture callus, inflammation scoring of the fracture callus did not result in any differences. Additionally, an acute systemic inflammatory response was not observed in any of the samples tested. The concentration of MCM-LPX-FLuc and FMCM-LPX-FLuc that was used in the murine fracture model did not stimulate bone when analyzed through stereological principles. Transfection efficacy and kinetics of delivery platforms revealed that FMCM-LPX-FLuc prolongs the luciferase signal both in vitro and in vivo.
Discussion: These data together reveal that FMCM-LPX-FLuc could serve as a promising mRNA delivery platform for fracture healing applications.
Keywords: bone regeneration, mRNA delivery, biomimetic, transfection, fluoride
INTRODUCTION
Fractures continue to be one of the most frequent type of hospitalized traumas with reports of about 32.7 million new cases of lower leg fractures globally in 2019 (Ekegren et al., 2018; Cauley, 2021). Additionally, tibial shaft fractures account for about 36.7% of all long-bone fractures in adults and are frequently associated with high-energy trauma events, like falls and transport accidents (Weiss et al., 2008; Papakostidis et al., 2011; Ekegren et al., 2018). Open tibial fractures are often associated with higher rates of complications, like non-union or delayed union (Gaebler et al., 2001; Papakostidis et al., 2011). In fact, reports of non-union have been found to occur up to 14% within tibial shaft fractures in a large study over the course of 2 years (Bisignano et al., 2021). Non-union is typically treated through repeated surgeries resulting in long recovery times leading to increased frailty, depression, loss of independence, and, in some cases, a downward spiral that ends in death (Colón-Emeric and Saag, 2006; Gruber et al., 2006). Bone morphogenetic protein-2 (BMP2) is a well-studied osteoanabolic that accelerates fracture healing in preclinical models, yet only has FDA approval in lumbar fusion and acute open tibial fractures (9–13) Recombinant human proteins have short half-lives and require supraphysiologic concentrations to achieve the desired biologic effect (12) In order to sustain protein release, typically proteins are delivered on an absorbable collagen sponge, necessitating surgical implantation (13–15) Despite this controlled release system, adverse side effects have continued to be reported with BMP-2 including abnormal inflammatory responses, poor bone quality, heterotopic ossification, and osteolysis (14, 16–18) Given the few approved therapeutics to accelerate fracture healing, and the limitations of those available, there is a clinical need to develop novel, and injectable-based therapies to accelerate fracture healing and minimize the incidence of delayed and non-union fractures.
Over the past few decades, the demand for orthopaedic-based technologies has followed the substantial growth in orthopaedic surgeries being performed each year (Su et al., 2022). Of these emerging orthopaedic technologies, gene therapy has undergone significant advancements due to developments in delivery carriers and their capabilities to maximize gene stability, minimize off-target effects, and reduce immunogenicity (Mockey et al., 2006; Zohra et al., 2007; Mukherjee and Thrasher, 2013; Ramunas et al., 2015; Sultana et al., 2017; Shirley et al., 2020; Watson-Levings et al., 2022). Specifically, the considerable success of the SARS-CoV-2 vaccine has catalyzed research efforts in developing mRNA-based technologies as safety and efficacy have been established with mRNA therapeutics (Altawalah, 2021; Ward et al., 2022; Watson-Levings et al., 2022). mRNA-based therapy in orthopedics remains a nascent field, and specifically for skeletal tissues as these are prone to clinical challenges such as multifactorial pathologies and complex healing mechanisms (Evans et al., 2021; Watson-Levings et al., 2022). Recent work pioneering mRNA therapies to promote bone regeneration through coding for BMP2/9 has shown considerable promise, yet all studies use a biomimetic scaffold requiring surgical implantation (Balmayor et al., 2016; Khorsand et al., 2017; De La Vega et al., 2022). We propose that the ideal mRNA delivery platform to promote fracture repair should include a localized and injectable therapeutic, mitigating the need for additional surgeries in impaired fracture healing cases.
Effective mRNA delivery to cells requires the use of delivery carriers to protect the nucleic acids from degradation from nucleases (Kowalski et al., 2019; Nitika et al., 2022). Currently liposomal complexes are the most commonly utilized delivery vehicles for mRNA based therapeutics, including lipid nanoparticles and liposomes (Kowalski et al., 2019; Nitika et al., 2022). However, lipoplexes can induce immunogenic reactions and are rapidly cleared by the mononuclear phagocytic system (MPS) through the kidney, liver, and spleen (Kowalski et al., 2019). Alternative strategies have been employed to mitigate these limitations and more effectively transport genes important in bone repair. β-tricalcium phosphate mineral coated microparticles (Alluri et al., 2019; Fontana et al., 2019; Kang et al., 2021) (MCM) which consist of a bioresorbable core material coated with calcium phosphate resulting in microparticles 5–8 µm in diameter with a thin, plate-like mineral coating on their surface (Choi and Murphy, 2010; Yu and Murphy, 2014; Fontana et al., 2019). Recently published studies demonstrate that MCMs can enhance mRNA transfection when combined with lipoplexes and mitigate cytotoxicity resulting from high in vitro mRNA concentrations (Dang et al., 2016; Khalil et al., 2017; Fontana et al., 2019).
In this study, we have developed and tested an MCM-mRNA delivery platform for its capacity to effectively deliver a reporter mRNA in a fracture healing setting. The biomimetic mineral coating localizes the delivery of lipoplexes to cells and has been found to prolong the biological function of various biomolecules being delivered in vivo testing various applications, such as for spinal cord injuries (Khalil et al., 2017; Fontana et al., 2019; Khalil et al., 2020; Khalil et al., 2022). The use of MCMs to localize lipoplexed mRNA and improve cell internalization of mRNA at the fracture callus addresses several limitations, including the immunogenicity associated with liposomal carriers. Here we show that mRNA transfection is enhanced, prolonged, and does not interfere with fracture healing when using MCMs as a transfection platform in a murine tibial fracture healing model.
METHODS AND MATERIALS
Synthesis of mineral coated microparticles and fluoride-doped MCM and microparticle characterization
Mineral coated microparticles were made from β-tricalcium phosphate (β-TCP) 2 µm powder (Cambioceramics, Amsterdam, Netherlands) as the microparticle core and incubated in modified simulated body fluid (mSBF) at 1 mg/mL for 7 days. The mSBF was prepared by using 141 mM NaCl, 4 mM KCl, 0.5 mM MgSO4, 1 mM MgCl2, 4.2 mM NaHCO3, 20 mM HEPES, 5 mM CaCl2, and 2 mM KH2PO4. For Fluoride-doped MCM (FMCM) we introduced 1 mM NaF to the standard mSBF. All microparticles were maintained in suspension at 37°C with rotation. The microparticles were centrifuged at 2,000 x g for 5 min every 24 h over 7 days. The supernatant was discarded and replenished with fresh mSBF. Post 7 days, the MCMs were rinsed three times using 50 mL deionized water and filtered using a 40 µm pore cell strainer. Finally, the MCMs were concentrated and subjected them to lyophilization for 48 h (Fontana et al., 2019). Dry MCMs were placed on carbon tape and sputter coated with 10 nm of platinum (ACE600, Leica Microsystems, Morrisville, NC, United States). MCMs were imaged at 5.0 KV using a Gemini 450 scanning electron microscope (Zeiss, Jena, Germany).
Cell culture maintenance and cytotoxicity experiments
The chondrogenic cell line (ATDC5, Sigma Aldrich, Cat # 99072806) was used for all in vitro studies. Cells were used at passage 5 and under for all experiments. ATDC5 cells were maintained using media DMEM/F12 (Thermo Fisher, Cat# 11320033), 5% fetal bovine serum (FBS, Thermo Fisher, Cat# 16000044) and 1% penicillin/streptomycin (P/S, Thermo Fisher, Cat# 15140122). For all in vitro experiments, ATDC5 cells were plated at 20,000 cells/well in 12 well plates. Prior to transfection experiments, chondrocytes underwent serum starvation using basal media OPTI-MEM (Thermo Fisher, Cat# 31985070) 0.5% FBS and 1% P/S for 24 h. All transfection protocols were executed using serum-free media, OPTI-MEM supplemented with 1% P/S. The cytotoxic effects were assessed using PrestoBlue™ Cell Viability Reagent (Thermo Fisher, Cat# A13261) according to the manufacturer’s protocol. To quantify the number of metabolically active cells, a standard curve of ATDC5 cells was created and the absorbance values were related back to the number of cells for quantitation. The plate was read at 570 nm with a reference wavelength at 600 nm using a plate reader (TECAN infinite M200 Pro).
Mineral coated microparticles and fluoride-doped MCM formulations with lipoplexes
MCM and FMCM were used as a platform to deliver lipid vesicles encapsulating mRNA to the chondrocytes in vitro and to the site of the fracture callus in vivo. To determine transfection protocols and concentrations for effective delivery of mRNA, firefly luciferase (FLuc) mRNA was used as a reporter transcript (TriLink Biotech, Cat# L-7202) for all experiments. Lipoplexes (LPX), liposomes complexed with mRNA, were generated using Lipofectamine™ MessengerMAX (ThermoFisher, Cat# LMRNA001) and firefly luciferase mRNA according to manufacturer’s protocol. To combine the LPXs with MCM and FMCM, the LPX solution was added to MCM or FMCM in OPTI-MEM for in vitro studies or sterile filtered 1X phosphate buffer solution (PBS, Thermo Fisher, Cat # 10010023) for in vivo studies, with shaking for 30 min at RT. All in vitro experiments used 0.25 μg of firefly luciferase mRNA/well, 2 μL of Lipofectamine™/well, and 100 μg of MCM or FMCM per well. In vivo analysis of transfection reagents used firefly luciferase mRNA at a concentration of 10 µg/mouse, Lipofectamine™ at 15 µL/mouse, and MCM/FMCM at 100 µg/mouse. Firefly luciferase expression in MCM-Lipofectamine™-FLuc mRNA platform (MCM-LPX-FLuc) and FMCM-Lipofectamine™-FLuc mRNA (FMCM-LPX-FLuc) was compared to the luciferase expression from Lipofectamine™-FLuc mRNA (LPX-FLuc).
Tibial fracture and stabilization procedure in mice
In vivo experiments were approved by and conducted in compliance with the Institutional Animal Care and Use Committee at Colorado State University (CSU). Mid-shaft tibial fractures were created in adult (12–14 weeks), male C57BL/6J mice (Charles River # 027). All animals received a pre-surgical analgesic, Buprenorphine SR (ZooPharm), at a dose of 0.6–1.0 mg/kg. Mice were placed under general anesthesia using inhaled 1%–5% isoflurane to effect. Left hind limbs were shaved and sterilely prepared using 70% alcohol wipes and Chlorhexidine surgical scrub solution, repeated for a total of 3 times. Lubrication was provided for the eyes of each mouse using artificial tears ointment (Bausch and Lomb) and mice were then transferred to a heated operating table. Using aseptic technique, an incision was made along the tibia, and a hole was made at the top of the tibial plateau using a 23-gauge needle. An intermedullary pin (sterilized insect pin) was inserted through the hole made from the tibial plateau through the tibial cavity and into the distal tibia. Two to three small holes were created in the mid-shaft of the tibia using a Dremel and pressure was applied to both proximal and distal ends to fracture the tibia (Hu et al., 2017; Wong et al., 2020). The surgical incision was then sutured using 5–0 Biosyn Sutures (Covidien, Cat #5687) and one surgical skin staple was applied over the skin incision to protect against chewing. A local anesthetic, 0.25% Bupivicaine Hydrochloride (NovaPlus, cat # RL-7562), was applied topically after the initial staple was placed. Mice were then allowed to recover individually in a heated cage before being transferred back to their original cage. Mice were socially housed throughout the in-life period, and permitted free ambulation. Mice were closely monitored for pain and signs of infections for 72 h following the surgery. All treatments were suspended in 25 μL sterile PBS and vortexed before injecting. All experimental and control groups were injected on day 6 post-fracture into the fracture callus using a Hamilton syringe 1800 series (Sigma Aldrich, Cat # 21397). Localized treatments consisted of experimental groups (MCM-LPX and FMCM-LPX), negative and positive control groups (PBS and LPX respectively). Serum was collected 2 days following treatment via tail vein blood draw and lastly at time of harvest using a cardiac puncture. Animals were sacrificed according to approved euthanasia protocols after 2 or 8 days following localized treatments. At euthanasia, serum, fractured tibia, kidneys, liver spleen and lung were harvested for later analysis. Harvested tibias were either fixed in 4% paraformaldehyde for histological analysis or flash-frozen in liquid nitrogen for RNA analysis. Tissues and serum were flash frozen by immediately placing in liquid nitrogen and stored at −80°C.
In vitro and in vivo RNA isolation and qRT-PCR
RNA was isolated using TRIzol™ Reagent (ThermoFisher, Cat# 15596026) according to the manufacturer’s guidelines. To isolate RNA from all frozen tissues, the tissues were minced and placed in 1 mL of TRIzol Reagent and were homogenized using IKA Tissue Homogenizer (IKA, Cat# 0003737001) using a speed of 5 for 3 min, or at least until all large chunks were broken down. Specifically, the fracture callus was isolated from the surrounding muscle and bone tissues prior to homogenization. RNA was then quantified by reading the absorbance values at 260 and 280 nm. 1 μg of RNA was then synthesized into cDNA using qScript cDNA SuperMix (QuantaBio, Cat# 95048-025). Primers were designed and are listed below. Quality measurements were used to confirm primer specificity and appropriate reaction temperatures by running PCR using DreamTaq Green PCR Master Mix (2X) (ThermoFisher, Cat# K1081) using a 3-step method with denaturation at 95°C for 30 s, annealing at 60°C for 30 and extension at 72°C for 1 min. The bands were analyzed on a 1.5% agarose gel with 2 µL GelStar Nucleic Acid Stain (Lonza, Cat # 50535) run at 150V for 25 min. Quantitative real-time PCR was run using SYBR Green Master Mix (Bio-Rad, Cat#1725270) to detect the amplified DNA. qRT-PCR was performed on a StepOnePlus™ instrument (Applied Biosystems). To analyze the output Ct values, the reference housekeeping gene (β-2-modulin) was used to determine ∆Ct values. The value of 2-(∆∆Ct) was calculated for all graphs and to determine statistical significance. All 2(−ΔΔCt) values less than 1.0, were calculated as −1/(2(−ΔΔCt)) as followed and described in Schmittgen and Livak, 2008.
In vitro and in vivo immunogenicity, osteostimulatory and transfection efficacy testing
Analysis of transfection formulations for all in vitro studies was measured after collecting RNA at 3, 6, 24, and 48 h after treatments and for in vivo studies, RNA was collected 8 days after treatments. To measure in vitro and in vivo immune responses, qRT-PCR was used testing for pro-inflammatory marker, interleukin-1β (il-1β), and anti-inflammatory marker, interleukin-4 (il-4). Local inflammatory response was measured using qRT-PCR and histopathology while systemic inflammation was tested using a C-Reactive Protein (CRP) ELISA kit (R&D Systems, Cat# MCRP00) according to manufacturer’s instructions on the serum collected at day 2 and 8 post-treatment (Morioka et al., 2019). Osteostimulatory characterization was determined by using qRT-PCR for osteogenic markers osterix (osx), osteocalcin (ocn), collagen 10a1 (colX) and downstream canonical Wnt markers, axis inhibition protein 2 (axin2) and runt-related transcription factor (runx2). Firefly luciferase primers were used to measure luciferase expression to determine magnitude of luciferase signal and kinetics of transfection.
Histopathological scoring
Tibias of treated mice were collected 48 h post treatment, immersion fixed in 4% paraformaldehyde, and decalcified using 19% ethylenediaminetetraacetic acid (EDTA). Formalin-fixed tibial samples were embedded in paraffin, sectioned at 8 μm thickness, and mounted onto glass slides. Two serial sections of each sample were cut and stained with hematoxylin and eosin using routine methods. Semiquantitative histopathologic analysis was performed by a board-certified veterinary pathologist (D.P.R.) who was blinded to the treatment arm. For analysis, slides were scanned on low magnification and the fracture callus region-of-interest identified and histological scoring performed based on the average cellular response across this callus region-of-interest. Semi-quantitative scoring was performed using a modification of ISO10993-6 Annex E: Biological evaluation of medical devices–Part 6: Tests for local effects after implantation (Supplementary Table S1). Cellular and host tissue response parameters assessed included the inflammatory cell types of polymorphonuclear cells (PMNs), lymphocytes (lymphs), plasma cells, macrophages, and giant cells, as well as necrosis, edema, hemorrhage, neovascularization and fibrosis. Responses were scored based on a 0–4 scale where 0 represents “none,” 1 represents “rare/minimal,” 2 represents “mild,” 3 represents “heavy infiltrate/moderate” and 4 represents “packed/severe.”
Real-time bioluminescent imaging
IVIS imaging was performed daily to quantitatively assess the magnitude and duration of luciferase expression from the time of delivery of reporter mRNA until signal dissipated. All mice were anesthetized using isoflurane and injected with 100 µL of firefly luciferase substrate, D-luciferin, subcutaneously at 10 mg/mL in PBS. Continued isoflurane was maintained at 1%–5% and mice were imaged 5 min following subcutaneous injection of D-luciferin. Bioluminescence was acquired using the “Auto” setting and regions of interest were measured for bioluminescence using LivingImage software (PerkinElmer, version). Percent retention was calculated using the following equation for each animal:
[image: image]
where A = IVIS output from day 1, and Bx = IVIS output from day x.
Histological and histomorphometric analysis
Bilateral tibias were decalcified for 14–18 days using 19% EDTA, pH 7.4. The tissues were then processed in increased ethanol solutions (50%, 70%, 95%, and 100%), processed in xylene (x2) and then placed in paraffin for 1.5 h each. Tissues were then paraffin embedded and sectioned at 8 µm. Immunohistochemistry (IHC) was performed to identify transfected cells within the fracture callus using previously published methods (Bahney et al., 2014; Hu et al., 2017). Antigen labeling was performed using a primary anti-luciferase (Novus Biologicals, Cat# NM600-307) antibody. Negative control mouse IgG monoclonal antibody (ThermoFisher, Cat# 10400C) was used in replace of firefly luciferase antibody to determine non-specific stain. Cell morphology was used as the primary tool to identify specific immunopositive cell types, using Hall Brundt’s Quadruple (HBQ) Stain on adjacent slides (Hall, 1986). The following kits were used for IHC detection: Mouse on Mouse Immunodetection Kit (Vector Laboratories, Cat# BMK2202), VectaStain Elite ABC-HRP Kit (Vector Laboratories, Cat# PK-6200) and DAB Substrate Kit, Peroxidase (HRP) (Vector Laboratories, Cat# SK-4100). All kits were used according to manufacturer’s protocol. Sections were counterstained using Hematoxylin, dehydrated and mounted in a xylene-based mounting medium.
To perform quantitative histomorphometry, serial sections were obtained using the first section beginning in the fracture callus and every 10th section afterwards. Standard histomorphometry principles were used as previously described and quantification of the fracture callus components including bone and cartilage tissues were determined (Hu et al., 2017; Rivera et al., 2021). HBQ stain was used to identify the dense collagenous fibrils of bone, stained red by direct red, and proteoglycans in the cartilage matrix, stained by alcian blue. Quantification of callus composition was determined using the Trainable Weka Segmentation2 add-on in Fiji ImageJ (version 1.54f; NIH, Maryland, United States) (Malhan et al., 2018). Volume of specific tissue types was determined by summing the individual compositions relative to the whole fracture callus compositions. Tissues were imaged using a Nikon Eclipse Ti microscope. Additionally, photoshop (version 24.7.0, Adobe) was used to isolate fractured tissue from the adjacent muscle and skin tissues.
Statistical design
Animal sample size was determined a priori using the mean and standard deviation from our preliminary data, where a power analysis was conducted using G*Power to determine that 5 mice/group/time are required for IVIS imaging to achieve a power level >80% with an effect size d = 1.5 and a significance level of 5%. Statistical analysis was performed using Graph Pad Prism 8. Data were plotted so that each sample represented a single dot on each graph. The bar indicates the mean with error bars representing standard deviation. Statistical difference was determined by ANOVAs and all post hoc comparison performed using Tukey’s HSD test.
RESULTS
Mineral coated microparticles and fluoride-doped MCM characterization and metabolic testing
A schematic depicting the generation of MCM-LPX-FLuc and FMCM-LPX-FLuc can be viewed in Figure 1A, beginning with the synthesis of MCM and FMCM from a β-TCP core, and finally complexed with LPXs. All injections were performed locally to the site of the fracture callus (Figure 1B), where the MCM-LPX-FLuc and FMCM-LPX-FLuc are not endocytosed by the cell, but act as a carrier for the LPX-FLuc, which undergo endocytosis. mRNA is then expressed as protein using the cell’s internal machinery (Figure 1C). MCM and FMCM were characterized using scanning electron microscopy (SEM) to visualize the outer morphology of the microparticles (Figure 1D). MCM were found to have a plate-like outer coating where FMCM had a more needle-like structure. The cytotoxic effects of the microparticles were evaluated and were found to have no significant in vitro chondrocyte cytotoxicity at any dose tested (12.5 μg–250 μg) (Figure 1E). Based on this data, 100 μg of MCM or FMCM was chosen to use in all in vitro and in vivo experiments, as this concentration did not promote cytotoxic effects when in vitro and additionally, this concentration has previously shown success in a murine spinal cord injury model (Khalil et al., 2022). All animal experiments were conducted according to the timeline outlined in Figure 1F, where injections of test article or control were performed 6 days following the fracture.
[image: Figure 1]FIGURE 1 | Schematic of MCM and FMCM synthesis, delivery, cell interactions and characterization of microparticles. Schematic of MCM and FMCM synthesis and lipoplex interaction (A). Delivery of test article and controls were localized at the site of the fracture callus (B), where MCM-LPX-FLuc and FMCM-LPX-FLuc are not endocytosed by the cells (C). SEM imaging of MCM (left) and FMCM (right) (D). Scale bars represent 2 μm. Metabolic activity was measured to determine cytotoxicity of MCM-LPX-FLuc and FMCM-LPX-FLuc (E). Timeline of in vivo studies, where injections were performed 6 days after fracture and stabilization in a murine model (F). Schematic created with Biorender.com.
Mineral coatings stimulate osteogenesis
As it has previously been shown that mineral coatings have some osteogenic characteristics in vitro using various cell types, such as progenitor osteoblasts and mesenchymal and embryonic stem cells, we tested whether there was any osteostimulatory effect in chondrocytes and osteoblasts (Murphy et al., 2004; Chou et al., 2005; Choi and Murphy, 2010; Choi et al., 2013; Dang et al., 2016; Wang et al., 2016). When probing for osteogenic markers in vitro, MCM-LPX-FLuc was found to have more ocn expression at every time point tested in chondrocytes as compared to FMCM-LPX-FLuc (Figure 2B), yet FMCM-LPX-FLuc and MCM-LPX-FLuc both exhibited significant axin2 expression at later time points in chondrocytes (Figure 2A). Osteogenic markers, axin2 and ocn, were significantly downregulated in osteoblasts following treatment with FMCM-LPX-FLuc after 6 h, yet this significance dissipated by 48 h (Figures 2C,D). Within the tibia fracture callus, both earlier osteogenic genes, collagen 10a1, axin2, and runx2, and late osteogenic genes, osterix and osteocalcin, were tested for a more robust analysis of MCM-LPX-FLuc and FMCM-LPX-FLuc osteogenic potential. While no statistical significance was found in vivo, a trend of higher expression of osteogenic genes was observed with the FMCM-LPX-FLuc group (Figures 2E–I).
[image: Figure 2]FIGURE 2 | Osteogenic potential was tested through qRT-PCR in chondrocytes (A, B) and osteoblasts (C, D) in vitro, and within the fracture callus in a murine model in vivo (E–I).
MCM-LPX-FLuc and FMCM-LPX-FLuc do not stimulate an inflammatory response
We aimed to test localized and systemic inflammatory responses following treatments with MCM-LPX-FLuc and FMCM-LPX-FLuc. Overall, both FMCM-LPX-FLuc and MCM-LPX-FLuc were found to have less il-1β expression at all time points in both chondrocytes and osteoblasts. Specifically, FMCM-LPX-FLuc was found to have significantly less il-1β at earlier time points tested in both chondrocytes and osteoblasts as compared to the LPX-FLuc group alone (Figures 3A,C). The MCM-LPX-FLuc was found to have significantly less il-1β when tested in chondrocytes at 48 h compared to the LPX-FLuc group (Figure 3A). Additionally, MCM-LPX-FLuc was found to have significantly more il-4 in chondrocytes at all time points as compared to both LPX-FLuc and FMCM-LPX-FLuc groups (Figure 3B), yet no significant differences with MCM-LPX-FLuc group were found when tested in osteoblasts (Figure 3D). FMCM-LPX-FLuc group was found to have significantly less il-4 expression at 6 h in osteoblasts as compared to LPX-FLuc, yet this significance dissipated by 48 h (Figure 3D).
[image: Figure 3]FIGURE 3 | Inflammatory responses were measured by using qRT-PCR for pro-inflammatory marker, il-1β, (A,C and E) and anti-inflammatory marker, il-4, (B,D and F) both in vitro and within the fracture callus to measure localized inflammatory response following treatments. Systemic inflammation was tested by quantifying C-reactive protein within the serum both 2 and 8 days after local injections (G). Additionally, H&E sections of the fracture callus were scored by a pathologist for peripheral mononuclear cells, lymphocytes, macrophages and fibrosis, 2 days after treatments (H).
While no significance was found, modulation of inflammatory markers in vivo showed FMCM-LPX-FLuc to trend higher in il-1β and il-4 as compared to both MCM-LPX-FLuc and LPX-FLuc groups (Figures 3E,F). Additionally, systemic inflammation was measured by testing the serum for CRP on days 2 and 8 following the injection of the various treatments. No significant differences were found between the treatment groups in CRP values on either of the days tested (Figure 3G). H&E slides 2 days following injections were scored by a blinded pathologist for peripheral mononuclear cells, lymphocytes, macrophages and fibrosis, to reveal no differences between any of the groups nor within any inflammatory cell type (Figure 3H).
MCM-LPX-FLuc and FMCM-LPX-FLuc do not inhibit fracture healing
To test whether MCM-LPX-FLuc or FMCM-LPX-FLuc interfered with bone healing when delivered locally following fracture and stabilization, histomorphometry was performed 2 and 8 days following treatments. No significant differences were found between any of the groups tested in bone or cartilage tissue composition within the fracture callus at day 2 (Figure 4B) or day 8 (Figure 4C) following treatment.
[image: Figure 4]FIGURE 4 | Fractured limbs were harvested, processed for histological analyses and stained with Hall Brundt’s Quadruple (HBQ) stain, where bone is stained red and cartilage is stained blue, scale bars represent 500 μm (A). Histomorphometric principles were used to quantify tissue composition both 2 days after treatment (B) and 8 days after treatment (C).
FMCM-LPX-FLuc prolongs transfection kinetics in a murine tibia fracture model
MCM-LPX-FLuc and FMCM-LPX-FLuc were tested for their capacity to regulate lipoplex encapsulation and release dynamics. FMCM-LPX-FLuc was found to significantly enhance transfection to chondrocytes in vitro at 3 and 6 h following treatment compared to both LPX-FLuc and MCM-LPX-FLuc groups (Figure 5A). IVIS images show representative luciferase expression over time within each group (Figure 5D) along with the corresponding quantification of the regions of interest within each individual animal (Figure 5B). Interestingly, while FMCM-LPX-FLuc had the highest amount of luciferase expression in vitro, LPX-FLuc (n = 5) had the highest luciferase signal on the first day following treatment in vivo. In calculating the percent of luciferase signal retained within each mouse, FMCM-LPX-FLuc maintained significantly more luciferase signal over the PBS control 2 days after injections, when all other treatment groups lost significance (Figure 5C). The MCM-LPX-FLuc group showed an average sustained signal of only 1 day after treatment, with some mice in this group having no detected signal. For qualitative assessment, immunohistochemistry was performed for firefly luciferase 2 days after treatment to determine the cell type expressing FLuc mRNA (Figure 5E). The cell lineage was determined using adjacent slides stained with HBQ, revealing firefly luciferase expression within cartilage, and specifically within hypertrophic chondrocytes, and mesenchyme tissues. Arrows show examples of cells positive for expressing firefly luciferase.
[image: Figure 5]FIGURE 5 | Transfection efficacy and kinetics were tested using firefly luciferase as a reporter gene to track and measure transfection. In vitro analysis was first measured in chondrocytes to determine transfection efficiency by testing firefly luciferase gene expression (A). IVIS imaging was used for in vivo analysis to quantify luciferase signal and view expression (B, D). Percent of luciferase signal retained within each mouse was measured for each treatment group (C). IHC for firefly luciferase was used to qualitatively assess cells expressing the FLuc mRNA 2 days after local injections using adjacent slides stained with HBQ to determine cell lineage (E). Arrows represent examples of positively stained cells for firefly luciferase protein. *Represents IgG negative control. Scale bars represent 100 μm.
DISCUSSION
Limited treatment options are available to facilitate fracture healing in non-union or delayed union cases. Most current treatments require additional surgeries which are often associated with long recovery times and increased work absences. Protein-based therapeutics, including the only FDA-approved osteoanabolic recombinant BMP-2, are the traditional approach to promoting fracture healing. However, proteins are typically delivered using supraphysiological doses as recombinant proteins are frequently challenged with low physiologic activity (Shields et al., 2006; Mumcuoglu et al., 2017; Khalil et al., 2020). Specifically, delivering high doses of recombinant BMP-2 results in high complication rates ranging from 20%–70% of all cases with complications ranging from mild to severe and potentially catastrophic (Shields et al., 2006; James et al., 2016). As an alternative, recombinant BMP-7 with collagen carrier was FDA approved in the past for impaired fracture healing cases, yet has since been removed from market (White et al., 2007; Gillman and Jayasuriya, 2021).
As an alternative to traditional protein based therapeutics, gene therapy proves to be an emerging field in bone regeneration with studies investigating genes encoding growth factors, transcription factors, and hormones involved in osteogenesis (De la Vega et al., 2021; Evans et al., 2021; Watson-Levings et al., 2022). De la Vega et al., 2021 has thoroughly reviewed preclinical studies which delivered BMP-2 cDNA using vector systems, like adenovirus and lentivirus. It was found that use of viral platforms to deliver gene encoding BMP-2 provoked an immune response and consequently impeded bone healing when tested in vivo (Lieberman et al., 1998; Musgrave et al., 1999; Egermann et al., 2006; Müller et al., 2017; Bougioukli et al., 2019). New strategies in gene therapy for bone regeneration involve use of mRNA, yet this approach is still challenged with short-half life and immunogenicity (Balmayor, 2022; Balmayor, 2023). To combat these challenges, other approaches have focused on modifying the mRNA sequence to maximize transfection while minimizing an immune reaction (Zhang et al., 2019; Balmayor, 2022). Despite these modifications, when testing chemically modified BMP-2 mRNA in various models, the use of liposomes in addition with a collagen sponge have frequently been employed as a delivery mechanism (Geng et al., 2021; De La Vega et al., 2022). Thus, it is imperative to develop biomaterials for mRNA therapeutics that facilitate an injectable application with effective transfection of cells, while minimizing immunogenicity.
In this study, we used a mineral coated microparticle (MCM) based platform to deliver mRNA encapsulated liposomes to a fracture site to evaluate their ability to effectively prolong mRNA delivery without promoting inflammation or inhibiting bone healing. Protein expression following transient transfection from mRNA is sustained for only a limited time, making it an ideal platform for bone repair, as stable transfection is more suited for chronic or genetic diseases (Agholme et al., 2010). Further, this transient gene expression necessitates the enhancement of mRNA stability from endonuclease-mediated decay (DR and Schoenberg, 2011). Until recently, the use of mRNA therapeutic platforms have been limited due to challenges associated with mRNA stability, cytotoxicity of the delivery platform, and induction of innate inflammation (Mockey et al., 2006; Zohra et al., 2007; Ramunas et al., 2015; Sultana et al., 2017). Cationic lipid vesicles such as Lipofectamine™, are frequently used in vitro to enhance mRNA stability, yet the cytotoxicity associated with this reagent limits clinical translation (Guo et al., 2019; Inglut et al., 2020). MCMs are comprised of calcium phosphate and biomimetic fluids, creating a mineral coating originally designed for controlled and localized delivery of growth factors (Choi and Murphy, 2010; Dang et al., 2016; Khalil et al., 2017). Recently, MCM lipoplexes have been utilized to enhance mRNA and cDNA stability, resulting in an increased transfection efficiency, enhanced cell internalization, and reduced cytotoxicity seen from cationic lipid vectors (Fontana et al., 2019). Additionally, it has previously been shown that mineral coatings display an osteogenic potential, but also can enhance transfection of plasmid DNA in bone marrow stem cells (Choi and Murphy, 2010; Choi et al., 2013).
Building on previous engineering efforts to develop the MCM platform for gene delivery, this platform was tuned to further advance mRNA delivery by the inclusion of a chemical dopant. Incorporating fluoride in the mineral coating has been shown to decelerate mineral dissolution which subsequently affected the protein binding and release kinetics for BMP2 (Yu and Murphy, 2014; Khalil et al., 2017). Fluoride has also been associated with activation of the canonical Wnt pathway, a critical pathway in bone formation (Guo et al., 2011; Pan et al., 2014; Nelson et al., 2022). Specifically, fluoride prevents the destruction complex from sending β-catenin to be proteolytically degraded, thereby increasing the nuclear localization of β-catenin (Pan et al., 2014). The transcription factor β-catenin modulates the expression of bone-associated genes, specifically runt-related transcription factor 2 (Runx2) and Osterix (Osx) (Zhang et al., 2008; Cai et al., 2016). Importantly, while fluoride has frequently been tested as a treatment for osteoporosis and to enhance osseointegration, minimal efforts have focused on fluoride’s efficacy in fracture repair (SAVCHUCK, 1957; de Gubareff and Platt, 1969; Shteyer et al., 1977).
In this study, we evaluated the effects of FMCM-LPX on canonical Wnt activation and further osteogenic potential by probing for bone-related genes Axin2, Runx2, Osx and Ocn following treatment. While FMCM-LPX significantly activated the canonical Wnt pathway in chondrocytes in vitro, there was no significant upregulation of Wnt in vivo. While the same increased osteogenic effect was not observed in differentiated osteoblasts as in the progenitor chondrocytes, this may be due to the FMCM-LPX platform having more influence on cells in a less differentiated state, like progenitor cells. Multiple cell lineages comprise a fracture callus, all with varied states of differentiation, including both progenitor chondrocytes and osteoblasts. The in vivo gene expression data trended higher in osteogenic markers yet did not reach significance, suggesting more resemblance to that of the less differentiated cell type, progenitor chondrocytes. Additionally, the higher amount of cartilage composition, as evidenced through histomorphometry, confirms that more progenitor chondrocytes reside within the fracture as compared to osteoblasts at this time point. Thus, this heterogeneous cell population within a fracture callus may have hindered the osteogenic gene expression from reaching statistical significance. While fluoride has been heavily implicated in therapies that enhance bone mass, an adverse and deleterious effect at high doses (>8 mg/day) has been observed with chronic exposure (Grynpas et al., 2000; Du et al., 2022). Thus, only moderate amounts of FMCM-LPX-FLuc were tested in vitro, showing no cytotoxic effect on metabolic activity at any of the concentrations tested. Additionally, the concentration chosen for in vivo studies was previously used in a murine spinal cord injury model and was shown to not only effectively deliver mRNA, but also improve motor function (Khalil et al., 2022).
Since viral platforms delivering BMP-2 gene have been found to impede fracture healing due to an immunogenic response, it was important to determine whether immunogenicity was found using non-viral platforms (Egermann et al., 2006; De la Vega et al., 2021). Robust testing of localized and systemic inflammation revealed that delivery of FMCM-LPX-FLuc did not provoke a significant immunogenic response at either level. While this group did have the least pro-inflammatory effect in vitro, no significant differences were found when testing pro- or anti-inflammatory cytokines within the fracture callus. Interestingly, De La Vega et al., 2022 reported elevated levels of both pro-and anti-inflammatory cytokines in animals treated with synthetic RNA, yet were not elevated in animals treated with sham or protein groups. In this study, robust testing of localized and systemic inflammation revealed no acute inflammatory response found even 2 days after treatment with FMCM-LPX-FLuc or any treatment tested. This lack of immunogenicity may be due in part to a modest amount of mRNA being delivered (10 μg) in comparison to other reports (50 μg) (De La Vega et al., 2022).
This study had several limitations including use of Lipofectamine™ at various times within the shelf-life range, which impacts the transfection potency of cells as the reagent diminishes in potency with increased time on the shelf. To mitigate this variance, all experiments were executed using the same Lipofectamine™ vial so that all treatment groups were comparable. Additionally, only one of the concentrations of MCM-LPX-FLuc and FMCM-LPX-FLuc was tested in vivo for enhanced osteogenic markers and for stimulation of bone. Since there was a minimal osteogenic response using FMCM-LPX-FLuc, future work will include testing a functional mRNA sequence involved in promoting bone, such as BMP-2 or BMP-7 (Gao et al., 2014; Gao et al., 2022). One last limitation of the study includes the lack of biodistribution tested following treatment. While a localized delivery may only minimize biodistribution of the mRNA lipoplexes, this should be further examined through analysis of main organs including liver, lung, spleen, kidney and heart tissues.
The mRNA delivery platform developed in this study, FMCM-LPX-FLuc, was found to prolong the transfection kinetics of luciferase, without provoking immunogenicity nor interfering with fracture repair. This data proves to be consistent with prior data showing fluoride dopant to decrease mineral dissolution in MCM and to prolong delivery of growth factors and nucleic acids (Khalil et al., 2017; Fontana et al., 2019). In this manuscript, we explored the safety and efficacy of this novel mRNA delivery platform prior to administering a therapeutic gene. The decision to utilize the luciferase reporter system was based on its well-established detection methods, which enable accurate and non-invasive monitoring of transfection efficiency and kinetics. Furthermore, it provided us with the means to confirm the absence of any cytotoxic or adverse immune reactions, which are crucial factors to consider prior to introducing osteoinductive mRNAs, especially in a fracture healing application. We think that the osteogenic potential of this platform could be maximized through addition of a functional mRNA transcript like BMP-2, or BMP-7.
SCOPE
The scope of this manuscript is to test biomimetic mineral coated microparticles (MCM) as an mRNA delivery platform for fracture healing applications. MCM and additionally a fluoride-doped MCM (FMCM) were tested in its osteogenic potential and capacity to provoke a robust inflammatory response in a murine fracture healing model. Bone formation was then quantified histologically and finally, reporter gene, Firefly Luciferase, was used to track and measure transfection in vitro and in vivo. The scope of this work specifically tests an advanced biomaterial for the regeneration of bone and is well suited for Research Topic: Advanced Biomaterials for Hard Tissue Repair and Regeneration.
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Titanium alloys have gained popularity in implant dentistry for the restoration of missing teeth and related hard tissues because of their biocompatibility and enhanced strength. However, titanium corrosion and infection caused by microbial biofilms remains a significant clinical challenge leading to implant failure. This study aimed to evaluate the effectiveness of antibiofilm peptides 1018 and DJK-5 on the corrosion resistance of titanium in the presence of Streptococcus mutans. Commercially pure titanium disks were prepared and used to form biofilms. The disks were randomly assigned to different treatment groups (exposed to S. mutans supplied with sucrose) including a positive control with untreated biofilms, peptides 1018 or DJK-5 at concentrations of 5 μg/mL or 10 μg/mL, and a negative control with no S. mutans. Dynamic biofilm growth and pH variation of all disks were measured after one or two treatment periods of 48 h. After incubation, the dead bacterial proportion, surface morphology, and electrochemical behaviors of the disks were determined. The results showed that peptides 1018 and DJK-5 exhibited significantly higher dead bacterial proportions than the positive control group in a concentration dependent manner (p < 0.01), as well as far less defects in microstructure. DJK-5 at 10 μg/mL killed 84.82% of biofilms and inhibited biofilm growth, preventing acidification due to S. mutans and maintaining a neutral pH. Potential polarization and electrochemical impedance spectroscopy data revealed that both peptides significantly reduced the corrosion and passive currents on titanium compared to titanium surfaces with untreated biofilms, and increased the resistance of the passive film (p < 0.05), with 10 μg/mL of DJK-5 achieving the greatest effect. These findings demonstrated that antibiofilm peptides are effective in promoting corrosion resistance of titanium against S. mutans, suggesting a promising strategy to enhance the stability of dental implants by endowing them with antibiofilm and anticorrosion properties.
Keywords: biofilm, corrosion, implant, peptide, titanium
1 INTRODUCTION
On account of its excellent biocompatibility, mechanical strength, and low modulus of elasticity, titanium has been extensively applied in implant dentistry for the restoration of missing teeth and hard tissues in recent decades (López-Píriz et al., 2019). However, oral bacteria from dental tissue inflammatory sites can adhere to any surface of materials placed in the oral cavity, including titanium. As a result, bacterial biofilm formation on titanium remains a significant clinical challenge, leading to peri-implantitis and the failure of dental implantation (Daubert and Weinstein, 2019; Dhaliwal et al., 2021; Siddiqui et al., 2022). When exposed to fermentable carbohydrates, acid-producing bacteria within biofilms, such as Streptococcus mutans, can generate a low pH microenvironment via bacterial metabolism, and electrochemical circuits via a potential difference (Pitts et al., 2017; Yu et al., 2022). This facilitates the deterioration of protective passive oxide film of titanium via a bio-corrosion process, and the demineralization of dental hard tissues (Prestat and Thierry, 2021; Weller et al., 2022). Titanium corrosion is likely to result in the release of titanium ions, causing an inflammatory reaction in the surrounding tissues, which is regarded as another critical risk factor for implant failure (Curtin and Wang, 2017; Prestat and Thierry, 2021; Alhamad et al., 2023). Accordingly, effective strategies are necessary to improve the antibacterial ability and corrosion resistance of titanium, thereby prolonging its stability and service life.
Controlling the inflammation process is the main purpose and principle for the treatment of titanium corrosion and peri-implant diseases. To address this issue, either surgical or nonsurgical approaches are generally employed in clinical practice (Hasan et al., 2022). Noninvasive strategies provide nonsurgical therapy with enormous potential for the treatment of implant-associated infections. However, owing to implant design, it is unlikely to completely remove the biofilms by nonsurgical mechanical therapy alone (Renvert et al., 2008). The adjunctive application of antimicrobials, including chemical agents and antibiotics, is therefore considered a promising strategy to alleviate microbial burden (Patil et al., 2022; López-Valverde et al., 2023). The past few years have witnessed a variety of antimicrobial agents for use in implant disinfection (Malheiros et al., 2023). Nevertheless, due to heterogeneous microbial community organization, as well as existing extracellular polymeric substances and differentiated gene expression, dental biofilms are recalcitrant to most antibiotics and difficult to treat (Kim et al., 2014; Wang et al., 2015). In this regard, microbial overgrowth is likely to increase the corrosion risk of titanium and affect the homeostasis of normal oral flora.
Recent studies have suggested that cationic antimicrobial peptides (host defense peptides) are effective as potential alternatives in treating biofilm-associated infections (Gera et al., 2022; Shao et al., 2023). By specifically targeting microbial biofilms with these peptides, pre-existing biofilms can be dissolved and biofilm formation can be prevented (de la Fuente-Núñez et al., 2012). Their unique additional ability to modulate the immune system contributes significantly to microbial killing and reducing local inflammation (Mansour et al., 2014). Recently, broad-spectrum antibiofilm peptides 1018 and DJK-5 (Supplementary Figure S1) have been shown to act by promoting guanosine tetraphosphate (ppGpp) degradation, which is crucial for biofilm growth (de la Fuente-Núñez et al., 2014; de la Fuente-Núñez et al., 2015). While peptide 1018 comprises natural L-amino acids, peptide DJK-5 contains D-amino acids that alter the peptide stereochemistry and confers proteolytic stability (de la Fuente-Núñez et al., 2015). Both oral single-species and multispecies biofilms formed on dental substrates have been shown to be killed by these two peptides in our previous investigations (Wang et al., 2018; Huang et al., 2019). These advantages imply that antibiofilm peptides might be promising for application in preventing titanium corrosion caused by microbial biofilms. No published data has reported the effects of peptides 1018 and DJK-5 on the corrosion behaviors of titanium against biofilms at present.
The objective of this study was to evaluate the effectiveness of antibiofilm peptides 1018 and DJK-5 on the corrosion resistance of titanium exposed to S. mutans. The null hypotheses were that (i) peptides 1018 and DJK-5 cannot kill S. mutans biofilm on titanium surfaces in one or two 48-h periods; (ii) peptides 1018 and DJK-5 cannot enhance the corrosion resistance of titanium in one or two 48-h periods; and (iii) there is no difference in the efficacy of peptides 1018 and DJK-5 on biofilm killing and corrosion resistance.
2 MATERIALS AND METHODS
2.1 Preparation of titanium disks
Commercial pure titanium (cp-Ti, grade 2, Baoji Titanium Industry Co., Ltd., Baoji, China) was used to prepare titanium disks with a diameter of 12 mm and a thickness of 1.5 mm. All disks were uniformly polished with silicon carbide sandpapers ranging from 400 to 1,200 grit in sequence and then cleaned by ultrasonic bathing in deionized water, acetone, 75% ethanol, and deionized water for 10 min, respectively. After drying overnight at 60°C, these disks were sterilized by UV light for 6 h on each side and placed in sterile 24-well plates.
2.2 Energy dispersive X-ray spectroscopy (EDS) analysis of titanium disks
The elemental analysis of titanium disks was detected by EDS (Helios Nanolab 650, FEI, Eindhoven, Netherlands) to inspect their purity. Three titanium disks were randomly selected, and three random areas on each disk were recorded and measured by EDS at a voltage of 10 kV.
2.3 Synthesis of the peptides
As described in previous studies (Yang et al., 2019; Hu et al., 2023), peptides DJK-5 and 1018 were synthesized in the method of solid-phase 9-fluorenylmethoxy carbonyl (Fmoc) chemistry by CPC Scientific (Sunnyvale, United States). The synthesized peptides were identified by amino acid analysis, and reverse-phase high-performance liquid chromatography was utilized to achieve at least 95% purity. One hundred μg/mL stock solutions of both peptides were then prepared by dissolving lyophilized powders in sterile deionized water and keeping them sterile over time.
2.4 Bacterial strain and culture condition
S. mutans (ATCC 25175) was grown anaerobically on plates with 32 g/L of brain-heart infusion (BHI) agar (Becton-Dickinson, Sparks, United States) at 37°C and subcultured on a new agar plate for 48–72 h. After that, the bacteria were picked up and transferred into BHI broth (Becton-Dickinson, Sparks, United States) for 24 h of incubation at 37°C. Amplified bacteria were harvested by centrifugation (5,000 rpm) at 4°C for 5 min and washed twice with PBS. The collected S. mutans were suspended in BHI to achieve an optical density (OD) at 0.05 as determined by a microplate reader (ELx808, BioTek, Winooski, United States) at the wavelength of 405 nm.
2.5 Biofilm formation on titanium disks
Titanium disks were placed in 24-well plates (one disk in each well) and randomly distributed into different groups in accordance with the following treatments: 1) the positive control (untreated biofilm) group: bacterial suspension (200 μL) and BHI (1,800 μL) containing sucrose (222.22 g/L) were added to each well; 2) 5 μg/mL of peptide treatment groups (DJK-5 or 1018): peptide stock solution (100 μL), bacterial suspension (200 μL), and BHI (1,700 μL) containing sucrose (235.29 g/L) were added to each well; 3) 10 μg/mL of peptide treatment groups (DJK-5 or 1018): peptide stock solution (200 μL), bacterial suspension (200 μL), and BHI (1,600 μL) containing sucrose (250 g/L) were added to each well; and 4) the negative control group: each well only added with BHI (2,000 μL) containing sucrose (200 g/L). Each group of bacteria received the same amount of sucrose (200 g/L as the final concentration (Souza et al., 2010; Souza et al., 2013).
Two different incubation times were tested separately for each experiment condition. In the 48 h group, titanium disks were removed from each well after 48 h and rinsed three times with sterile deionized water, followed by a 5-min ultrasonic bath in 100% ethanol and air drying. In the two 48-h treatments group, the consumed solution was removed after incubation for the first 48 h, and the corresponding fresh peptide solution and BHI medium were supplied for another 48 h. Following that, titanium disks were rinsed and dried as previously stated.
2.6 Dynamic monitoring of biofilm development and pH value
To monitor the dynamic growth of S. mutans biofilms on titanium disks treated with or without peptides DJK-5 and 1018, biofilms were detached at designated time intervals (0, 2, 4, 6, 8, 10, 12, 18, 24, 30, 36, 48, 72, and 96 h) and dispersed by pipetting to obtain an even bacterial suspension. Subsequently, 150 μL of the suspension was aspirated into 96-well plates and read by the microplate reader at OD405nm. Three parallel wells were replicated at each time interval for each group. Then, the pH of the remaining suspension in each well was measured by a pH Meter (Accumet Basic AB 15 Plus, Thermo Fisher Scientific, Waltham, United States). For each group, three parallel wells were tested and recorded.
2.7 Determination of dead bacterial proportion
After incubation for one or two 48-h periods, titanium disks coated with biofilms were gently washed with PBS and stained with a fresh mixture of SYTO-9 and propidium iodide (BacLight live/dead bacterial viability kit, Molecular Probes, Eugene, United States) based on the manufacturer’s instruction. And observed by confocal laser scanning microscopy (CLSM, FV10i-LIV, Olympus, Canada) (Yu et al., 2021; Liu et al., 2022). The wavelength of excitation/emission light detected for SYTO-9 and propidium iodide was set 480/500 nm and 490/635 nm, respectively. For each group, three disks were selected, and five areas for each disk were scanned from the bottom to the top of the biofilm with a 2 μm step. An Imaris 7.2 software (Bitplane, Switzerland) was employed to convert the two-dimension images into three-dimensional volume stacks. The obtained green and red fluorescence intensity was analyzed as the total volume of live and dead bacteria, and the dead bacteria proportion was calculated using red fluorescence in relation to total fluorescence (green + red) (Guo et al., 2021).
2.8 Scanning electron microscopy (SEM) of corrosion characters
The characteristics of corrosive titanium surfaces exposed to S. mutans (treated with or without peptides DJK-5 and 1018) were inspected through SEM (SU3500, Hitachi, Toronto, Canada). After one or two 48-h periods of incubation, titanium disks were taken out from the wells and washed three times using sterile deionized water to detach the biofilms before being ultrasonically cleaned for 5 min in sterile deionized water and 100% ethanol, respectively. After drying in the air, randomly selected areas from SEM images (at ×3,000) were captured at 3 kV for each disk.
2.9 Electrochemical tests in artificial saliva
The electrochemical experiments were carried out to investigate the effects of DJK-5 and 1018 on the corrosion resistance of titanium after exposure to S. mutans. A Princeton Applied Research (PAR) VersaSTAT 4 potentiostat (AMETEK, Berwyn, United States) was employed in this study. The electrochemical setup consisted of a conventional three-electrode cell with a platinum net as a counter electrode (CE) and an Ag/AgCl [(KCl) = 4 M] electrode as a reference electrode (RE) introduced into the cell through a Luggin probe. All potential values are used according to the Ag/AgCl reference electrode (0.197 V vs. SHE). The working electrode (WE) was set in a special mould with an exposed area of 1 cm2 as the working area. The schematic diagram of the mould and the electrochemical setup are presented in Figures 1A, B. The biofilm-coated disks were connected to the PAR via a copper sheet. The solutions were purged with nitrogen for at least 30 min before introducing the working electrode, and the purging lasted throughout the experiment. Each test was repeated at least three times to ensure reproducibility.
[image: Figure 1]FIGURE 1 | Schematic diagrams of (A) The mould and (B) The electrochemical setup used in the present study. (C) EDS analysis of titanium disks used prior to corrosion exposure. CE, counter electrode; RE, reference electrode; WE, working electrode.
The electrochemical tests were performed in a modified Fusayama’s artificial saliva solution (0.4 g/L NaCl, 0.4 g/L KCl, 0.795 g/L CaCl2·2H2O, 0.005 g/L Na2S·9H2O, 0.69 g/L NaH2PO4·H2O, 1.0 g/L urea, pH = 6.0) at 37°C ± 0.5°C as previously reported (Souza et al., 2013; Fukushima et al., 2018). The potential dynamic polarization (PDP) curves and electrochemical impedance spectroscopy (EIS) tests were determined to evaluate the corrosion resistance of titanium in the Fusayama’s artificial saliva after different treatments (Zhang et al., 2007). Prior to the tests, the open circuit potential (OCP) measurements were carried out for at least 1 h until it reached a quasi-steady state value (deviation in OCP from its 5 min value within 2%). PDP measurements were conducted from −0.5 V vs. OCP to 1.5 V vs. OCP at a scan rate of 1 mV/s. The electrochemical parameters, including the corrosion potential (Ecorr), corrosion current density (Icorr), pitting potential (Epit), and passive current density (Ipassive), were determined. EIS measurements were conducted at OCP with a sinusoidal potential wave as a disturbing signal. The amplitude of sinusoidal potential was 10 mV, and the scan frequency ranged from 0.01 to 105 Hz. The EIS results were analyzed with ZSimpWin software (AMETEK, Berwyn, United States). All experiments were performed with at least three independent tests.
2.10 Statistical analysis
All data obtained were presented as means ± standard deviations for statistical analysis. One-way analysis of variance (ANOVA) was performed by SPSS 22.0 software (IBM, Armonk, United States), and post hoc Fisher’s LSD multiple comparison tests were then examined. The significance level was set at p < 0.05.
3 RESULTS
3.1 EDS analysis
The elemental content of titanium disks used in this study was examined by EDS. As shown in Figure 1C, almost all of the typical titanium element peaks were detected. The results of the EDS analysis revealed that titanium had a purity of more than 99.9%, as measured by the atomic percentage of the Ti element.
3.2 Dynamic determination of biofilm development and pH value
The dynamic growth of S. mutans biofilm on titanium disks in each group was plotted in Figure 2A. In the first 2 h, there was no discernible increase in bacteria. Then, S. mutans proliferation in the positive control group accelerated and reached ∼9-fold the initial level after 12 h, followed by a gradual increase up to 48 h and then levels plateaued. S. mutans exposed to 5 μg/mL of peptide 1018 or DJK-5 showed similar but delayed kinetics with a longer lag phase, beginning to thrive after 4 h and lower growth by 6–7 fold in the first 8 h. Bacterial growth was stabilized between 12 and 48 h and reached a plateau within 96 h. Overall, there were more bacteria in the 1018 group (5 μg/mL) than in the DJK-5 group (5 μg/mL) at each time interval. The kinetics of growth was much more dramatically affected at 10 μg/mL of peptide. Treatment with 10 μg/mL of 1018 led to much slower proliferation of S. mutans in the group between 12 and 48 h, but its eventual optical density after 48 h value was higher than in the 5 μg/mL of DJK-5 group. The biofilm development of S. mutans exposed to 10 μg/mL of DJK-5 was substantially and effectively inhibited during the first 72-h, but increased slightly by 96 h.
[image: Figure 2]FIGURE 2 | The dynamic determination of S. mutans in BHI medium supplemented with sucrose (200 g/L) from 0 to 96 h for each group: (A) The dynamic growth of S. mutans biofilms on titanium disks as measured by optical density at 405 nm; and (B) The dynamic variation of the pH of the culture medium. Data are shown as means ± standard deviations (no statistical analysis was carried out).
S. mutans is known acidify the medium. The pH of the medium in the untreated S. mutans control decreased to around 4 within 18 h, due to biofilm growth (Figure 2B). The decrease in pH values in each group at the designated time intervals corresponded to the increase in OD values. Specifically, in the positive control group, pH values dropped rapidly from 7.0 at 0 h to 4.48 within 10 h, then to 4.02 by 18 h, and then remained stable. The pH values of the medium with 5 μg/mL of 1018 and DJK-5 added revealed the same declining trend. They maintained a slower decline in pH than the positive control group but still reached a pH of around 4 by 18 h. Ten μg/mL of 1018 delayed the pH drop for the first 12 h, but it still went down to 4.17 at 24 h. Remarkably, 10 μg/mL of DJK-5 was able to maintain the pH around neutrality with only a 0.5 unit decrease during the 96-h incubation period.
3.3 Biofilm killing
The dead bacterial proportions and live/dead bacteria CLSM images of S. mutans biofilms on titanium surfaces after incubation with or without peptides for one or two 48-h periods are shown in Figures 3A, B. Both peptides 1018 and DJK-5 (at 5 and 10 μg/mL) killed the majority of bacteria over 48 h (from 53.95% to 84.82%) with significant differences compared to the positive control group (p < 0.01), and the most bacterial killing was found in the 10 μg/mL of DJK-5 group. Peptide DJK-5 was more effective in killing S. mutans than peptide 1018 at the same concentration, and higher concentrations (10 μg/mL) of peptide led to a higher proportion of dead bacteria than lower concentrations (5 μg/mL) did (p < 0.05). Except for DJK-5 at 10 μg/mL, more S. mutans were killed in the peptide-treated groups after two 48-h treatments than a single 48-h treatment. Ten μg/mL of DJK-5 (48 + 48 h) induced approximately 73.88% of bacterial cell death and had a higher killing proportion than the 5 μg/mL of DJK-5 and the positive control groups (p < 0.05).
[image: Figure 3]FIGURE 3 | (A) Representative CLSM images (green, live bacteria; red, dead bacteria) and (B) Dead bacterial biovolume percentages of S. mutans biofilms for each group after 48 and 48 + 48 h of incubation. Images of (a1 and a2) positive control, (b1 and b2) 5 μg/mL 1018, (c1 and c2) 10 μg/mL 1018, (d1 and d2) 5 μg/mL DJK-5, and (e1 and e2) 10 μg/mL DJK-5 groups. Images of (a1–e1) 48 h and (a2–e2) 48 + 48 h. Data are shown as means ± standard deviations [groups with the same lowercase letters are not statistically significant (p > 0.05)].
3.4 SEM of corrosive titanium surfaces
The SEM surface microstructures of titanium disks (after biofilm removal) from each group incubated with S. mutans for two 48-h treatments are shown in Figure 4. In the negative control group (no bacteria), the disks retained their smooth and even surface morphology, with the presence of longitudinal grooves as a consequence of the polishing process. In the positive control group, the titanium surface colonized by S. mutans from the beginning of immersion was rich in irregular micro-pits of various sizes and shapes along the longitudinal grooves, as indicated by red arrows in SEM images. In the case of titanium disks exposed to bacteria and 5 μg/mL of peptides 1018 and DJK-5, corrosion pits on their surfaces appeared to decrease. Ten μg/mL of peptide DJK-5 had the greatest ability to prevent material degradation, followed by 10 μg/mL of peptide 1018, with only a few visible randomly-scattered micro-pits.
[image: Figure 4]FIGURE 4 | SEM images (A–F) of corrosion of titanium surfaces exposed to S. mutans in BHI medium supplemented with sucrose (200 g/L) for 48 + 48 h from each group (after biofilm removal). Red arrows indicate the corroded areas.
3.5 Electrochemical results of PDP curves
To assess electrochemical corrosion resistance, PDP curves of titanium were examined in artificial saliva at 37°C after incubation with bacteria and peptides. As shown in Figures 5A, B, titanium disks demonstrated moderate corrosion resistance in the test environment because a typical passive plateau of 10−7 A·cm−2 was observed, followed by the Ipassive ranging from 10−6 to 10−7 A·cm−2. This phenomenon reflected that a relatively protective passive film of titanium dioxide remained on the disks. The Ecorr and Icorr in the active region were measured using the Tafel extension method. The passive film was broken down as the applied potential was increased above 10−6 A·cm−2, leading to a sharp increase in the current density. The specific electrochemical data of PDP are depicted in Figures 5C–F. The Ecorr of the positive control group was lower than that of the other groups (p < 0.05), whereas the Icorr of the positive control group was higher than that of the other groups (p < 0.05). With the addition of peptides DJK-5 and 1018, the Ecorr shifted to a less negative value while the Epit showed significantly higher values than the positive control group (p < 0.05), and the Icorr and Ipassive were significantly lower (p < 0.05).
[image: Figure 5]FIGURE 5 | Potential dynamic polarization (PDP) curves of titanium disks after exposure to S. mutans with or without peptides for (A) 48 h and (B) 48 + 48 h, as well as (C–F) relative electrochemical parameters (Ecorr, Icorr, Epit, and Ipassive). Data are shown as means ± standard deviations [groups with the same lowercase letters are not statistically significant (p > 0.05)].
After 48 h, the Icorr and Ipassive had increased in the following order: negative control <10 μg/mL DJK-5 < 10 μg/mL 1018 < 5 μg/mL 1018 < 5 μg/mL DJK-5 < positive control. The OCP and Epit decreased in the following order: negative control >10 μg/mL DJK-5 > 10 μg/mL 1018 > 5 μg/mL DJK-5 > 5 μg/mL 1018 > positive control. Treatment with 10 μg/mL of peptides 1018 and DJK-5 showed improved corrosion resistance of titanium when compared to 5 μg/mL of these peptides, with 10 μg/mL of DJK-5 achieving the greatest effect. A similar trend was observed for titanium disks after two treatments for 48 h of immersion, and the Icorr in each group after two 48-h treatments was lower than those after one treatment, except in the case of the positive control.
3.6 EIS measurements
The EIS tests were performed to characterize the stability of the passive film on titanium after different treatments, with the Nyquist and Bode plots for each group in artificial saliva at 37°C are shown in Figures 6A–D. The Nyquist plots (Figures 6A, C) revealed a capacitive loop, whereas the Bode plots (Figures 6B, D) revealed only a one-time constant, suggesting that the corrosion process of titanium was controlled by charge transfer. The impedance values were in the order of 106 Ω·cm−2, indicating that the titanium was covered by a protective passive film. The most commonly used electrical equivalent circuit (EEC) of titanium’s passive film is Rs {Qou [Rou (RinQin)]}. Rs denotes the solution resistance, Qou and Qin refer to the constant phase element (Q) of the outer porous film and inner barrier film, respectively, and Rou and Rin represent the outer and inner film resistance. The resistance of the passive film (RT) equals Rou + Rin. The corresponding fitting data are listed in Table 1, with chi-square (χ2) values in the order of 10−4. The fitting curves, fitting results, and experimental data showed great agreement. Thus, the Rs {Qou [Rou (RinQin)]} of EEC was appropriate to describe the passive film in this study.
[image: Figure 6]FIGURE 6 | (A,C) Nyqusit and (B,D) Bode plots from EIS measurements for titanium disks in each group after incubation with S. mutans for (A,B) 48 h and (C,D) 48 + 48 h. (E) Electrical equivalent circuit used for fitting the impedance data. (F) RT values of titanium disks for each group. Data are shown as means ± standard deviations [groups with the same lowercase letters are not statistically significant (p > 0.05)].
TABLE 1 | Means and (standard deviations) of electrochemical parameters determined by electrical equivalent circuit models for titanium disks from each group.
[image: Table 1]Figure 6E exhibits the equivalent circuit fitting the experimental impedance data. The Q represents the non-ideal behavior of the capacitor, and there is a positive correlation between Q and capacitance (C). The capacity was related to the property of the passive film’s metal/solution interface based on the following equation: C = εε0A/d, where C denotes the capacitance of a film, ε0 (8.854 × 10−14 F·cm−1) is the vacuum permittivity, ε is the dielectric constant, and A and d are the area and thickness of the film, respectively. According to Table 1, Qou is one order of magnitude greater than Qin, and Rou is two orders of magnitude less than Rin. The ε of the outer layer was estimated to be greater than that of the inner layer, indicating that the inner layer is more compact and protective. The corrosion resistance of the passive film (RT) for each group is manifested in Figure 6F. The RT values of titanium treated with peptides (in 48 h) were higher than those of the positive control group (p < 0.05), demonstrating that 1018 and DJK-5 could prevent S. mutans from deteriorating the passive film. Furthermore, the RT values of titanium treated with 10 μg/mL of DJK-5 were close to the negative control group, denoting a significant anticorrosion efficacy. In the case of two 48 h treatments, the RT of titanium treated with peptides increased slightly. This trend was consistent with the results of PDP experiments.
4 DISCUSSION
In this work, the effects of peptides 1018 and DJK-5 on the biofilm killing and corrosion behaviors of titanium exposed to S. mutans were evaluated. The results demonstrated that peptides 1018 and DJK-5 (at 5 and 10 μg/mL) killed the majority of the bacteria (from 53.95% to 84.82%) in one and two 48-h treatments. Ten μg/mL of DJK-5 inhibited S. mutans growth the most and kept the pH neutral. Furthermore, the two peptides exhibited less negative Ecorr, significantly lower Icorr, and higher RT than the positive control after one and two 48-h treatments, with 10 μg/mL of DJK-5 showing the greatest effects. These findings suggest that antibiofilm peptides were effective in improving the corrosion resistance of titanium with biofilm-killing ability. Hence, the null hypotheses have to be rejected.
As an opportunistic bacterium known to facilitate the corrosion of dental implants, S. mutans has been extensively selected in vitro and in vivo studies to evaluate the biofilm formation and electrochemical behaviors of titanium (Souza et al., 2018; Chai et al., 2021; Lu et al., 2022). The growth of S. mutans in the positive control group remained stable after 48 h, indicating a mature biofilm characteristic (Costa et al., 2020) (which was used as the observation time point in subsequent experiments), and the bacteria were largely alive after one or two 48-h periods of incubation. As the biofilm develops and the pH rises, the accumulation of microbial metabolic byproducts, including lactic acid, and the acidic environment are expected to trigger titanium corrosion. The colonization of oral microbes in both the early and late stages of SLA titanium surface corrosion has been reported in previous investigations (Rodrigues et al., 2016; Siddiqui et al., 2019). Severe corrosive characteristics, such as discoloration and pitting, were discovered after analyzing these retrieved titanium samples. Apart from acid production, recent studies have suggested that the metabolism of viable microbial cells and oxygen consumption contribute to titanium corrosion as well (Zhang et al., 2013; Fukushima et al., 2014). The non-uniform distribution of oxygen contents generated by reactions between oxygen around microbes and their metabolites most likely creates a local potential difference, and thus electrochemically corrosive properties may appear.
Treatment with peptides 1018 and DJK-5 (at 5 and 10 μg/mL) inhibited S. mutans growth and killed the biofilms on the titanium surface to varying degrees, and DJK-5 (10 μg/mL) displayed the highest ability among all groups to maintain a neutral pH, prevent microbial growth, and induce cell death within biofilms. These results confirm that bacterial growth inhibition and biofilm killing (with pH stabilization) on titanium can be obtained by antimicrobial peptides, implying an effective strategy for preventing biofilm-induced implant infection and corrosion. The mechanism behind this could be elucidated as follows. In general, the integrity or functioning of bacterial cell membranes can be destroyed by positively charged antimicrobial peptides because of the presence of negatively charged bacterial lipids (Bechinger and Gorr, 2017). Both peptides have been shown to be effective against a variety of Gram-negative and Gram-positive bacteria in terms of killing and decomposing preformed biofilms (Pletzer et al., 2016; Pletzer and Hancock, 2016). In addition to the promotion of ppGpp degradation involved in biofilm development, biofilm killing may be enhanced through immune cell activation, autophagy, and apoptosis mediation (Hancock et al., 2016). Interestingly, peptide DJK-5 outperformed peptide 1018 in terms of antibiofilm capability. In this regard, DJK-5 possesses improved in vitro biological activities and is less likely to be recognized by host or bacterial proteases during infections, as well as being more resistant to degradation by host proteases (de la Fuente-Núñez et al., 2016). Furthermore, following an extra 48 h of bacterial growth in a medium with 10 μg/mL of DJK-5, the ratio of dead bacteria to total bacteria dropped in comparison to the initial 48 h. This may be due to the fact that the growth of live bacteria might outpace the prolonged bactericidal effect of DJK-5. However, it is encouraging that DJK-5 was able to kill nearly 80% of the bacterial biofilms after 96 h. Even so, future studies are demanded to explore the long-term biofilm killing efficacy of these peptides.
SEM was used to observe the surface morphology of corrosive titanium disks exposed to S. mutans and peptides. Irregular micro-pits of varying were manifested along the grooves in the positive control group (contained S. mutans without peptides) after 48 + 48 h, which was consistent with the findings of Souza et al. (2018) and Siddiqui et al. (2019). On the contrary, micro-pits decreased on surfaces treated with peptides 1018 and DJK-5, indicating that the addition of peptides had the potential to prevent titanium corrosion. The inhibitory effects with applied potentials was further assessed by PDP curves. Generally, the electrochemical corrosion of titanium alloys can arise from several modes of attack, each with its unique mechanisms (Nyby et al., 2021). Therefore, multiple parameters are available for assessing the salient features of corrosion events, such as Ecorr, Icorr, Epit, and Ipassive. While the passive film slows down the rate of uniform corrosion, it can also accelerate localized corrosion, which is linked to the local breakdown of passive films. The persistence of titanium-based implant may fail as a result of these corrosion mechanisms. The electrochemical data in the positive control group showed the lowest Ecorr and the highest Icorr and Ipassive among all groups, denoting that the electrochemical properties of titanium can be changed by the grown biofilms. This could be ascribed to the effect of S. mutans growth and metabolism at high sucrose concentrations on acid production, which lowers the pH value of the culture medium (Souza et al., 2013; Costa et al., 2021). As a result, the stability of the passive film on titanium deteriorated, and the corrosion and degradation rate of the film in saliva was accelerated. Notably, peptides 1018 and DJK-5 shifted the Ecorr and Epit in a more positive direction and displayed significantly lower Icorr and Ipassive than the positive control (in 48 and 48 + 48 h), with 10 μg/mL of DJK-5 achieving the greatest effects. Thus, the use of peptides effectively reduced the corrosion susceptibility of titanium in the presence of biofilms, which supports the results of biofilm-killing experiments.
The resistance properties of peptides applied to titanium exposed to S. mutans were assessed by EIS measurements. The resistance (RT) of titanium treated with peptides 1018 and DJK-5 (at 5 and 10 μg/mL) in S. mutans medium for 48 and 48 + 48 h was significantly increased, and the anticorrosion trend corresponded to the antibiofilm trend. From a clinical standpoint, titanium corrosion and passive film dissolution induced by biofilm challenge are considered the primary causes of titanium ion release (Noronha Oliveira et al., 2018). Such ions, along with debris and particles released by titanium-based dental implants, are harmful to the surrounding oral tissues, triggering inflammatory responses and bone loss (Messous et al., 2021; Barrak et al., 2022). In the present study, the application of peptides was shown to increase the electrochemical stability of titanium. When combined with the results from the PDP, EIS, and antibiofilm experiments, the improved corrosion resistance might relate to their effectiveness in S. mutans growth inhibition and biofilm killing. In this regard, the pH of the local environment was kept neutral, and the decrease in the generation of acids and the formation of differential oxygen slowed the corrosive processes. With the reduction of metal dissolution and surface deterioration, the passive film of titanium can be protected to maintain the stability of the implants (Hancock et al., 2021).
The use of antibiofilm peptides was successful in enhancing the corrosion resistance of titanium surfaces against microbial biofilms. The effectiveness of peptides 1018 and DJK-5 on biofilm killing on titanium surfaces at an initial stage was confirmed to reflect clinical situations of early implant infection and treatment. In terms of form, peptides could be applied as functional components to be incorporated into mouthwash or irrigants, preventing and/or treating biofilm-associated implant infection and corrosion to reduce the risk of failure. Despite the encouraging results, it should be noted that there is a complex relationship between microorganisms, corrosion, osseointegration, and surrounding tissues of titanium-based implants. Moreover, it could be a slow process for the deterioration of the passive film caused by microbial accumulation and acid production, and a model system that can mimic more realistic in vivo situations should be developed. Thus, further studies, including clinical trials, are needed to explore the detailed mechanism of antibiofilm peptides interacting with titanium and microbial biofilm, as well as their long-term efficacy in overcoming dental implant corrosion.
5 CONCLUSION
This study evaluated the effects of antibiofilm peptides on the corrosion resistance of titanium against S. mutans biofilms. The results suggested that the application of antibiofilm peptides effectively killed S. mutans biofilms and reduced the corrosion reaction on titanium. Furthermore, 10 μg/mL of DJK-5 can achieve the greatest effects and lead to a pH neutral environment. Therefore, antibiofilm peptides offer promising benefits for promoting the anticorrosion performance of titanium against microbial biofilm to enhance the stability of dental implants and prevent peri-implant infections.
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Objective: A model of chronic infectious mandibular defect (IMD) caused by mixed infection with Staphylococcus aureus and Pseudomonas aeruginosa was established to explore the occurrence and development of IMD and identify key genes by transcriptome sequencing and bioinformatics analysis.
Methods: S. aureus and P. aeruginosa were diluted to 3 × 108 CFU/mL, and 6 × 3 × 3 mm defects lateral to the Mandibular Symphysis were induced in 28 New Zealand rabbits. Sodium Morrhuate (0.5%) and 50 μL bacterial solution were injected in turn. The modeling was completed after the bone wax closed; the effects were evaluated through postoperative observations, imaging and histological analyses. Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway, and protein‒protein interaction (PPI) network analyses were performed to investigate the function of the differentially expressed genes (DEGs).
Results: All rabbits showed characteristics of infection. The bacterial cultures were positive, and polymerase chain reaction (PCR) was used to identify S. aureus and P. aeruginosa. Cone beam CT and histological analyses showed inflammatory cell infiltration, pus formation in the medullary cavity, increased osteoclast activity in the defect area, and blurring at the edge of the bone defect. Bioinformatics analysis showed 1,804 DEGs, 743 were upregulated and 1,061 were downregulated. GO and KEGG analyses showed that the DEGs were enriched in immunity and osteogenesis inhibition, and the core genes identified by the PPI network were enriched in the Hedgehog pathway, which plays a role in inflammation and tissue repair; the MEF2 transcription factor family was predicted by IRegulon.
Conclusion: By direct injection of bacterial solution into the rabbit mandible defect area, the rabbit chronic IMD model was successfully established. Based on the bioinformatics analysis, we speculate that the Hedgehog pathway and the MEF2 transcription factor family may be potential intervention targets for repairing IMD.
Keywords: animal model, mixed bacterial solution, infectious mandible defects, bioinformatics analysis, the hedgehog pathway
1 INTRODUCTION
The incidence of infectious mandibular defects (IMD) caused by war trauma and traffic injuries is increasing (Cicuendez et al., 2018), and these infections often result from a variety of bacteria; furthermore, traditional treatments are not effective, which seriously impacts the patient’s quality of life and the advances in implant restoration. The mechanism of mandible infection and the clinical problems caused by it have not yet been clarified, and a large part of this lack of knowledge is due to the lack of suitable animal models. For ethical reasons, it is difficult to carry out research on IMD in humans, so a suitable animal model of IMD is urgently needed to simulate clinical incidence and find key genes and pathways related to the development of IMD to provide a good research basis for addressing clinical problems.
There are many methods for preparing animal models of infectious bone defects. Lei MG et al. (Lei et al., 2017) implanted a stainless-steel tube soaked with bacterial fluid in the shin bone marrow cavity of rats and confirmed the signs of bone infection by testing. Tao J and Pearson JJ et al. (Pearson et al., 2020; Tao et al., 2020) first established defects in the shin and femur of rabbits, injected bacteria into the defect site, and successfully established a model of infectious bone defects. However, at present, the selected body parts for modeling are mainly conducted in limb bones, and the infection is usually caused by one bacterium. Furthermore, the osteogenic mechanism of the limb bones is different from that of the craniofacial bone, the traditional animal models of bone defect do not accurately simulate the clinically complex mandible infection, and there is still not an ideal animal model of compound bacterial infection in mandible defects.
In studying the occurrence and development of infectious bone defects, the effect of genetic polymorphisms on susceptibility to bone infection has been reported, which includes their effects on TNF-α, IL-1β, and IL-6; (Wang et al., 1985; Frangiamore et al., 2015; Hofmann et al., 2016a); these studies also showed the correlation between specific genes and bone infection. However, these studies only propose correlations at the genetic level and do not further investigate specific mechanisms. With the development of high-throughput technology, technologies such as DNA microarrays or transcriptome sequencing have become powerful tools for screening disease-causing genes by studying the differences in gene expression profiles between experimental and control groups, and the molecular function (MF), biological process (BP), cellular component (CC) and signaling pathways enriched in genes related to the occurrence and development of diseases have been identified.
In this study, to simulate IMD caused by war injuries, a mixture of S. aureus and Pseudomonas aeruginosa was used to establish IMD by animal experiments. And bioinformatics methods were used to analyze transcriptome data from animal models, identify DEGs, and analyze the functions, related pathways, core modules and core genes related to IMD (Figure 1); these results provide a direction for future research to repair IMD.
[image: Figure 1]FIGURE 1 | Schematic diagram of the research process Legend: In this study, the mandibular bone defect of rabbits was first established, and then the prepared bacterial solution was injected to successfully establish the IMD model, and bioinformatics analysis was conducted by transcriptomic sequencing.
2 MATERIALS AND METHODS
2.1 Materials
A total of 28 New Zealand white rabbits (male and female, Conventional Animal) aged 3 months and weighing 2–2.5 kg were selected for the experiment (Kunming Chu Shang Technology Co., LTD. License Number [SCXK (Yunnan) K2019-0003]). The animals were raised in the Medical Animal Experimental Center of the 920th Hospital of the Joint Logistic Support Force [SYXK (Yunnan) K2020-0006], reared separately and given free access to feed and water for 1 week. All animals were handled in accordance with ethical regulations and were examined and allowed by the 920th Hospital Ethics Review Committee of the PLA Joint Logistic Support Force [2023–127 (Section) −01]. S. aureus (ATCC 29213), and P. aeruginosa (ATCC 27853, Luwei Technology Co., LTD. Shanghai, China) strains were obtained, as well as 5% sodium morrhuate (Xinyi Jinzhu Pharmaceutical Co., LTD. Shanghai, China, specification: 2 ML, 0.1 g/branch).
2.2 Methods
2.2.1 Bacterial cultivation
S. aureus and P. aeruginosa were inoculated on Luria-Bertani (LB) culture plates (Solarbio, Beijing, China), incubated in a constant temperature incubator at 37°C for 36 h, and then removed. An appropriate amount of colonies were selected in 15 mL of LB culture medium (Solarbio, Beijing, China) for larger cultures. The mixture was incubated in a constant temperature incubator at 37°C for 36 h and diluted with sterile normal saline. The concentration of bacteria was adjusted to 3 × 108 CFU/mL, and the two bacterial solutions were mixed and used immediately.
2.2.2 Surgery
The experimental rabbits were weighed, and 3 wt% pentobarbital (Tengshan Biotechnology Co., Ltd. Kunming, China) was extracted and injected into the auricular vein for general anesthesia. After the anesthesia took effect, the head was fixed, and the skin of the mandible was prepared on both sides to facilitate follow-up observation of hair growth. In the iodoprene disinfection area, a 3–4 cm incision was made along the lower margin near the median union of the mandible, and the lateral bone surface of the mandible was exposed by blunt separation layer by layer. A circular bone drill with a diameter of 3 mm was used to drill holes, and a ball drill was used to trim the shape of a rectangular bone defect of 6 × 3 × 4 mm. A total of 0.1 mL of 5% sodium maphuate was injected into the bone defect, and after 5 min, normal saline was used for rinsing, 50 μL of 3 × 108 CFU/mL mixed bacterial solution was injected, bone wax (Johnson & Johnson, Shanghai, China) was used to seal the defect, sterile normal saline was used for rinsing, and the wound was sutured layer by layer (Figure 2). After the operation, the rabbits were fed in cages without antibiotics. After the operation, rabbits were divided into two groups, and samples were collected at 14 and 28 days. Healthy rabbits fed conventionally for 1 month without any treatment were used as the blank group.
[image: Figure 2]FIGURE 2 | Model of the surgical procedure Legend: (A) Skin preparation and iodophor disinfection of the operative area. (B) The surgical area was dissected and separated the lateral surface of the mandible. (C) A 6 × 3 × 4 mm rectangular bone defect was prepared; and (D) 0.1 mL 5% sodium morate was injected and maintained for 5 min. (E) After rinsing with normal saline, 0.1 mL of 3 × 108 CFU/mL mixed bacterial solution was injected; and (F) the bone wax was used for closure and the area was sutured layer by layer.
2.2.3 Evaluation methods
Serious infection outside the experimental area, systemic blood-borne infection, extremely altered mental state, and difficulty eating were used as humane endpoints, and the experimental rabbits were selected for modeling. The experiment was conducted using a before-after study with the same samples.
2.2.3.1 Temperature and food intake
The anal temperature of rabbits from 5 days before surgery to 5 days after surgery was measured at 9 a.m. every day, and the food intake during the same period was determined; the changes before and after surgery were analyzed.
2.2.3.2 Wound healing
Skin healing at the incision was observed to determine whether there was sinus formation after modeling.
2.2.3.3 Imaging examination
On the 14th and 28th day after modeling, a CBCT (Bondent, Shanghai, China) scan was performed on rabbits under anesthesia to observe the bone defect at the modeling site.
2.2.3.4 Gross specimens
The rabbits were sacrificed by excessive anesthesia on the 14th and 28th days after modeling. The mandible on the modeling side was removed, and the soft tissues were removed to observe whether there was pus and new bone formation in the defect area. Animal carcasses were handled uniformly according to laboratory requirements.
2.2.3.5 Histological analysis
The mandible was fixed with 4% paraformaldehyde (Solarbio, Beijing, China) and then decalcified in EDTA (Solarbio, Beijing, China) decalcification solutionuntil a fine needle was inserted into the bone cortex without resistance; then, paraffin-embedded sections were cut. Hematoxylin and eosin staining, Goldner’s tricolor staining (Source leaf, Shanghai, China) and tartrate acid fast phosphatase (TRAP) staining (Solarbio, Beijing, China) were performed and sections were viewed under a microscope. Goldner staining procedures were as follows: First, paraffin sections were dewaxed to water, and then Goldner staining solution A was mixed with Goldner staining solution B in equal proportion for nuclear staining. The sections were then stained with Goldner dye C, Goldner dye D, Goldner dye C, and Goldner dye E in turn. Finally, neutral gum sealed the section. TRAP staining procedures were as follows: First, paraffin sections were dewaxed to water. The slices were fixed using TRAP fixative. After rinsing sections with distilled water, add TRAP incubation solution and re-stain with hematoxylin. Finally, the sections were sealed with water-based sealer. Improved smelter scoring (Smeltzer et al., 1997) (Table 1) was used for the quantitative analysis of the HE section. The minimum score for each section was 0 points, the highest score was 4 points, and the total score was 16 points. Areas of the same size in TRAP-stained sections were randomly selected to count osteoclasts.
TABLE 1 | Histological parameters and scoring system.
[image: Table 1]2.2.3.6 Bacteriological analysis
Secretions from the defect were mixed in normal saline aseptically and coated on LB culture plates to observe whether there was colony growth. Afterward, specific primers (Table 2) were selected for different colonies for PCR (Solarbio, Beijing, China) detection to identify whether the infection was caused by the inoculated bacteria.
TABLE 2 | List of specific primers.
[image: Table 2]2.2.4 Transcriptomic sequencing
Healthy rabbits were fed in the same environment for 1 month, and then a mandible defect model of rabbits infected with complex bacteria was established according to the described method. Fourteen days after the operation, 3 rabbits in the complex bacterial infection group and 4 rabbits in the healthy blank control group were sacrificed, and the mandibles were removed and stored in liquid nitrogen for quick freezing. Afterward, RNA libraries were constructed and sequenced to determine gene expression.
2.2.5 Differential expression analysis
To compare the differences in gene expression between different samples, we used the R package edgeR (Robinson et al., 2010), which allowed for the identification of DEGs between the experimental group and the control group. The screening threshold was set as an adjusted p-value (adj.p) < 0.05, and genes whose fold change (FC) absolute value was greater than 2 were considered significant DEGs. The significant DEG expression levels of all samples were determined, and a heatmap of DEGs was drawn using pheatmap.
2.2.6 GO term and KEGG pathway enrichment analysis of DEGs
For GO annotation for DEGs, the genes corresponding to a specific GO annotation were counted and then classified and plotted according to MF, CC, and BP (Ashburner et al., 2000). The genes corresponding to GO annotation were enriched, and the significant enrichment results were screened according to the threshold p-value < 0.05. All GO enrichment results were sorted according to p-value from smallest to largest, and the top 20 GO enrichment terms were depicted in bubble maps. The biological pathway information from the pathway analysis was derived from KEGG. First, KEGG annotation was performed for DEGs; then, the number of genes corresponding to KEGG annotation was statistically analyzed (Kanehisa and Goto, 2000), and functional classification was performed. The genes corresponding to the map number annotated by KEGG were enriched, and the significant enrichment results were screened according to the threshold p-value < 0.05. All KEGG enrichment results were sorted according to p-value from small to large, and the top 20 enrichment pathways were depicted in bubble maps.
2.2.7 PPI network and module analysis
The DEGs were imported into the STRING database to convert protein names, and then the PPI network diagram and interaction information were obtained. Information on protein interactions were imported into Cytoscape software to create visual networks. Then, the nodes, degrees, betweenness centrality and edges in the visual network were analyzed. Using the MCODE plug-in to filter modules, the analysis parameters were set to node score cutoff = 0.2, degree cutoff = 2, K-core≥2, and max. depth = 100. The key nodes in the PPI network were identified using cytoHubba plug-ins. The cytoHubba plug-in uses the DMNC analysis strategy to predict and evaluate important nodes, and the nodes with the top 10 scores were considered core genes.
2.2.8 Predicting transcription factors
Transcription factors were predicted using the iRegulon plug-in in Cytoscape software. The plug-in used the normalized enrichment score (NES) to assess the confidence of the predicted results. The greater the NES value is, the higher the confidence. In this study, transcription factors with NES>4.5 were used establish the network.
2.2.9 Statistical analysis
The mapping software Image-Pro Plus, GraphPad Prism 9.0 (Graphpad software, Lajolla, CA, United States) and the statistical software SPSS 29.0 (IBM corporation, Armonk,NY, United States)were used for analysis. Data are expressed as x ± s. We used Paired T tests and one-way analysis of variance for preoperative and postoperative comparisons, and p < 0.05 was considered a significant difference.
3 RESULTS
The mental state of animals was altered after modeling, and no death or loss occurred within 4 weeks. All 28 rabbits were observed during the experiment.
3.1 Changes in body temperature and food intake
The mean value of the measured data was determined, and statistical analysis showed that the body temperature was 38.5°C ± 0.1°C before modeling and 39.6°C ± 0.2°C after modeling, and the food intake decreased from 146.3 ± 8.5 g before to 93.1 ± 8.4 after modeling; the differences were significant (p < 0.001) (Figures 3A,B). The changes in body temperature reverted over time (Figure 3C).
[image: Figure 3]FIGURE 3 | Post-modeling monitoring results and imaging results Legend: (A). The difference in body temperature before and after modeling. (B). The difference in food intake before and after modeling. (C). The temperature changes before and after modeling. *** means p < 0.001 (n = 28). (D). The result of wound healing at 14 days after surgery; (E). The result of wound healing at 28 days after surgery. (F). Gross specimens at 14 days after modeling. (G). Gross specimens at 28 days after modeling. (H). The results of imaging changes at 14 days. (I). The results of imaging changes at 28 days.
3.2 Wound healing
All rabbits had local skin redness 3 days after modeling, subcutaneous swelling of different degrees and purulent secretions at the incision on day 14 (Figure 3D). The local condition of the rabbits improved somewhat before day 28, but there were still abscesses and sinus, and there was no significant increase in body hair when compared with the contralateral hair (Figure 3E).
3.3 Imaging changes
On day 14, the edges of the bone defect were blurred, and there were signs of bone destruction. Osteolysis, mainly manifested by decreased bone density, appeared in the bone marrow cavity, and the bone trabeculae’s number were decreased (Figure 3H). At 28 days, erosion at the edge of the defect was observed, the bone density at the distal end of the defect was significantly reduced, and the normal structure of the bone trabecula was disrupted (Figure 3I).
3.4 Gross specimens
The rabbits were sacrificed by excessive anesthesia at 14 and 28 days. After incision of the skin, fistulas were found, and small pus cavities were found in the soft tissue of the wound. After the soft tissue was removed, yellow‒white pus filled the bone defect area, the defect was not healed, and the pus was aspirated sterilely for bacterial culture (Figures 3F,G).
3.5 Bacteriological results
The bacterial culture of secretions from the defects of all experimental animals were positive on day 14, and two types of colonies with different forms were visible; the cultures were still positive on day 28 (Figures 4A, B). The two colonies were selected aseptically for qualitative detection, and the suspected S. aureus samples and S. aureus standards were amplified by PCR using specific primers. The results showed that all samples and standard strains were amplified with clear bands of 618 bp (Figure 4C). At the same time, the suspected P. aeruginosa samples and P. aeruginosa standards were tested by qPCR, and the results showed that all the samples were positive (Figure 4D); the CT value was 24.34 ± 2.28. The above results showed that SA and PA were the bacteria found in the culture of secretions from bone defects.
[image: Figure 4]FIGURE 4 | Bacterial culture and identification Legend: (A). The bacterial culture of the secretions of defects at 14 days. (B). The bacterial culture of the secretions of defects at 28 days. (C). PCR results of the suspected SA sample and the SA standard strain, where M is the standard band, SA is the standard Staphylococcus aureus band, and the rest are the suspected Staphylococcus aureus samples. (D). qPCR results of suspected PA samples and PA standard strains. Green is the dissolution curve of PA standard bacteria, and red is the dissolution curve of suspected PA. The curve trend and peak value were consistent.
3.6 Histopathological results
3.6.1 HE staining results
HE staining showed that on day 14, there was inflammatory cell infiltration, the bone trabecular structure was destroyed, abscesses were formed around the lesion, and osteolysis was manifested by disappearance of the bone nucleus (Figure 5A). On day 28, bone destruction became more obvious, and many inflammatory cells infiltrated the bone marrow cavity; furthermore, the number of macrophages increased and necrosis and abscesses formed, indicating aggravation of the bone infection. According to Smeltzer scoring rules (Table 1), the pathological changes between the two groups have no significant difference (p > 0.05, Figures 5B,G).
[image: Figure 5]FIGURE 5 | The histopathological results Legend: (A). HE 14 days after modeling and (B). 28 days after modeling, and the red circles in a and bindicate acute inflammation. The red box indicates chronic inflammation, the red arrows indicate macrophages, the red triangle indicates the loss of bone nucleus, and the yellow arrow shows free dead bone. (C). Goldner staining at 14 days after modeling; (D). Goldner staining at 28 days after modeling. (E). TRAP staining results at 14 days and (F). TRAP staining results at 28 days. (G). Differences in the Smeltzer score were determined according to the Smeltzer scoring rules; the pathological changes between the two groups have no significant difference (p > 0.05, n = 14). (H). Analysis of osteoclast count per unit area in the two groups. The blue arrows are osteoclast-positive areas (* indicates p < 0.05 and n = 14).
3.6.2 Goldner staining results
Goldner staining showed that the bone cancellous around the defect was reduced on day 14 (Figure 5C), and bone cancellous damage in the medullary cavity was serious on day 28, which was consistent with the HE results. The trabecular structure of the bone at the edge of the defect was seriously damaged, the infection showed signs of spreading, and some new bone had formed (Figure 5D).
3.6.3 TRAP staining results
The TRAP staining results showed that the osteoclast-positive areas were mainly clustered near the defect on day 14 (Figure 5E), and osteoclast activity and function were significantly increased on day 28 (Figure 5F). The number of osteoclasts per unit area significantly differed between the two groups (p < 0.05, Figure 5H).
3.7 Results of differential expression analysis
Based on the criteria of adj. p < 0.05 and FC absolute value greater than 2, 1804 DEGs were identified after comparing the infected group and the control group,; among these, 743 were upregulated and 1,061 were downregulated (Table 3; Figure 6A). A heatmap was used to cluster DEGs and show the dynamic change in DEGs expression; red indicates upregulated expression and blue indicates downregulated expression. The expression changes and clustering results of DEGs in the test and control group are shown (Figure 6B).
TABLE 3 | Number of DEGs.
[image: Table 3][image: Figure 6]FIGURE 6 | Differentially expressed gene volcano plot and heatmap Legend: Red represents upregulated genes, blue represents downregulated genes, and gray represents non-differentially expressed genes. (A) The differentially expressed gene volcano plot. (B) The differentially expressed gene heatmap.
3.8 The results of GO analysis of DEGs
GO cluster analysis showed that there were 1,615 DEGs clusters related to BP, 1,584 related to CC, and 1,397 related to MF (Figure 7A). The results of GO enrichment analysis showed that in terms of BP, DEGs were enriched in the response to stimulus, the immune response, the regulation of vasculature development, cell migration, skeletal system development, the regulation of vasculature development, cell migration, and animal organ morphogenesis. In terms of CC, DEGs were enriched in the ribonucleoprotein complex, the chromosome centromeric region, condensed chromosomes, extracellular spaces, the cell surface, etc. In terms of MF, DEGs were enriched in structural constituents of the ribosome, RNA binding, Wnt protein binding, and the combination of growth factor receptors (Figure 7B).
[image: Figure 7]FIGURE 7 | GO/KEGG cluster histogram and enrichment analysis bubble diagram Legend: (A). The DEGs GO cluster histogram. (B). The DEGs GO enrichment bubble diagram. (C). The KEGG cluster histogram of DEGs. (D). The KEGG enrichment bubble diagram of DEGs; the darker the color, the more significant the enrichment, and the larger the bubble, the larger the GeneRatio.
3.9 The results of KEGG clustering and enrichment of DEGs
To further study the clustering and enrichment pathways of DEGs, we performed KEGG analysis. The pathways of DEGs were mainly enriched in brite hierarchies, cellular processes, environmental information processing, and genetic information processing and metabolism (Figure 7C). The DEGs were mainly enriched in pathways in cancer, the PI3K-AKT signaling pathway, the AGE-RAGE signaling pathway, S. aureus infection, the P53 signaling pathway,etc. (Figure 7D).
3.10 PPI network establishment and core module and gene identification
To determine which genes and proteins play key central roles in infection, PPI analysis of DEGs was performed using the String database. After infection, the PPI network had a total of 62 nodes and 220 functional relationships between nodes (Figure 8).
[image: Figure 8]FIGURE 8 | Protein interaction network diagram Legend: Each node represents the proteins produced by a single, protein-coding gene locus. The lines between nodes represent the interactions between proteins.
MCODE plug-in analysis showed that core module 1 with the highest score in the PPI network included the Hedgehog signaling pathway (Figure 9A). Further analysis by the cytoHubba plug-in showed that the core genes that met the screening criteria were patched 1, 2 (PTCH1&2), hedgehog interacting protein (HHIP), GLI1, GLI-Kruppel family member, sonic hedgehog signaling molecule (SHH), myosin heavy chain 1&7&8 (MYH1&7&8), tenascin N (TNN), and actin alpha cardiac muscle 1 (ACTC1) (Figure 9B). Among them, PTCH1&2, HHIP, GLI1 and SHH were in the first module.
[image: Figure 9]FIGURE 9 | Core genes and modules and iRegulon predictions from PPI Legend: (A). Core module 1. (B). Core genes from cytoHubba; the darker the color, the higher the score and ranking; circles represent genes in the core module and lines represent the mutual regulation of genes. (C). Transcription factors and their regulatory networks; Yellow indicates the predicted transcription factor, blue indicates DEGs, and the lines show the regulatory relationship between transcription factors and DEGs.
3.11 Prediction of transcription factors and the establishment of regulatory networks
According to iRegulon predictions, transcription factors with NES>4.5 were myocyte enhancer factor 2A, 2B gene (MEF2A, MEF2B), serum response factor gene (SRF), engrailed homeobox 1 gene (EN1) and paired-like homeodomain 3 gene (PITX3), which regulated 21, 33, 31, 11, and 15 DEGs, respectively (Figure 9C).
4 DISCUSSION
To explore the mechanism of mandibular infection and evaluate the effect of bone repair materials on mandibular repair, it is necessary to select a suitable animal model. Animal experiments can avoid the risks of experiments in humans; in these experiments, the conditions are controllable and reliable data can be obtained. The use of experimental animals to simulate IMD is helpful to understand the mechanism of mandibular infection and the characteristics and properties of osteogenic materials.
Beagle dogs, miniature pigs, monkeys and other large animals, whose teeth and mandible structure are similar to humans, are ideal experimental animals for modeling the dental alveolar bone and mandible (Pieri et al., 2009; Ruehe et al., 2009; Tatić et al., 2010; Hwang et al., 2019). However, large animals are more expensive, they require more specific environments, and there are few canine models, most likely due to the ethical issues associated with using animals that are typically family pets. Rabbits and mice are small and medium-sized animals that are low cost and convenient and can be used to simulate many diseases in a short period of time; thus, these are important animal models in scientific research (Freilich et al., 2009; Munhoz et al., 2011; Bayar et al., 2012; Wang et al., 2018). However, the mouse mandible is small and difficult to manipulate, and mise are often used as a model of periodontitis (de Molon et al., 2014; Liu et al., 2021). Compared with rats, rabbits have larger mandibles and thicker bone walls, which can be used to simulate IMD. X-rays showed that the mandibular ascending branch of rabbits was very thin, and the defect here could not guarantee the stability of subsequent implant materials. The root of the molar in the mandibular body is longer, which can easily damage the root when the mandibular defect is made, and the front-end edentulous jaw area will not be disturbed; thus, this model does not affect rabbit eating and is more in line with ethical guidelines. Therefore, we chose to model the edentulous jaw region of rabbits.
In war trauma, bone infection is often caused by a variety of bacteria, among which, S. aureus and P. aeruginosa have a high detection rate (Ghieh et al., 2023). Clinically, S. aureus infection is the most common form of bone infection, so S. aureus is often the first choice for the establishment of an infectious bone defect model (Lüthje et al., 2020; Watson et al., 2020; Karau et al., 2022). P. aeruginosa can also be found in the infections of patients with bone infection. However, most bone infection models use a single bacterial strain (Norden and Keleti, 1980), so we chose these two types of bacteria to make our model. For the amount of bacteria, domestic and foreign scholars often use 106∼108 CFU/mL to make the model (Wu et al., 2020; Wu et al., 2022). Due to the limitation of the scope of the defect area, we chose to inject 50 μL of a 3 × 108 CFU/mL bacterial mixture. Obvious pathological changes in bone infection appeared after 14 and 28 days, and the success rate reached 100%. There was no animal death during the observation period, indicating that 3 × 108 CFU/mL was the appropriate modeling concentration for the bacterial mixture. For bacterial implantation methods, most scholars utilize direct injection (Hriouech et al., 2020; Li et al., 2022; Yin et al., 2022). When the research involves implants, such as titanium implants and titanium nails, some scholars first implant bacteria on the surface of the implants and then put implants into the modeling area (Karau et al., 2022; Yang et al., 2022). Considering that the modeling simulates IMD caused by war trauma, we chose the method of directly injecting bacterial solution after the inducing mandible defects.
We used 5% sodium morrhuate as a vascular hardener, which blocks microcirculation, helps prevent systemic blood-borne infection, and simulates local blood circulation necrosis (Inzana et al., 2016), which occurs on the battlefield. Some people think that the use of vascular hardeners interferes with the establishment of infection models, but most people think that 5% sodium cod liver oleate, as an important treatment factor in the experiment, does not affect the modeling of bone infection and can prevent the failure of modeling due to macrophage phagocytosis of bacteria (Li et al., 2022; Wang et al., 2022).
There are many ways to evaluate bone infection, such as gross observation, phenotypic evaluation and histological evaluation. For this model, we observed the general condition of rabbits at 9:00 a.m. every day before and after surgery, which was consistent with what was done in previous reports. The normal body temperature of rabbits at room temperature was 38.6°C (Kasa and Thwaites, 1990). After modeling, the rabbits’ body temperature increased, food intake decreased, and local skin redness and swelling were the most intuitive signs of infection (Atkins, 1964). After modeling, the skin was red and swollen, the sinus was still present at 28 days, and pus could be seen flowing out of the sinus, proving that the infection persisted.
CBCT is one of the imaging devices that is commonly used in stomatology. Compared with X-ray, CBCT can be used to detect changes in the jaw in multiple dimensions. To dynamically observe the manifestations of bone tissue infection, we used CBCT for noninvasive detection after anesthetizing rabbits in different time. Due to the short observation time, serious symptoms such as bone malformations and pathological fractures did not appear in this model. The imaging observations were similar to the clinical findings and included osteolysis and decreased bone density (Lew and Waldvogel, 2004).
Some scholars conduct sampling and testing at 6–8 weeks (Odekerken et al., 2013; Bilgili et al., 2015), while others conduct testing at 3–4 weeks (Hwang et al., 2019; Zhang et al., 2019). The selection of model testing time depends on the type of model and the purpose of modeling. We chose 2–4 weeks because the histopathological scores at the two time points in the model have no significant difference, and the purpose of our modeling was to explore the pathogenesis of IMD to find appropriate treatment methods for early intervention. During the sampling process, pus lesions of varying degrees were found in the soft tissues around the site. After sampling, there was no periosteum covering the defect area, the bone surface was exposed, and the color was normal. The defect was filled with yellowish-white pus. This is consistent with the symptoms of animal bone limb infection models (Afzelius et al., 2022; Li et al., 2022).
Due to the influence of various factors, such as sampling site, surgical operation and bacterial virulence, there are many patients with bone infection that have negative bacterial cultures in clinical practice; thus, positive bacterial cultures are not necessary for the diagnosis of every bone infection. However, we used LB medium to culture bacteria from pus at the defect, and the results were positive. However, there was no significant change in the bacterial quantity at 28 days of infection or the ratio at 14 days of infection, indicating that the bacteria were stable in the middle and later stages, which was consistent with the findings of previous research reports (Vitko and Richardson, 2013). For the identification of bacterial species, traditional methods include observing the morphology of bacteria under an electron microscope and mass spectrometry identification. However, the observation error when using electron microscopy is large, and mass spectrometry analysis takes a long time (Alharbi et al., 2021). Existing biofluorescence imaging techniques can prevents animal sacrifice, but bacteria with fluorescent labels need to be constructed, and there is sometimes differences between the fluorescence intensity and the actual bacterial population (Kadurugamuwa et al., 2003). In recent years, PCR technology and high-throughput sequencing have emerged as strategies to detect bacteria, and these methods can accelerate the qualitative analysis of bacteria (Watts et al., 2017). We used PCR technology to compare the cultured bacteria with standard bacteria and demonstrated that the infection was caused by the two bacteria used in the modeling; furthermore, there was no interference from other bacteria during the operation and postoperative observation period.
Histopathological diagnosis is essential for bone infection, and appropriate scoring criteria are needed for complex histological changes. Smeltzer systematically proposed histopathological scoring criteria for rabbit tibial bone infection in the early stage; these criteria include aspects such as intramedullary inflammatory infiltration, intramedullary abscesses and osteonecrosis (Smeltzer et al., 1997). Currently, these aspects are used as evaluation criteria for the histopathological diagnosis of bone infection (Tiemann et al., 2014). After staining the bone tissue sections in the defect area, we used the Smeltzer score to distinguish the histopathological severity of the infection model; these results were consistent with the imaging results, and pathological changes such as inflammatory cell infiltration, bone cell disappearance, and dead bone formation occurred in the model. Goldner tricolor staining results also indicated that the number of cancellous bone trabeculae around the defect was significantly reduced, and these changes verified that this model was consistent with the clinical pathological changes seen in bone infection (Tiemann et al., 2014; Jiang et al., 2019). In our results, the pathological tissue scores between the 14-day group and the 28-day group have no significant difference, which may indicate that the infection entered a chronic stage as a result of process stabilization.
As a specific marker enzyme that stains osteoclasts, TRAP staining can be applied to observe the distribution of osteoclasts over time and determine the osteoclast count per unit area to monitor the progression of bone destruction. The results showed that osteoclasts mainly appeared and gathered around the defect, and the number of osteoclasts increased with time. Some scholars believe that bacteria can contact osteoblasts after infecting bone tissue and be internalized in cells for long-term survival, during which they cause serious damage to bone tissue (Foster et al., 2014). Although the specific mechanism of the changes in bone mass caused by complex bacteria has not been fully elucidated, the experimental results suggest that, under the condition of infection, the intramedullary cancellous bone structure may be caused by the direct action of bacteria and the induction of proinflammatory factors, which promote the function of osteoclasts and inhibit osteoblasts; this action results in the gradual absorption of cancellous bone and causes further bone loss.
Infectious bone defects have become a research hot issue in recent years, but current studies focus on the role of specific genes (Evans et al., 1998; Scianaro et al., 2014; Delsing et al., 2015; Hofmann et al., 2016b; Van Asten et al., 2017). However, the response of patients with infectious jaw defects to pathogens is systematic, and we should pay attention not only to the immune response to bacteria but also to other aspects of the response, especially bone metabolism. Many patients have a risk of bone nonunion and pathological fracture due to bone infection throughout the course of this disease. Therefore, we need to further explore the overall transcriptomic changes in bone tissue during bone infection and search for key genes to provide ideas for the early diagnosis, systematic treatment and prevention of infectious jaw defects.
Through high-throughput transcriptomic sequencing analysis, we identified 1804 DEGs when comparing the experimental group and healthy rabbits 14 days after surgery. The DEGs were enriched in BPs including immune response, the response to stimulation, the development of the bone and vascular system and the regulation of cell movement. The same trends were seen for CC and MF. According to these results, the biological function of the body after infection includes the stimulation and immune response to pathogens. Meanwhile, the expression of genes contained in angiogenesis, osteogenesis and cell migration is downregulated, and bone metabolism is inhibited.
Similar to GO analysis, KEGG pathway analysis showed that the DEGs were enriched in tumor-related pathways, the PI3k-AKT pathway, the AGE-RAGE signaling pathway, etc. Cytokines produced by chronic inflammation cause abnormal inflammatory signaling pathway activation by inducing gene mutations and altering the expression and transformation of oncogenes and tumor suppressor genes. Meanwhile, chronic inflammation promotes the establishment of an immunosuppressive tumor microenvironment by recruiting a variety of immunosuppressive cells, which promotes the occurrence and development of tumors (Guthrie et al., 2013; Schaue et al., 2015). The PI3K-AKT and AGE-RAGE signaling pathways are closely related to inflammation (Stark et al., 2015). Akt is involved in inflammation and is a key protein downstream of PI3K signaling (Testa and Tsichlis, 2005). Lipopolysaccharides (LPS) stimulate human innate immune cells, and the expression of the proinflammatory factors IL-12, TNF-α and IL-6 increases after the administration of PI3K or Akt inhibitors, while the expression of the anti-inflammatory factor IL-10 decreases (Yin et al., 2016). Studies have shown that Akt activation can inhibit LPS-induced inflammation in mice and rabbits with sepsis (Wang et al., 2013). In some patients with type II diabetes, AGEs in periodontal tissues are elevated due to increased blood glucose, and AGEs bind to RAGE on the surface of immune cells, inducing the release of inflammatory factors, and ultimately accelerating the destruction of periodontal tissues (Blasco-Baque et al., 2017; Figueredo et al., 2019). Pathway enrichment analysis showed that pathways associated with the immune system and bone destruction were activated after infection, as well as pathways associated with anti-inflammatory activity.
In the PPI network constructed based on DEGs, the modules with the top 1 scores based on the MCODE plug-in were regarded as core modules; these modules were enriched in the Hedgehog signaling pathway. It is speculated that these molecular events are related to the pathogenesis of IMD. The core genes identified by the cytoHubba plug-in were SHH GLI1, PTCH1&2, HHIP, MYH1&7&8, ACTC1 and TNN, which were all located in the center of the PPI network and were concentrated in core modules; thus, we speculate that these genes may be intervention targets for repairing IMD.
Among the identified core genes, SHH, PTCH1&2, HHIP, and GLI1 are components of the Hedgehog signaling pathway, which is closely related to inflammation and tissue repair. Lowrey et al. (Lowrey et al., 2002) showed that when exogenous SHH peptide is added to the Hedgehog signaling pathway, and the proliferation of anti-CD3/CD28-activated peripheral blood CD4+ T cells significantly increased. Kim JH et al. (Kim et al., 2010) showed that Helicobacter pylori can activate NF-kB and induce SHH expression in a CAGa-dependent manner, and SHH can be used as a chemical inducer of macrophages to recruit macrophages to the inflammatory region (Schumacher et al., 2012). In addition, SHH is also a chemical inducer of BMSCS in chronic inflammation (Warzecha et al., 2006). Circulatory signals (such as TGF-β) released during H. pylori-mediated gastritis can induce HH/GLI signaling in bone marrow-derived stromal cells and enable BMSCS recruitment to the inflammatory region. Cai et al. (Cai et al., 2012) interfered with rat BMSCs using rShh-N and found that rShh-N increased the proportion of cells in the S phase and the G2/M phase, enhanced ALP activity and matrix mineralization ability, and increased the expression of osteogenic genes, indicating that SHH promotes the proliferation and osteogenic differentiation of BMSCs. Baht et al. (Baht et al., 2014) used the mouse tibial fracture model and found that the expression of the Hedgehog target genes (GLI1 and PTC1) gradually increased 7, 14, and 21 days after fracture repair in wild-type mice, indicating that the activation of Hedgehog signaling plays a role in regulating fracture healing. In conclusion, the Hedgehog signaling pathway is involved in regulating the immune system during infection and can recruit BMSCS cells to accelerate repair in the body. Therefore, the intervention of this pathway is expected to control infection and promote the repair of mandibular defects.
In this study, the MEF2 family was the transcription factor family whose prediction results were of the highest confidence in the IRegulon, which is consistent with the results of Zhang RK (Zhang et al., 2018). MEF2A is a component of the MEF2 transcription factor family (Pon and Marra, 2016). Chen C’s (Chen et al., 2023) study indicated that Mef2A may upregulate the expression of the collagen X gene (Col10a1) by interacting with its cis-enhancer, and changes in MEF2A levels affect the chondrogenic marker gene’s expression, such as Runx2 and Sox9. Blixt N (Blixt et al., 2020) showed that the loss of Mef2A inhibited the differentiation and activity of osteoclasts by altering the expression of key proteins that regulate the expression of osteoclast genes, and the ability of osteoclasts to differentiate was almost completely inhibited. The regulation of this transcription factor is expected to inhibit the activity of osteoclasts and prevent further expansion of bone defects.
In summary, we successfully established an infection defect animal model of the mandibular, which was formed by directly injecting bacterial solution into the defect area. The establishment process for this model was relatively simple, the production cost was low, the method has strong repeatability, and this model can simulate the histopathological changes seen in clinical bone infections. This model is a basic tool for the study of mandibular defects infected with complex bacteria. Subsequently, we screened and identified susceptibility genes, transcription factors and related signaling pathways associated with IMD by transcriptome sequencing and bioinformatics analysis. A total of 1804 DEGs related to IMD were found, including 11 core genes and 1 key transcription factor family. The above signaling pathways involved in the occurrence of IMD include immune regulation, promoting osteogenesis and regulating osteoclast differentiation. The treatment of infectious mandibular defects requires not only infection control, but also restoration of mandibular defects caused by infection. Therefore, further study of these molecules and their pathways will help to elucidate the specific mechanism of IMD and discover the target of repair IMD related to the regulation of immunity, the promotion of osteogenesis and the inhibition of osteoclast.
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As the primary solid phase, amorphous calcium phosphate (ACP) is a pivotal precursor in cellular biomineralization. The intrinsic interplay between ACP and Howard factor underscores the significance of understanding their association for advancing biomimetic ACP development. While organic compounds play established roles in biomineralization, this study presents the synthesis of ACP with naturally occurring organic compounds (ascorbate, glutamate, and itaconate) ubiquitously found in mitochondria and vital for bone remodeling and healing. The developed ACP with organic compounds was meticulously characterized using XRD, FTIR, and solid-state 13C and 31P NMR. The morphological analysis revealed the characteristic spherical morphology with particle size close to 20 nm of all synthesized ACP variants. Notably, the type of organic compound strongly influences true density, specific surface area, particle size, and transformation. The in vitro analysis was performed with MC3T3-E1 cells, indicating the highest cell viability with ACP_ASC (ascorbate), followed by ACP_ITA (itaconate). The lowest cell viability was observed with 10 %w/v of ACP_GLU (glutamate); however, 1 %w/v of ACP_GLU was cytocompatible. Further, the effect of small organic molecules on the transformation of ACP to low crystalline apatite (Ap) was examined in Milli-Q® water, PBS, and α-MEM.
Keywords: amorphous calcium phosphate, organic compounds, ascorbate, itaconate, glutamate, biomaterials, bone tissue engineering, biomimetics
1 INTRODUCTION
Amorphous calcium phosphate (ACP) has attracted much attention since it is the first calcium phosphate (CaP) phase synthesized and stabilized by cells and acts as a precursor of hydroxyapatite (HAp) (Combes and Rey, 2010). ACP provides a reservoir of calcium and phosphate ions that can be utilized for bone growth and regeneration. It is formed in the early stages of mineralization, which gradually crystallizes to HAp (Barrère et al., 2006). Naturally, ACP is stabilized by an organic compound known as the “Howard factor,” whose exact chemical properties are unknown (Howard and Thomas, 1968; Lehninger, 1970). The association of Howard factor with ACP occurs in mitochondria, indicating that ACP forms a complex natural composite of inorganic CaP associated with an organic compound. In literature, synthetic ACP was prepared via numerous routes; however, the biogenic organic additives were not considered (Combes and Rey, 2010). The prerequisite for developing biomimetic ACP is the association of organic compounds present in mitochondria.
Considering this, numerous attempts have been undertaken in the development of ACP composite materials using macromolecules such as osteopontin, osteocalcin, dentin matrix protein, bone sialoprotein, dentin phosphoprotein, matrix extracellular protein, connexin 43, casein phospho-peptide, α2HS-glycoproteins, fibrin, and albumin (Reynolds, 1998; Makowski and Ramsby, 2001; Gajjeraman et al., 2007; Yang et al., 2010; Yarbrough et al., 2010; Syed-Picard et al., 2013; Padovano et al., 2015; Zhao et al., 2018; Iline-Vul et al., 2020; Erceg and Dutour Sikirić, 2022; Nakamura et al., 2022; Indurkar et al., 2023a). However, Becher et al. have identified that many biological ubiquitous small organic molecules can inhibit the conversion of ACP to HAp at their respective tissue concentration (Becker, 1977). Considering these findings, ACP composites were developed using small organic molecules of polycarboxylate (such as citrate, succinate, acetate, and several amino acids), pyrophosphate, phosphocitric acid, polyphosphates as well as di-and-triphosphate nucleotide (Ikawa et al., 2009; Chinopoulos and Adam-Vizi, 2010; Grover et al., 2013; Stipniece et al., 2016; Feng et al., 2020; Indurkar et al., 2023b).
Mitochondria, which is the epicenter of numerous biochemical cycles, result in the formation of many small organic molecules (Scheffler, 2002; Osellame et al., 2012). Considering that ACP was associated with organic compounds in mitochondria, we have screened molecules based on their functions in bone remodeling and regeneration, such as ascorbate, glutamate, and itaconate, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Mitochondria is an epicenter of various small organic compounds and ACP synthesis. In this study, we have utilized ascorbate, glutamate, and itaconate to develop composite ACP nanoparticles.
Ascorbate (ascorbic acid or vitamin C) is crucial in collagen synthesis and is a vital organic compound in connective tissues and bone (Murad et al., 1981). Collagen provides structure and flexibility to the bone, enabling it to withstand mechanical stress. Without sufficient ascorbate, collagen synthesis is impaired, weakening the bone structure and increasing susceptibility to bone fractures (Gunson et al., 2013). Furthermore, osteogenic cell differentiation depends on ascorbate (Aghajanian et al., 2015; Thaler et al., 2022). Despite human’s incapability of ascorbate synthesis, a specific mitochondrial uptake mechanism obtains vitamins from the diet. The vitamin carrier dehydroascorbic acid enters the mitochondria, where it is reduced and accumulated as ascorbic acid (Chen et al., 2022). Human studies have shown a positive relationship between ascorbic acid and biomineralization, emphasizing its importance in maintaining bone health (Chin and Ima-Nirwana, 2018).
Glutamate is an amino acid that plays a significant role in bone remodeling and healing processes. The glutamate receptors are expressed on the osteoblasts, osteoclasts, and bone marrow cells. Activation of glutamate receptors controls the phenotype of osteoblasts and osteoclasts in vitro and bone mass in vivo (Brakspear and Mason, 2012). Moreover, glutamate has attained the nitrogen balance in a fractured bone, thus accelerating the bone healing process (Polat et al., 2007).
Itaconate is a metabolite that has gained much attention in recent years due to its role in immune regulation and inhibiting the production of proinflammatory molecules (Wang et al., 2022). Inflammation occurs in various bone disorders, such as rheumatoid arthritis and osteoporosis (Shi et al., 2022). Itaconate controls the immune response, thus indirectly controlling bone health. It also affects the function of macrophages, impacting the bone remodeling process (Peace and O'Neill, 2022). Itaconate interferes with the Krebs cycle, and changes in metabolism influences cell function and overall bone health (Yang et al., 2020).
Mitochondrial molecules such as acetate, citrate, ascorbate, glutamate, and itaconate play a major role in bone regeneration and are linked closely to mitochondrial function. As mitochondria are abundant in bone cells, the dysfunction of these organelles can lead to bone-related disorders (Kalani et al., 2014). The novel direction of incorporation of mitochondrial organic molecules in ACP offers a unique strategy to address bone-related disorders, potentially leading to innovative therapeutic interventions. Previously, we have developed ACP and its composite with citrate (ACP_CIT) and acetate (ACP_ACE) (Indurkar et al., 2023b). In this study, the ACP was synthesized with ascorbate (ACP_ASC), glutamate (ACP_GLU), and itaconate (ACP_ITN), were thoroughly characterized, and their cytocompatibility was evaluated. Additionally, transformation rate of ACP containing small organic molecules in different media were assessed.
The mechanism behind the transformation of ACP to low crystalline apatite (Ap) is a subject of ongoing debate. Several proposed mechanisms include dissolution reprecipitation, cluster reorganization, and solution-mediated solid-solid transformation. It is plausible that multiple processes may coincide during transformation (Jin et al., 2021). Previous studies have explored the transformation of ACP in aqueous solutions and have revealed the influence of factors such as pH, temperature, presence of foreign ions, and additives (polyelectrolyte, phospholipids, polyglycols, proteins, etc.), all of which can affect the transformation rate of ACP (Chatzipanagis et al., 2016). In this context, the role of small organic molecules containing ACP has received relatively less attention, with only a few reports available in the literature (Tsuji et al., 2008; Ikawa et al., 2009; Chatzipanagis et al., 2016; Sun et al., 2020).
In this study, we have also explored the transformation of ACP containing small organic molecules (acetate, glutamate, itaconate, ascorbate, and citrate) in three different mediums: Milli-Q® water, phosphate buffer saline (PBS), and alpha-modified minimum essential eagle medium with 10% fetal bovine serum (FBS) and 1% penicillin and streptomycin (α-MEM). The transformation of ACP was studied using X-ray diffraction (XRD) and Fourier-transformed infrared spectroscopy (FTIR) analysis performed at various time points. The results uncover how incorporation of small organic molecules into the ACP affects its crystallization rate in different media.
2 MATERIAL AND METHODS
Calcium chloride (CAS 10043-52-4), trisodium phosphate (CAS 7601-54-9), sodium hydroxide (CAS 1301-73-2), and itaconic anhydride (CAS 2170-03-8) were procured from Sigma Aldrich, Germany. Calcium glutamate (CAS 19238-49-4) was obtained from BenchChem, United States, and ascorbic acid (CAS 50-81-7) was procured from Enola, Latvia.
2.1 Synthesis
To synthesize ACP_GLU, 150 mM calcium glutamate solution was prepared in Milli-Q® water. For the synthesis of ACP_ITN and ACP_ASC, a similar procedure was followed, starting with the preparation of 150 mM calcium chloride was prepared in Milli-Q® water, followed by the addition of 150 mM itaconic acid (ACP_ITN) and ascorbic acid (ACP_ASC) respectively. Afterwards, the pH of the calcium precursor solution was carefully adjusted to 11.5 using 3 M NaOH solution.
Following the pH adjustment, an equal amount (150 mL) of 100 mM of trisodium phosphate solution was added rapidly to the respective calcium salt solution (total volume 300 mL). Throughout the process, continuous stirring was maintained. Immediately after precipitation, the suspension underwent centrifugation at 3,000 rpm for 5 min, and the resulting precipitate was washed thrice with Milli-Q® water. Later, the centrifuge tube containing the precipitate was immersed in liquid nitrogen for 15 min, followed by freeze-drying for 72 h. The obtained power was stored in airtight containers until further characterization. Similarly, pure ACP, ACP_ACE and ACP_CIT were synthesized and characterized previously (Indurkar et al., 2023b).
2.2 Characterization
The phase composition of synthesized ACP variants were determined using X-ray diffraction, performed with a PANalytical Aeris diffractometer (Netherlands). The diffraction data were collected at 40 kV and 15 mA in a step mode with a step size of 0.04°, in the 2θ range from 10° to 60°.
The Fourier-transformed infrared spectroscopy (FTIR) analysis was performed using a Nicolet iS50 FT-IR spectrometer (Thermo Scientific, Waltham, MA, United States). Experiments were performed in transmission mode from the wavenumber ranging from 4,000 to 400 cm−1 with a resolution of 4 cm−1 (64 scans).
Solid-state CP MAS 13C NMR spectra were recorded on Bruker AVANCE-II spectrometer at 14.1 T magnetic field using a home-built double resonance magic-angle-spinning probe for 4 x 25 mm Si3N4 rotors. The spinning speed of the sample was 12.5 kHz, the duration of the ramped polarization transfer pulse was 1 ms, and the relaxation delay between accumulations was 5 s. From 15,000 to 32,000, scans were accumulated for the spectra. The intensities were normalized to the number of scans and the sample’s weight. Solid-state 31P NMR spectra were recorded on JOEL, ECZR 600 NMR spectrometer. The experiment was performed with a 90° single pulse at a MAS frequency of 10 Hz with 2048 scans and a relaxation delay of 3 s.
The morphology and particle size of synthesized ACPs were evaluated by FEG-TEM (Tecnai G2 F30, United States) operated at 300 kV. The sample preparation was as follows: a small amount of powder was dispersed in isopropyl alcohol and sonicated in an ultrasonic bath. Further, the samples were placed on a carbon-coated grid and dried before analysis.
The true density of ACPs was analyzed by a helium pycnometer Micro UltraPyc 1200e (Quantachrome instruments, Boynton, FL, United States). Initially, the calibration was performed using a stainless-steel calibration sphere. It was followed by adding a known amount of ACP powder into the sample holder and purging it with helium gas in pulse mode (30 pulses). Subsequently, the sample volume was analyzed by pressurizing it at 10 psi with helium gas. The true density was calculated using sample weight and the analyzed sample volume. The analysis of each ACP was performed in triplicate.
The specific surface area (SSA) of the synthesized powder was analyzed using a nitrogen adsorption system Quadrasorb S1 (Quantachrome instruments, Boynton, FL, United States) by Brunauer-Emmett-Taylor (BET) method. Before analysis, the samples were degassed at room temperature for 24 h.
2.3 In vitro cytocompatibility
The preosteoblast (MC3T3-E1) cell line, obtained from ATCC, United States, was used in this study. Cells were grown in α-MEM (alpha-modified minimum essential medium eagle) with 10% fetal bovine serum (FBS) and 1% penicillin and streptomycin (pen-strep). The cells were cultured in 75 cm2 flasks and maintained under 5% CO2 at 37°C until the cell confluency reached 70%. The medium was replaced every 2 days.
For cellular analysis, suspensions were prepared by adding 10 %w/v ACP precipitate in α-MEM medium and incubated at 37°C in a humidified atmosphere of 95% air and 5% CO2 for 24 h. The extracts were collected by centrifugation at 350 rpm for 5 min and filtered to eliminate solid particles. The extracts were diluted with α-MEM medium to get the desired concentration of 1 %w/v. Therefore, the total sample concentration comprises 10 %w/v and 1 %w/v of each ACP. The extracts were then added to MC3T3-E1 cells containing well plates and incubated for 48 h. The α-MEM medium was added as a positive control, whereas the α-MEM medium with 6 %vol DMSO (dimethyl sulfoxide) was utilized as a negative control. Each sample was prepared in triplicate, and the same procedure was performed for all ACP variants.
Cell viability was measured by Cell counting kit-8 (CCK-8) (Sigma Aldrich, United States). Briefly, cells at a density of 1 × 104 per well were seeded in a 96-well plate and pre-incubated at 37οC under 5% CO2 for 24 h. After 24 h, the cell culture medium was replaced with various concentrations of ACP extracted medium [0 (as positive control), 10 %w/v, and 1 %w/v] and was further incubated for 48 h. CCK-8 was performed following the manufacturer’s protocol to determine cell viability. Cell viability (in percent) was determined as the absorbance ratio between cells grown in the presence and absence of extracted solutions. The average values and standard deviations were calculated from six replicate samples. 6 %v/v DMSO was used as a negative control. The experiments were performed in triplicate, and cytocompatibility was evaluated by calculating cell viability using Eq. 1:
[image: image]
2.4 In vitro biomineralization
The invitro biomineralization experiments were performed with six types of ACP (pure ACP, ACP_ACE, ACP_GLU, ACP_ITN, ACP_ASC, and ACP_CIT). The ACP variants, such as pure ACP, ACP with citrate (ACP_CIT), and acetate (ACP_ACE), were synthesized, and characterization was reported in our previous study (Indurkar et al., 2023b). On the other hand, ACP variants such as ACP_GLU, ACP_ITN, and ACP_ASC were synthesized and characterized in the current study.
Experiments were performed in batch mode. To analyze the effect of small organic molecules containing ACP on transformation to Ap, 100 mg of ACP was added into 5 mL of media (Milli-Q® water, PBS, and α-MEM) preheated at 37°C. Further, the samples were incubated at 37°C and removed after specific time points (15, 30, 60, 120, 240, 1,440, 2,880, and 4,320 min) followed by centrifugation, freezing in liquid nitrogen for 15 min and freeze-drying for 72 h. The obtained powders were used for characterization as shown in Figure 2.
[image: Figure 2]FIGURE 2 | XRD (A–C) analysis confirms the amorphous nature of synthesized ACP with respective small compounds. The functional groups of ACP and the small compounds were revealed by FTIR (D–F) analysis.
The obtained powders after freeze drying were analyzed using X-ray diffraction, performed with a Malvern Panalytical Aeris diffractometer (Netherlands). The diffraction data were collected at 40 kV and 15 mA in a step mode with a step size of 0.04°, in the 2θ range from 10° to 60°. This was followed by Fourier-transformed infrared spectroscopy (FTIR) analysis performed using a Nicolet iS50 FT-IR spectrometer (Thermo Scientific, Waltham, MA, United States). Experiments were performed in transmission mode in the range from 4,000 to 400 cm−1 with a resolution of 4 cm−1 (64 scans).
2.5 Statistical analysis
GraphPad Prism (GraphPad Software, San Diego, United States) was utilized to perform statistical analysis by two-way ANOVA and Tukey’s multiple comparisons. Probability (P) values *p < 0.05 **p < 0.01 were considered the statistically significant differences. The results were expressed in mean ± standard deviation (S.D.).
3 RESULTS AND DISCUSSION
3.1 Synthesis and characterization
The synthesis of ACP_ASC and ACP_ITN showed color changes during the reaction. For instance, a colorless solution was formed when ascorbic acid was added to calcium chloride. However, as the pH of the solution increased to 11.5 using 3 M NaOH, a light-yellow solution was obtained. Therefore, the resultant ACP_ASC powder was light-yellow. Similarly, the color change was observed during the synthesis of ACP_ITN; when the itaconic anhydride was added to the calcium chloride, a colorless solution was formed, which changes to light brown when pH was increased to 11.5 using 3 M NaOH. Therefore, the resultant ACP_ITN powder had a brownish tinge. No color change was observed during the synthesis of ACP_GLU; therefore, a white powder was obtained.
3.1.1 XRD and FTIR analysis
The lack of crystalline order was observed in Figures 2A–C, confirming the formation of X-ray amorphous ACP. The FTIR spectra are shown in Figures 2D–F. The broad band of water observed between 3,000 cm−1 and 3,700 cm−1 corresponds to asymmetric and symmetric vibrations, and the band detected at 1,645 cm−1 represents the bending mode of water. These bands were observed in all the synthesized ACPs. In FTIR, the phosphate group shows four vibrational domains: v1 (∼950 cm−1), v2 (400–470 cm−1), v3 (1,000–1,150 cm−1), and v4 (500–620 cm−1). The phosphate vibrational peaks at v1, v3, and v4 were observed in all the synthesized ACP variants (Indurkar et al., 2023a).
The ascorbate bands in ACP_ASC were observed at ∼3,000 cm−1 attributed to C-H vibrations. The bands between 1,500 cm−1 and 1,660 cm−1 indicate the presence of C=O and C-O vibrations (Williams and Rogers, 1937). The band at 1,488 cm−1 represents the CH bending, 1,423 cm−1 (CH2 scissoring), 1,321 cm−1 (CH bending), 871 cm−1 (C-C ring stretching), and 780 cm−1 (OH out of plane deformation) (Yohannan Panicker et al., 2006; Bichara et al., 2010; Dabbagh et al., 2014).
The glutamate bands in ACP_GLU were observed between 3,000 cm−1 and 3,700 cm−1, which also corresponds to -NH2 vibrations (Cárdenas-Triviño et al., 2020). The bands at 1,569 cm−1 and 1,418 cm−1 correspond to the asymmetric and symmetric vibration of C=O (Barth, 2000). The bands observed in 1,496 cm−1 were attributed to symmetric and asymmetric stretching of C-O of carboxylate ion (De Castro and Cassella, 2016). The band observed at 876 cm−1 represents C-C vibration of glutamate (Sumayya et al., 2008).
The itaconate bands in ACP_ITN were observed at 1,645 cm−1 and attributed to C=C vibrations. The band at 1,563 and 1,425 cm−1 corresponds to the asymmetric and symmetric vibration of C=O (Damilola Olawale et al., 2020). Moreover, the band observed at 1,489 cm−1 and 1,243 cm−1 corresponds to O-C-O and C-O stretching (Loginova et al., 2016; Wibowo et al., 2018). The band observed at 870 cm−1 and 840 cm−1 indicates CH stretching vibrations (Uhanov et al., 2020).
3.1.2 NMR analysis
The solid-state 13C and 31P NMR analysis of synthesized ACPs is shown in Figures 3A, B. The ascorbate signals in 13C NMR analysis of ACP_ASC show the lactone ring and β-carbon carbonyl groups in the range of 170–180 ppm, corresponding to C=O of the carbonyl group. The carbon atoms at γ-,δ-, and ε-positions of ascorbate appeared at 72 and 64 ppm (Tajmir-Riahi, 1991). The interaction of ACP resulted in the shifted peaks of ascorbate.
[image: Figure 3]FIGURE 3 | Solid-state NMR analysis of synthesized ACP with respective organic compounds (A)13C NMR and (B) 31P NMR.
Glutamate signals in 13C NMR analysis of ACP_GLU were observed at 183 and 169 ppm correspond to the carboxylate signals. The signal observed at 58 and 36 ppm was assigned to the carbon atom of the methine group bonded to the amino and carboxyl group (C2) and those branches in the alkyl chain (C3 and C4), respectively. The peak of the C4 carbon was shifted by the disordered conformation of the methylene group due to the association of ACP (Ikawa et al., 2009; Sannelli et al., 2023).
Itaconate signals in 13C NMR analysis of ACP_ITN were observed at 183 and 163 ppm, corresponding to the carboxyl group. The double bond signals were observed at 141 ppm. The carbon atom at the gamma position relative to the carboxyl group in the side chain appeared at 42 ppm, and the carbon atom of the methylene group was observed at 27 ppm (C3) (Strelko et al., 2011; Jahandideh et al., 2018; Vettori et al., 2022). The association with ACP resulted in peaks shifting in all the organic compounds.
The 31P NMR spectra of ACP show characteristic broad Gaussian peaks between −15 and 15 ppm centered from 2.2 to 6.5 ppm (Indurkar et al., 2023b). As shown in Figure 4B, the broad peak was observed in all the synthesized ACPs centered at 3.03 ppm (ASP_ASC), 3.89 ppm (ACP_GLU), and 4.07 ppm (ACP_ITN) respectively. The NMR analysis has confirmed the formation of ACP in the presence of the respective organic compounds (ascorbate, glutamate, and itaconate).
[image: Figure 4]FIGURE 4 | Morphology and particle size analysis of synthesized ACP variants (A) ACP_ASC, (B) ACP_GLU and (C) ACP_ITN.
3.1.3 Density and Brauner-Emmette-Teller (B.E.T.) analysis
The density and the specific surface area (SSA) of the synthesized ACP are shown in Table 1. The difference in density and SSA was observed, indicating the effect of the type of carboxyl ions on the synthesized ACP. One or several of the possible mechanisms can facilitate the interaction of ACP with organic compounds: 1) surface adsorption of organic compounds by chelating action of calcium ions of ACP and the carboxyl groups of organic compounds (Gorbunoff, 1984; Zong et al., 2023); 2) Organic compounds bearing two carboxylate ions (−O(O)C-R-C(O)O−) can substitute the hydrogen phosphate ion (HPO42−) during the precipitation of ACP (Yokoi et al., 2022); 3) interaction between phosphates and carboxylates groups (P-O···H-O-C or P-O-H···O-C) (Corbridge, 1971). 4) Interaction of ascorbate anion can interact with calcium and/or phosphate group (Xu et al., 2019). However, more advanced analysis is required to evaluate the exact interaction of ACP with the organic compound.
TABLE 1 | The density and specific surface area of the synthesized ACP.
[image: Table 1]3.1.4 Morphological analysis
Under electron microscopy, the morphological appearance of ACP shows spherical particles of a few tenths of the nanometre scale (Zhao et al., 2012). All the synthesized ACPs show the characteristic spherical morphology, as shown in Figure 4. Numerous research groups have consistently identified the biomimetic size range of ACP, typically falling between 10 and 50 nm (Niu et al., 2014; Hoeher et al., 2023). Interestingly, the ascorbate, glutamate, and itaconate ACP variants show spherical hollow particles that align with the biomimetic size range. Moreover, ACP is highly sensitive to the electron beam and crystalizes on high electron beam exposure (Lotsari et al., 2018). The crystallization of synthesized ACP under a high electron beam is presented in Supplementary Figure S1.
3.1.5 Cell culture analysis
The cytocompatibility was evaluated by analyzing the cell viability of MC3T3-E1 cells in the presence of synthesized ACP extracts (10% and 1% w/v) prepared in α-MEM medium, as shown in Figure 5. The absorbance recorded for the cells cultured in the plain cell culture medium was normalized to 100% and termed positive control (CNT+). The cells cultured in 10% w/v ACP_GLU showed the lowest cell viability compared to other groups. The higher glutamate concentration can lead to excitotoxicity and or oxidative glutamate toxicity (Schubert and Piasecki, 2001; Kritis et al., 2015). However, reducing the concentration to 1% w/v, ACP_GLU enhanced the cell viability. The concentration of 10% w/v ACP_ITN and 10% w/v ACP_ASC was better than 10% w/v ACP_GLU. A similar trend was found in 1% w/v ACP_ITN and 1% w/v ACP_ASC. The cell viability of 10% and 1% w/v ACP_ASC was better than CNT+. Ascorbate is critical for the differentiation of the preosteoblast, and this may be the reason for the higher cell viability (Hadzir et al., 2014; Hwang and Horton, 2019). The preliminary analysis has confirmed the cytocompatibility of ACP_ASC (10% and 1% w/v), ACP_ITN (10% and 1% w/v), and ACP_GLU (1% w/v).
[image: Figure 5]FIGURE 5 | Relative cell viabilities of MC3T3-E1 cells cultured with extracts of ACP variants (10% and 1% w/v) prepared in α-MEM medium. All the samples were analyzed in triplicate, and data is presented in average and standard deviation. The CNT + and CNT–were positive and negative controls.
3.1.6 In vitro biomineralization
The first in vitro biomineralization was investigated by Boskey and Posner by examining the impact of pH on the conversion of ACP to Ap. Their finding has provided critical insights revealing that transformation rate increases with higher pH levels. Furthermore, it was also discovered that the conversion pathways remain unaffected by the following factors: a) the nature of the buffer system used, b) the presence of a different type of univalent ions, and c) whether the material was in contact with mother liquor or filtered, dried, or added to the fresh buffer. Additionally, the transformation rate exhibited dependency on several factors, including smaller particle size, faster stirring rate, and higher ACP concentration (Boskey and Posner, 1973). Temperature also emerged as a significant variable affecting the conversion of ACP. For instance, at pH of 7.5, ACP converts five times more rapidly at 37°C than at 25°C. The synthesis condition of ACP was also found to influence the transformation rate (Eanes, 1998). Given the focus of our study on the application of ACP and its variants in tissue engineering, we consistently maintained 37°C in all the transformation experiments.
XRD analysis was employed to track alteration in long-range structural order as samples underwent successive progressive crystallization in different solvents, as shown in Supplementary Figure S2. In the analysis of CaP material, it is conventionally assumed that any part of the diffractogram not corresponding to the crystalline phase is amorphous. Nonetheless, there is ambiguity between non-coherent diffraction domains and genuinely separated amorphous phases. In the case of CaP (except hydroxyapatite), various ionic substitutions, defects, and vacancies can disrupt the regularity of the atomic array. This can significantly increase background diffraction patterns without necessarily implying the presence of any amorphous phase or domain (Combes and Rey, 2010). Therefore, FTIR analysis was also employed to provide additional insights. The FTIR spectra of all the ACP variants are shown in Supplementary Figure S3. The characteristic bands of ACP and the respective small organic molecules are shown in Supplementary Table S1).
FTIR spectral examination of ACP variants exhibits a distinct short order evident through absorbance band related to phosphate absorption bands. Notably, the ACP spectrum displays a broader band with no evident splitting in the v4 PO43− vibration region. The highlights distinction between XRD, which primarily detects specific peaks associated with crystalline phases, and FTIR, which detects absorbances originating from both amorphous and crystalline components (Querido et al., 2020). The splitting of the v4 PO43− vibration region confirms the crystallization of ACP, as shown in Figure 6. XRD analysis was utilized to complement the data obtained from FTIR analysis, and the stability time of the ACP variant in the respective medium is presented in Table 2.
[image: Figure 6]FIGURE 6 | The stability of ACP in the different mediums was evaluated based on v4 PO43− vibration region. The samples that did not show evident splitting in the v4 PO43− vibration region was termed amorphous; on the contrary, the samples that showed splitting of v4 PO43− vibration region were termed crystalline.
TABLE 2 | Time required for transformation of ACP to Ap evaluated from peak formation in XRD and splitting of the v4 PO43− vibration observed in FTIR spectra.
[image: Table 2]The inorganic contentment in the respective solvents is presented in Supplementary Table S2. The inorganic ions were absent in Milli-Q® water; therefore, the transformation rates of ACP variants (except ACP_CIT) were slower compared to PBS and α-MEM medium. In PBS, all the synthesized ACP variants underwent a rapid transformation, aligning perfectly with findings from the literature (Zhao et al., 2012).
Previous studies have revealed that in the presence of PBS solution, the organic molecules are released from the surface of ACP, likely due to ionic exchange with the phosphate groups in the medium. This leads to an elevated concentration of phosphate in ACP, thus reducing stability and resulting in rapid transformation to low crystalline apatite (Chatzipanagis et al., 2016). This outcome was consistently observed for all the synthesized ACP variants. The phosphate content in α-MEM medium was less compared to PBS; therefore, the transformation rates were slower (except ACP_CIT). In the case of ACP_CIT, the highest stability of 2,880 min was observed in α-MEM medium. Previous studies have shown the interaction of serum albumin with citrate-stabilized gold nanoparticles forming protein corona (Dominguez-Medina et al., 2012; Zhang et al., 2014; Szekeres and Kneipp, 2018). Similarly, the delayed transformation of ACP_CIT may be due to the interaction of negatively charged citrate with FBS present in α-MEM medium. However, in-depth analysis is required to confirm this phenomenon.
The organic molecules such as acetate, itaconate, glutamate, and citrate contain carboxyl groups, as shown in Figure 7. Both the carboxyl and ascorbate anion have the potential to interact with both calcium and phosphate ions present in ACP (Winand et al., 1961; Corbridge, 1971; Ancillotti et al., 1977; Chatzipanagis et al., 2016). Due to the combination of these factors, the interaction between these organic compounds and ACP is complex and demands a sophisticated analysis to fully comprehend the precise nature of these interactions.
[image: Figure 7]FIGURE 7 | Small organic compounds are utilized for the synthesis of ACP variants.
To investigate the effect of small organic molecules on transformation rate, pure ACP was used for comparison as shown in Figure 8. The variations in the transformation rate can be attributed to the changes in the physiochemical properties of ACP, such as particle size, morphology, specific surface area (SSA), and density induced by different functional groups from the respective small organic molecules, as illustrated in Supplementary Table S3.
[image: Figure 8]FIGURE 8 | Analysing the transformation rates of small organic molecules containing ACP (blue) in comparison to pure ACP (red) across different mediums (Milli-Q® water, PBS, and α-MEM) reveals distinct patterns. Specifically, ACP_ACE exhibited accelerated transformation rates in all mediums compared to pure ACP (both represented in grey colour by combination of blue and red). Conversely, ACP_ITN and ACP_GLU demonstrated similar transformation rates to pure ACP. Notably, ACP_GLU and ACP_CIT displayed slower transformation rates compared to their pure ACP counterpart.
The fastest conversion rate was observed in ACP_ACE in all the respective mediums compared to other ACP variants. Acetate consists of one carboxyl group (COO−) representing a negative charge of −1. Monocarboxylic ions can interact with calcium ions but are not capable of bridging two calcium ions. The incompatible charge of −1 promotes the formation of HAp (Yamada et al., 2021). A similar phenomenon is observed in the case of fluoride-doped ACP. Fluoride ions also have a negative charge of −1; therefore, the transformation of ACP to Ap was faster in the presence of fluoride-doped ACP than in pure ACP (Ten Cate and Featherstone, 1991; Iafisco et al., 2018).
Pure ACP, ACP_GLU, and ACP_ITN represent similar conversion rates in respective medium. Our previous study observed presence of carbonate (CO32-) in pure ACP. The presence of carbonate ions in ACP is known to retard its conversion to Ap (Combes and Rey, 2010; Edén, 2021). Similarly, itaconate and glutamate are dicarboxylic compounds with a negative charge of −2 and may behave similarly to carbonate-substituted ACP. Therefore, the transformation rate of pure ACP, ACP_ITN and ACP_GLU was the same.
In the case of ascorbate containing ACP, the conversion was slower than that of other ACP variants (except ACP_CIT). The presence of the ascorbate anion can interact with ACP, thus retarding its conversion to Ap. Previous studies have shown delayed struvite crystallization in the presence of ascorbate due to a decrease in pH (Manzoor et al., 2018). Additionally, ascorbate in the bloodstream has been shown to prevent struvite stone formation in urine (Flannigan et al., 2014). Similarly, delayed sugar crystallization was observed in the presence of ascorbic acid (Zhou and Roos, 2012). Likewise, a delayed transformation was observed in ACP_ASC despite its higher surface area (115.2 m2/g). However, a more comprehensive analysis is required to confirm the exact behavior.
The highest stability was observed in ACP_CIT. Citrate is a tricarboxylic acid that can interact in four ways with ACP: a). The carboxyl group can interact with calcium ions of ACP. B) HCit3- can substitute PO43− of ACP. c) The hydroxy group of citrates can interact with phosphate ions and/or d) The phosphate ions can interact with the carboxyl group of citrates (Indurkar et al., 2023b). Previous reports have also shown citrate’s efficacy in stabilizing ACP (Chen et al., 2014; Sakhno et al., 2023).
The ACP variants displayed a generally spherical and hollow morphology, except for ACP citrate, which exhibited a dense spherical structure. Differences in the morphologies may also contribute to the transformation rate. However, more detailed analysis is required to confirm this phenomenon.
4 DISCUSSION
The synthesis reactions of ACP are known for their rapid nature and are typically performed under alkaline conditions. However, owing to the triprotic nature of phosphate ions, fluctuations in pH, temperature, and precursor concentration play a crucial role in determining the efficiency of precipitation and particle size of the synthesized product (ACP) (Mekmene et al., 2009).
To address these inherent challenges, we have devised a straightforward and effective method to synthesize ACP, aiming to minimize pH variations. Based on this approach, we have previously achieved successful ACP synthesis with citrate and acetate (Indurkar et al., 2023b). Inspired by this successful strategy, we have extended our efforts to synthesize ACP with other organic compounds such as ascorbate, glutamate, and itaconate. The schematic representation of our synthesis method is outlined in Figure 9. These methods have broadened the scope of ACP synthesized by incorporating diverse organic compounds, thus showcasing its versatility and potential for further exploration in developing novel ACP composites.
[image: Figure 9]FIGURE 9 | Illustrating the systematic approach to achieve controlled ACP (with organic compounds) synthesis with minimal pH variations. The approach was previously reported in developing pure ACP and ACP with citrate and acetate (Indurkar et al., 2023b).
Our prior study also synthesized two pristine ACPs devoid of organic compounds (Indurkar et al., 2023b). The ACP particles exhibited an SSA of 105 m2/g and particle size of less than 20 nm. In that investigation, acetate and citrate have shown distinct effects on the properties of ACP. The surface area and particle size were affected when ACP was linked with acetate and citrate. Building on these findings, our current study investigated the effect of other organic compounds, ascorbate, glutamate, and itaconate, on the properties of ACP. Interestingly, introducing these compounds impacted the SSA and particle size. Moreover, an effect on cytocompatibility was also observed, wherein the 10% w/v ACP_GLU represented a toxic effect on MC3T3-E1 cells.
Glutamate is a versatile molecule with a potential role in influencing cellular processes and viability in bone tissue (Skerry and Taylor, 2005). It has been suggested that glutamate can impact cell proliferation and differentiation through group III metabotropic glutamate receptors expressed in mouse calvaria osteoblasts. Furthermore, previous investigations have revealed that specific concentrations within 50 μM to 1 mM enhance survival rates of human primary osteoblasts when exposed to tumor necrosis factor-α and interferon-γ. However, it is essential to note that a cytotoxic effect was observed when glutamate concentration exceeded 10 mM (Genever and Skerry, 2001).
The cytotoxicity resulting from elevated glutamate levels is attributed to the induction of oxidative stress. This occurs because of triggering the release of reactive oxygen species and nitric oxide. Consequently, excess glutamate concentration leads to oxidative damage to MC3T3-E1 cells, resulting in apoptosis (Fatokun et al., 2006). A similar behavior may be responsible for 10% w/v ACP_GLU samples resulting in cell death. However, further advanced analysis and experiments are required to confirm this phenomenon and gain a deeper understanding of the underlying mechanism.
Examination into in vitro biomineralization has revealed a significant influence of small organic molecules on the transformation rate of ACP. By aligning ACP with small organic molecules and solvents, transformation necessities can be tuned based on the applications. FTIR analysis has confirmed that the resulting Ap retained characteristics of the respective small organic molecules. This observation suggests the potential utilization of transformed Ap as an advanced bone substitute material.
5 CONCLUSION
The study introduces a promising avenue for biomimetic ACP developed by leveraging mitochondrial (ascorbate, glutamate, and itaconate) small organic molecules. Synthesized ACP variants were characterized using XRD, FTIR, and NMR, which confirmed the presence of respective organic compounds and the amorphous nature of ACP. Advanced analysis is required to understand the exact interaction of the organic compounds with ACP. In vitro analysis using MC3T3-E1 cells has provided primary evidence of cytocompatibility of compositions obtained. In vitro biomineralization studies have shown differences in the transformation rate of small organic molecules containing ACP. The variations in the transformation rate can be induced by different functional groups from the respective small organic molecules. The research contributes to the expanding field of biomaterial science by bridging the gap between the biomineralization process and synthetic material, thus opening the door to innovative tissue engineering strategies and bone therapeutic interventions.
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Objective: The present study aimed to assess the bond strength and durability of six bonding agents concerning their application to metal or ceramic brackets and zirconia.
Materials and Methods: Six resin cement bonding agents (XT, XTS, RSBU, RGBU, SBPM, and GMP) were chosen for this investigation. Specimens were either stored in distilled water at 37°C for 24 h or subjected to 5,000 thermocycles before conducting a Shear Bond Strength (SBS) test. Statistical analysis of the SBS data was performed using three-way ANOVA and Games-Howell tests (α = 0.05). The Adhesive Remnant Index was examined, and the debonding surface details on brackets and zirconia were observed.
Results: For metal brackets, all groups demonstrated clinically acceptable bond strength, irrespective of storage conditions, except for the XT group. Regarding ceramic brackets, all groups displayed acceptable bond strength after 24 h of water storage. However, following thermocycling, a significant decrease in SBS was noted across all groups (p < 0.05), with SBPM exhibiting a higher bond strength. Three-way ANOVA analysis indicated that SBS values were notably influenced by each factor, and an interaction among the three independent variables was observed (p = 0.000).
Conclusion: The reliable bond strength between ceramic brackets and zirconia was significantly lower after thermocycling compared to that of metal brackets and zirconia. SBPM exhibited consistent and robust bond strength between ceramic/metal brackets and zirconia across various storage conditions. Furthermore, the HEMA-free adhesive demonstrated a potentially more consistent bonding performance compared to the HEMA-containing adhesive employed in this study.
Keywords: shear bond strength (SBS), ceramic bracket, zirconia, resin cement, metal bracket, storage condition
1 INTRODUCTION
Zirconia (ZrO2) has gained widespread use in dentistry for fixed dental prostheses (FDPs), single crowns, bridge restorations, and implant abutments (Ju et al., 2020). Its exceptional mechanical strength sets it apart from other conventional ceramic materials (Zhang and Lawn, 2018). Additionally, Zirconia exhibits favorable biocompatibility, aesthetic properties, and high resistance to corrosion (Gautam et al., 2016; Zarone et al., 2019). The popularity of zirconia restorations has surged due to their convenient milling from prefabricated disks using CAD/CAM devices (Ju et al., 2019; Goracci et al., 2022).
Zirconia crystals exist in various patterns: monoclinic (M), cubic (C), and tetragonal (T) structures (Nistor et al., 2019). At ambient temperature, the monoclinic phase is most stable but transforms into tetragonal and cubic phases upon heating (Hanawa, 2020). Yttrium-stabilized zirconia (YSZ), also known as tetragonal zirconia polycrystal (TZP), achieves enhanced molecular stability by combining ZrO2 with Y2O3(Nistor et al., 2019; Hanawa, 2020). The typical yttria content in dental YSZ ranges between 3 and 5 mol% (Vult von Steyern et al., 2022). Increasing the yttria content enhances zirconia’s translucency for anterior teeth restoration, but it compromises strength and toughness (Vult von Steyern et al., 2022). In clinical practice, zirconia is predominantly used for porcelain-fused-to-zirconia crowns in anterior teeth, while full zirconia crowns are favored for posterior teeth (Makhija et al., 2016; Rauch et al., 2021). Despite zirconia’s microstructural characteristics, chemical inertness, and biocompatibility, establishing reliable bonding between zirconia and resin cement remains challenging (Lima et al., 2019). Silica-based porcelains are preferred due to superior translucency and their ability to be acid-etched and silanized, enhancing adhesion and reinforcing resin bonding (Zhang and Lawn, 2018).
The rising demand for dental aesthetics has led to an increased number of individuals seeking orthodontic treatment, including adults with a history of fixed prosthetic treatments (Babaee Hemmati et al., 2022). Orthodontic brackets are categorized as metal or ceramic brackets. Ceramic brackets were developed to meet the demand for improved aesthetics (Urichianu et al., 2022). Despite their aesthetic appeal, ceramic brackets exhibit lower bond strength to enamel, acrylic, and porcelain surfaces compared to traditional metal brackets (Pinho et al., 2020). Moreover, ceramic brackets are prone to fracture and may cause irreversible tooth damage during debonding (Alexopoulou et al., 2020). The demographic of adult patients seeking orthodontic treatment is on the rise (Jawad et al., 2015; Hellak et al., 2016).
As ceramic restorations, including zirconia restorations, are frequently performed in adults, the bonding strategy for different brackets and restoration surfaces becomes a pertinent concern (Pinho et al., 2020). Numerous chair-side challenges can arise when orthodontic brackets are bonded to zirconia ceramic surfaces. These challenges include insufficient familiarity with bonding techniques, lack of knowledge about resin cement or bonding products, and inconvenient treatment methods. For instance, clinicians may suggest replacing a ceramic crown with a CAD/CAM resin crown during orthodontic treatment to achieve better bonding performance, subsequently remaking the ceramic crown (Blakey and Mah, 2010). Enhancing the bonding performance between zirconia and metal or ceramic brackets to cater to orthodontic treatment needs could significantly benefit patients. However, scarce previous studies have explored the durability of various bonding agents between different brackets and zirconia.
Hence, this study aims to evaluate the bonding performance and durability of six different bonding agents concerning their application to metal or ceramic brackets and zirconia. The null hypotheses were as follows: (1) no significant difference exists in the bond strength of different bonding agents; (2) the storage condition does not affect the bond strength of the six bonding agents; and (3) metal/ceramic brackets achieve equivalent bonding durability on zirconia.
2 MATERIALS AND METHODS
2.1 Bonding agents and brackets
CAD/CAM-produced zirconia cube specimens (48 in total, Aidite Technology, Qinhuangdao, China) with a length of 2 cm were acquired for the study. These zirconia samples were randomly divided into six experimental groups based on the use of specific bonding agents:
• Group 1 (XT): Transbond™ XT Light Cure adhesive paste (XTL) + Transbond™ XT Light Cure Orthodontic Adhesive Primer (XTP)
• Group 2 (XTS): Transbond™ XT Light Cure adhesive paste (XTL) + Single Bond Universal (SBU)
• Group 3 (RSBU): Rely X™ Ultimate Clicker Adhesive Resin Cement (RUC) + Single Bond Universal (SBU)
• Group 4 (RGBU): Rely X™ Ultimate Clicker Adhesive Resin Cement (RUC) + Gluma Bond Universal (GBU)
• Group 5 (SBPM): Superbond C&B (SB) + Porcelain liner M (PLM)
• Group 6 (GMP): GC G-CEM ONE (GCO) + G-Multi Primer (MP)
Please refer to Table 1 for detailed information on the chemical composition and application procedures of the bonding agents and cleaning paste used in this study.
TABLE 1 | The chemical composition and application procedure of the bonding agents and cleaning paste used in present study.
[image: Table 1]The zirconia cube specimens in each group were divided into two subgroups, each accommodating two types of brackets: metal brackets (Victory Series, 3M Unitek, United States) and ceramic brackets (Maia Series, Protect, Zhejiang, China). A total of 216 metal brackets and 216 ceramic brackets were utilized. The mean base surface areas of the metal and ceramic brackets were 11.94 mm2 and 14.82 mm2.
2.2 Surface preparation
To prepare the bonding surfaces on the zirconia cube, sandblasting with 125 μm aluminum oxide particles was conducted for 60 s at a distance of 1 cm and 2.8 bar pressure. Subsequently, all specimens underwent ultrasonic cleaning in distilled water for 5 min and gentle air drying for 15 s. The application of Ivoclean (IVO) followed the manufacturer’s instructions.
2.3 Application procedure
The same pressure (5 N) was applied to each bracket using a consistent clamp across all groups. The application procedures for light curing (Kerr Demi Plus, Orange, CA, United States) and cement removal were standardized and detailed in Table 1.
Each group comprised a total of 72 bracket specimens, divided into two subgroups (metal and ceramic brackets) with 36 specimens each.
2.4 Shear bond strength (SBS) test
Half of the brackets in each subgroup were tested after storing in distilled water at 37°C for 24 h, while the rest underwent 5,000 cycles of thermocycling between 5°C and 55°C in a thermocycling device (SD Mechatronik, Feldkirchen-Westerham, Germany). The SBS test was conducted using a universal testing machine (WD-200 Weidu, Wenzhou, China) with a crosshead speed of 1 mm/min (Figure 1). The SBS formula used was P (MPa) = F (N)/S (mm2). Out of 18 results in each group, the highest 4 and lowest 4 data points were discarded, and the remaining 10 were considered for analysis (n = 10).
[image: Figure 1]FIGURE 1 | Diagram of specimen setting for SBS Test.
2.5 Adhesive remnant index (ARI) score
The ARI scoring was performed based on the amount of remaining cement on the zirconia surface with the help of a dental digital camera (EyeSpecial C-IV, shofu, Koyoto, Japan). The score is represented by a scale with 5 levels (Score A to Score E) as follows:
Score A: almost all the cement remained on the zirconia surface;
Score B: more than 90% of the cement remained on the zirconia surface;
Score C: more than 10% but less than 90% of the cement remained on the zirconia surface;
Score D: less than 10% of the cement remained on the zirconia surface;
Score E: no cement remained on the zirconia surface.
Images were scored by three calibrated examiners, and a majority opinion was adopted in cases of disagreement. Figure 2 demonstrates the ARI score on the samples.
[image: Figure 2]FIGURE 2 | The ARI scores(A): score A; (B): score B; (C): score C; (D): score D; (E): score E; RC: Resin Cement. (A) Metal Brackets (B) Ceramic Brackets.
2.6 Statistical analysis
Statistical analysis involved three-way ANOVA (bonding agents, storage conditions, and brackets) and the Games-Howell test using SPSS version 26.0, with a significance level of α = 0.05.
2.7 Surface evaluation
The debonding bracket base surface was analyzed using field emission scanning electron microscopy (FE-SEM) and energy dispersive X-ray spectrometry (EDS; Phenom Pharos G2, Netherlands) to determine elemental composition and distribution.
3 RESULTS
3.1 Shear bond strength (SBS)
The SBS mean values and standard deviations for each group are summarized in Table 2. Notably, RSBU, SBPM, and GMP exhibited higher SBS for metal bracket groups after 24 h of water storage, with no significant difference among these groups (p > 0.05). However, RSBU’s SBS decreased significantly after thermocycling, while SBPM and GMP remained unchanged.
TABLE 2 | SBS values (MPa) for six bonding agents using different brackets in two different storage conditions (mean ± SD).
[image: Table 2]For ceramic brackets, SBPM displayed higher SBS after 24 h of water storage but significantly declined post-thermocycling, akin to other bonding agents (p < 0.05). Comparatively, ceramic brackets demonstrated a more significant decrease in SBS after thermocycling in contrast to metal brackets. Generally, the SBS of ceramic brackets was lower than that of metal brackets after both 24 h of water storage (p > 0.05) and thermocycling (p < 0.05), except for XTS group results (p > 0.05) post-24 h of water storage and XT group outcomes under both storage conditions (p < 0.05).
SBPM showcased higher SBS values after thermocycling, irrespective of bracket type, while XT exhibited the lowest SBS in the metal bracket group. XTS displayed a significant increase in SBS for metal brackets post-thermocycling (p < 0.05).
The SPSS analysis (Table 3) revealed significant influences on SBS values by brackets, bonding agents, and storage conditions (p < 0.001). Interactions were observed among brackets, bonding agents, and storage conditions (p < 0.001).
TABLE 3 | Three-way ANOVA analysis result.
[image: Table 3]Regarding the SBS results in Tables 4, 5, metal brackets displayed significantly higher SBS than ceramic brackets after thermocycling (p < 0.05). Also, RSBU, RGBU, SBPM, and GMP exhibited significantly higher SBS after 24 h of water storage compared to XT and XTS (p < 0.05). XT demonstrated notably lower SBS than other groups post-thermocycling (p < 0.05). SBPM consistently demonstrated higher SBS irrespective of storage conditions.
TABLE 4 | The mean SBS values (MPa) of all six bonding agents in the different experimental groups (mean ± SD).
[image: Table 4]TABLE 5 | The mean shear bond strength values (MPa) of all brackets in the different experimental groups (mean ± SD).
[image: Table 5]3.2 Failure modes
The distribution of failure modes for metal and ceramic bracket groups are visualized in Figures 3, 4, respectively. Under 24 h water storage, ARI scores for various groups were concentrated within different categories. After thermocycling, shifts in ARI scores were observed across groups.
[image: Figure 3]FIGURE 3 | Percentages (%) of the different failure modes after SBS test of metal brackets bonded to zirconia. A to E correspond to Score A to Score E.
[image: Figure 4]FIGURE 4 | Results of ARI and breakage of ceramic brackets. (1) Percentages (%) of the different failure modes after shear bond strength test of ceramic brackets bonded to zirconia. (2) Percentages (%) of breakage of different ceramic brackets.
For ceramic brackets under both conditions, XT showed a tendency toward E in ARI scores, while GMP and SBPM exhibited a notable increase in A and a decrease to 0 in C after thermocycling.
Typical bracket fractures were observed in ceramic bracket groups after 24 h water storage, except for XT, predominantly in bracket wings with fewer base fractures in RGBU and GMP. After thermocycling, fractures were observed only in SBPM and GMP, with SBPM showing bracket base fractures. Figure 5 displays the two modes of bracket fractures.
[image: Figure 5]FIGURE 5 | Typical bracket fractures including wings breakage (A) and base breakage (B): Zr (zirconia), A (Adhesive), CB (ceramic bracket base).
3.3 Surface characterization
FE-SEM images (Figure 6) and EDS results (Figures 7, 8) indicated the presence of Si on bracket bases of XT, XTS, RSBU, RGBU, and GMP groups. Zr particles were detected in RSBU and RGBU metal bracket bases. SBPM showed Zr particles in both ceramic and metal bracket bases. Fe and Al were detected on metal bracket bases, whereas Fe was absent on ceramic bracket bases.
[image: Figure 6]FIGURE 6 | SEM photographs (1,000 × original magnification) of bracket bases: (A) Control Group; (B) XT Group; (C) XTS Group; (D) RSBU Group; (E) RGBU Group; (F) SBPM Group; (G) GMP Group.
[image: Figure 7]FIGURE 7 | Distribution of elemental composition on the debonding base of metal brackets and ceramic brackets. CG indicates Control Group; NA indicates no applicable.
[image: Figure 8]FIGURE 8 | Distribution of elemental composition on the debonding base of ceramic brackets.
These observations provide insights into the elemental composition and characteristics of the bracket bases across different bonding agents and brackets used in the study.
4 DISCUSSION
4.1 Comparison of bonding agents
The study aimed to evaluate the bond strength and durability of six bonding agents with metal or ceramic brackets on zirconia. Table 5 highlighted significant differences in shear bond strength (SBS) among bonding agents, rejecting the null hypothesis that no significant difference exists in the bond strength of different bonding agents. Typically, for optimal orthodontic efficacy, the bond strength of orthodontic brackets should ideally be within the range of 6–8 MPa at least (Uysal et al., 2004; Tecco et al., 2005). According to Table 5, except for the XT group, all metal bracket groups achieved long-term bond strengths deemed clinically acceptable. In contrast, among the ceramic bracket groups, while acceptable strength was achieved in the short term by all groups, only the SBPM group exhibited sustained durability.
Using XT as a control group for bonding brackets to enamel, it demonstrated higher SBS in ceramic brackets after 24 h of water storage compared to metal brackets. This outcome suggests the potential influence of ceramic translucence in enhancing XT resin polymerization, contributing to improved short-term bonding (Al-Hity et al., 2012; Reginato et al., 2013). However, XT’s SBS significantly decreased after thermocycling, potentially due to mismatched coefficients of shrinkage/expansion between XT resin and brackets, failing to meet the required clinical bond strength.
The XTS group, employing SBU, an universal adhesive, exhibited improved bonding performance attributed to 10-MDP’s presence, facilitating chemical bonding to zirconia via phosphate groups (Khan et al., 2017; Nagaoka et al., 2017). This bond was indicated by ARI scores concentrated on A, consistent with SBU’s ability to strengthen XTL resin-zirconia bonds.
4.2 Hydrophilic monomer HEMA’s effect
The absence of HEMA in GBU aimed to evaluate HEMA’s impact on bracket-zirconia bonding. RSBU (containing HEMA) for metal brackets demonstrated significantly higher SBS than HEMA-free RGBU after 24 h water storage. HEMA’s role in enhancing component miscibility and forming a uniform adhesive layer could explain RSBU’s superiority (Toledano et al., 2001; Moszner et al., 2005; Van Landuyt et al., 2005), despite its decreased SBS post-thermocycling. However, RGBU’s hydrophobic nature prevented water absorption, resulting in more stable bonding durability, aligning with earlier findings (Hu et al., 2022).
4.3 Impact of resin water absorption on durability
Studies have shown that HEMA-containing adhesives, due to continuous water absorption, lead to decreased bond strength post-polymerization (Ito et al., 2005; Takahashi et al., 2011). RSBU demonstrated significant SBS reduction after 5,000 cycles of thermocycling, attributed to water absorption. Conversely, RGBU’s SBS remained stable in metal brackets group, indicating its resistance to water-induced degradation. Therefore, Three-way ANOVA demonstrated a statistically significant interaction among bonding agents, storage conditions and brackets (p < 0.001), which was not detected in previous experiment (Hu et al., 2022).
4.4 Specific bonding agents’ performance
GMP, containing a self-adhesive resin cement, showed comparable SBS to SBPM in the metal bracket group after 5,000 thermocycles, suggesting GMP’s stability post-thermal stress.
SBPM exhibited significantly higher SBS for ceramic brackets, despite a notable 60% bracket breakage rate. This could be attributed to MMA resin’s water resistivity (Ikemura and Endo, 2010; Aoki et al., 2011) and the absence of silicon components in EDS analysis. Due to the absence of inorganic fillers, SBPM is typically polymerized in a linear form, resulting in better toughness compared to cross-linked polymers. On the other hand, SBPM can promote free radical polymerization of the resin using oxygen and water in the presence of TBB, a polymerization initiator, which can significantly improve the bond strength and long-term durability of ceramic brackets to zirconia porcelain (Tanaka et al., 2004; Meguro et al., 2006; Shinagawa et al., 2019). The presence of Zr in the EDS results also reveals the viewpoint. This finding is consistent with those of Shimoe et al., who also observed an increase in the [C] and [O] intensity peaks when the zirconia surface was treated with 4-META, indicating that 4-META chemically adheres to the zirconia surface effectively (Shimoe et al., 2018).
4.5 Influence of storage conditions
While most groups demonstrated decreased SBS after thermocycling, XTS displayed a significant SBS increase, possibly due to radical mobility enhancement in high-temperature conditions during resin solidification (Al Jabbari et al., 2014). This variance partially rejected the null hypothesis of storage conditions not affecting bonding agents’ strength.
4.6 Comparison of metal vs. ceramic brackets
Metal and ceramic brackets showcased comparable SBS after 24 h water storage, but ceramic brackets exhibited significantly lower SBS post-thermocycling, rejecting the null hypothesis of similar bonding durability between metal and ceramic brackets on zirconia.
4.7 Discussion limitations
Limitations include in vitro conditions not entirely mimicking oral temperatures, potentially impacting XTS’s clinical bond strength, and bracket fractures affecting measured SBS accuracy in ceramic brackets. Meanwhile, the study solely applied sandblasting treatment to zirconia surfaces, without comprehensive assessment of other factors capable of zirconia surface modification, such as laser treatment (Hou et al., 2020) and silica coating (Galvão Ribeiro et al., 2018), which have been demonstrated to have a positive impact on the bonding efficacy between zirconia and resin. The subsequent phase of research may encompass the effects of diverse surface modification treatments between orthodontic brackets and zirconia and investigate their clinical practicality.
5 CONCLUSION

1. Ceramic brackets displayed significantly lower bond strength on zirconia compared to metal brackets after thermocycling.
2. SBPM exhibited stable and sufficient bond strength between ceramic/metal brackets and zirconia under diverse storage conditions.
3. HEMA-free adhesive presented more stable bonding performance compared to HEMA-containing adhesive used in the study.
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A Corrigendum on 
The possibility of clinical bonding between metal/ceramic brackets to zirconia: in vitro study
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In the published article, there was an error. A sentence was included which inaccurately describes Figures 3 and 4.
A correction has been made to 3.2 Failure modes, Paragraph 2. This sentence previously stated:
“For ceramic brackets under both conditions, XT showed a tendency toward E in ARI scores, while SBPM shifted toward C after thermocycling. Other groups displayed varied tendencies across scores.”
The corrected sentence appears below:
“For ceramic brackets under both conditions, XT showed a tendency toward E in ARI scores, while GMP and SBPM exhibited a notable increase in A and a decrease to 0 in C after thermocycling.”
The authors apologize for this error and state that this does not change the scientific conclusions of the article in any way. The original article has been updated.
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Objective: The objective of this study is to assess the impact of low-intensity pulsed ultrasound (LIPUS) therapy on the peri-implant osteogenesis in a Type II diabetes mellitus (T2DM) rat model.
Methods: A total of twenty male Sprague-Dawley (SD) rats were randomly allocated into four groups: Control group, T2DM group, Control-LIPUS group, and T2DM-LIPUS group. Implants were placed at the rats’ bilateral maxillary first molar sites. The LIPUS treatment was carried out on the rats in Control-LIPUS group and T2DM-LIPUS group, immediately after the placement of the implants, over three consecutive weeks. Three weeks after implantation, the rats’ maxillae were extracted for micro-CT, removal torque value (RTV), and histologic analysis.
Results: Micro-CT analysis showed that T2DM rats experienced more bone loss around implant cervical margins compared with the non-T2DM rats, while the LIPUS treated T2DM rats showed similar bone heights to the non-T2DM rats. Bone-implant contact ratio (BIC) were lower in T2DM rats but significantly improved in the LIPUS treated T2DM rats. Bone formation parameters including bone volume fraction (BV/TV), trabecular thickness (Tb.Th), bone mineral density (BMD) and RTV were all positively influenced by LIPUS treatment. Histological staining further confirmed LIPUS’s positive effects on peri-implant new bone formation in T2DM rats.
Conclusion: As an effective and safe treatment in promoting osteogenesis, LIPUS has a great potential for T2DM patients to attain improved peri-implant osteogenesis. To confirm its clinical efficacy and to explore the underlying mechanism, further prospective cohort studies or randomized controlled trials are needed in the future.
Keywords: low-intensity pulsed ultrasound, implantation, type II diabetes mellitus, osteogenesis, osseointegration
1 INTRODUCTION
Low-intensity pulsed ultrasound (LIPUS) is a noninvasive therapy that harnesses acoustic pulsed energy to provide physical stimulation. The research on LIPUS has been ongoing for approximately two decades. Ultrasound has been found to promote various biological processes, including the formation of bone matrix by osteoblasts, the synthesis of collagen by fibroblasts, the synthesis of aggrecan in chondrocytes, and the differentiation of bone mesenchymal stem cells (BMSC) into osteoblasts on titanium surfaces (An et al., 2018). LIPUS treatment increased the number of mineralization nodules of microfilaments, pseudopods of the cells and the amount of extracellular matrix (An et al., 2018).
With the development of the materials and technologies, dental implants emerged as a popular solution for restoring missing teeth in patients. Osseointegration, a crucial aspect for successful implant fixation (Chauvel-Picard et al., 2022), was first conceptualized by Brånemark in 1965 (Brånemark et al., 1977). It refers to the direct contact between a biomaterial and bone tissue without the presence of fibrous tissue in between.
Several factors might influence the establishment of osseointegration, one of which is Type II diabetes mellitus (T2DM) condition. Bone re-modelling disorders resulting from diabetes poses significant risks to the overall success of dental implant treatments (Hua et al., 2018; Ding et al., 2019; Meza Maurício et al., 2019). T2DM has a high prevalence especially in the elderly, while among which the need for restoring the missing teeth is high (Petersmann et al., 2018). Studies have showed that T2DM can exert detrimental effects on various organs and tissues (Ren et al., 2019; Guo et al., 2020). Human blood carries a substantial amount of oxygen and active proteins, which can influence the proliferation and differentiation of bone-derived cells surrounding the implant. Previous studies have indicated that patients with diabetes mellitus exhibit diminished proliferation and osteogenic differentiation capabilities of osteoblasts compared to individuals without diabetes (Li et al., 2015; Graves et al., 2020). Furthermore, the presence of elevated blood glucose levels (Li et al., 2015; Przekora et al., 2016) and disruptions in calcium or phosphorus metabolism, commonly observed in individuals with T2DM, can significantly impact bone tissue remodeling and interfere with the bonding between implants and bone, particularly within the first three weeks following implant placement (Wang et al., 2021).
For achieving a high-quality implant fixation, it is essential to have a rapid and successful osseointegration (Ustun et al., 2008; Meng et al., 2016). Various methods have been developed to stimulate osteogenesis. Among these approaches, ultrasounds, specifically LIPUS, have been proven to be effective in stimulating bone, cartilage, tendon and mucosal regeneration (Khanna et al., 2009; Lavandier et al., 2009; Hsu et al., 2011; Padilla et al., 2016; Chauvel-Picard et al., 2021). Multiple studies have investigated the potential benefits of LIPUS in promoting the osseointegration of dental implants using animal models (Park et al., 2007; Suh et al., 2007; Ustun et al., 2008; Mathieu et al., 2011; Liu et al., 2012; Wang et al., 2023a). However, whether LIPUS could promote osteogenesis around dental implant under T2DM condition has not been reported.
Drawing from these studies on the use of LIPUS in facilitating bone regeneration around implants, it is reasonable to speculate that LIPUS could serve as a valuable supplementary treatment approach to enhance implant osseointegration in individuals with diabetes. Therefore, this study evaluated the effects of LIPUS treatment on osteogenesis around dental implant in a T2DM rat model, by which to provide a reference for future studies to achieve better prognosis of implant treatment in T2DM patients.
2 MATERIALS AND METHODS
The entire process followed the guidelines specified in the Animal Research: Reporting In Vivo Experiments (ARRIVE protocol) (Percie du Sert et al., 2020). Approval for this study was obtained from the Experimental Animal Ethics Committee of the Ninth People’s Hospital, affiliated with Shanghai Jiao Tong University School of Medicine (reference number: SH9H-2022-A84-1).
2.1 Animals
Male Sprague-Dawley (SD) rats, aged 7 weeks, were acquired and subsequently housed at room temperature around 20°C with a 12-hour light/dark cycle.
2.2 Group assignment
Following Mead’s resource equation and considering outcome variance and various treatments, the estimated sample size remained consistent with that employed in previous studies (Ganzorig et al., 2015; Ruppert et al., 2019; Sun et al., 2020). The SD rats were randomly divided into 4 groups, 5 rats in each group, as follows: (a) Control group, (b) T2DM group: with experimentally induced T2DM before implantation surgery, (c) Control-LIPUS: after implantation surgery, the implant sites were treated with LIPUS for 3 consecutive weeks, and (d) T2DM-LIPUS group: with experimentally induced T2DM before implantation surgery, and the implant sites were treated with LIPUS for 3 consecutive weeks after implantation surgery. The group assignment and the entire clinical procedure are depicted in Figure 1.
[image: Figure 1]FIGURE 1 | Group assignment. T2DM, type II diabetes mellitus; LIPUS, low-intensity pulsed ultrasound; STZ, streptozotocin.
2.3 Induction of T2DM
The rats were provided with a high-fat diet for a duration of 4 weeks. Following the high-fat diet regimen, the rats received an intraperitoneal injection of 35 mg/kg streptozotocin (STZ) to induce a state of T2DM (Li et al., 2020; Chen et al., 2021; Khater et al., 2021). Rats with fasting blood glucose (FBG) levels exceeding 16.7 mmol/L 3 days after the STZ injection were considered successfully established T2DM models.
2.4 Implantation surgery
This implantation surgery in rats maxillae has been reported and evaluated in our previous study (Wang, 2023b), and the procedure was as follows. One week before the surgery, the rats were administered daily antibiotics through oral infusion, with a dosage of 100 μL, including 20 mg of kanamycin and 20 mg of ampicillin. After the rats were anesthetized by administering ketamine (85–90 mg/kg body weight) and xylazine (5–10 mg/kg body weight) intraperitoneally, the bilateral maxillary first molars were extracted. Sockets were rinsed with saline. After socket rinsing, a low-speed handpiece was utilized, operating at a drill diameter of 1 mm and a speed of 1,000 rpm, with continuous irrigation of cooled saline solution to prepare the implant sites in the palatal root socket area of the extraction site. Subsequently, a titanium alloy self-tapped implant (Ti-6Al-4V with an anodized surface, BaiorthoTM, China) was inserted and allowed to heal transmucosally (Figure 2). Throughout the initial week of the healing period, the rats received a daily antibiotic dose (consistent with the previous dosage). Their oral and overall health was regularly monitored. At the conclusion of the experiment (3 weeks post-implantation surgery), the rats were humanely euthanized using an anesthesia overdose.
[image: Figure 2]FIGURE 2 | Diagram of the dental implant used in the study and the intra-oral photographs of the rat after implantation surgery.
2.5 Insonification
The rats were anesthetized through intraperitoneal administration of ketamine (85–90 mg/kg body weight) and xylazine (5–10 mg/kg body weight). The implant placement site received LIPUS (Osteotron IV, Ito Co., Ltd, Japan) for a duration of 20 min per day, 3 days per week, over a period of 3 consecutive weeks after the implantation surgery, with a 60 mW/cm2 average temporal and spatial intensity and a 1.5 MHz operation frequency (Figure 3). The parameters of LIPUS treatment were taken from our previous study results (Wang et al., 2023a).
[image: Figure 3]FIGURE 3 | LIPUS treatment. LIPUS, low-intensity pulsed ultrasound.
2.6 Removal torque test
At the conclusion of the experiment (3 weeks post-implantation surgery), the rats’ maxillae were collected, and the Removal Torque Value (RTV) was assessed. RTV was defined as the maximum rotational force applied in the reverse direction until the implant became horizontally rotatable.
2.7 Micro-CT analysis
The maxillae of the rats were collected and subjected to scanning using a micro-CT (Skyscan 1076, Belgium) with a resolution of 9 μm. A Volume of Interest (VOI) was the area within a 500 μm radius around the implants, covering the peri-implant region. The 3D reconstructions of the maxillae with the placed dental implants were established from the micro-CT scanning and the marginal bone heights around the implants in the rats of different groups were marked. Subsequently, the bone tissue evaluation script generated the final segmented bone image, encompassing the following parameters: marginal bone loss, trabecular thickness (Tb.Th), trabecular number (Tb.N), trabecular separation (Tb.Sp), bone volume fraction (BV/TV), bone mineral density (BMD), bone-implant contact ratio (BIC), and bone surface density (BS/TV). The measurement method of marginal bone loss is to select the section along the long axis of the implant and also including the central axis of the implant. According to the above section and the implant actual length, the marginal bone loss = (4 - the length of the intraosseous implant/4) mm (Sun et al., 2020).
2.8 Histologic processing
Three weeks after surgery, the animals were euthanized with an overdose of anesthesia. The specimens underwent fixation, decalcification, dehydration, and embedding. Subsequently, all specimens were sectioned parallel to the long axis of the implant. The hematoxylin and eosin (H&E) staining and Masson staining were applied to detect the new bone formation around the implant. Images were taken under a microscope (CX33, Olympus, Japan).
2.9 Statistical analysis
The data expressed as mean ± standard deviation was analyzed using SPSS version 26.0 (IBM, Chicago, IL, USA). The differences among the three groups were compared using a one-way ANOVA and the following LSD test. The statistical significance was when the p-value was less than 0.05.
3 RESULTS
3.1 Implant survival rate
Three weeks after the implant surgery, the implant survival rate was recorded as showed in Table 1 (implant survival rate = number of final residual implants/number of placed implants). The implant survival rate was 80% in all four groups.
TABLE 1 | The implant number and implant survival rates of different groups.
[image: Table 1]3.2 Evaluation of T2DM rats
Our findings indicated that all rats induced by a high-fat diet and STZ exhibited T2DM. Illustrated in Figure 4A, the rats in the T2DM group exhibited lower body weight than those in the control group, indicative of typical T2DM symptoms. As presented in Figure 4B, a week post-STZ injection, the T2DM group showed a significantly elevated blood glucose level compared to the control group, maintaining levels more than 16.7 mmol/L throughout the experiment. These results indicated the successful establishment of T2DM rat models with hyperglycemia.
[image: Figure 4]FIGURE 4 | Evaluation of T2DM rats. (A) Body weight at various time points. (B) Blood glucose levels at various time points. ***p < 0.001, **p < 0.01.
3.3 Analysis of the micro-CT
The 3D reconstructions of the maxillae with the placed dental implants were shown in Figure 5, demonstrating the marginal bone height around the implants of the rats in different groups. There was significantly more bone loss at the implant cervical margin area in T2DM groups, but T2DM-LIPUS group showed similar marginal bone height with Control group, as showed in Figure 6A. BIC ratio was presented in Figure 6B, showing that T2DM group had significant lower BIC ratio than Control group. T2DM-LIPUS group had significant higher BIC ratio than T2DM group. BS/TV ratio was presented in Figure 6C, showing that LIPUS treatment increased BS/TV ratio of control and T2DM groups significantly. Tb.Sp was presented in Figure 6D, which showed that T2DM group had significant higher Tb.Sp than other three groups. Tb.N was presented in Figure 6E, which showed that T2DM group had significant lower Tb.N than other three groups. Tb.Th was presented in Figure 6F, which showed that LIPUS treatment increased Tb.Th of control and T2DM groups significantly. BMD was presented in Figure 6G, showing that LIPUS treatment increased BMD of control and T2DM groups significantly. BV/TV ratio was presented in Figure 6H, which showed that LIPUS treatment increased BV/TV ratio of control and T2DM groups significantly.
[image: Figure 5]FIGURE 5 | Three-dimensional visualization of the dental implant using Micro-CT technology. The marginal bone loss is assessed by the distance between the yellow and red line in the long axis direction of implants. Yellow line refers to the top of implant and cemento-enamel junction of the second and third molars. Red line refers to the marginal bone level. T2DM group showed significantly more marginal bone loss than other groups. T2DM, type II diabetes mellitus; LIPUS, low-intensity pulsed ultrasound.
[image: Figure 6]FIGURE 6 | Results of the Micro-CT analysis of marginal bone loss, BIC, BS/TV, Tb.Sp, Tb.N, Tb.Th, BMD, and BV/TV. (A) Results of the micro-CT analysis of marginal bone loss; (B) Results of the micro-CT analysis of BIC; (C) Results of the micro-CT analysis of BS/TV; (D) Results of the micro-CT analysis of Tb.Sp; (E) Results of the micro-CT analysis of Tb.N; (F) Results of the micro-CT analysis of Tb.Th; (G) Results of the micro-CT analysis of BMD; (H) Results of the micro-CT analysis of BV/TV. The results showed that T2DM group had significant lower BIC ratio and Tb.N than control group, and significant higher Tb.Sp and greater marginal bone loss than control group. LIPUS treatment significantly increased BIC, Tb.N, Tb.Th, BMD, BV/TV and BS/TV, and significantly decreased marginal bone loss and Tb. Sp of T2DM rats. LIPUS treatment also significantly increased Tb.Th, BMD, BV/TV and BS/TV, and significantly decreased marginal bone loss of healthy rats. There was no difference between Control and T2DM-LIPUS groups in all the above indexes. *: p < 0.05, **: p < 0.01,***:p < 0.001. Tb.N, trabecular number; Tb.Th, trabecular thickness; Tb.Sp, trabecular separation; BV/TV, bone volume fraction; BMD, bone mineral density; BIC, bone-implant contact ratio; BS/TV, bone surface density; LIPUS, low-intensity pulsed ultrasound; T2DM, type II diabetes mellitus.
3.4 Analysis of the RTV
RTV was presented in Figure 7, showing that Control-LIPUS group had significant higher RTV than other three groups.
[image: Figure 7]FIGURE 7 | Results of the RTV analysis. LIPUS treatment also significantly increased RTV of healthy rats. There was no difference between Control and T2DM-LIPUS groups. *: p < 0.05, **: p < 0.01,***:p < 0.001. RTV, removal torque value; LIPUS, low-intensity pulsed ultrasound; T2DM, type II diabetes mellitus.
3.5 Characterization of the peri-implant H&E and Masson staining
The H&E staining and Masson staining were applied to observe the new bone formation around the implant. As shown in Figure 8A, there were more osteoid tissues around implant in Control-LIPUS group than others stained by H&E stain, and LIPUS played a positive role in osteogenic response of peri-implant bone for T2DM rats. In the Masson staining samples, as shown in Figure 8B, the new bone was shown by blue, while the mature bone was shown by red. Mature trabecular bone area was obviously bigger in Control-LIPUS group than others both in T2DM and normal models. What is more, LIPUS treatment improved bone formation in T2DM models. The histologic results were in agreement with the micro-CT evaluation.
[image: Figure 8]FIGURE 8 | Representative images of H&E and Masson staining in mid-sagittal section of peri-implant bone tissue. (A) H&E staining results. (B) Masson staining results. The formation of new bone around the implant was more prominent in the LIPUS treated groups, notably the Control-LIPUS group. H&E, hematoxylin and eosin; LIPUS, low-intensity pulsed ultrasound; I, implant area.
4 DISCUSSION
Previous studies about the effects of LIPUS on dental implantation have not focused on its effects under T2DM condition. In the present study, the researchers conducted the first evaluation of the effectiveness of LIPUS in stimulating osteogenesis around dental implants in a T2DM rat model. The findings of the study demonstrated a significant and positive impact of LIPUS treatment on promoting osseointegration of dental implants under T2DM conditions.
Though studies have shown that dental implants have a high long-term survival rates and a favorable prognosis (Klokkevold et al., 2007; Chen et al., 2013), it is important to acknowledge that systemic diseases, such as diabetes mellitus, remain significant risk factors that can negatively influence the success rate of dental implantation (Chen et al., 2013). With advancements in implant surface treatment technology, diabetes mellitus with well-managed blood glucose levels is no longer considered an absolute contraindication for implant surgery (Buser et al., 2000). However, several studies have reported that patients with these diseases still pose a potentially high risk of implant failure (Liu et al., 2017; Tang et al., 2021).
T2DM is often associated with various degrees of bone remodeling disorders, which can impede the process of osseointegration during the healing period following implant placement (Liang et al., 2022). Many animal studies have provided confirmation that rats with T2DM exhibit significantly lower osteogenesis level around the implant compared to normal rats (Wang et al., 2010; Hashiguchi et al., 2014; Zhang et al., 2016b), which is also confirmed by the present study’s Micro-CT analysis results, showing that rats in T2DM group had greater cervical marginal bone loss, significant lower BIC ratio, Tb.N, and significant higher Tb.Sp around the implant, compared with those in Control group. Moreover, cellular studies have demonstrated that the high-glucose microenvironment characteristic of T2DM can substantially hinder the osteogenic differentiation and proliferation capacity of BMSCs. It can also decrease the expression of genes related to osteogenesis and slowdown in vitro mineralization processes (Gopalakrishnan et al., 2006; Wang et al., 2013; Zhang et al., 2016a).
One clinical study showed statistically significant differences in probing depth (p < .00001), marginal bone loss (p < .00001), and peri-implant bleeding (p < .00001) around the dental implants between the diabetic and non-preexisting disease patients (Jiang et al., 2021). And the incidence of complications with implants was lower in the non-preexisting diseases group (Jiang et al., 2021). Therefore, current clinical researches focus on identifying effective and simple methods to enhance the osseointegration of implants under T2DM condition while also to reduce the duration of the healing process.
LIPUS has been applied in clinical treatment for more than 20 years. LIPUS received approval from the US Food and Drug Administration (FDA) as early as 1994 and 2000 for its use in facilitating the reconstitution of bone nonunion and accelerating the healing process of fresh fractures (Rubin et al., 2001). In recent years, LIPUS has gained widespread recognition as an effective and convenient method for promoting the repairment of bone defects and fracture healing (Harrison and Alt, 2021).
In dentistry, LIPUS has been found effective in promoting periodontal bone defect repairing and bone regeneration after oral maxillofacial surgery (Kim and Hong, 2010; Shiraishi et al., 2011). Besides, clinical studies in orthodontics showed that LIPUS could shorten the whole procedure time of orthodontic treatment (Kaur and El-Bialy, 2020). Some animal experiments have suggested that LIPUS has the potential to influence the osseointegration process and enhance the stability of implants inserted into the femur or tibia of these animals (Ustun et al., 2008; Zhou et al., 2011; Miura et al., 2014; Jiang et al., 2020). Based on the different anatomy, function, and osteogenesis procedure of the long bone from those of alveolar bone (Son et al., 2020), the present study chose maxillae as the implantation site. The implant survival rates in all groups 3 weeks after surgery were 80%, which is similar to the result of a delayed implantation study in rats’ maxillae (He et al., 2022). In the present study, it was found that rats in Control-LIPUS group showed better peri-implant osteogenesis (Tb.Th, BMD, BV/TV, BS/TV, RTV, H&E staining and Masson staining) and lower marginal bone loss than those in Control group, suggesting the positive effect of LIPUS on promoting osteogenesis around the implants.
However, to date, there has been limited clinical research on the application of LIPUS in dental implantation. Only one clinical study conducted by Abdulhameed et al. applied LIPUS to patients with dental implants specifically in the premolar region (Akram et al., 2017). Their findings demonstrated that LIPUS effectively enhanced implant osseointegration and reduced the healing duration. However, as of now, no relevant in vivo or clinical studies have reported the effect of LIPUS on osseointegration of implants specifically under diabetic condition and the underlying mechanism. This preliminary in vivo study for the first time confirmed that LIPUS promoted osteogenesis around dental implant placed in rats’ maxilla under T2DM condition, as LIPUS treatment significantly increased BIC, Tb.N, Tb.Th, BMD, BV/TV and BS/TV, and significantly decreased marginal bone loss and Tb.Sp of T2DM rats. The present study also showed that LIPUS treatment was able to restore the peri-implant osteogenesis level of the T2DM rats back to the normal level, as confirmed by the same level marginal bone loss, BIC, BS/TV, Tb.Sp, Tb.N, Tb.Th, BMD, BV/TV and RTV of the implants in the LIPUS-treated T2DM rats and the healthy rats.
The potential mechanisms by which LIPUS enhances osteogenesis around dental implants can involve various cellular and molecular processes. Firstly, LIPUS has been shown to stimulate the proliferation and differentiation of osteoblasts through upregulating the expression of key osteogenic genes, including osteocalcin (OCN), runt-related transcription factor 2 (RUNX2), and bone morphogenetic proteins (BMPs) the cells responsible for bone formation (Garg et al., 2017; Liu et al., 2020). This could lead to an increased number of bone-forming cells around dental implants. Besides, LIPUS may enhance the synthesis of extracellular matrix proteins, such as collagen, which are essential for the structural integrity of bone (Kang et al., 2019). LIPUS also has angiogenic effects, promoting the formation of new blood vessels (Kang et al., 2019). Adequate blood supply is crucial for the delivery of nutrients and oxygen to cells involved in bone regeneration, facilitating the overall healing process. Study also showed that LIPUS modulate various signaling pathways involved in bone metabolism, such as the Wnt/β-catenin pathway (Liao et al., 2021). Activation of these pathways can positively influence bone formation and remodeling. Another important function of LIPUS is its anti-inflammatory effects by reducing pro-inflammatory cytokines (Zhang et al., 2020). Lastly, the mechanical forces generated by LIPUS may induce micro-mechanical stress on bone cells, mimicking the physiological loading conditions (Tian et al., 2023). This mechanical stimulation is known to be an important factor in bone remodeling and adaptation. These mechanisms have been observed in various studies, but the exact processes may vary depending on specific experimental conditions. Further research is needed to fully elucidate the intricate mechanisms underlying the beneficial effects of LIPUS on osteogenesis around dental implants.
LIPUS has the advantages of low immunogenicity, low toxicity, high targeting selectivity, noninvasiveness, and repeatability. Based on the reports of clinical studies examining the application of LIPUS, no abnormal reactions or discomfort-related symptoms, such as swelling, redness, or inflammation, have been observed in patients receiving the intervention (Tanaka et al., 2015; Jiang et al., 2019; Tanaka et al., 2020). Moreover, the portable nature of the LIPUS device, which is small and powered by a mobile unit, allows for flexible application without space limitations. Consequently, in the future, LIPUS has the potential to become a safe, effective, and comfortable physical therapy method. It may pave the way for chair-side or at-home treatments for patients with T2DM, ultimately leading to enhanced bone regeneration around the implant, improved implant osseointegration, and even the prevention of marginal bone loss. This, in turn, can significantly enhance the long-term success of dental implant treatment.
Indeed, it is crucial to conduct more prospective cohort studies or randomized controlled trials in the future to further investigate the potential benefits and efficacy of LIPUS in promoting implant osseointegration, especially in patients with T2DM. These studies would provide valuable insights into the optimal treatment protocols, the long-term effects, and the underlying mechanisms of LIPUS therapy.
5 CONCLUSION
This preliminary in vivo study showed that LIPUS promoted peri-implant osteogenesis in rats under T2DM condition and found that after LIPUS treatment, the peri-implant osteogenesis level of the T2DM rats increased to the level of normal rats. LIPUS as an effective and safe method has a great potential for T2DM patients in promoting bone regeneration around the implant and achieving higher-quality implant osseointegration. However, in order to validate its clinical function and to investigate its underlying mechanism, further prospective cohort studies or randomized controlled trials are required in the future.
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Introduction: Dental erosion and abrasion pose significant clinical challenges, often leading to exposed dentinal tubules and dentine demineralization. The aim of this study was to analyse the efficacy of quercetin-encapsulated hollow mesoporous silica nanocomposites (Q@HMSNs) on the prevention of dentine erosion and abrasion.
Method: Q@HMSNs were synthesized, characterized, and evaluated for their biocompatibility. A total of 130 dentine specimens (2 mm × 2 mm × 2 mm) were prepared and randomly distributed into 5 treatment groups (n = 26): DW (deionized water, negative control), NaF (12.3 mg/mL sodium fluoride, positive control), Q (300 μg/mL quercetin), HMSN (5.0 mg/mL HMSNs), and Q@HMSN (5.0 mg/mL Q@HMSNs). All groups were submitted to in vitro erosive (4 cycles/d) and abrasive (2 cycles/d) challenges for 7 days. The specimens in the DW, NaF, and Q groups were immersed in the respective solutions for 2 min, while treatment was performed for 30 s in the HMSN and Q@HMSN groups. Subsequently, the specimens were subjected to additional daily erosion/abrasion cycles for another 7 days. The effects of the materials on dentinal tubule occlusion and demineralized organic matrix (DOM) preservation were examined by scanning electron microscopy (SEM). The penetration depth of rhodamine B fluorescein into the etched dentine was assessed using confocal laser scanning microscopy (CLSM). The erosive dentine loss (EDL) and release of type I collagen telopeptide (ICTP) were measured. The data were analysed by one-way analysis of variance (ANOVA) with post hoc Tukey’s test (α = 0.05).
Results: Q@HMSNs were successfully synthesized and showed minimal toxicity to human dental pulp stem cells (HDPSCs) and gingival fibroblasts (HGFs). Q@HMSNs effectively occluded the dentinal tubules, resulting in a thicker DOM in the Q@HMSN group. The CLSM images showed more superficial penetration in the HMSN and Q@HMSN groups than in the quercetin, NaF, and DW groups. The Q@HMSN group exhibited a significantly lower EDL and reduced ICTP levels compared to the other groups (p < 0.05).
Conclusion: Q@HMSNs hold promise for inhibiting dentine erosion and abrasion by promoting tubule occlusion and DOM preservation.
Keywords: abrasion, demineralized organic matrix, erosion, hollow mesoporous silica, quercetin, tubule occlusion
1 INTRODUCTION
Oral diseases pose substantial public health challenges worldwide, with significant negative impacts on individuals and communities (Peres et al., 2019). Dental erosion, characterized by the chronic loss of dental hard tissues due to acid exposure and mechanical influences without bacterial involvement, has become prevalent, affecting a significant proportion of the population (Wiegand and Attin, 2007; Schlueter et al., 2011). Recent studies have indicated that dental erosion has affected 57.1% of European adults (Bartlett et al., 2013), with a global prevalence in permanent teeth of approximately 20% in children and 45% in adults (Schlueter and Luka, 2018), and this trend continues to grow (Vered et al., 2014). In the later stages of dental erosion, the opening of dentine tubules facilitates hypersensitivity and pulp infection (Aminoshariae and Kulid, 2021).
Dentine, which is primarily composed of collagen, plays a crucial role in dental structure, and preserving its demineralized organic matrix (DOM) is essential for preventing erosion (Mazzoni et al., 2015). However, the DOM is vulnerable to dissolution due to the presence of matrix metalloproteinases (MMPs) (Zarella et al., 2015). The application of MMP inhibitors has been demonstrated to effectively prevent and slow the disintegration of the DOM (Kato et al., 2010). Compounds such as quercetin, epigallocatechin gallate (EGCG), chlorhexidine (CHX), and proanthocyanidin (PA) have proven to be effective inhibitors of MMPs in dentine, protecting dental hard tissue against erosion (Balalaie et al., 2018). In particular, quercetin has demonstrated superior mechanical reinforcement after being crosslinked with collagen, emphasizing its potential clinical significance (Hong et al., 2022). However, the timing of inhibitor application was found to significantly affect the efficacy in terms of protecting against dentine erosion (Lapinska et al., 2018). In our previous study, the application of quercetin before acid attack resulted in a significantly thicker DOM compared to the application of well-known MMP inhibitors such as EGCG and CHX. However, when quercetin was applied after erosion, its effectiveness was notably reduced, and it could not protect the dentine tubule from exposure (Li et al., 2022). This reduced effectiveness is likely due to the surface targeting of collagen degradation and dissolution of the MMP inhibitors by the low pH environment following erosive attacks (Barbosa et al., 2019). Nevertheless, patients experiencing erosion often visit dental offices when the dentine has already been affected. Therapeutic interventions for treating dentine erosion frequently begin with treatment of the eroded tooth hard tissues, which usually involve exposed tubules. Consequently, appropriately managing quercetin on eroded tooth hard tissues may hold greater clinical significance than the pretreatment of intact dentine.
In recent decades, mesoporous silica nanoparticles (MSNs) have garnered attention for their well-structured framework, as they have a stable structure, chemical and thermal stability, a high pore volume, a large surface area, and excellent biocompatibility. MSNs have versatile applications as nanocarriers for drugs, proteins, genes, and enzymes (Izquierdo-Barba et al., 2009; Lee et al., 2016; Ni et al., 2018; Kankala et al., 2020; Zhang et al., 2021; Wang et al., 2022). In addition, the valuable role MSNs have in dental materials has been demonstrated by a growing body of literature, particularly in applications related to tubule occlusion and acid resistance (Chiang et al., 2014; Yu et al., 2016). Hollow MSNs (HMSNs) are of particular interest due to their mesoporous shells and hollow interiors (Li et al., 2017). The hollow cavities within HMSNs make them ideal carriers for drug delivery, particularly for compounds such as quercetin. In this context, using quercetin-encapsulated HMSNs (Q@HMSNs) presents a novel approach for addressing tooth erosion, showing the potential to block dentinal tubules after erosion and prevent dentine organic matrix breakdown. To our knowledge, no prior report is available on Q@HMSNs in the context of dental erosion, making this area an intriguing focus for research.
Therefore, the aim of the present study was to test the following null hypotheses: (1) Q@HMSNs have no effect on erosive dentine loss (EDL) after erosion and abrasion; (2) Q@HMSNs have no effect on dentine tubule occlusion after erosion and abrasion; and (3) Q@HMSNs have no effect on DOM preservation after erosion and abrasion.
2 MATERIALS AND METHODS
2.1 HMSNs synthesis
Silica nanoparticles (NPs) were synthesized using a modified Stöber method (Bai et al., 2019). Briefly, 6.28 mL of ammonium hydroxide solution (25%–28%; Aladdin, China), 42.8 mL of absolute ethanol (Xilong Scientific, China), and 20 mL of deionized water were mixed for 15 min under constant stirring, while 12 mL of tetraethyl orthosilicate (TEOS; Sigma, United States) was dissolved in 100 mL of ethanol. The latter solution was poured into the former solution under continuous stirring for 2 h (Mutlu et al., 2021). The SiO2 NPs were collected by centrifugation, deionized water was used to wash the sediment one time, and then the NPs were washed three times with ethanol. Subsequently, the SiO2 NPs was dried in an oven at 60°C overnight.
The SiO2 NPs were transformed into HMSNs using a self-templating strategy (Fang et al., 2013; Yu et al., 2021a). Five hundred milligrams of the SiO2 NPs were dispersed ultrasonically in 250 mL of deionized water. Then, 750 mg of cetyltrimethylammonium bromide (CTAB; Sigma, United States of America), 150 mL of ethanol, and 2.75 mL of ammonium hydroxide (25%–28%) were added, and the mixture was stirred continuously for 30 min at ambient temperature, after which TEOS (6 mL) was added and stirring continued for 6 h. After centrifugation, the sediment was redispersed in 100 mL of deionized water. Subsequently, 2.12 g of sodium bicarbonate (Na2CO3; Aladdin, China) was added, and the mixture was continuously stirred at 65°C for 24 h to, etch the hollow core. After centrifugation, the precipitate was washed twice with deionized water and ethanol, and the collected particles were calcined at 550°C for 6 h.
2.2 Q@HMSNs fabrication
One hundred milligrams of HMSNs was dispersed ultrasonically in 10 mL of ethanol. Then, 20 mg of quercetin (Sigma, United States) was added to the HMSNs solution with constant stirring at 400 rpm for 24 h. The mixture was then shaken at 150 rpm for an additional 24 h in the dark to achieve maximum quercetin loading. The suspension was washed with deionized water twice (Sapino et al., 2015; Saputra et al., 2022).
2.3 Q@HMSNs characterization
The morphologies of the HMSNs and Q@HMSNs were observed using transmission electron microscopy (TEM; JEM-F200, JEOL, Japan). Scanning TEM equipped with energy dispersive spectroscopy (EDS) was employed to examine the mapping patterns of elements. The crystalline phase was determined by applying X-ray diffraction (XRD; Smartlab 9KW, Rigaku, Japan). Small-angle and wide-angle XRD patterns were scanned from 0.5° to 10° and 10°–70°, respectively, and recorded in the 2θ range with a scanning speed of 1°/min. The functional groups in the sample were detected by Fourier transform infrared (FTIR) spectroscopy (iN10, Thermo Scientific, United States of America). The nitrogen adsorption–desorption isotherm was studied by an ASAP 2460M gas adsorption analyser (Micromeritics, United States of America) at 77 K. The pore size distribution, pore volume and surface area were calculated by the Brunauer–Emmett–Teller and Barrett–Joyner–Halenda (BET/BJH) methods. A Zetasizer Nano ZSP system (ZS90, Malvern Instruments, United Kingdom) was used to determine the size distribution. The effective amount of quercetin loaded into the HMSNs was determined using thermogravimetric analysis (TGA; TG 209 F3 Tarsus, NETZSCH, Germany) from 30°C to 1,000°C with a heating speed of 15°C/min.
2.4 Quercetin release from the Q@HMSNs
One hundred milligrams of Q@HMSNs was dispersed in 10 mL of phosphate-buffered saline (PBS; Xilong Scientific, China), and then the mixture was shaken at 120 rpm in the dark. The release of quercetin was measured at 0.5, 1, 2, 4, 8, 12, 24, 48, 72, 120 and 168 h. At each time point, the Q@HMSNs solution was centrifuged at 4,200 rpm for 4 min, and 1 mL of the liquid supernatant was collected for UV–Vis measurement (SpectraMax iD3, Molecular Devices, United States of America). The solution was then replenished with 1 mL of fresh PBS. The content of released quercetin was determined by measuring the absorbance at 377 nm (Yu et al., 2021b; Saputra et al., 2022).
2.5 Cytotoxicity evaluation
Human dental pulp stem cells (HDPSCs) and human gingival fibroblasts (HGFs) were taken from the pulp and peridental membranes of healthy adults who had given informed consent for third molar extraction, as approved by the Biomedical Research Ethics Committee of Local University (FMUSS 2018–20). α-Modified essential medium (α-MEM; HyClone, United States of America) with 1% penicillin/streptomycin (PS; Beyotime, China) and 10% foetal bovine serum (FBS; Gibco, Australia) were applied to culture the HDPSCs and HGFs in a humidified atmosphere of 5% CO2 at 37 °C. Subculturing was performed when the cells reached confluence. The HDPSCs and HGFs were collected at third passage and seeded in 96-well plates (2000 cells/well). After 24 h, the cells were cultured with complete medium containing Q@HMSNs extract solutions at concentrations of 1.0, 2.5, and 5.0 mg/mL. A control group without Q@HMSNs was included in the experiment. After an additional 1, 4, and 7 days of incubation, cell counting kit-8 (CCK-8; Dojindo Japan) (10 μL) was added to each well. Incubation was continued at 37°C for 2 h. Then, the absorbance at 450 nm was measured (SpectraMax iD3, Molecular Devices, United States). Each test was performed in triplicate, the relative viability rates of the HDPSCs and HGFs were calculated using the following equation (Xing et al., 2022).
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In addition, calcein/propidium iodide (PI) live/dead fluorescent dye (Beyotime, China) was utilized to stain the cells for 30 min on day 7. Images of cell morphology and proliferation were recorded by an inverted fluorescence microscope (Axio Observer A1, Carl Zeiss, Germany) (Huang et al., 2020).
2.6 Specimen preparation and experimental design
The study protocol was approved by the Institutional Review Board of the local university (2020QH2045), and all teeth were obtained after donors provided signed informed consent.
Seventy intact fresh human third molars were collected. All molars were immersed in a 0.5% thymol solution and stored at 4°C within 1 month of extraction prior to use. A low-speed saw (Buehler; Lake Bluff, IL, United States of America) was used to slice the molar to 145 dentine specimens (each 2 mm × 2 mm × 2 mm, the mid-crown portions beneath the enamel–dentinal junction) under water cooling. The dentine blocks were distributed for various analyses: 50 were taken for surface profile measurements (n = 10); 20 for surface morphology observations (n = 4); 25 for rhodamine B fluorescein evaluations (n = 5); and 50 for type I collagen telopeptide (ICTP) assessment (n = 10).
The dentine blocks were coupled to a customed silicone mould, embedded with acrylic resin (New century, China) and wet polished using silicon carbide sandpapers (#320, #600, #800, #1000, #1200, and #2000; Matador, Germany) for 60 s each. Subsequently, ultrasound was used to clean the surface of each specimen. The final dimensions of the specimens were as follows: 4 mm × 4 mm for the top surface, 5 mm × 5 mm for the bottom surface, and a thickness of 3 mm. Each specimen was covered on both sides with nail varnish (Top Speed; Revlon, United States), leaving a 1 mm × 1 mm area exposed as the erosion region (Jiang et al., 2020).
All samples were subjected to erosive and abrasive challenges (4 cycles/d) for 7 days to simulate an eroded tooth (Wiegand and Attin, 2011). In each erosion cycle, specimens were first immersed in artificial saliva (containing 0.795 g/L CaCl2·H2O, 0.4 g/L NaCl, 0.005 g/L Na2S·9H2O, 0.4 g/L KCl, 0.3 g/L KSCN, 1 g/L urea, and 0.69 g/L NaH2PO4·H2O, pH = 6.8) for 1 h (O Toole et al., 2015). Afterwards, the specimens were soaked in citric acid (pH = 2.45; Sigma, United States of America) for 5 min (Shellis et al., 2011), followed by a 10 s water rinse. Subsequently, the specimens were stored in renewed artificial saliva for 2 h before the next erosive challenge. Additionally, the specimens were brushed with a toothbrush for 2 min after the first and final daily erosive attacks (a total of 2 cycles per day) over a 7 days period, as previously described (Hong et al., 2020).
After the initial 7 days of erosive and abrasive challenges, the specimens were randomly divided into 5 groups (n = 26): DW (deionized water, negative control), NaF (12.3 mg/mL sodium fluoride, positive control), Q (300 μg/mL quercetin), HMSN (5.0 mg/mL HMSNs), and Q@HMSN (5.0 mg/mL Q@HMSNs).
The samples in the DW, NaF, and Q groups were immersed in their respective solutions for 2 min each day, while the samples in the HMSN and Q@HMSN groups were treated as follows. First, 0.2 mL of the appropriate suspension was gently applied to the surface of the specimen, and then the surface was blown dry using a dental air‒water syringe for 30 s. Following these treatments, the specimens were placed in renewed artificial saliva for 2 h before undergoing daily cycles of erosion (4 cycles/d) and abrasion (2 cycles/d). The abrasion procedure, as described previously, was performed after the first and last erosive attacks over 7 days (2 cycles/d). However, unlike the DW, NaF and Q groups, the HMSN and Q@HMSN groups did not received additional treatment with HMSNs or Q@HMSNs during the subsequent 6 days of erosive and abrasive challenges (Figure 1).
[image: Figure 1]FIGURE 1 | Flow chart of the study.
2.7 Dentine morphology observations
Scanning electron microscopy (SEM; EM8000, KYKY, China) was employed to observe the morphology of the dentine surface after 7 and 14 days of erosive and abrasive challenges. Twenty specimens were placed in the freeze dryer for desiccation for 24 h and coated with gold via a sputter-coating process. Observations were made with both surface and cross-sectional views, with central site of each segment being examined at a ×5,000 magnification (Yu et al., 2017).
2.8 Surface profile measurements
The surface profiles of the specimens were measured after the 14 days experimental period using a contact profilometer (SEF680, Kosaka Laboratory, Japan) (Capalbo et al., 2022). Before evaluation, a scalpel blade was used to carefully remove the nail varnish. The EDL was calculated by determining the difference in height between the eroded surface and the reference surface. The surface of each sample was scanned with a stylus, and the mean value of 5 height difference measurements was recorded (in μm) as the EDL (Hannas et al., 2016).
2.9 Dentine permeability evaluation
Ten dentine specimens from each group (n = 2) were selected. Rhodamine B (0.1% (w/v)) was applied to the dentine surfaces of the specimens using a microbrush for 1 min. Afterwards, the specimens were washed with PBS three times. Subsequently, the specimens were longitudinally sectioned into slices, and confocal laser scanning microscopy (CLSM; FV3000, Olympus, Japan) was applied to observe the penetration depth of the specimens using laser excitation at 523 nm (Park et al., 2019).
2.10 Collagen degradation assessment
To evaluate the effect of the Q@HMSNs on the DOM, the release of ICTP was measured. The remaining 50 dentine specimens were demineralized with 10% phosphoric acid (pH = 1.0) (Aladdin, China) for 12 h at 25°C. Subsequently, the samples were rinsed in deionized water with continuous stirring at 4°C for 72 h, followed by drying in 60°C oven for 8 h. The specimens were then immersed in tubes contained 500 μL of artificial saliva at 37°C for 1 week. After centrifugation, the supernatants from each tube were collected, and an ELISA kit (MBbio, China) was used to analyse the release of ICTP (Osorio et al., 2011).
2.11 Statistical analysis
The data were analysed using the SPSS statistical software package (IBM, SPSS 19, United States of America). The equal variances and normality of the data were confirmed using the Levene test and the Kolmogorov–Smirnov test, respectively. For the CCK-8, EDL, and ICTP release assays, one-way analysis of variance (ANOVA) with post hoc Tukey’s test was used for data analysis. A value of p < 0.05 was considered to indicate statistical significance.
3 RESULTS
3.1 Characterization of the Q@HMSNs
The TEM image of the HMSNs in Figures 2A, B revealed spherical NPs with an approximate diameter of 400 nm and a well-ordered channel framework shell structure with a cavity. After loading quercetin, the mesoporous structure remained intact, albeit slightly obscured, indicating that quercetin had been successfully incorporated into the HMSNs with maintenance of the overall morphology (Figure 2C). The mapping pattern of scanning TEM/EDS was used to identify the element distribution. The presence of Si and O signals was demonstrated in both the HMSNs and Q@HMSNs, with the intensity of C in Q@HMSNs being further highlighted (Supplementary Figure S1).
[image: Figure 2]FIGURE 2 | TEM images of (A,B) HMSNs and (C) quercetin-encapsulated HMSNs. HMSNs, hollow mesoporous silica nanocomposites.
The mesoporous crystalline phase and structure were analysed using XRD. For the small-angle pattern (Figure 3A), the XRD analysis of the HMSNs displayed a characteristic diffraction peak at 2θ = 1.9° (100), consistent with a mesoporous structure. Notably, the intensity of this diffraction peak decreased after quercetin loading. In the wide-angle pattern (Supplementary Figure S2), both the HMSNs and Q@HMSNs presented a broad band of non-crystalline scattering around 2θ = 22°. The Q@HMSNs did not exhibit any crystalline peaks in the observed 2-theta range. This could be explained by the quercetin changing into a non-crystalline state (Yu et al., 2023).
[image: Figure 3]FIGURE 3 | Characterization of the HMSNs and Q@HMSNs. (A) Small-angle XRD, (B) FTIR spectra, (C) nitrogen adsorption–desorption isotherms, (D) thermogravimetric analysis, (E) derivative thermogravimetric analysis, and (F) release profile of quercetin from the Q@HMSNs. HMSNs, hollow mesoporous silica nanocomposites; Q@HMSNs, quercetin-encapsulated hollow mesoporous silica nanocomposites.
Additionally, in the FTIR spectrum of the HMSNs, distinctive peaks at 968 cm−1 (Si–OH bending vibration), 1,096 cm−1 (Si–O–Si vibration), 800 cm−1, 470 cm−1 (Si–O stretching and bending vibration), and 1,632 cm−1 (H–O–H bending vibration) were observed. When compared to the HMSNs spectrum, the spectrum of the Q@HMSNs exhibited changes due to quercetin loading at 1,635 cm−1 (C=O stretching vibration), 1,559 cm−1, 1,384 cm−1 (C=C stretching vibrations) and 3,442 cm−1 (OH stretching) (Elmowafy et al., 2022). The presence of these functional groups confirmed the successful loading of quercetin (Figure 3B).
Nitrogen absorption-desorption isotherms were used to characterize the mesoporous characteristics of both the undoped HMSNs and Q@HMSNs. Both the HMSNs and Q@HMSNs presented type IV isotherms, and their mesoporous structure curves were in accordance with the TEM images and XRD analysis. The specific surface area (SBET), pore volume (VP), and pore diameter (DP) of the HMSNs, calculated using the BET/BJH method, were found to be 597.5 m2/g, 0.567 cm3/g, and 3.93 nm, respectively. After quercetin loading, the SBET and VP decreased to 391.8.9 m2/g and 0.242 cm3/g, respectively. This reduction indicated the successful loading of quercetin into the mesopores of the silica NPs (Figure 3C; Supplementary Figures S3, S4; Supplementary Table S1).
TGA and derivative thermogravimetric analysis (DTG) were employed to assess the quantity and thermal stability of the quercetin loaded into the HMSNs. TGA revealed a weight loss of 5.62 wt% for the HMSNs and 16.13 wt% for the Q@HMSNs (Figure 3D). The prominent downwards peak at 66.8°C in the DTG curve corresponds to the evaporation of physically adsorbed water, while another significant downwards peak at 373.1°C indicates the decomposition of the organic substance quercetin. These results confirmed the encapsulation of quercetin into the HMSNs, with a calculated loading amount of 10.51 wt% (Figure 3E; Supplementary Figure S5).
Figure 3F; Supplementary Figure S6 illustrates the drug release profile from the Q@HMSNs, which indicated an initial burst release during the first 8 h, followed by a gradual slowing of the release rate, finally resulting in sustained release over 7 days.
3.2 Biocompatibility evaluation
Figures 4A, B depict the relative viabilities of HGFs and HDPSCs after exposure to different concentrations of Q@HMSNs (1.0, 2.5, and 5.0 mg/mL) for 1, 4, and 7 days. These figures illustrate that even at the highest concentration of 5.0 mg/mL, the viabilities of HDPSCs and HGFs exceeded 80% after 7 days of incubation. The live/dead fluorescence staining results of HGFs and HDPSCs in Figures 4C, D further illustrate the substantial cell proliferation at each concentration, with minimal induction of cell death by Q@HMSNs compared to the other groups. These results provide strong evidence that Q@HMSNs induced relatively negligible toxicity to HGFs and HDPSCs.
[image: Figure 4]FIGURE 4 | In vitro biocompatibility evaluation of the Q@HMSNs. (A) Results of the CCK-8 assay with human gingival fibroblasts at 1, 4, and 7 d *p < 0.05. (B) Results of the CCK-8 assay with human dental pulp stem cells at 1, 4, and 7 d *p < 0.05. (C) Calcein/PI live/dead fluorescence staining images of human gingival fibroblasts incubated with different concentrations of Q@HMSNs. (D) Calcein/PI live/dead fluorescence staining images of human dental pulp stem cells incubated with different concentrations of Q@HMSNs. The data are presented as means and standard deviations. Scale bar: 20 µm. HMSNs, hollow mesoporous silica nanocomposites; Q@HMSNs, quercetin-encapsulated hollow mesoporous silica nanocomposites.
3.3 Tubule occlusion and DOM preservation
The effects of different treatments on tubule occlusion and DOM preservation are presented in Figures 5, 6. After the application of HMSNs and Q@HMSNs, the dentinal tubules in the HMSN and Q@HMSN groups were completely obstructed. The cross-sectional images confirmed that these tubes were effectively sealed by the NPs. In contrast, the tubules in the DW, NaF, and Q groups were exposed due to acid attack (Figure 5). After 14 days of erosion and abrasion, the DW and NaF groups showed mostly exposed tubules. Moreover, narrower tubules were observed in group Q, while the tubules were blocked in the HMSN group. In contrast, the specimens treated with Q@HMSNs demonstrated well-defined dentine tubule occlusion with integration of the DOM and microparticles. Moreover, the cross-sectional view shows a notably distinct and thick DOM in the Q@HMSN group compared with the other groups (Figure 6).
[image: Figure 5]FIGURE 5 | Representative SEM images (×5,000 magnification) of specimens treated with the respective solutions immediately after 7 days of erosion and abrasion. (a1−e1) Corresponding surface-section SEM images of specimens. (a2−e2) Corresponding cross-section SEM images of specimens. (a1,a2) Specimens treated with deionized water. (b1,b2) Specimens treated with NaF. (c1,c2) Specimens treated with quercetin. (d1,d2) Specimens treated with HMSNs. (e1,e2) Specimens treated with Q@HMSNs. The images in d1, d2, e1, and e2 show that the dentine tubules were occluded by HMSNs and Q@HMSNs. HMSNs, hollow mesoporous silica nanocomposites; Q@HMSNs, quercetin-encapsulated hollow mesoporous silica nanocomposites.
[image: Figure 6]FIGURE 6 | Representative SEM images (×5,000 magnification) of specimens under continuous erosive and abrasive challenge for 14 d (a1−e1) Corresponding surface-section SEM images of specimens. (a2−e2) Corresponding cross-section SEM images of specimens. (a1,a2) Specimens treated with deionized water. (b1,b2) Specimens treated with NaF. (c1,c2) Specimens treated with quercetin. (d1,d2) Specimens treated with HMSNs once. (e1,e2) Specimens treated with Q@HMSNs once. The images in d1, d2, e1, and e2 show clear dentine tubule occlusion, and the images in e1 and e2 show a notably distinct and thick DOM surface. HMSNs, hollow mesoporous silica nanocomposites; Q@HMSNs, quercetin-encapsulated hollow mesoporous silica nanocomposites.
3.4 Dentine tubule permeability
The CLSM images revealed the penetration depth of rhodamine B in each group. The DW, NaF, and Q groups showed extensive rhodamine B penetration into the dentinal tubules (Figures 7A–C). In contrast, superficial fluorescent bands were observed in the HMSN and Q@HMSN groups (Figures 7D, E).
[image: Figure 7]FIGURE 7 | Confocal images of vertically sectioned specimens that were treated with the respective solutions after 14 days of erosion and abrasion. (A) Specimens treated with deionized water. (B) Specimens treated with NaF. (C) Specimens treated with quercetin. (D) Specimens treated with HMSNs. (E) Specimens treated with Q@HMSNs (magnification, ×40, scale bar: 20 µm). HMSNs, hollow mesoporous silica nanocomposites; Q@HMSNs, quercetin-encapsulated hollow mesoporous silica nanocomposites.
3.5 Effect of Q@HMSNs on EDL
Figure 8 shows the EDL of the specimens treated with different solutions. Significantly less EDL was observed in the NaF, Q, HMSN and Q@HMSN groups than in the DW group (p < 0.05). The Q@HMSN group had the lowest EDL among the tested groups (p < 0.05).
[image: Figure 8]FIGURE 8 | Means and standard deviations of the erosive dentine loss values in each group. Values marked with the same superscript letter were not significantly different (p > 0.05).
3.6 Effect of Q@MSNs on collagen release
The results from ICTP analysis revealed that 44.34 ± 3.37, 40.13 ± 4.38, and 43.35 ± 3.43 g/L ICTP were released in the DW, NaF, and HMSN groups, respectively, with no significant differences among these values (p > 0.05). In contrast, ICTP release was significantly reduced in the Q and Q@HMSN groups (19.37 ± 4.38 and 12.36 ± 2.49 g/L, respectively) (p < 0.05).
4 DISCUSSION
In this study, the potential of using Q@HMSNs as dentinal tubule sealing agents and their efficacy to inhibit dentine erosion and abrasion were investigated. The findings supported effective dentinal tubule sealing, DOM preservation, and reduced EDL following acid erosion and abrasion and treatment with Q@HMSNs, leading to the rejection of all three null hypotheses. The erosion challenge model was utilized to simulate the impact of dietary soft drinks, with 4 erosion cycles/d and 2 abrasion cycles/d (Shellis et al., 2011). A concentration of 12.3 mg/mL sodium fluoride (NaF), a widely studied treatment for tooth erosion, was chosen as the positive control (Magalhaes et al., 2010). Moreover, 300 μg/mL quercetin was chosen based on established protocols (Jiang et al., 2020). Based on previous studies (Hong et al., 2022), the effects of quercetin on dentin erosion may be related to the inhibition of dentin-derived MMPs and the enhancement in the mechanical properties of dentin collagen fibre. In the present study, collagen degradation was performed using ICTP ELISA kits. The present results showed that Q@HMSNs significantly affected the activation of dentin-derived MMPs. The primary inhibitory mechanism of Q@HMSNs on MMPs can be attributed to the inefficiency of MMPs due to the quercetin blocking their bonding with Zn2+/Ca2+ (Saragusti et al., 2010). Additionally, the phenolic hydroxyl groups in quercetin can form stable hydrogen bonds with hydroxyl group in collagen (Zhai et al., 2010).
Historically, various approaches, such as calcium-containing pastes (Pei et al., 2013), sodium fluoride (Anderson et al., 2020), and laser treatment (Meng et al., 2023), have been used for tubule obstruction, but limitations persist, including shallow infiltration and the susceptibility to re-exposure during acid attack (Wang et al., 2010). Beltrame et al. (2018) reported a 28% reduction in EDL with phosphorylated chitosan after 5 days of acid erosion. Li et al. (2022) reported that the EDL decreased by 45% after quercetin was applied after acid attacks. Schlueter et al. (2009) reported that the EDL was reduced approximately 29% after the application of NaF and 7 days of citric acid demineralization compared to the placebo. In the present study, the effects of HMSNs and Q@HMSNs surpassed these results, with HMSNs providing a 47% reduction in EDL and Q@HMSNs delivering a 75% reduction.
Considering its unique tubular structure, mesoporous silica has been employed as an effective biomimetic vehicle for dentine (Yu et al., 2021a). TEM images of the Q@HMSNs confirmed their stable framework and the successful incorporation of quercetin into the MSNs. Nitrogen adsorption–desorption analysis demonstrated a type IV isotherm for the HMSNs and Q@HMSNs, indicating a mesoporous structure. The in vitro release profiles demonstrated that the HMSNs served as a reservoir and carrier for sustained quercetin delivery. The CCK-8 assay results revealed the low cytotoxicity of the Q@HMSNs, ensuring their suitability for gingival fibroblast and dental pulp cell proliferation. The dentine permeability assessments and SEM observations indicated enhanced erosion and abrasion resistance 14 days after treatment with the HMSNs and Q@HMSNs. Q@HMSNs showed potential as a durable system against acid attacks, with hollow mesoporous silica exhibiting a superior loading capacity compared to traditional mesoporous silica (Elmowafy et al., 2022). Additionally, the quercetin loaded into the HMSNs may be more resistant to degradation inside the tubules than on the dentine surface. Even after a single application to the dentine specimens, the Q@HMSNs demonstrated significant tubule occlusion and DOM preservation capabilities.
Due to the advantageous properties of NPs, such as MSNs and bioactive glass NPs (BGNs), these materials have been widely employed to efficiently occlude dentinal tubules and maintain stability against everyday acid erosion (Li et al., 2018; Zhang et al., 2018; Jung et al., 2019a; Jung et al., 2019b). However, few studies have explored the combined effect of MSNs with MMP inhibitors on the DOM. In this study, Q@HMSNs demonstrated dual functionality by occluding tubules and protecting the DOM from acid erosion. The EDL results indicated that using Q@HMSNs was more effective than applying HMSNs separately. In a study by Vertuan et al. (2021), preservation of the DOM reduced the EDL by 28% compared to conditions without the DOM. Viana et al. (2020) used β-tricalcium phosphate (β-TCP) NPs to combat dental erosion, resulting in an approximately 50% reduction in the EDL compared to the control group. While the HMSN group in our study showed a 47% reduction in EDL, the Q@HMSN group demonstrated a higher reduction (75%). This suggests that the presence of Q@MSNs may lead to favourable tubule occlusion, providing enhanced protection for quercetin against acid attack. With the dissolution of dentine mineralization and release of quercetin, the remaining dentine organic matrix combines with Q@HMSNs to form a membrane-like layer (Figures 6e1, e2). Based on the present findings, we assume that the main mechanism of action for inhibiting dentine erosion and abrasion is that Q@MSNs could efficiently occlude the dentinal tubules and protect DOM. Theoretically, the HMSNs, as antiacid inorganic contents on the surface dentin, will prevent the further exposure of dentine tubules and demineralization of dentine. Beyond that, quercetin holds inhibitory activity against MMPs, strengthens the mechanical properties of dentin collagen, and maintains the organic matrix on the erosion surface. Moreover, the Q@HMSNs demonstrated high biocompatibility and the potential for use in in vivo applications. The continuous quercetin release over 7 days and sustained anti-erosion ability highlight the clinical potential of Q@HMSNs.
This study has a few limitations. Firstly, the efficacy of the Q@HMSNs was observed in vitro, and further studies are needed to explore its in situ/in vivo applications. Additionally, this study did not include CHX, EGCG, or other MMP inhibitors. Future studies should assess and compare the effectiveness of other MMP inhibitors encapsulated in HMSNs.
5 CONCLUSION
Despite these limitations, the results here suggest that Q@HMSNs could effectively inhibit dentine erosion and abrasion through tubule occlusion and DOM preservation. Q@HMSNs hold promise as an innovative measure for treating dentine erosion and abrasion in future in vivo applications.
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Evaluation of osteogenic properties of a novel injectable bone-repair material containing strontium in vitro and in vivo
Lishuang Liu†, Sha Hou†, Guangya Xu†, Jingjing Gao, Junyu Mu, Min Gao, Jianrong He, Xiaoyu Su, Zheng Yang, Yi Liu, Tengzhuo Chen, Zhihong Dong, Lijia Cheng* and Zheng Shi*
Clinical Medical College, Affiliated Hospital, School of Basic Medical Sciences of Chengdu University, Chengdu, China
Edited by:
Jian Yu, University of British Columbia, Canada
Reviewed by:
Abdorreza Mesgar, University of Tehran, Iran
Amit Kumar Jaiswal, VIT University, India
Lin Wang, Southern University of Science and Technology, China
Zhen Geng, Shanghai University, China
* Correspondence: Lijia Cheng, chenglijia@cdu.edu.cn; Zheng Shi, drshiz1002@hotmail.com
†These authors share first authorship
Received: 23 February 2024
Accepted: 11 April 2024
Published: 19 April 2024
Citation: Liu L, Hou S, Xu G, Gao J, Mu J, Gao M, He J, Su X, Yang Z, Liu Y, Chen T, Dong Z, Cheng L and Shi Z (2024) Evaluation of osteogenic properties of a novel injectable bone-repair material containing strontium in vitro and in vivo. Front. Bioeng. Biotechnol. 12:1390337. doi: 10.3389/fbioe.2024.1390337

Objective: This study aims to develop and evaluate the biocompatibility and osteogenic potential of a novel injectable strontium-doped hydroxyapatite bone-repair material.
Methods: The properties of strontium-doped hydroxyapatite/chitosan (Sr-HA/CS), hydroxyapatite/chitosan (HA/CS) and calcium phosphate/chitosan (CAP/CS) were assessed following their preparation via physical cross-linking and a one-step simplified method. Petri dishes containing Escherichia coli and Staphylococcus epidermidis were inoculated with the material for in vitro investigations. The material was also co-cultured with stem cells derived from human exfoliated deciduous teeth (SHEDs), to assess the morphology and proliferation capability of the SHEDs, Calcein-AM staining and the Cell Counting Kit-8 assay were employed. Osteogenic differentiation of SHEDs was determined using alkaline phosphatase (ALP) staining and Alizarin Red staining. For in vivo studies, Sr-HA/CS was implanted into the muscle pouch of mice and in a rat model of ovariectomy-induced femoral defects. Hematoxylin-eosin (HE) staining was performed to determine the extent of bone formation and defect healing. The formation of new bone was determined using Masson’s trichrome staining. The osteogenic mechanism of the material was investigated using Tartrate-resistant acid phosphatase (TRAP) staining and immunohistochemical studies.
Results: X-ray diffraction (XRD) and energy-dispersive spectroscopy (EDS) showed that strontium was successfully doped into HA. The Sr-HA/CS material can be uniformly squeezed using a syringe with a 13% swelling rate. Sr-HA/CS had a significant antibacterial effect against both E. coli and S. epidermidis (p < 0.05), with a stronger effect observed against E. coli. The Sr-HA/CS significantly improved cell proliferation and cell viability in vitro studies (p < 0.05). Compared to CAP/CS and CS, Sr-HA/CS generated a substantially greater new bone area during osteoinduction experiments (p < 0.05, p < 0.001). The Sr-HA/CS material demonstrated a significantly higher rate of bone repair in the bone defeat studies compared to the CAP/CS and CS materials (p < 0.01). The OCN-positive area and TRAP-positive cells in Sr-HA/CS were greater than those in control groups (p < 0.05).
Conclusion: A novel injectable strontium-doped HA bone-repair material with good antibacterial properties, biocompatibility, and osteoinductivity was successfully prepared.
Keywords: hydroxyapatite, strontium, chitosan, bone regeneration, osteoporosis
1 INTRODUCTION
Osteoporosis, a prevalent global health concern, affects millions of individuals worldwide and poses a significant medical challenge. This systemic skeletal disorder is characterized by reduced bone mass, compromised microstructural integrity leading to increased bone fragility, and heightened susceptibility to fractures. Consequently, the management of osteoporosis often necessitates the utilization of bone repair materials for the treatment of pathological fractures across diverse anatomical sites. Autogenous bone transplantation is considered the most effective method for the treatment of large-scale bone defects resulting from trauma, infection, tumor, or ischemic osteonecrosis (Silva Filho et al., 2013; Ahn et al., 2014). However, the clinical application of autogenous bone is greatly limited due to limited sources and the risk of infections and immune rejection (Myeroff and Archdeacon, 2011). Therefore, there is an urgent need for bone tissue–engineering materials in clinical settings as an alternative to implant materials. Traditional biomaterials such as hydroxyapatite (HA) and calcium phosphate (CAP) have been extensively investigated because of their superior bone conductivity, biocompatibility, and biodegradability (Gao et al., 2014). However, these materials have certain drawbacks, including limited biological activity and poor mechanical properties that prevent them from adapting to the shape of the defect (Rezwan et al., 2006; Mercado-Pagán et al., 2015). Furthermore, the majority of calcium phosphate-containing materials lack antibacterial activity. This limitation restricts their use in bone repair (Campoccia et al., 2006; Yuan et al., 2014).
Fortunately, the discovery of strontium (Sr) has invoked renewed interest in conventional calcium phosphate–containing materials. Sr is a trace element found in humans’ body in amounts ranging from 0.008% to 0.01%, which is widely distributed in human hard tissues, such as bones and teeth. Due to the similar ionic radius of strontium ions (Sr2+) and calcium ions (Ca2+) (0.12 nm vs. 0.099 nm), Sr2+ can frequently displace calcium ions Ca2+ in HA (Boanini et al., 2010). Geng et al.demonstrated that Sr could completely replace Ca and that the addition of Sr increased the lattice parameters of HA and enhanced the biological activity (Geng et al., 2016; Geng et al., 2018). In addition to being an essential constituent of bone tissue, Sr regulates the physiological environment of cells and promotes bone healing (Glenske et al., 2018). It is recognized for its distinctive dual mechanism of action, which simultaneously promotes bone formation and hinders bone resorption (Bonnelye et al., 2008). Clinically, Sr ranelate has been utilized for the treatment of osteoporosis in postmenopausal women (Meunier et al., 2004; Meunier et al., 2009). However, it may increase the incidence of side effects such as heart disease and thromboembolism, leading to its restriction by the European Medicines Agency in 2014 (Diepenhorst et al., 2018). Studies have indicated that Sr can stimulate calcium-sensitive receptors, MAPK ERK1/2, NFATc/Maf, and the Wnt pathway, which in turn enhances the process of osteoblast differentiation (Chattopadhyay et al., 2007; Saidak et al., 2012). Moreover, it can reduce osteoclast differentiation by inhibiting the NF-κB pathway (Caudrillier et al., 2010). Therefore, considering the effects of Sr on the physiological process of bone remodeling, a viable safe approach to enhance osseointegration could involve the combination of Sr with implants to stimulate bone differentiation properties (Li et al., 2010; Zhang et al., 2016; Wang et al., 2019). However, limited studies have been reported on Sr-doped compounds or related materials for bone regeneration.
In addition, it is necessary for the implanted biomaterials to have excellent biocompatibility and antibacterial activity, because the implanted biomaterials may trigger a dependent inflammatory response followed by infection, thereby leading to surgical failure. Fortunately, in many studies, chitosan (CS) has gradually been discovered to have excellent performance. CS is a naturally occurring polysaccharide with exceptional biocompatibility, biodegradability, and antibacterial properties, finds extensive application in bone tissue engineering (Madihally and Matthew, 1999; Di Martino et al., 2005; Venkatesan and Kim, 2010; Croisier and Jérôme, 2013). CS binds and combines with negatively charged substances on the bacterial surface, forming an impermeable layer that obstructs the transport of important solutes, due to the presence of multiple positively charged amine groups in its molecular structure (Khattak et al., 2019). Another method involves the ability of low-molecular-weight CS to enter cells, alter the structure of DNA, and hinder the production of RNA and proteins in bacteria (Li et al., 2022).
After the incorporation of Sr into HA, Sr2+ can replace the Ca2+ in HA and become Sr/HA. Moreover, the difference in ionic radius and properties between Sr2+ and Ca2+ will distort the crystal lattice of the original HA, thus changing the crystal structure and biodegradability of HA, so that it can better match and integrate with natural bone. CS hydrogels can enhance the biocompatibility and antibacterial properties of the materials, and can be used as scaffolds. The addition of Sr/HA microspheres not only enhanced the mechanical properties of hydrogel, but also effectively promoted the healing of bone defects. A simplified one-step approach was used in this study to prepare Sr-doped HA (Sr-HA) to enhance the osteogenic capabilities of the material. A composite CS/medical polyvinyl alcohol gel was prepared using a physical cross-linking approach to make it suitable for injection. Finally, the modified Sr-HA was incorporated into the CS gel to develop the novel Sr-HA/CS. The material characterization experiments, in vitro antibacterial tests, cellular experiments, and in vivo experiments were used to determine the characteristics of the synthesized materials and assess their clinical viability for the treatment of osteoporotic bone defect. It is anticipated that this composite material can enhance the potential for bone regeneration applications.
2 MATERIALS AND METHODS
2.1 Fabrication of the Sr-HA/CS
A 50 mL solution of phosphocreatine (98%, Hefei Bomei Biotechnology, Anhui, China) was added dropwise into a 50 mL solution of calcium chloride (99%) to prepare a mixed solution. The resulting solution was then stirred using a magnetic stirrer (WH220-HT, WIGGENS, Germany) for 30 min at 1,200 r/min. The pH of the solution was adjusted to 10 using a NaOH solution. After that, 0.525 g of SrCl2 (99% purity, Macklin, Shanghai, China) was added to the solution, which was then subjected to heating in an oil bath at 120°C for 30 min. The solution was subsequently cooled to room temperature, allowed to precipitate, filtered using a filter paper, washed twice with phosphate-buffered saline (PBS), and freeze-dried in a vacuum freeze drier (FDU-2100, EYELA, Japan) to obtain Sr-HA microspheres. Simultaneously, CS hydrogel was made using the following procedure: 16 g KOH and 8 g urea were accurately measured in a balance and added to 71 mL distilled water. The solution was decanted into a 150-mL flask, stirred slowly with a glass rod, and cooled to 20°C in a refrigerator. Then, 5 g of CS (degree of deacetylation ≥95%, Macklin, Shanghai, China) was introduced into the solution and stirred at 1,200 r/min for 1 h using a magnetic stirring to produce a transparent CS solution. Following this, 100 g of medical polyvinyl alcohol (5%, Evoh, Japan) was added to the CS solution, which was stirred at 25°C for 30 min at 1,200 r/min with a magnetic heating agitator. The CS/medical polyvinyl alcohol solution was heated in a water bath at 50°C for 1 h. The solution was frozen at −20°C for 12 h and thawed at room temperature (25°C). The freeze-thaw cycle was repeated three times. The resulting solution was dialyzed in distilled water for 5 days and then filtered to remove the residue to get the CS hydrogel. Finally, the CS gel and HA microspheres were mixed in a specific solid-liquid ratio (0.05–0.2 g/mL) and stirred for 1 h with a magnetic stirrer at 1,200 r/min to produce a homogenous, milky composite hydrogel of the Sr-HA/CS composite (Figure 1). Furthermore, control trials were conducted using HA/CS and CAP/CS materials without Sr. All materials were exposed to 250 nm UV light (Chuangu Lighting Technology Co., Ltd.) for an hour before implantation.
[image: Figure 1]FIGURE 1 | One-step simplified method and physical cross-linking were used to prepare Sr-HA/CS. (1) 98% phosphocreatine was mixed with 96% NaOH and heated followed by the addition of SrCl2 to obtain strontium-doped hydroxyapatite (Sr-HA); (2) KOH, urea, chitosan, and 5wt% medical PVA were added separately and the gel was prepared after thawing and freezing cycle; (3) Finally, a specific proportion of the two substances were mixed to produce Sr-HA/CS.
2.2 Characterization of materials
2.2.1 Surface and composition analyses of Sr-HA and HA
To evaluate surface morphology of Sr-HA and HA, the sample was sprayed with gold in a vacuum for 10 min and then examined using scanning electron microscopy (SEM, Regulus8100, Hitachi, Japan). After gold plating, the elements of the material were identified using energy dispersive spectroscopy (EDS, Regulus8100, Hitachi, Japan). The sample was analyzed using X-ray diffractometry (XRD, D8 ADVANCE, Bruker, Germany).
2.2.2 Swelling of Sr-HA/CS and HA/CS
To evaluate the swelling rate (SR), the Sr-HA/CS and HA/CS hydrogel was dried at 60°C in a constant temperature vacuum dryer (DZF6020, China). A specific amount of the dried hydrogel was weighed (W1). Then, the hydrogel was soaked in PBS for 12 h. The liquid on the surface of the sample was removed and the sample was measured using an electronic balance (W2). The formula used to calculate SR is as follows: SR = (W2–W1)/W1.
2.2.3 Injectability of Sr-HA/CS
The hydrogel was loaded in a 5-mL syringe and squeezed into a Petri dish containing PBS. The criteria for judgment were the ability of the gel to be squeezed out uniformly and the retention of its shape in solution.
2.3 Antibacterial effect of Sr-HA/CS hydrogel
The bacteriostatic effect of the Sr-HA/CS hydrogel was determined. First, 0.1 mL of E. coli (Escherichia coli) and S. epidermidis (Staphylococcus epidermidis) at a density of 2 × 106 cells/mL was uniformly spread onto agar plates using a sterile swab. Four holes were punched in the agar plates using a pipette tip and the plugs in the medium were removed from the holes using a sterile needle. The plates were sealed to prevent contamination and incubated at a temperature of 37°C and then examined 18 h later. The diameters of the bacteriostatic circles were quantitatively measured with a Vernier caliper and the effects of bacteriostasis and colony growth were observed and recorded.
2.4 In vitro studies
2.4.1 Cell culture
Following the sterilization of the two material groups (Sr-HA/CS and HA/CS), 2 mg/mL rat tail glue (Solarbio, China) was introduced and distributed across a 24-well plate (Nest, America). The plate was then subjected to ultraviolet gel. Next, 5 × 104 stem cells derived from human exfoliated deciduous teeth (SHEDs) were placed on the Sr-HA/CS and HA/CS bioceramics in 24-well plates, and the culture medium was replaced after 24 h. The Dulbecco’s Modified Eagle Medium (high glucose) was supplemented with 1% penicillin-streptomycin and 10% standard fetal bovine serum.
2.4.2 Cell proliferation
Cell proliferation was assessed using the Cell Counting Kit-8 (CCK-8, Biyuntian, China). Briefly, 2 × 104 SHEDs were inoculated on samples in 48-well plates. The samples were then cultured for 1, 4, and 7 days, respectively, and incubated in CCK-8 working solution for 2 h. The culture medium was replaced every 2 days. Then, 100 μL of the sample solution was transferred to a 96-well plate and the absorbance was measured at 450 nm. The relative growth rate (RGR) was calculated using the following equation: RGR (%) = ODtest/ODcontrol × 100%.
In morphological studies, cells were treated for 15–30 min with a Calcein-AM fluorescent dye kit (HR0444, Baiaolaibo, China) after 7 days of cell culture. The Calcein-AM staining solution was removed and the cells were washed twice with a serum-free medium. Following the preparation of Hoechst working solution (C1017, Biyuntian, China) at a concentration of 20 μg/mL, the cells were further incubated for 10–20 min. The cells were then washed twice with PBS before being examined under inverted fluorescence microscopy (IX73, Olympus, Japan). RGR was calculated using ODcontrol represents the absorption of the sample at 12 h.
2.4.3 Alkaline phosphatase (ALP) activity
The cells were inoculated into each well at a density of 3 × 104 cells. Osteoinduction commenced as the cells cultivated on the tissue culture plate achieved 80% confluence, the materials were added in the cell to induce cell osteogenic differentiation. The samples were transferred to a new well plate and washed with PBS after 7 and 14 days. The cells on the sample were lysed in 200 μL of 0.1% polyethylene glycol octyl phenyl ether (Tritonx-100) buffer for 30 min, and the lysate was collected in a 1.5-mL microcentrifuge tube. The ALP activity in the supernatant was measured using an ALP assay kit (YX-W-B002, Ainobestbio, China). The total protein content was evaluated using a bicinchoninic acid assay kit, following the instructions provided by the manufacturer. The ALP activity was determined and calibrated using the total protein content (U/g).
2.4.4 Extracellular matrix mineralization
After 21 days of osteogenic induction, Alizarin Red staining was performed to evaluate the surface mineralization level of samples. Briefly, the samples were fixed in 4% paraformaldehyde for 30 min, washed with PBS, and then stained with Alizarin Red staining solution (Jiayuan Biotechnology, Guangzhou, China) for 15 min. The samples were then thoroughly rinsed with distilled water and images were captured with a stereoscopic microscope (Leica, Germany). After 15 min of elution in 1 mL of 10% cetylpyridinium chloride (Sinopharm Chemical Reagent, China), the mineralized body was transferred to a 96-well plate at 37°C and its absorbance at 562 nm was measured using semi-quantitative analysis. In general, materials with good biocompatibility exhibited more mineralized nodules.
2.5 In vivo studies
2.5.1 Bone induction surgery in mice
All animal experimental protocols were approved by the Animal Ethics Committee of Chengdu University. Surgery was conducted on animals after 1 week of adaptive housing. Twenty-four 8-week-old female ICR mice (Chengdu Dashuo Experimental Animal Co., Ltd., China) were randomly divided into the following four groups (n = 6 each): 0.01 mL of CS, 0.01 mL of Sr-HA/CS, 10 μg of calcium phosphate (CAP), and 0.01 mL of CAP/CS. Calcium phosphate-based materials are very similar to the inorganic components of human bone, both in terms of chemical composition and biological properties, and are therefore widely used in bone tissue engineering and clinical medicine. In our study, we chose to increase the CAP group for comparison, thus better demonstrating the advantages of our prepared materials. Before implantation, CAP, an amorphous powder, was moistened with sterile PBS and thereafter underwent natural drying and solidification. The ratio of Sr HA/CAP: CS hydrogel was 0.05 g: 10 mL. The mice were anesthetized using isoflurane gas (Shenzhen Reward Life Science and Technology Co., Ltd.). After complete anesthesia, the hair on both outer thighs of mice was clipped, the skin was sterilized with ethanol, and a 10-mm long incision was made in the skin. Subsequently, a longitudinal muscle pocket measuring approximately 8 mm in length was promptly prepared along the skin incision. Finally, the four kinds of materials were implanted, and the muscles and skin were sutured sequentially. Normal postoperative feeding was performed and penicillin was injected for 3 consecutive days to prevent postoperative infection. Following the CO2-inhalation-induced execution of mice at 8 and 10 weeks, the tissues were fixed for 72 h in 4% paraformaldehyde.
2.5.2 Bone-defect surgery in OVX rats
Thirty 3-month-old female Sprague Dawley rats weighing >200 g (Chengdu Dashuo Experimental Animal Co., Ltd., China) were bilaterally ovariectomized after 1 week of acclimatization. After 8 weeks, OVX rats were placed in a supine position on a heating pad to ensure their body temperature was maintained at 36°C–37°C after anesthesia and skin preparation. The hind limbs of OVX rats were shaved and disinfected, and an incision of approximately 1.5 cm in length was made in the skin of the distal femur to expose the muscle. After a blunt dissection of the muscle to expose the femoral condyles, a circular bone defect of about 3 mm in diameter was drilled perpendicular to the median axis with a medical DC drill at a low speed of 3,000 rpm. To prevent thermal necrosis of cells and tissues, 0.9% saline was continuously flushed during drilling. After drilling, bone fragments were removed from the cavity by rinsing with saline solution. The skin was then sutured using each of the four materials filled into the hole. To avoid infection, penicillin was administered intraperitoneally in three consecutive injections postoperatively. The execution method and time points were similar to those used for mice.
2.5.3 Histological staining
Specimens were decalcified in 10% ethylenediaminetetraacetic acid for 3 weeks at room temperature while being subjected to agitation on a shaker. Specimens were dehydrated in a series of ethanol solutions with concentrations ranging from 75% to 100%, embedded in a paraffin-embedding machine (TKD-BMC, Hubei, China), and sliced into 5-µm-thick posterior sections using a microtome (RM2235, Leica, Germany). Following that, hematoxylin-eosin (HE) staining, Masson’s trichrome staining, saffron-solid green (S&G) staining, and tartrate-resistant acid phosphatase (TRAP) staining were performed separately according to the manufacturer’s instructions. The images were scanned using a NanoZoomer digital pathology scanner (NDP; Hamamatsu, Japan). Three slices were randomly selected based on HE staining, and new bone areas were automatically measured and calculated using Image-Pro Plus 6.0 (IPP). The formula used to calculate new bone area is as follows: New bone area (%) = new bone area/tissue area × 100%.
2.5.4 Immunohistochemistry
The paraffin sections were deparaffinized, washed, and incubated in antigen repair solution before being treated with hydrogen peroxide. The prepared primary antibody [OCN (1:100, Servicebio)] was added dropwise and incubated overnight at 4°C. The secondary antibody, specifically horseradish peroxidase–labeled rabbit anti-goat IgG (1:200, Servicebio), was introduced and allowed to incubate for 50 min at room temperature. This was followed by the gradual addition of the DAB color development solution and hematoxylin. Positive staining was then quantified using IPP and represented as a percentage of positive area.
2.6 Statistical analysis
Data are expressed as mean ± standard deviation ([image: image] ± s) and analyzed using SPSS 26.0. The differences between multiple groups were analyzed using a one-way analysis of variance, while the differences between two groups were analyzed using an independent samples t-test. A p < 0.05 was considered statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001).
3 RESULTS
3.1 Characterization of materials
3.1.1 Surface morphology and composition analysis of Sr-HA/CS
Figure 2 illustrates the morphology and EDS element mapping of Sr-HA powder. SEM analysis revealed the presence of large spheroidal structures on the surface of the powder, which differed from the typical HA structure (Figure 2A). Sr was successfully incorporated into the powder, as evidenced by EDS mapping (Figure 2B). The phase composition of the sample was analyzed using XRD and the most similar HA PDF card was searched using Jade 9.0. Compared to the standard card, in our analysis, the HA and Sr-HA generated showed similar characteristic peaks of HA, specifically at 211, 401, and 313. HA and Sr-HA powders had similar peaks at 31.6°, 45.4°, 56.4°, 66.2°, and 75.2°. However, the peak intensity of Sr-HA was lower, which may be related to the incorporation of Sr (Figure 2C).
[image: Figure 2]FIGURE 2 | Surface morphology and composition analysis of Sr-HA and HA powder. (A) SEM images of Sr-HA and HA, (B) EDS analysis of Sr-HA, and (C) XRD pattern of Sr-HA and HA powder.
3.1.2 Injectability assay
The hydrogel was filled in a 5-mL syringe and squeezed evenly into a Petri dish containing PBS. The squeezed gel was observed in the Petri dish and it retained its original shape (Figure 3A).
[image: Figure 3]FIGURE 3 | The tests on injectability, swelling and antibacterial properties of Sr-HA/CS gel. (A) Injectability of Sr-HA/CS. (B) Swelling experiments of Sr-HA/CS and HA/CS (n = 3). (C) The inhibitory impact of varying concentrations of Sr HA/CS against E. coli and S. epidermidis. (D) Inhibition zone of varying concentrations of Sr-HA/CS against E. coli and S. epidermidis (n = 3, *p < 0.05, **p < 0.01, upon comparison with HA/CS group).
3.1.3 Swelling assay
The weight change of the hydrogel before and after 12 h was measured using an electronic balance, and the histogram of the swelling rate was calculated using the formula SR = (W2-W1)/W1. Through statistical analysis, we found that there was no significant difference in swelling rate between Sr-HA/CS and HA/CS (p > 0.05, Figure 3B), and the inclusion of Sr may not change the water absorption of the material.
3.2 Evaluation of the antibacterial activity of Sr-HA/CS
To assess the ability of the synthesized materials to inhibit bacterial growth, 0.3 mL of saline (NS) was injected into Petri dishes containing E. coli and S. epidermidis as control samples. Simultaneously, 0.3 mL of Sr-HA/CS in the ratios of 0.05 g/10 mL (0.05), 0.10 g/10 mL (0.10), and 0.15 g/10 mL (0.15) were added. After 18 h of incubation, a noticeable zone of inhibition was observed around the material, in contrast to the control NS (Figure 3C). The statistical analysis of the diameters of the zones of inhibition, measured using the Vernier calipers, demonstrated that the material exhibited greater efficacy against E. coli at all ratios, as depicted in Figure 3D. The concentration of Sr-HA powder had a negligible impact on the inhibition effect at ratios of 0.05 and 0.10 groups. However, between 0.05 and 0.15 groups, the former exhibited a more pronounced inhibition effect, suggesting that Sr does not appear to exert an inhibitory effect in this experiment.
3.3 The osteogenic capacity assay of Sr-HA/CS in vitro
3.3.1 Cell proliferation
The ideal bone-repair material should possess biocompatibility in addition to effective antimicrobial properties. Therefore, cell viability and proliferation of the materials cultured on days 1, 4, and 7 were assessed using the CCK-8 assay. The results of the CCK-8 assay indicated that there was no statistically significant difference in cell proliferation between the groups (p > 0.05) on day 1. However, the Sr-HA/CS group exhibited greater cell viability than the HA/CS group on days 4 and 7 (p < 0.05, Figure 4A). There was a noticeable upward trend in cell proliferation for both groups on days 1, 4, and 7. However, the Sr-HA/CS group exhibited a higher level of cell proliferation compared to the HA/CS group (p < 0.05, Figure 4B). Calcein-AM staining revealed that SHEDs could proliferated normally on the surface of the hydrogel (Figure 4C).
[image: Figure 4]FIGURE 4 | (A) Cell viability of Sr-HA/CS and HA/CS (n = 3) on days 1, 4, and 7. (B) CCK-8 assay revealing the proliferation capability of SHEDs of the two groups (n = 3). (C) Calcein-AM staining following 7 days and inverted fluorescence microscopy for the visualization of cell fluorescence. (D) ALP staining of SHEDs after 7 and 14 days of osteoinduction, and quantitative results of ALP staining (n = 3). (E) Alizarin Red staining of SHEDs after 21 days of osteoinduction, and quantitative results of Alizarin Red staining (n = 3). (ALP, alkaline phosphatase; *p < 0.05, **p < 0.01; compared with the HA/CS group).
3.3.2 ALP activity
ALP staining is indicative of the impact of early osteogenic differentiation on cells, while Alizarin Red staining can be used to assess the level of mineralization in late osteogenic cells. After 7 days of culture, ALP staining was darker in the Sr-HA/CS group than in the HA/CS group (Figure 4D). Additionally, the Sr-HA/CS group exhibited higher ALP activity than the HA/CS group. The results of ALP staining and activity on day 14 were in line with the pattern observed on day 7.
3.3.3 Extracellular matrix mineralization
Following a 21-day incubation period, the mineralized bodies underwent treatment. The absorbance at 562 nm in the Sr-HA/CS group (Figure 4E) was higher, however, there was no significant difference between the two groups (p > 0.05).
3.4 Ectopic bone formation of Sr-HA/CS in vivo
3.4.1 Histological analysis
To investigate the osteoinductive ability of Sr-HA/CS, HE staining was performed on samples obtained from mice at 8 and 10 weeks after implantation. At 8 weeks, immature bone tissue was observed, whereas at 10 weeks, newly formed bone tissue was observed. Additionally, a part of the bone marrow tissue could be observed in the Sr-HA/CS group (Figure 5A). The new bone area of Sr-HA/CS, CAP/CS, and CAP all were greater than that of CS (p < 0.001), but did not differ significantly at 8 weeks (p > 0.05). At 10 weeks, the Sr-HA/CS group exhibited a greater new bone area compared to the other two groups (p < 0.05, p < 0.001). Furthermore, there was no significant difference in bone formation between the CAP/CS and CAP groups (p > 0.05, Figure 5B).
[image: Figure 5]FIGURE 5 | Histological analysis of osteoinduction in mice at weeks 8 and 10. (A) HE staining (M: material, T: tissue, B: bone; scale bar: 50 μm); (B) Quantitative analysis of the ratio of new bone area (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001).
3.4.2 Masson’s staining and TRAP analysis
Serial sections of 10-week specimens were stained with Masson’s and TRAP to more clearly observe the development of new bone. At 10 weeks, the new bone was more mature and showed bone marrow tissue (Figure 6). Figure 6 illustrates that the absence of osteoclasts during TRAP staining suggests that the bone was in the early osteogenesis stage.
[image: Figure 6]FIGURE 6 | Masson’s staining and TRAP analysis in mice at week 10. Yellow pentagram: bone marrow tissue; green arrow: red staining, mature bone tissue; scale bar: 100 μm.
3.5 Repairing of bone defects with Sr-HA/CS in OVX rats
3.5.1 Histological analysis
To assess the degree of osteoporosis and observe the healing process at the site of the bone defect, HE staining was applied. The Sr-HA/CS and CAP groups had superior healing as observed by the naked eye (Figure 7A), which was further confirmed by quantitative analysis (Figure 7B). Meanwhile, the trabeculae of the femoral epiphysis of CS were broken and sparsely arranged (Figure 7A). The remaining three groups displayed superior conditions. The sections exhibited significant growth in which a substantial amount of new bone tissue was generated, including bone marrow tissue. A large number of osteoblasts were seen, including in the CS (Figure 7A). The bone-repair rates of the four groups were as follows: 82.28% ± 1.43%, 69.11% ± 1.59%, 74.61% ± 4.91%, and 24.53% ± 5.11%. The repair rate of the Sr-HA/CS group showed a statistically significant increase compared to both the CAP/CS and CS groups (p < 0.01), but was comparable to that of the CAP group (p > 0.05).
[image: Figure 7]FIGURE 7 | Histological analysis of bone defects in OVX rats at week 8. (A) HE staining (M: material, B: bone, black circle: bone-defect site; scale bar: 2.5 mm and 100 μm); (B) Quantitative analysis of defect repair rate (n = 3, **p < 0.01).
3.5.2 Masson’s staining and S&G staining
Masson’s staining and S&G staining of serial sections of the specimens were used to visualize the new bone. Masson’s staining demonstrated the presence of distinct blue new bone, and the defects were replaced with lamellar bone and bone marrow. In comparison to the latter two groups, the Sr-HA/CS and CAP/CS groups had more area of new bone formation (Figure 8). The red portion (cartilage) observed in S&G staining suggested that the osteogenic process originated from the cartilage and progressed to the mature bone tissue; however, the defects were predominantly green (Figure 8), suggesting that the bone tissues were more mature at this time. In line with the findings of the Masson’s staining analysis, the Sr-HA/CS group showed the most pronounced osteogenesis, whereas the CS group did not demonstrate any obvious or substantial bone formation.
[image: Figure 8]FIGURE 8 | Masson’s and S&G staining of bone defects in OVX rats. Green arrow: bone marrow tissue; yellow pentagram: cartilage; scale bar: 100 μm.
3.5.3 Immunohistochemical and TRAP analyses
To elucidate the mechanism of osteogenesis, serial sections were stained with TRAP and OCN. During the 8-week, OCN-positive areas were observed both at the edges of the defect and in the central region of the newly formed bone (Figure 9A). The Sr-HA/CS group had the highest levels of positive staining, which were found to be considerably greater than those in the CAP and CS groups (p < 0.05, Figure 9B). Additionally, the TRAP staining of the multinucleate osteoblasts revealed that osteoblasts were considerably more abundant in the Sr-HA/CS group over the other three groups (Figure 9C), and these osteoblasts were found to be multinucleated (Figure 9A).
[image: Figure 9]FIGURE 9 | Immunohistochemical and TRAP analysis of bone defects in OVX rats. (A) OCN and TRAP staining (M: material, black arrow: osteoclast; scale bar: 100 μm); (B) Quantitative analysis of the positive area of OCN; (C) Quantitative analysis of TRAP-positive cells (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001).
4 DISCUSSION
Sr is not only a common component of bone, but also an essential trace element that plays a role in various physiological and biochemical processes in the human body (Pilmane et al., 2017). Recently, Sr has been extensively included in bioactive materials due to its exceptional bone-inducing capability and reduced adverse effects. For example, Cheng et al. (Cheng et al., 2023) prepared strontium ion-functionalized nano-hydroxyapatite/chitosan composite microspheres. The slow release of strontium ions from these microspheres facilitates the osteogenic differentiation of mesenchymal stem cells and the vascularization of endothelial cells, thereby promoting bone regeneration in defect areas. Geng et al. prepared titanium-based implants containing Sr. Through in vitro and in vivo experiments, they demonstrated that the incorporation of Sr promoted osteoblast adhesion and osteogenesis, inhibited osteoclastogenesis, increased bone formation and mineralization, and enhanced the bonding strength of bone implants (Geng et al., 2021; Geng et al., 2022). Studies have shown that Sr-doped biomaterials have superior safety and can induce bone formation and remodeling (Baron and Tsouderos, 2002; Marie et al., 2011; Neves et al., 2017).
The SEM analysis revealed that the Sr-HA powder showed a spheroid structure, while the XRD and EDS peaks confirmed the successful doping of Sr. Injectable biomaterials can provide better filling of defect shapes and therefore achieve better bone-to-material contact even for irregular defects (Kretlow et al., 2007). Furthermore, the XRD pattern demonstrated that the HA and Sr-HA prepared in this investigation exhibit comparable peaks associated with HA, which aligns with the findings reported by Hu et al. (Hu et al., 2020), and strontium doping does not significantly change the crystal structure of HA. Injectability experiments, which demonstrated that the material could be injected with a syringe, allowing the material to pass through the syringe into the bone-defect site in patients. In a clinical setting, injectable bone-repair materials may lessen the severity of surgically induced tissue fibrosis, reduce treatment expenses, and reduce patient discomfort (Cui et al., 2017). Furthermore, it would be beneficial to conduct additional research into the possibilities of improving mechanical properties through material ratio adjustments and minimizing solidification time in vivo.
The cell viability of the material is greater than 100% in all groups, suggesting exceptional biocompatibility of the material. Moreover, no significant cytotoxicity was observed, probably due to the excellent biocompatibility of CS and HA (Tetteh et al., 2014; Hao et al., 2020). Notably, at 4 and 7 days, cell viability was higher in the Sr-HA group, indicating a positive effect with Sr-HA and highlighting the beneficial effect of Sr ions (Pontremoli et al., 2022) in improving the biocompatibility of the material. Furthermore, extracellular ALP activity is an important parameter for determining osteogenic potential in both in vivo and in vitro (Prins et al., 2014). The ratio of inorganic phosphate (Pi) to inorganic pyrophosphate (Ppi) is crucial in the process of bone mineralization. ALP catalyzes the hydrolysis of Ppi into Pi. Additionally, Ppi inhibits the formation of HA. Therefore, ALP can be considered a reliable marker of bone mineralization (Vimalraj, 2020). At week 2, despite the lack of statistical significance of the results, ALP activity was higher in the Sr-HA group compared to the control group, which indicated Sr-HA had excellent osteogenic potential.
After the occurrence of a bone defect, the presence of a bacterial infection would inevitably impede the process of bone healing during treatment and implantation of biomaterials. Therefore, the implanted biomaterials may exhibit poor performance due to the inflammatory reactions at the site of the defect (Tenti et al., 2014; Neves et al., 2017). Therefore, biomaterials with excellent antibacterial efficacy and biocompatibility can effectively prevent inflammation resulting from bacterial infections. As previously mentioned in the introduction, numerous research has indicated that CS possesses antibacterial properties and can effectively inhibit the growth of several common pathogens. Germicidal efficacy against E. coli and S. epidermidis was significantly enhanced in this investigation with Sr-HA/CS, particularly against E. coli. Furthermore, the release of Sr2+ has the potential to impede bacterial activity, including processes such as growth and reproduction, cell wall formation, cell metabolism, and chromosomal replication (Enright et al., 2002; Brauer et al., 2013; Ranga et al., 2019). However, there is controversy regarding the antibacterial capabilities of Sr2+ (Sampath Kumar et al., 2015). The present study observed a decline in inhibition as the ratio of Sr-HA increased. This finding aligns with the research conducted by Kumar et al. (Sampath Kumar et al., 2015), which reported that calcium phosphate nanoparticles doped with Sr2+ exhibited limited antimicrobial activity against S. epidermidis and exhibited no effect against E. coli, even at a high concentration of 300 μg/μL. Moreover, Anastasiou et al. (Anastasiou et al., 2019) demonstrated that the antibacterial activity was reduced upon Sr2+ addition.
HA is an extremely biocompatible and essential mineral constituent of teeth and bone (Campana et al., 2014). The ability of HA to stimulate osteogenesis in muscle pouches of mice has been previously reported (He et al., 2022). Since calcium phosphate is also capable of inducing bone formation, it was utilized as a positive control while Sr-HA/CS was implanted into the muscle pouches of mice. HE staining revealed that the newborn bone of Sr-HA/CS was substantially different from that of the other three groups at 10 weeks, indicating that it exhibits a favorable osteoinductive property. In contrast, osteoclastogenesis was not detected using TRAP staining during a period of predominant new bone formation and when osteoclasts were not temporarily involved in bone remodeling.
Osteoporosis comprises a collection of bone metabolism disorders characterized by decreased bone mass and increased bone fragility (Wu et al., 2022), which may have a serious effect on the daily life of patients. OVX rats were used for bone-defect experiments. HE staining showed denser bone and more intact bone trabeculae in the Sr-HA/CS group. The Sr-HA/CS group had a significantly higher OCN positive area and TRAP cell count at week 8 compared to the other three groups, but the difference with respect to TRAP was more significant (p < 0.01). This could be attributed to the fact that Sr-HA/CS stimulates osteoclasts that promote bone formation during the phase of bone remodeling (Chen et al., 2022). OCN, a calcium-binding protein dependent on vitamin K, is a characteristic biomarker of osteoblasts (Liu et al., 2019). Therefore, it was anticipated that Sr-HA/CS might induce new bone formation via two stages: (1) Initial stage (0–8 weeks): It inhibits osteoclast formation and stimulates osteogenic differentiation of MSCs, thereby promoting OCN secretion; (2) In the late stage of implantation (≥8 weeks): By promoting bone remodeling, Sr-HA/CS facilitated the development of a substantial quantity of mature bone tissues enriched with active osteoclasts (Ranga et al., 2019). Additionally, various studies revealed the potential of Sr2+ to promote the proliferation and differentiation of mMSCs through the activation of membrane-bound calcium-sensitive receptors and Wnt/β-linker protein signaling pathways (Yang et al., 2011; Bose et al., 2013). Activation of the Wnt/β-linker protein pathway by Sr2+ ions liberated from Sr-HA/CS could potentially account for the enhanced secretion of proteins associated with osteogenesis. Furthermore, an in vitro study conducted by Lee et al. (Lee et al., 2021) showed that the incorporation of Sr2+ reduced the immune response to the material, thereby promoting bone regeneration in vitro. However, further research is required to comprehensively explain the mechanism through which Sr promotes osteogenic differentiation.
5 CONCLUSION
The current study reported the synthesis of novel injectable Sr-HA/CS with remarkable antibacterial properties against E. coli and S. epidermidis. In vitro studies including cell proliferation, CCK-8 assay, ALP activity, and extracellular matrix mineralization experiments demonstrated that Sr-HA/CS exhibits favorable characteristics for cell proliferation. Moreover, it was found to be non-toxic with the capability to promote osteogenesis. In vivo experiments provided evidence regarding the remarkable osteoinductive characteristics exhibited by Sr-HA/CS, as well as its potential in the treatment of osteoporosis and bone defects. Overall, the current findings revealed the potential of Sr-HA/CS to be used as a promising implant to repair bone defects at various sites through minimally invasive surgery.
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Repair of large bone defects remains challenge for orthopedic clinical treatment. Porous titanium alloys have been widely fabricated by the additive manufacturing, which possess the elastic modulus close to that of human cortical bone, good osteoconductivity and osteointegration. However, insufficient bone regeneration and vascularization inside the porous titanium scaffolds severely limit their capability for repair of large-size bone defects. Therefore, it is crucially important to improve the osteogenic function and vascularization of the titanium scaffolds. Herein, methacrylated gelatin (GelMA) were incorporated with the porous Ti-24Nb-4Zr-8Sn (Ti2448) scaffolds prepared by the electron beam melting (EBM) method (Ti2448-GelMA). Besides, the deferoxamine (DFO) as an angiogenic agent was doped into the Ti2448-GelMA scaffold (Ti2448-GelMA/DFO), in order to promote vascularization. The results indicate that GelMA can fully infiltrate into the pores of Ti2448 scaffolds with porous cross-linked network (average pore size: 120.2 ± 25.1 μm). Ti2448-GelMA scaffolds facilitated the differentiation of MC3T3-E1 cells by promoting the ALP expression and mineralization, with the amount of calcium contents ∼2.5 times at day 14, compared with the Ti2448 scaffolds. Impressively, the number of vascular meshes for the Ti2448-GelMA/DFO group (∼7.2/mm2) was significantly higher than the control group (∼5.3/mm2) after cultivation for 9 h, demonstrating the excellent angiogenesis ability. The Ti2448-GelMA/DFO scaffolds also exhibited sustained release of DFO, with a cumulative release of 82.3% after 28 days. Therefore, Ti2448-GelMA/DFO scaffolds likely provide a new strategy to improve the osteogenesis and angiogenesis for repair of large bone defects.
Keywords: Ti2448, GelMA, bone scaffolds, deferoxamine, angiogenesis
1 INTRODUCTION
The large bone defect repair remains challenging for orthopedic clinical treatment (Vidal et al., 2020; Zhang et al., 2023). With the advances of 3D printing technology, porous titanium alloys have been widely developed as bone scaffolds, due to good osteoconductivity and osteointegration (Niinomi et al., 2016; Chen et al., 2023; Yuan et al., 2023). Previous studies have found that 3D printed Ti-24Nb-4Zr-8Sn (Ti2448) showed the good biocompatibility and low elastic modulus, close to that of the human bone (Nune et al., 2017a; Tang et al., 2021). Nevertheless, the bare scaffolds lack the bioactive components that are critical for stimulating osteogenesis (Jahr et al., 2021). Moreover, the growth of blood vessels inside the bone scaffold remains great challenge for large bone defect repair. (Koons et al., 2020). Thus, the development of porous titanium alloys with improved bioactivity is of particular interest.
The vascularization is crucially important for repair of large bone defects (Wang et al., 2018). After the bone fracture, the inflammation and hematoma are immediately established, following by the formation of blood clots at ∼1–5 days (Yang and Xiao, 2020). During the soft callus formation at ∼5–16 days, the endothelial cells from the blood vessels provide angiocrine factors such as BMP-2, Noggin and IL-33 to the osteoprogenitor cells or mesenchymal stem cells (MSCs), leading to the cell differentiation to osteoblasts and further ossification (Chen et al., 2020; Salhotra et al., 2020). During the hard callus formation at ∼16–21 days, osteoblasts can secrete angiogenic factors such as VEGF and FGF, which act on endothelial cells and further promote the vascular growth (Raines et al., 2019; Hendriks and Ramasamy, 2020; Chen et al., 2021). During the remodeling stage at ∼21–35 days, blood vessels can also participate in clearing the bone metabolites and improve the repair effects. Thus, blood vessel formation and bone regeneration occur in a coupled manner (Liu and Castillo, 2018; Ha et al., 2022). Sufficient blood vessels distributed in distance ∼100–300 μm are critical to ensure the sufficient supply of oxygen and nutrients, as well as removal of waste products (Marrella et al., 2018). While the number of blood vessels is not enough, cell death, inadequate and delayed blood circulation may occur, ultimately causing inner bone tissue necrosis (Kang et al., 2016; Liu et al., 2017; Marrella et al., 2018). For example, the 3D-printed porous Ti6Al4V scaffolds were implanted in the longitudinal axis of rabbit radius (1.5 cm in length) (Ma et al., 2021). Post surgery for 12 weeks, only a few newly formed bone tissues were found inside the porous Ti6Al4V scaffolds with sparse blood vessels (Ma et al., 2021). The collagen modified titanium-based implants induced angiogenic activity via in vitro tubule formation as compared to bared titanium-based implants, but no differences were noticed in angiogenesis and osteointegration in vivo. However, by incorporating the vascular endothelial growth factors (VEGF) into the collagen modified titanium-based implants, both bone growth and vascular regeneration were significantly improved (Li J et al., 2021). Therefore, achieving effective vascular regeneration during the repair of large bone defects remains a great challenge.
DFO is a commonly used drug, which can activate the HIF-1α pathway by chelating Fe3+, thereby promoting the expression of downstream signaling molecule VEGF, and facilitating vascular regeneration (Ran et al., 2018; Cheng et al., 2020; Xue et al., 2020). However, DFO can be easily filtered and cleared by kidneys, resulting in a relatively short drug residence time in the human body (t1/2 = 5 min, in mice) (Park et al., 2022). Therefore, suitable carriers are necessitate to sustained release of DFO with extended life time. For example, DFO-gelatin microspheres loaded with type I collagen and fibronectin were prepared and dispersed in 10 mL PBS at 37°C, which showed a long sustained release of DFO up to 20 days (Zeng et al., 2022). Herein, the biocompatible methacryloyl group-grafted gelatin denoted as GelMA has been selected for DFO loading, which can be incorporated into the porous Ti2448 scaffolds, which may promote internal vascularization and further bone regeneration.
In this study, 3D printed Ti2448 scaffolds with low elastic modulus have been selected as the loading-bearing part (Liu et al., 2016; Li et al., 2019). Ti2448-GelMA scaffolds are further prepared. DFO is then doped into the Ti2448-GelMA scaffold as the angiogenic agent. The chemical composition and micro-structures of Ti2448-GelMA and Ti2448-GelMA/DFO scaffolds are characterized. The proliferation, adhesion, and differentiation of MC3T3-E1 cells cultured on these scaffolds are evaluated. Additionally, the angiogenic effects of DFO are investigated by culturing human umbilical vascular endothelial cells (HUVECs) on the Ti2448-GelMA/DFO scaffolds. The release of DFO from the Ti2448-GelMA/DFO scaffolds has also been investigated. The Ti2448-GelMA/DFO scaffolds as prepared can obviously enhance the osteogenic differentiation ability and vascular regeneration, demonstrating great potential application or large bone defect repair.
2 EXPERIMENTAL PROCEDURE
2.1 The synthesis and characterization of GelMA
Type A porcine skin gelatin (Sigma, St. Louis, USA) was fully dissolved in phosphate buffer saline (PBS) solution at 50°C (10% w/v). The methacrylic anhydride (MAA, 8% v/v) was then added and stirred at 200 rpm for 24 h. Dulbecco’s phosphate-buffered saline (DPBS) was preheated to 50°C under the same volume with PBS. The preheated DPBS was then mixed with the above mixed solution at 50°C for 10 min. The final solution was dialyzed against distilled water at 40°C for 5 days, using a dialysis membrane with 12–14 kDa cutoff (Fisher Scientific, Waltham, USA), then lyophilized for 5 days to yield the purified gelatin methacrylate (GelMA).
2.2 The fabrication of Ti2448-GelMA and Ti2448-GelMA/DFO scaffolds
The 3D-printed porous Ti2448 scaffolds were prepared by an Arcam A1 EBM system (Arcam, Gothenburg, Sweden), following the same method as previously reported (Xu et al., 2022). In brief, the scaffold models (9.50 mm × 9.50 mm × 2.50 mm) with a nominal 70% porosity were created. The Ti2448 powders (particle size ∼45–106 µm) were preheated to 773 K before melting. The samples were produced with a scan speed of 130 mm/s, a voltage of 60 kV, and a vacuum of 2 × 10−3 mbar.
The lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) photoinitiator (0.1% w/v) was added to the GelMA solution in PBS (5% w/v), and then filtered through 0.22 µm membrane filter. 100 μL GelMA solution was added to the Ti2448 scaffolds, which was exposed to the UV light (365 nm) both top and bottom sides for 2 min. The samples were then lyophilized for 24 h, denoted as Ti2448-GelMA. The DFO powder was added to the above 5% w/v GelMA solution, with the final DFO concentration of 0.5 wt%, and LAP was then added. Following the same procedure as Ti2448-GelMA preparation, Ti2448-GelMA scaffolds loaded with DFO are acquired and denoted as Ti2448-GelMA/DFO.
2.3 The characterization of GelMA and Ti2448-GelMA scaffolds
The chemical structure of gelatin and GelMA was characterized by 1H nuclear magnetic resonance spectrometer (1H-NMR) with a Bruker Avance Neo 400 spectrometer (Bruker, Bremen, Germany) using D2O as the solvent.
Fourier transform infrared spectrometry (FTIR, Agilent Technologies, California, USA) was conducted in the range of 400–4,000 cm−1. The crystal information was measured by X-ray diffraction (Rigaku, Tokyo, Japan) using the radiation of Cu Kα radiation (λ = 1.5418 Å). The surface morphology and elemental analysis was investigated by a scanning electron microscope (SEM, Carl Zeiss AG, Jena, Germany) equipped with energy dispersive spectroscopy (EDS, Oxford Instruments, Abingdon, UK). The mean pore size of GelMA network was evaluated by the ImageJ software based on SEM images.
2.4 Cell viability and proliferation
MC3T3-E1 cells were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China), and incubated in the α-MEM medium (Hyclone, GE Healthcare, Chicago, USA) supplemented with 10% FBS (Lonsera, Uruguay) and 1% antibiotic/antimycotic (Gen-View Scientific Inc., Calimesa, USA). MC3T3-E1 cells (3 × 104 cells/scaffolds) were seeded on both Ti2448 and Ti2448-GelMA scaffolds in a 48-well plate for 1, 3, and 5 days. The cytotoxicity was evaluated by the CCK-8 reagent (Gen-View Scientific Inc., Calimesa, USA). Briefly, the 100 μL mixture (10 μL CCK-8 and 90 μL culture medium) was added to each well for 3 h and the OD value was measured with a microplate reader (Multiskan Go, Thermo Fisher Scientific, Waltham, USA) under 450 nm.
MC3T3-E1 cells (3 × 104 cells/scaffolds) were seeded on Ti2448, Ti2448-GelMA and Ti2448-GelMA/DFO scaffolds. After culturing for 24 h, cells on the scaffold were gently rinsed by PBS, and immobilized in 4% paraformaldehyde for 2 h, following by dehydration in a graded series of ethanol solutions (50%, 70%, 90%, 95% and 100%) for 10 min each and dried with hexamethyldisilane for 20 min. The morphology was observed by SEM.
2.5 Osteogenic differentiation of MC3T3-E1 cells
Alkaline phosphatase (ALP) activities of MC3T3-E1 cells cultured on both Ti2448 and Ti2448-GelMA scaffolds were evaluated. MC3T3-E1 cells were seeded on the scaffolds (3 × 104 cells/scaffold) for 7 and 14 days, which were lysed in 100 μL of Triton X-100 (1% v/v) for 5 min. The ALP activity was determined by ALP quantification kit (Beyotime, Shanghai, China) and the OD value was measured at 520 nm.
Alizarin Red S (ARS) staining was used to evaluate the biomineralization level. After cultured for 7 and 14 days, cells were fixed with 4% paraformaldehyde for 15 min. The fixed samples were stained with ARS solution (Beijing Solarbio Science and Technology Co., Ltd., Beijing, China) for 30 min and cleaned with PBS. Finally, the cells are observed utilizing a confocal microscope (Olympus Corporation, Tokyo, Japan). For quantification analysis, 10% hexadecyl pyridinium chloride monohydrate (Sigma-Aldrich, St. Louis, USA) was used to dissolve the mineralized nodules and the OD value was measured at 562 nm.
2.6 In vitro tube formation experiment
In vitro angiogenesis of Ti2448-GelMA and Ti2448-GelMA/DFO scaffolds was investigated by the tube formation assay. The pipette tips, 96-well plates and Matrigel matrix (ABW, Shanghai, China) were first placed at 4°C overnight. 50 μL Matrigel matrix were then added to the plates for 30 min Ti2448-GelMA and Ti2448-GelMA/DFO scaffolds were first immersed into 2 mL serum-free α-MEM at 100 rpm for 24 h. The serum-free α-MEM was incorporated into the extracts to generate a range of diluted extracts (1/2, 1/4 and 1/8 concentrations). The serially diluted extraction medium was prepared by supplemention with 10% FBS and 1% antibiotic/antimycotic, hereafter referred to as 1, 1/2, and 1/4 dilution group. Cells (3 × 104 cells/scaffold) with different diluted extraction were seeded on the Matrigel coated plate for 3, 6 and 9 h. The morphology of HUVEC cells were observed by an Eclipse Ti inverted fluorescent microscope (Nikon Instruments Inc., Tokyo, Japan). Quantitative analysis for the number of vascular meshes were calculated by ImageJ software.
The release of DFO from the Ti2448-GelMA/DFO scaffolds was evaluated by a mould incubator (Shanghai Longyue Instrument Equipment Co., Ltd, Shanghai, China). The Ti2448-GelMA/DFO scaffolds were first incubated in the centrifuge tube at 37°C under 100% humidity. After 1, 3, 7 and 14 days, the scaffolds were removed and rinsed with deionized water. Then more deionized water was collected and supplied in the centrifuge tube until the final volume is 2 mL. The obtained solution was then chelated with FeCl3 (10 mg/mL) at a 9:1 volumetric ratio for 5 min. The OD value was measured at 485 nm. The amount of DFO released was calculated according to the standard DFO calibration curve. The drug release rate is calculated using the amount of released drug divided by the total drug content.
2.7 Statistical analysis
All data were expressed as means ± standard deviation. One-way analysis of variance (ANOVA) was conducted for multiple samples with varying time points. Statistical significance was determined by p < 0.05.
3 RESULTS AND DISCUSSION
3.1 The characterization of GelMA
GelMA was first fabricated by the reaction between the MAA and the functional groups of lysine and hydroxyl lysine in gelatin (Supplementary Figure S1A). GelMA was further photo crosslinked to form three-dimensional network structures. The 1H spectra of gelatin and GelMA were conducted to confirm the synthesis of GelMA (Supplementary Figure S1B). Two new peaks were found at 5.45 ppm and 5.68 ppm, corresponding to vinyl from the methacrylate group. However, both peaks were not present in the gelatin sample. The peak at 2.81 ppm represented the methylene proton (2H) of lysine, which showed high intensity peak of the unmodified gelatin and low intensity peak of the GelMA, consistent with previous findings (Cao et al., 2021; He et al., 2023). Supplementary Figure S2 showed that GelMA as prepared was amorphous. FTIR results (Supplementary Figure S1C) revealed the characteristic peaks of gelatin and GelMA. The peak at 1,543 cm-1 from the amide bond was related to N-H bending. Furthermore, the peak at 1,641 cm-1 for gelatin was associated with the C=O stretching of amide bond, while that for GelMA associated with both C=O and C=C stretching exhibited higher intensity, indicating the presence of methacrylate groups in the GelMA sample. The presence of these characteristic peaks again confirmed the successful synthesis of GelMA.
3.2 Preparation and characterization of Ti2448-GelMA scaffolds
Previous study reported that Ti2448 have good biocompatibility and osteoconductivity (Nune et al., 2017b; Liu et al., 2019). Ti2448 scaffolds showed the porous structure with the pore size of ∼600 μm (Figure 1A). GelMA, mimicking the extracellular matrix, offered a three-dimensional structure and support the osteogenic differentiation of bone marrow mesenchymal stem cells, leading to further bone regeneration (Piao et al., 2021). For Ti2448-GelMA scaffolds, GelMA was incorporated into the porous interconnected structure of Ti2448 scaffolds (Figure 1B) and formed a porous network with the mean pore size of 120.2 ± 25.1 μm (Figures 1C,D). The interconnectivity and proper pore size (>100 μm) were crucially important for the transportation of oxygen/nutrients, cell attachment as well as the vascular growth, which were beneficial for the bone regeneration (Cimenoglu et al., 2011; Wu et al., 2014; Safaei-Yaraziz et al., 2021; Uiiah et al., 2021; Yao et al., 2021). Taking the advantages of 3D printing technology, the porous Ti2448-GelMA scaffolds provides the good interconnectivity with proper pore size (120.2 ± 25.1 μm), which may enhance the vessel growth and further facilitate the bone regeneration.
[image: Figure 1]FIGURE 1 | The morphology of (A) Ti2448 and (B–D) Ti2448-GelMA scaffolds.
EDS mapping of Ti, Nb, Zr, Sn, C, and O elements in the Ti2448-GelMA scaffold was conducted (Figure 2). The presence of C and O elements further proved the incorporation of GelMA into the Ti2448 scaffolds. Overall, GelMA was successfully loaded into the Ti2448 scaffold.
[image: Figure 2]FIGURE 2 | EDS mapping of Ti2448-GelMA scaffolds for (A) Ti, (B) Nb, (C) Zr, (D) Sn, (E) C and (F) O elements.
3.3 In vitro cytocompatibility of Ti2448-GelMA scaffolds
The morphology of MC3T3-E1 cells cultured on Ti2448-GelMA scaffolds was evaluated after 1 day culture (Figures 3A, B). Cells spread well with the pseudopodia extending outwards on both Ti2448 and GelMA surfaces. Notably, the cells exhibited unhindered adhesion and traversal across the Ti2448 scaffold and GelMA surfaces simultaneously (Figure 3B). Gelatin retains the key amino acid sequence, such as arginine glycine aspartate (RGD), which is critical to cell adhesion (Ahmady and Abu Samah, 2021). The proliferation of MC3T3-E1 cells was also evaluated (Figure 3C). As the cultivation time increased, the number of cells increased on both Ti2448 and Ti2448-GelMA scaffolds, without significant difference. For the Ti2448 scaffold group, the cell number at day 3 and day 5 was about 1.32 and 2.50 folds of that at day 1, respectively. For the Ti2448-GelMA scaffold group, the cell number at day 3 and day 5 was about 1.50 and 2.75 folds of that at day 1, respectively. There was no significant difference on cell numbers between these two groups at the same time point. Therefore, in our study, Ti2448-GelMA scaffold can support the cell adhesion and proliferation, demonstrating the excellent biocompatibility.
[image: Figure 3]FIGURE 3 | (A, B) Cell morphology of MC3T3-E1 cells on Ti2448-GelMA scaffold for 1 day, (C) CCK-8 assay of MC3T3-E1 cells on Ti2448 and Ti2448-GelMA scaffold surfaces for 1, 3, and 5 days. Cells were highlighted with a pink color based on the gray values of the images. (***p < 0.001)
3.4 In vitro differentiation of MC3T3-E1 cells on Ti2448-GelMA scaffolds
To evaluate the osteogenic differentiation of MC3T3-E1 cells on Ti2448-GelMA scaffolds, cells were cultured for 7 and 14 days and subsequently performed ARS staining to evaluate biomineralization levels (Figures 4A–H). The results showed a relatively low degree of biomineralization for MC3T3-E1 cells cultured on the Ti2448 scaffold for 7 days, with scarcely noticeable red-stained mineralized nodules. On the other hand, the amount of mineralized nodules in the Ti2448-GelMA group was higher than the Ti2448 group after culture for 7 days. Meanwhile, the ARS staining showed progressive biomineralization with increase of culture time. After cell culture for 14 days, the Ti2448-GelMA group showed a higher amount of mineralized nodules than the Ti2448 group. Additionally, quantitative analysis showed that the amount of calcium contents from the Ti2448-GelMA group were 1.8 times and 2.5 times of that from the Ti2448 group after cell culture for 7 and 14 days, respectively (Figure 4I). Compared with the Ti2448 group, MC3T3-E1 cells in the Ti2448-GelMA group also showed significantly higher expressions of ALP activity when cultured for 7 and 14 days (Figure 4J). These results suggest that Ti2448-GelMA scaffolds can facilitate osteogenic differentiation of MC3T3-E1 cells, thereby promoting further biomineralization. GelMA recently attracts more attention, which can be used to mimic the natural bone extracellular matrix and is beneficial to vascular growth and bone regeneration (Dong et al., 2019; Heltmann-Meyer et al., 2021; Li Y et al., 2021). For example, the GelMA scaffolds were prepared by the thermally induced phase separation technique, and the ALP activity of the adipose derived stem cells cultured on the GelMA group was approximate 2 times of the untreated group after 14 and 21 days (Fang et al., 2016). In our previous work, compared with the Ti2448 scaffolds, MC3T3-E1 cells derived ECM modified Ti2448 scaffold can effectively promote osteogenic differentiation of MC3T3-E1 cells, and enhance the bone integration after implantation in rabbit femoral bone defects for 1 month (Xu et al., 2022). Therefore, the Ti2448-GelMA scaffolds were prepared by introducing the three-dimensional GelMA as the bone extracellular matrix and can be beneficial for the osteogenic differentiation of MC3T3-E1 cells.
[image: Figure 4]FIGURE 4 | (A–H) The Alizarin Red S staining of MC3T3-E1 cells on (A, E, C, G) Ti2448, (B, F, D, H) Ti2448-GelMA scaffolds for (A, B, E, F) seven and (C, D, G, H) 14 days. (I) OD values for quantitative analysis of Alizarin Red S staining. (J) ALP activity of MC3T3-E1 cells cultured on different scaffolds for 7 and 14 days. Statistically significant difference is marked (*p < 0.05, **p < 0.01, ***p < 0.001).
3.5 Angiogenic effects of Ti2448-GelMA/DFO scaffolds
Vascularization plays an important role on the repair of large bone defects (Li et al., 2023). During bone healing and remodeling, vascular formation and bone tissue regeneration are indeed coupled processes (Ramasamy et al., 2014). Porous titanium alloys demonstrate the good osteoconductivity and osteointegration capabilities, yet the pursuit of effective internal vascularization remains a big challenge. Herein, DFO was incorporated into GelMA to enhance the Ti2448-GelMA vascularization (Figure 5A). SEM morphology revealed that doping of DFO did not change pore structures of Ti2448-GelMA/DFO scaffolds (Figures 5D, E) compared to the Ti2448-GelMA (Figures 5B, C) scaffolds.
[image: Figure 5]FIGURE 5 | (A) Schematic diagram of Ti2448-GelMA/DFO scaffolds. The morphological images of (B, C) Ti2448-GelMA scaffold and (D, E) Ti2448-GelMA/DFO scaffold.
The angiogenic effects of Ti2448-GelMA/DFO scaffolds were evaluated by co-culture with HUVEC cells (Figure 6; Supplementary Figure S3). After cell culture for 3 h, no tubes formed on both the Ti2448-GelMA group and control group, while a small amount of tubes formed in the Ti2448-GelMA/DFO group (Supplementary Figure S3A). With increase of the cultivation time, the number and size of vascular tubes increased for all groups. After cultivation for 6 h, large tubes (∼300 μm) were observed in the Ti2448-GelMA/DFO group, compared to the Ti2448-GelMA group and control group (Supplementary Figure S3B). After culture for 9 h, a greater number of small vascular tubes consolidated into large tubes, and there were much more uniform large tubes in the Ti2448-GelMA/DFO group than the other two groups (Figure 6A). The number of vascular meshes represented the closed areas delimited by the vascular tubes marked with the yellow dash line in Figure 6A1. The number of vascular meshes were calculated after culture for 6 and 9 h (Figures 6B, C). The results indicated that the number of meshes for all groups increased with increase of culturing time. Additionally, the meshes increased with the increase of DFO concentration, especially for the 1/2 dilution group (7.2/mm2) with the higher number of vascular meshes than the other two groups (Control group: 5.3/mm2, Ti2448-GelMA group: 6.2/mm2). Therefore, HUVECs cultured with Ti2448-GelMA/DFO extractions exhibited more vascular network compared to the Ti2448-GelMA and control groups. As the concentration of DFO increases, the vascularization became more significant, demonstrating the improved vascularization effect in a dose-dependent manner. Hou et al. cultured HUVEC cells with a series of DFO concentrations (5, 20, 100 μM) for 24 h. Results showed that the group with the highest concentration of DFO (100 μM) exhibited the largest tube length and the greatest number of tubes, also demonstrating that DFO improved the tube formation of HUVECs in a concentration-dependent manner (Hou et al., 2013). Therefore, the release of DFO can effectively promote the vascularization of the Ti2448-GelMA/DFO scaffolds. Besides, the MC3T3-E1 cells attached well on the Ti2448-GelMA/DFO scaffolds (Supplementary Figure S4), which demonstrated that DFO loading on theTi2448-GelMA scaffold does not affect the cell behavior.
[image: Figure 6]FIGURE 6 | (A) The morphology of HUVEC cells (a1) on the Ti2448-GelMA/DFO extraction at 1/2 concentration for 9 h. The yellow dash lines represent the vascular meshes. The morphology of HUVEC cells on (a2) the control group, (a3) Ti2448-GelMA extraction and Ti2448-GelMA/DFO extractions at (a4) 1/2 concentration, (a5) 1/4 concentration, (a6) 1/8 concentration after 9 h, the number of vascular meshes at (B) 6 h and (C) 9 h. (*p < 0.05).
The DFO release profile was shown in Figure 7. At the first day, DFO exhibited the release rate of nearly 14.3%, followed by a constant sustained release. After 7 days, about 42.0% DFO has been released from the Ti2448-GelMA/DFO scaffold and the final cumulative release reaches to 82.3% after 28 days. As such, Ti2448-GelMA/DFO scaffolds exhibited a sustained release of DFO possibly through the hydrogen bonding. In fact, the regeneration of blood vessels runs through the entire process of bone repair from early bone formation, maturation to remodeling (Chen et al., 2020; Simunovic and Finkenzeller, 2021). The new blood vessels infiltrated into the newly formed bone are necessitate to supply of oxygen and nutrients, as well as removal of metabolic wastes (Marenzana and Arnett, 2013). Previous research also studied the DFO release profiles in vitro (Cheng et al., 2018; Ran et al., 2018). For example, DFO loaded titania nanotubes substrates were prepared and then immersed into PBS solution with gently shaking at 37°C. The burst release of DFO (∼83.7%) was found in the first 12 h (Ran et al., 2018). However, immersion of the sample in a liquid solution cannot truly simulate the real release behavior of DFO from the implants in vivo under a mild and humid environment. Once the scaffolds are implanted in the bone defects, which will be encapsuled by the soft callus under a high humidity environment instead of immersion in a liquid solution (Salhotra et al., 2020). Thus, it is necessary to build a model mimicking the real release profile in vivo. Herein, Ti2448-GelMA/DFO scaffold were placed under 100% humidity at 37°C, which can well simulate the environment after implantation. The DFO release profiles in Ti2448-GelMA/DFO scaffolds can effectively achieve the sustained drug release, leading to the better vascularization for the large bone defect repair.
[image: Figure 7]FIGURE 7 | The cumulative release of DFO from the Ti2448-GelMA/DFO scaffolds.
Composite materials have been widely studied in order to improve osteogenic activity of the scaffolds and further vascular growth for large bone defect repair (Li J et al., 2021; Qian et al., 2021; Qian et al., 2024). Herein, the Ti2448 scaffold was chosen as the main part, while GelMA was implemented as the osteogenic component, with DFO loaded as the vascularization factor. This combination will provide good mechanical properties and essential biological functions to the implant materials for large bone defect repair.
4 CONCLUSION
In this study, novel Ti2448-GelMA/DFO bone scaffolds were prepared by incorporating the GelMA loaded with DFO into porous Ti2448 scaffolds that were fabricated by the EBM method. Ti2448-GelMA scaffolds exhibited the porous network with the mean pore size of 120.2 ± 25.1 μm, and promoted the differentiation of MC3T3-E1 cells with enhanced ALP activity and mineralization. Additionally, the Ti2448-GelMA/DFO scaffolds facilitated the angiogenesis in a dose-dependent manner. Impressively, the number of vascular meshes from the Ti2448-GelMA/DFO group (7.2/mm2) was significantly higher than the control group (5.3/mm2) after cultivation of HUVECs for 9 h. The Ti2448-GelMA/DFO scaffolds also exhibited a sustained release of DFO in a humidified condition. Therefore, the Ti2448-GelMA/DFO scaffolds show great potential for large bone defect repair.
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Introduction: Silicon is a major trace element in humans and a prospective supporting biomaterial to bone regeneration. Submicron silicon pillars, as a representative surface topography of silicon-based biomaterials, can regulate macrophage and osteoblastic cell responses. However, the design of submicron silicon pillars for promoting bone regeneration still needs to be optimized. In this study, we proposed a submicron forest-like (Fore) silicon surface (Fore) based on photoetching. The smooth (Smo) silicon surface and photoetched regular (Regu) silicon pillar surface were used for comparison in the bone regeneration evaluation.
Methods: Surface parameters were investigated using a field emission scanning electron microscope, atomic force microscope, and contact angle instrument. The regulatory effect of macrophage polarization and succedent osteogenesis was studied using Raw264.7, MC3T3-E1, and rBMSCs. Finally, a mouse calvarial defect model was used for evaluating the promoting effect of bone regeneration on the three surfaces. 
Results: The results showed that the Fore surface can increase the expression of M2-polarized markers (CD163 and CD206) and decrease the expression of inflammatory cytokines, including interleukin-6 (IL-6) and tumor necrosis factor alpha (TNF-α). Fore surface can promote the osteogenesis in MC3T3-E1 cells and osteoblastic differentiation of rBMSCs. Furthermore, the volume fraction of new bone and the thickness of trabeculae on the Fore surface were significantly increased, and the expression of RANKL was downregulated. In summary, the upregulation of macrophage M2 polarization on the Fore surface contributed to enhanced osteogenesis in vitro and accelerated bone regeneration in vivo.
Discussion: This study strengthens our understanding of the topographic design for developing future silicon-based biomaterials.
Keywords: silicon, submicron, surface topography, bone regeneration, macrophage polarization
1 INTRODUCTION
The highly efficient restoration of a bone defect is a major clinical concern. The reason is that human bone tissue often shows limited regenerative capacity and requires proper external intervention for regeneration (Bai et al., 2018; Wang X. et al., 2018). Silicon is a major trace element in humans (Jugdaohsingh et al., 2013; Martin, 2013). Increased dietary silicon intake facilitates human skeletal health (Jugdaohsingh et al., 2004). Orthosilicic acid, biosilica, and silica nanoparticles can stimulate type I collagen synthesis and osteoblast differentiation in human osteoblast-like cells (Sun et al., 2017; Sun et al., 2018; Friguglietti et al., 2020). Silicon nitride surfaces have also shown osteogenic/antibacterial dual properties (Bock et al., 2017; Ishikawa et al., 2017; Du et al., 2022). Therefore, silicon shows some potential in stimulating bone regeneration. To develop new silicon-based biomaterials for bone regeneration, the optimized design of bioactive silicon surfaces should be completely elaborated.
The surface topography of biomaterials plays a vital role in osteogenesis (Bosshardt et al., 2017). Installed biomaterials can trigger innate immune responses and recruit macrophages (Trindade et al., 2016). To establish a suitable microenvironment for bone regeneration, the M2-polarized macrophages are necessary with their anti-inflammatory and pro-healing potential to inhibit the innate immune response (Chen et al., 2016; Zhu G. et al., 2021; Toita et al., 2022). It has been proven that proper surface topography of biomaterials can promote the M2 polarization of macrophages to enhance bone regeneration (Hotchkiss et al., 2016; Abaricia et al., 2020; Zhu Y. Z. et al., 2021). In addition, the surface topography of biomaterials can directly influence osteogenesis. That is, the material surface that mimics natural bone topography can promote protein adsorption, mesenchymal stem cell osteogenic differentiation, and trabecular bone ingrowth (Boyan et al., 2017; Shah et al., 2019; Berger et al., 2022). Thus, it is crucial to clarify the regulatory effect of silicon-based biomaterials on macrophage polarization and succedent osteogenesis.
Recently, it was shown that lithography technology shows potential in precisely tailoring the surface topography of biomaterials (Kooy et al., 2014; Brown et al., 2023). Therefore, the surface submicron pillar has been a potential pro-osteogenesis design. Submicron pillars can modulate cell behavior such as adhesion and migration (Nouri-Goushki et al., 2020; Angeloni et al., 2023). Lithographically formed silicon nanorods promote the osteopontin expression in pre-osteoblasts, which reveals its pro-osteogenesis effect (Ganjian et al., 2022). In addition, the density and height of submicron pillars have shown an immunomodulating effect in regulating M1/M2 polarization of macrophages (Nouri-Goushki et al., 2021). Specific submicron pillars (500 nm in diameter and 2 μm in height) can stimulate macrophage differentiation into osteoclasts (Akasaka et al., 2022). Notably, the submicron silicon pillars in existing studies are dominantly regular. However, the submicron features of human bone (such as lamellae, osteocytes, and the extrafibrillar matrix) are naturally irregular (Shah et al., 2019). The effect of pillar morphology should be considered further when evaluating the biological response of submicron silicon pillars.
Therefore, this study proposes a submicron forest-like (Fore) silicon surface for promoting bone regeneration and compares it with common submicron silicon columns and the smooth (Smo) silicon surface (Figure 1). We investigate the macrophage response and subsequent pro-osteogenesis effect. The in vivo bone regeneration is evaluated in the mouse calvarial defect model. The result will enhance the experimental basis for future silicon-based biomaterial designs.
[image: Figure 1]FIGURE 1 | Submicron forest-like (Fore) silicon surface promotes M2-type macrophage polarization for bone generation.
2 MATERIALS AND METHODS
2.1 Sample preparation and characterization
The Smo, regular (Regu), and Fore submicron silicon surfaces were manufactured by Suzhou Research Materials Microtech Co., Ltd. (China). The Smo surface was a 4,000-grit polished silicon wafer. The Regu surface contained repeating photoetched columns (diameter: 400–500 nm; height: 1,000 nm). The Fore surface contained plasma-treated irregular (diameter: 250–500 nm; height: 800–1,000 nm) pillars. The surface topography was characterized using a field emission scanning electronic microscope (FE-SEM; Hitachi S-4800, Japan). Surface roughness parameters (Sa, Sq, and Sz) were detected using an atomic force microscope (AFM; 5500, Agilent, United States) in a 2.5 mm × 2.5-mm area. The surface chemical composition was analyzed using an energy-dispersive X-ray spectrometer (EDS; EDAX, United States). Surface wettability with distilled water in the air was detected using an optical contact angle meter (DSA100, Kruss, Germany). In addition, a solution containing 1% bovine serum albumin (BSA; Sigma-Aldrich, United States) was prepared, and the protein adsorption capacity of the surface of the three samples was measured using MicroBCA assay.
2.2 Macrophage polarization
Raw264.7 cells were seeded on the surface of each sample (1×104 cells/well). After 1, 3, and 9 days, macrophages were fixed with the Gluta fixative, dehydrated with graded ethanol, ion sputtered, and then observed using the FE-SEM (Hitachi S-4800, Japan). For each group of samples, 5 fields of view were selected at 3, 6, 9, and 12 o’clock in the center and around the samples. The spread area and longest diameter of the macrophages were measured using ImageJ software. In addition, F-actin was stained using phalloidin-Alexa Fluor 488 (1:1,000; C2201S, Beyotime, China) and incubated for 30 min, followed by incubation in mounting medium with DAPI (ab104139, Abcam, United States) and was visualized using the Olympus FV3000 confocal microscope. The cell proliferation activity of the three groups of samples was detected using the CCK-8 method.
After 7 days, the expression of M1 markers (Mhc2, Inos, and Il-6) and M2 markers (Cd163 and Cd206) was evaluated using qRT-PCR. Primer sequences are shown in Supplementary Table S1. The TNF-α level in the cell culture was detected using an ELISA kit (EK0527, Boster, China). Meanwhile, the expression of M1 markers (iNOS and CD86) and M2 markers (CD163, CD206, and Arg-1) was evaluated using Western blot. Antibodies and dilutions included anti-CD86 (1:200; ab112490, Abcam, United States), anti-iNOS (1:1,000; ab178945, Abcam, United States), anti-CD206 (1:1,000; ab64693, Abcam, United States), anti-CD163 (1:1,000; ab182422, Abcam, United States), and anti-ARG1 (1:5,000; ab233548, Abcam, United States). The anti-β-actin antibody (1:5,000, ab6276, Abcam, United States) was used for quantifying the loading amount of the sample. In addition, the expression of M2 polarization markers (CD206 and CD163) was observed by immunofluorescence. Antibodies and dilutions included anti-CD206 (1:500; ab64693, Abcam, United States) and anti-CD163 (1:1,000; ab182422, Abcam, United States). All stained samples were visualized using the Olympus FV3000 confocal microscope.
2.3 Osteogenesis in vitro
To mimic the microenvironment of bone regeneration, the MC3T3-E1 pre-osteoblasts were cultured on the three silicon surfaces and stimulated by the supernatant from macrophages cultured on the corresponding surfaces (Figure 5A). On day 7 after stimulation, the expression of osteogenic genes (Alpl, Col1a1, and Runx2) was detected by qRT-PCR. The alkaline phosphatase (ALP) activity was analyzed using the alkaline phosphatase activity detection kit (Beyotime, P0321S). In addition, tetracycline solution (ML6401, Mlbio, China) was added at a ratio of 1:100 to the culture medium. At 14 days, Ob fixing solution was added after PBS washing, and DAPI staining solution was added. Given that tetracycline can selectively integrate with new borne hydroxyapatite calcium (Wang et al., 2006; Sakai et al., 2010; Sordi et al., 2021), the fluorescence intensity of tetracycline was observed under a fluorescence microscope. At 21 days, 2% Alizarin Red S Staining Solution (C0138, Beyotime, China) was used to quantify deposited mineral nodules. Then, the mineralized matrix stained with Alizarin Red was destained with 10% cetylpyridinium chloride (Sigma-Aldrich) in 10 mM sodium phosphate (pH 7.0; Sigma-Aldrich), and the calcium concentration was determined using a spectrophotometer (Thermo Fisher Scientific) at 562 nm, with a standard calcium curve in the same solution.
In addition, the supernatant of the macrophages cultured on the three silicon surfaces was also used as the stimulant for rat bone marrow mesenchymal stem cells (rBMSCs). On day 3 after stimulation, ALP staining (C3206, Beyotime, China) and the expression of osteogenic proteins (RUNX2, ALPL, and OPN) were detected. Antibodies include anti-RUNX2 (1:1,000; D1L7F, Cell Signaling Technology, United States), anti-ALPL (1:1,000; 11187-1-AP, Proteintech, China), and anti-OPN (1:1,000; 22952-1-AP, Proteintech, China). The anti-β-actin antibody (1:5,000; ab6276, Abcam, United States) was used for quantifying the loading amount of the sample.
2.4 Bone regeneration in vivo
The calvaria of mice was selected as the animal model for in vivo osteogenesis evaluation (Wancket, 2015). To examine the bone regeneration effect of the Smo, Regu, and Fore surfaces, 54 male mice (8 weeks old) were selected and randomly divided into three groups under the ethical approval of the Biomedical Ethics Committee of Medical College, Xi’an Jiaotong University (No. 2021-1563). A 4-mm diameter critical-sized bone defect was created in the parietal bone of each mouse using an annulated bit. Each defect was subsequently filled with Smo, Regu, or Fore samples. For sample harvesting, the animals were euthanized with a lethal dose of pentobarbital sodium. The mouse craniums were collected and fixed in 10% formaldehyde for 72 h at room temperature. The samples were scanned by micro-CT (Y.Cheetah, YXLON, Germany). Two-dimensional slices with an isotropic resolution of 19 μm were generated and used for three-dimensional reconstruction. First, we reconstructed the three-dimensional images with the whole sample, including the silicon samples and mouse craniums. Next, a threshold was applied to the images to segment the silicon from the background, and the same threshold was used for all samples. A 4.5-mm-diameter round region of interest (ROI) centered around the epicenter of the defect was analyzed. After setting a determinate threshold, the new bone volume fraction (bone volume/total volume, BV/TV) and trabecular thickness (tb.th) were obtained.
After micro-CT analysis, the craniums were decalcified in 9% formic acid, and then, the implants were removed gently from the craniums. The decalcified craniums were dehydrated in gradient ethanol, embedded in paraffin, cut into slices, and stained with H&E. The obtained sections were also dewaxed in xylene, hydrated in gradient ethanol, incubated in 0.3% hydrogen peroxide, blocked with 1% goat serum (Sigma-Aldrich, United States), and incubated with RANKL (anti-RANKL antibody, 1:200, Abcam, ab216484). Examination and analysis were performed in blind.
2.5 Statistical analysis
Data on biological experiments were obtained from at least three parallel experiments and presented as the mean ± standard deviation. The animals were randomly grouped before surgical treatment. Statistical differences were determined using one-way ANOVA with Tukey’s post hoc test.
3 RESULTS
3.1 Surface characterization
As shown in Figure 2A, the Regu silicon surface presented cylindrical pillars with uniform spacing, while the Fore silicon surface presented pillars with irregular shape and space. No representative submicron feature appeared on the Smo silicon surface. The average top surface area (Figure 2B) and maximum diameter (Figure 2C) of the pillars in Regu and Fore surfaces showed no statistical difference. The dominant element of the three samples was silicon (Figure 2D). Atomic force microscopy (Figure 2E) revealed that the surface roughness parameters (Sa, Sq, and Sz) of the Fore surface were increased compared to the Regu and Smo surfaces (Figures 2F–H). In addition, the Fore surface showed enhanced protein adsorption (Figure 2I) and hydrophilicity (Figure 2J).
[image: Figure 2]FIGURE 2 | Surface characterization. (A) Field emission scanning electronic microscope (FE-SEM) images of the three surfaces. Scale bar: 1 μm. (B) Top columnar area of regular (Regu) and Fore samples. (C) Particle size of Regu and Fore samples. (D) Element component of the three surfaces. (E) Representative atomic force microscope (AFM) images of the three surfaces. (F–H) Surface roughness parameters, including Sa (F), Sq (G), and Sz (H). (I) Protein adsorption capacity of the three surfaces. (J) Contact angle with deionized water of the three surfaces. One-way ANOVA with Tukey’s post hoc test was used for statistical analysis. ns: no significance. *p < 0.05, **p < 0.01, and ***p < 0.001.
3.2 Promoted macrophage M2 polarization on the Fore surface
The morphology of macrophages cultured on the three surfaces was observed first (Figure 3A). At 1 day after seeding, macrophages on the Smo and Fore surfaces fused. After 3 days, these macrophages on the Smo and Fore surfaces elongated and connected via pseudopodia. This trend was more notable after 9 days. On the other hand, macrophages on the Regu surface remained relatively round in shape, which implied the characteristics of colonization. Quantifications of the cell length (Figure 3B) and spread area (Figure 3C) showed significant differences between the three groups. Therefore, the Fore surface showed a significantly higher cell length and spread area. The observation obtained by confocal microscopy (Figure 3D) confirmed this trend. Moreover, the proliferation of macrophages cultured on the Fore surface increased 9 days after seeding (Figure 3E).
[image: Figure 3]FIGURE 3 | Morphological changes in Raw264.7 cells on the three surfaces. (A) Representative SEM images of cells on different surfaces. (B) Cell elongation and (C) cell spreading were measured. (D) Representative LSCM images of F-actin distribution in cells. (E) Proliferative activity of Raw264.7 cells on the three samples obtained by CCK-8 assay. Scale bar: 10 μm. One-way ANOVA with Tukey’s post hoc test was used for statistical analysis. ns: no significance. *p < 0.05, **p < 0.01, and ***p < 0.001.
qRT-PCR showed that the mRNA expression level of M1 polarization markers (Mhc2, Inos, and Il-6) in the Fore group was significantly decreased, while the mRNA expression level of M2 polarization markers (CD163 and CD206) was significantly increased (Figure 4A). At the same time, the levels of TNF-α secreted by Raw264.7 cells on the surface of Fore samples were significantly reduced (Figure 4B). The immunofluorescence intensity of CD163 and CD206 in the Fore group was significantly enhanced, with statistical differences (Figures 4C, D). This trend was also verified using Western blot (Figure 4E) that the protein expression of M2 polarization factors (CD206, CD163, and Arg-1) on the Fore sample increased significantly, and the protein expression of M1 polarization factors (CD86 and iNOS) decreased significantly.
[image: Figure 4]FIGURE 4 | Macrophage polarization on the three surfaces. (A) Relative gene expression of M1 and M2 polarization markers of macrophages cultured on the three surfaces. (B) ELISA detection of tumor necrosis factor alpha (TNF-α) on the three surfaces. (C, D) Immunofluorescent staining and semiquantitative analysis for CD163 and CD206. Scale bar: 25 μm. (E) Protein expression of M1 and M2 polarization markers of macrophages cultured on the three surfaces. One-way ANOVA with Tukey’s post hoc test was used for statistical analysis. ns: no significance. *p < 0.05, **p < 0.01, and ***p < 0.001.
3.3 Enhanced in vitro osteogenesis on the Fore surface
After being stimulated by the supernatant from macrophages cultured on corresponding surfaces (Figure 5A), the expression of osteogenic genes (Alpl, Col1a1, and Runx2) of MC3T3-E1 cells in the Fore + RAW group increased significantly on day 7 (Figure 5B). At the same time, the ALP activity in the Fore + RAW group was significantly higher (Figure 5C). The promotion of osteogenesis was also observed by immunofluorescence by tetracycline staining in the Fore + RAW group at 14 days (Figure 5D, E). Similar trends were also found in the staining of Alizarin Red S at 21 days (Figure 5F and Supplementary Figure S1), with more mineral nodules in the Fore + RAW group.
[image: Figure 5]FIGURE 5 | Cell osteogenic differentiation on the surface of the three samples. (A) Schematic diagram of MC3T3-E1 cell management. (B) Relative gene expression of osteogenic genes of MC3T3-E1 cells cultured on the three surfaces on day 7. (C) Alkaline phosphatase (ALP) activity of MC3T3-E1 cells cultured on the three surfaces on day 7. (D, E) Tetracycline distribution in MC3T3-E1 cells cultured on the three surfaces and semiquantitative analysis on day 14. White scale bar: 100 μm. (F) Semiquantification of the calcium nodule formation evaluation by Alizarin Red staining on day 21. (G) Schematic diagram of rat bone marrow mesenchymal stem cell (rBMSC) management. (H) ALP activity staining. Black scale bar: 200 μm. (I) Protein expression of osteogenic markers. One-way ANOVA with Tukey’s post hoc test was used for statistical analysis. ns: no significance. *p < 0.05, **p < 0.01, and ***p < 0.001.
In rBMSCs stimulated by the supernatant from macrophages cultured on the three silicon surfaces (Figure 5G), the alkaline phosphatase activity (Figure 5H) and the expression of RUNX2, ALPL, and OPN (Figure 5I) were increased significantly. Overall, these results proved that the immune microenvironment of the Fore surface could promote bone formation.
3.4 Promoted in vivo bone regeneration on the Fore surface
As shown in Figure 6A, the bone regeneration was investigated with a round (Φ 4 mm) bone defect on the mouse calvaria. At 4 weeks post-implantation, a new bone began to form on the edge of the bone defect in all 3 groups, and at 8 weeks and 12 weeks, the new bone on the surface of Fore samples was significantly higher than those in Smo and Regu samples, respectively (Figures 6B–D). Histological analysis of the heart, liver, spleen, lung, and kidney at 12 weeks confirmed good biosafety of all Smo, Regu, and Fore specimens (Supplementary Figure S2). At 12 weeks, the expression level of RANKL in the new bone on the Fore surface decreased significantly (Figures 6E, F).
[image: Figure 6]FIGURE 6 | Bone regeneration of the mouse calvarial defect. (A) Calvarial defect model. (B) Bone growth in the calvarial defect at 4, 8, and 12 weeks after surgery revealed by micro-CT. White scale bar: 1.0 mm. (C) Quantitative analysis of bone volume/total volume (BV/TV) based on micro-CT. (D) Quantitative analysis of trabecular thickness (Tb.Th) based on micro-CT. (E) RANKL expression in the calvarial bone revealed by immunohistochemistry at 12 weeks. Long black scale bar: 500 μm. Short black scale bar: 50 μm. (F) Quantification of RANKL staining. One-way ANOVA with Tukey’s post hoc test was used for statistical analysis. ns: no significance. *p < 0.05, **p < 0.01, and ***p < 0.001.
4 DISCUSSION
In this study, a submicron forest-like silicon surface was proposed to verify whether its irregular distribution of silicon pillars on biomaterials can promote bone regeneration. The result showed enhanced macrophage M2 polarization and succedent osteogenesis in vitro and promoted bone defect closure in vivo compared with the submicron regular and smooth silicon surfaces. Therefore, the irregular forest-like submicron pillar is a potential design for developing silicon-based bone healing biomaterials.
Human bone is a complex multi-scale hierarchical structure (Reznikov et al., 2014). Therefore, varied surface topographies at the micron, submicron, and nano-scales are developed in current intrabony implants (Shah et al., 2019) and are closely related to bone regeneration. It has been well documented that the micron topography facilitates the mechanical anchorage between bone and biomaterials, while the nano-topography offers more adhesion positions for proteins at the early stage of bone regeneration (Albrektsson and Wennerberg, 2019). However, the significance of submicron topography has not been clearly defined yet. A typical submicron topography is sandblasted and acid-etched (SLA) pits on titanium implants, which is the dominant surface topography in dental implants (Smeets et al., 2016). The SLA implants have shown a less than 5% failure rate at 10 years post-implantation (Albrektsson and Wennerberg, 2019), which implies the positive effect of submicron surface topography in biomaterials on bone regeneration. In this study, the irregularly distributed Fore structure showed higher potential in stimulating the M2 polarization of macrophages and osteogenesis of pre-osteoblasts. This finding is an important supplement to the correlation with surface topography and macrophage polarization. The forest-like silicon surface shows a larger pore size and more abundant porous structure than the regular silicon pillar surface, which may explain the better anti-inflammatory activity and osteogenesis potential (Garg et al., 2013; Rustom et al., 2019). The Fore surface was more hydrophilic than the Regu surface (Figure 2J). Macrophages adhered to a hydrophilic surface tend to enhance the secretion of anti-inflammatory cytokines and M2 surface markers (Hotchkiss et al., 2016; Lv et al., 2018). In addition, it is found that the “topographical effect” plays important roles in macrophage behavior and osteogenesis (Ma et al., 2014; Wang J. et al., 2018). Sa, Sq, and Sz may influence the anti-inflammatory activity and osteogenesis potential. Overall, the result of this study echoes the current opinion that material surfaces resembling the natural bone structure are beneficial to osteogenesis (Boyan et al., 2017; Shah et al., 2019; Berger et al., 2022).
To date, titanium-based implants are holding the largest market share in tooth and bone restoration (Kaur and Singh, 2019). However, the biocompatibility of titanium is gradually being questioned due to inflammatory reactivity or metal hypersensitivity in some patients (Buettner and Valentine, 2012). Further improvement of surface biocompatibility is pivotal in developing the next generation of intrabony implants (Bandyopadhyay et al., 2023). Silicon, as a major trace element in humans (Martin, 2013), shows relatively stable in vivo metabolism (Jugdaohsingh et al., 2013). Wang et al. (2023) prepared silicon-deposited coatings on Ti-based implants via electron beam evaporation (Wang et al., 2023), which showed osteoinductive and immunomodulatory capacity. It was found that the burst release of Si dominated the early stages of implantation to create a favorable osteoimmunomodulatory microenvironment by the timely conversion of macrophages from an M1 to an M2 phenotype that facilitated osteogenic differentiation. In addition, the release of Si also directly activated stem cells and remodeled the extracellular matrix for late osseointegration. For instance, Francesco et al. increased the surface porosity and biological activity of the implants by embedding Si3N4 particles on the surface of PEEK implants (Boschetto et al., 2021), which showed the advantages of a low elastic modulus, improved bone integration, and promoted antibacterial effects. At the same time, a porous scaffold based on a Fe–Si alloy was manufactured by 3D printing technology, which could reduce cytotoxicity and improve mechanical stability and bone integration ability (Bondareva et al., 2022). Similar findings have been made in other implants, for example, Edward et al. found that mechanically matched silicone brain implants could potentially improve the long-term functionality and reliability of brain implants by minimizing strain and stress due to movements and swelling of the brain in both lateral and axial directions relative to the implant (E. Zhang D. H. et al., 2021). The result of this study further suggests that irregular submicron silicon surfaces are better than regular submicron silicon surfaces in bone regeneration, which is important for fabricating and optimizing future silicon-based biomaterials.
In addition, the fate of macrophages can be regulated by the surface topography of biomaterials (Hotchkiss et al., 2016; Abaricia et al., 2020; Zhu G. et al., 2021). Existing studies have confirmed that the shape and polarization of macrophages can be influenced by nanotopography of biomaterials (Ma et al., 2014; Neacsu et al., 2014; Wang J. et al., 2018). Nanotubes with a larger diameter are prone to induce M2 polarization of macrophages (Lü et al., 2015; Xu et al., 2019; Yu et al., 2021). The result of this study supports that submicron morphologies at the range of 250–500 nm can also manipulate macrophage polarization, which is an important supplement to current theories.
The control of immune responses after biomaterial implantation in the body has long been a concern in the development of medical implants (Naik et al., 2018). The increase in the number of M2-like macrophages in the damaged tissue has been suggested to be an essential event in tissue healing. Delayed polarization from the inflammatory M1 phenotype into the anti-inflammatory/healing M2 phenotype would lead to compromised stem/progenitor cell response to inhibit the functional regeneration of skin, muscle, heart, nerve, and bone (Zhang E. N. et al., 2021; Li et al., 2021). In this proof-of-concept report using bone as a model tissue, we demonstrate tissue–biomaterial integration in irregular forest-like submicron silicon-based coating with the concurrent modulation of the macrophage response and cytokine profile manifested in the M2-based phenotype. This phenotype switching is pivotal in improving tissue regeneration induced by biomaterials (Huyer et al., 2020; Schlundt et al., 2021). Osteoclasts play a key role in the process of bone regeneration, and RANKL (ligand), expressed by osteoblasts and bone marrow stromal cells, attaches to RANK receptors on mature osteoclasts and osteoclast progenitor cells and promotes their differentiation (Shah et al., 2018; Huntley et al., 2019). In addition to inducing osteoclast activity, RANKL also induces osteoclasts to attach to the bone surface and longevity (Chaparro et al., 2022). In this study, we evaluated the expression of RANKL in the new bone and found that RANKL expression decreased significantly in the Fore group while increased significantly in the Regu group, which was consistent with the results of bone regeneration.
5 CONCLUSION
In this study, an irregular forest-like submicron silicon surface was proposed as a promising design of biomaterials for bone regeneration. It demonstrated better in vitro and in vivo biological responses than the regular submicron silicon surface and smooth silicon surface, including promoting macrophage M2 polarization and facilitating bone formation. This finding enriches the research basis for silicon-based biomaterials and highlights the irregular surface design for better bone regeneration performance.
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Periodontal disease is the most common type of oral disease. Periodontal bone defect is the clinical outcome of advanced periodontal disease, which seriously affects the quality of life of patients. Promoting periodontal tissue regeneration and repairing periodontal bone defects is the ultimate treatment goal for periodontal disease, but the means and methods are very limited. Hydrogels are a class of highly hydrophilic polymer networks, and their good biocompatibility has made them a popular research material in the field of oral medicine in recent years. This paper reviews the current mainstream types and characteristics of hydrogels, and summarizes the relevant basic research on hydrogels in promoting periodontal tissue regeneration and bone defect repair in recent years. The possible mechanisms of action and efficacy evaluation are discussed in depth, and the application prospects are also discussed.
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1 INTRODUCTION
Periodontal disease is a prevalent condition that significantly impacts both dental health and overall wellbeing. Periodontal bone defects, known as a serious consequence of periodontal disease, are challenging to repair, leading to significant impacts on patients’ chewing function, aesthetics, and quality of life (Sedghi et al., 2021). Conventional periodontal bone grafting or bone substitute implantation surgery comprises the transplantation of bone or substitute materials to address alveolar bone defects resulting from periodontitis. These surgeries aim to stimulate new bone formation, repair bone defects, restore the anatomical shape of the alveolar bone, and achieve optimal periodontal tissue regeneration (Gao et al., 2024a). Nevertheless, this method is subject to numerous influencing factors and may not consistently yield satisfactory outcomes in periodontal tissue regeneration and bone defect repair. Some bone defects cannot be perfectly repaired. Hydrogels are a new type of functional polymer material that has emerged in recent years. They are cross-linked three-dimensional hydrophilic polymer networks with properties superior to traditional materials, including softness, non-deformability, strong water absorption capacity, intelligence, high drug utilization rate, safety, and convenience (Li et al., 2022a; Li et al., 2024). However, single-component hydrogels have relatively simple structures, generally low mechanical strength, and only basic hydrogel properties, which cannot fully meet the needs of complex applications and have certain limitations. In recent years, the basic research and clinical applications of hydrogels have become increasingly rich, with great potential and unique therapeutic plasticity in promoting periodontal tissue regeneration and repairing bone defects. Firstly, hydrogels can provide a microenvironment similar to the extracellular matrix, allowing periodontal tissues and bone cells to adhere, proliferate, and differentiate. Secondly, hydrogels can serve as drug release carriers, exerting anti-inflammatory and antibacterial effects, and promoting periodontal tissue regeneration. Additionally, hydrogels can also carry specific bioactive factors such as stromal cell-derived factor-1 (SDF-1) and bone morphogenetic proteins (BMPs), inducing them to differentiate into osteoblasts, thereby accelerating periodontal bone tissue regeneration. Hydrogels are currently one of the hottest research materials, and are expected to provide a new perspective for promoting periodontal tissue regeneration and repairing periodontal bone defects. Therefore, based on the latest literature on hydrogels, this article provides a review of the molecular mechanisms and efficacy evaluation of promoting periodontal tissue regeneration and repairing periodontal bone defects, and looks forward to their clinical application prospects.
2 PERIODONTAL DISEASE AND BONE DEFECT
Periodontitis is a chronic inflammatory disease affecting the supporting tissues of the teeth, leading some patients to suffer from varying degrees of periodontal bone defects, significantly impacting their physical and mental wellbeing (Dannewitz et al., 2021). The treatment for periodontitis aims not only to remove causative factors and halt disease progression but also to restore damaged periodontal tissues to their original structure and function, achieving the ideal goal of periodontal tissue regeneration. The surgical treatment to promote periodontal tissue regeneration is called regenerative surgery, which mainly includes bone grafting and guided tissue regeneration, or the combination of the two can be used (Bee and Hamid, 2022). Bone grafting is among the most effective methods to repair bone defects caused by periodontitis, traditionally using materials such as autogenous bone, allograft bone, and xenogeneic bone, among others (Smeets et al., 2022). While the efficacy of the mentioned bone graft materials in bone defect repair cannot be entirely dismissed, there are also drawbacks. For instance, autogenous bone necessitates the use of the patients’ own bone, resulting in a secondary wound at the donor site, increasing the risk of postoperative complications such as infection, wound dehiscence, and increased bleeding. Additionally, postoperative unpredictable bone resorption may hinder the repair effect and prevent reaching the optimal state. Allogeneic bone carries the risk of immune rejection and requires strict donor screening and immunosuppressive therapy. Xenogeneic bone, due to species differences, has weaker biological activity and mechanical support capabilities (Ajlan et al., 2024). Thus, the clinical demand for bone repair materials with superior biological properties has grown increasingly urgent.
3 OVERVIEW OF HYDROGEL
3.1 Basic composition of hydrogel
Hydrogels are three-dimensional hydrophilic polymer networks formed by the crosslinking of hydrophilic polymer chains through various interactions, such as chemical bonds, hydrogen bonds, and van der Waals forces (Hameed et al., 2024). Furthermore, the presence of hydrophilic groups in hydrogels enables rapid water absorption, high water retention capacity, and swelling without dissolution. This unique structure provides hydrogels with flexibility, enabling them to mimic the body’s tissue environment. They offer structural support to the defect site, facilitating repair of bone defects through intrinsic healing mechanisms (Li et al., 2022b; Ho et al., 2022; Zhang et al., 2023). The high water content of hydrogels, similar to the permeability of the extracellular matrix, facilitates the transport of oxygen and nutrients (Siddiqui et al., 2021). Owing to their excellent biocompatibility, biodegradability, high water content, adjustable properties, and similarities to the natural extracellular matrix, hydrogels are increasingly recognized as exceptional biomimetic tissue engineering scaffold materials. They are considered the optimal carriers for cells, bioactive factors, and controlled release drugs. It's important to note that injectable hydrogel materials, with their in situ cross-linking nature, can fully adapt to and restore the irregular geometric shape of the original bone defect, achieving minimally invasive repair of bone defects (Chen et al., 2022). The relatively low adhesion of hydrogels to proteins and cells ensures that hydrogels in contact with tissues do not interfere with the metabolic processes of living organisms. Additionally, tissue metabolites can easily penetrate the hydrogel (Luo et al., 2022). The scheme illustrating the general composition of hydrogel is displayed in Figure 1.
[image: Figure 1]FIGURE 1 | The general composition of hydrogel.
3.2 Basic physical and chemical properties of hydrogel
3.2.1 Biocompatibility
After the material interacts with the organism, biocompatibility is primarily reflected in two aspects. The material must withstand organismic systems without rejection or damage, and the reactions generated during this process should be non-inflammatory and non-carcinogenic (Crawford et al., 2021). Biocompatibility is crucial for the successful use of hydrogel scaffolds in tissue engineering and regenerative medicine in clinical practice (Zor et al., 2019). Researchers often utilize methods such as synthetic conjugated polymers and the addition of ions to enhance tissue reconstruction and repair and address the poor biocompatibility of hydrogels (Zhang et al., 2022a).
3.2.2 Biodegradability
The biodegradability of hydrogel materials is a significant advantage. The biodegradability of hydrogel involves the gradual decomposition of the material in the body through processes such as dissolution, enzymatic digestion, and cell engulfment. Upon tissue repair, the implanted material is completely replaced by the repaired tissue, without leaving any residual material during the tissue healing process (Xia et al., 2021). Ideally, hydrogel materials should exhibit controllable biodegradability, matching the growth of cells and tissue repair rate. Excessive degradation can result in a loss of mechanical integrity before complete tissue regeneration, whereas slow degradation can lead to delayed tissue healing (Fatahian et al., 2022). Therefore, determining the appropriate degradation rate is a crucial consideration in hydrogel design. Fortunately, there has been significant recent progress by researchers, including the utilization of surface modification, polymer blending, and incorporation of alkaline particles to enhance biodegradability (Gupta et al., 2024).
3.2.3 Mechanical performance
The hydrogel exhibits mechanical properties at both macroscopic and microscopic levels. On the macroscopic scale, the hydrogel scaffold offers stability and volume maintenance (Belgodere et al., 2023). On the microscopic level, cells adhered to the hydrogel matrix can sense mechanical stimuli, converting them into biochemical signals to regulate crucial physiological processes (Li et al., 2022c). Hydrogels offer extensive application potential in bone tissue engineering. Enhancing the mechanical performance of hydrogels is crucial for improving the effectiveness of bone defect repair (Zhao et al., 2022). Inadequate mechanical properties of the hydrogel material can cause the repaired defect to deform easily and fail to offer early-stage support. In order to improve the mechanical performance of hydrogels, researchers have employed diverse methods to enhance the mechanical performance of hydrogels, such as constructing double network structures (Guo et al., 2021), utilizing composite nano-technology (Cui et al., 2019), introducing conductive materials (Arambula-Maldonado et al., 2023), and reinforcing fiber networks (Brusentsev et al., 2023). Studies have demonstrated that biomaterials with mechanical properties matching those of bone can stimulate bone cell proliferation and mineralization, and effectively facilitate bone growth.
4 CLASSIFICATION OF POLYMER-BASED HYDROGELS
Polymer-based hydrogels can be classified into two main categories based on their source of materials (Ur Rehman et al., 2020). Naturally derived polymer-based hydrogels are primarily sourced from animals, plants, and microorganisms, exhibiting excellent biocompatibility and biodegradability. Examples include chitosan, sodium alginate, and hyaluronic acid (Sun et al., 2021). Synthetic polymer-based hydrogels are predominantly derived from common chemical raw materials, offering not only good biocompatibility but also enhanced mechanical properties. Common materials used in the preparation of synthetic polymer-based hydrogels include polyethylene glycol (PEG), polyvinyl alcohol (PVA) and polyacrylic acid (PAA). Based on their response to external stimuli, hydrogels can also be classified as traditional hydrogels and responsive hydrogels, the latter also known as intelligent responsive hydrogels. Intelligent responsive hydrogels exhibit reversible responses to environmental stimuli, with their shape, mechanical, optical, permeation rate, and recognition properties showing acute responses to changes in the surrounding microenvironment (such as temperature, pH, light, and magnetic fields), and reversible changes with the stimulating factors. It is worth mentioning that composite hydrogels, represented by clay hydrogels, have emerged as a new type of hydrogel in recent years. This composite system enhances overall mechanical properties, biocompatibility, and processability through the complementary advantages of different materials. We briefly introduce some representative hydrogel systems and their applications as followed. The main classification of hydolgel is summarized in Figure 2.
[image: Figure 2]FIGURE 2 | The main classification of hydolgel.
4.1 Natural polymer-based hydrogels
4.1.1 Chitosan-based hydrogel
Chitin is usually extracted from natural shells of shrimp, crabs and insects, and part of the acetyl group is removed to obtain chitosan. Chitosan is the sole naturally occurring alkaline polysaccharide that contains free amino groups (Atia et al., 2022). Chitosan-based materials have the capacity to form chemical and physical cross-linked hydrogels through processes like exposure to ultraviolet light, pH alteration, and temperature adjustment (Yu et al., 2016). Its primary characteristic is the capacity to introduce specific functional groups with reactive properties, yielding a range of chitosan derivatives via chemical modification. Chitosan-based hydrogel systems exhibit outstanding biocompatibility, degradability, anti-inflammatory effects, broad-spectrum antibacterial properties, as well as the ability to facilitate cell adhesion, proliferation, and differentiation (Ma et al., 2022). Gu et al. (2024) used forty-eight male Wistar rats to establish a periodontitis model to detect the effects of chitosan/β-sodium glyceropylate (β-GP)/glycolic acid (GA) hydrogel carrying erythropoietin and FK506 (EPO-FK506-CS/β-GP/GA). The results showed that the hydrogel had drug stability and slow release, could significantly enhance new bone formation in the bone defect area, and had obvious bone induction properties. EPO-FK506-CS/β-GP/GA hydrogel could promote periodontal tissue regeneration. Eshwar et al. (2023) investigated an alginate-chitosan hydrogel, and clinical randomized trials indicated that the hydrogel enhanced the clinical attachment levels and fostered human bone regeneration, thus augmenting its potential in the field of tissue engineering.
4.1.2 Sodium alginate-based hydrogel
Derived from marine algae cell walls and intercellular spaces, sodium alginate is a linear natural anionic polysaccharide (Liu et al., 2023). It is a natural high molecular weight polymer created by linking β-1, 4-D-mannuronic acid (M segment) and α-1, 4-L-guluronic acid (G segment) via (α-1, 4) glycosidic bonds. Due to its non-toxicity, low cost, good biocompatibility, low immunogenicity, and its capability to form gels through crosslinking with divalent or multivalent cations, it has extensive potential applications in oral tissue engineering (Sanchez-Ballester et al., 2021). The three-dimensional network structure of sodium alginate hydrogel offers a novel environment for cell adhesion and proliferation, mimicking the microenvironment of human bone tissue. Furthermore, sodium alginate hydrogel holds significant promise as a scaffold material for bone tissue engineering. It not only offers suitable physical support and biocompatibility but also guides cell proliferation to form specific tissues (Suo et al., 2023). Presently, researchers have started blending sodium alginate with other high molecular weight materials to facilitate cell growth (Ouyang et al., 2024). This blending technique offers a novel approach to develop biomedical materials with outstanding performance and is anticipated to be pivotal in the realm of tissue engineering.
4.1.3 Hyaluronic acid-based hydrogel
One of the main components of the extracellular matrix is hyaluronic acid (HA), which is synthesized into HA hydrogels through physical or chemical crosslinking methods. It has good biocompatibility, does not easily cause immune reactions, and the HA hydrogel has good degradability, gradually degrading into metabolites that exist in the body without burdening the human body (Marinho et al., 2021). HA hydrogels exhibit good biocompatibility and biological activity, which have made them widely used in various fields. In bone tissue repair, HA hydrogels can provide a scaffold structure similar to the bone microenvironment to promote the differentiation of stem cells into bone cells, and promote bone regeneration through the release of growth factors and other bioactive substances (Wang et al., 2021). In tissue engineering, HA hydrogels can serve as cell carriers, providing a suitable environment to support cell adhesion, proliferation, and differentiation, thus achieving tissue regeneration and repair (Fujioka-Kobayashi et al., 2016). Despite the advantages of hyaluronic acid hydrogels including non-toxicity, biodegradability, and biocompatibility, their extremely high water absorption and enzyme degradation make them prone to corrosion and degradation in the body. Thus, combining hyaluronic acid with other smart hydrogels can yield new, environmentally friendly materials with enhanced performance (Liu et al., 2022a). The classification of natural polymer-based hydrogels is summarized in Table 1.
TABLE 1 | Classification of natural polymer-based hydrogels.
[image: Table 1]4.2 Synthetic polymer-based hydrogels
4.2.1 Polyethylene glycol-based hydrogels
Polyethylene glycol (PEG) is a linear, neutral polyether polymer that possesses excellent biocompatibility, biodegradability, low immunogenicity, and affordability, making it an important biomaterial in the field of biomedicine. Merrill et al. (1982) first investigated PEG and polyethylene oxide (PEO) as hydrophilic biomaterials, and the results showed that the adsorption of proteins on glass surfaces could be effectively inhibited by the presence of PEO. Since then, various types of PEG have been utilized for different purposes, such as protein surface modification to confer resistance and enhance surface biocompatibility. Fraser and Benoit (2022) found that the presentation of RGD and GFOGER peptides in PEG hydrogels enhanced the functionality of periodontal ligament cells (PDLCs), and this hydrogel system effectively controlled the function and activity of PDLCs, promoting periodontal tissue regeneration. Liu et al. (2021a) studied an intelligent gingival protease-responsive hydrogel loaded with SDF-1 (PEGPD@SDF-1) and observed that the PEGPD@SDF-1 hydrogel exhibited good biocompatibility, promoting the proliferation, migration, and differentiation of periodontal ligament stem cells. Moreover, this hydrogel inhibited the proliferation of porphyromonas gingivalis, creating a low-inflammatory environment and inducing osteogenesis, thus possessing the ability to promote in situ regeneration of periodontal tissues.
4.2.2 Polyvinyl alcohol-based hydrogel
Polyvinyl alcohol-based hydrogels, after crosslinking and swelling, form three-dimensional network-like colloidal dispersion. They possess high water absorption, degradability, good biocompatibility, and mechanical properties, making them widely applied in various medical fields (Rivera-Hernández et al., 2021). Due to the relatively simple structure and limited functionality of PVA, reinforcing components and functional materials are often incorporated into PVA hydrogel networks to improve and modify the overall performance of the hydrogel. Xiang et al. (2022) prepared a polyvinyl alcohol/hydroxyapatite/tannic acid (PVA/HA/TA) composite hydrogel, which exhibited high water content, porous structure, and good mechanical properties. In vitro cell experiments demonstrated excellent cell compatibility of the PVA/HA/TA composite hydrogel, promoting cell growth and adhesion, making it a promising material for bone tissue engineering. Zhou et al. (2020) developed a novel guided tissue regeneration (GTR) membrane using a composite hydrogel of polyvinyl alcohol (PVA) and fish collagen (Col). By adjusting the ratio of PVA/Col, they achieved control over the adhesion and proliferation of human periodontal ligament fibroblasts (HPDLFs) and human gingival fibroblasts (HGFs). The PVA/Col composite hydrogel exhibited unlimited potential as a GTR membrane for guiding periodontal tissue regeneration.
4.2.3 Polyacrylic acid-based hydrogel
PAA is a type of synthetic polymer with high hydrophilicity and a large number of carboxyl groups. It can form hydrogels through physical or chemical crosslinking. Wen et al. (2023) prepared a novel composite mineral matrix PAA-CMC-TDM hydrogel using amorphous calcium phosphate (ACPs), PAA, carboxymethyl chitosan (CMC), and dentin matrix (TDM) as the matrix. The hydrogel exhibited good biocompatibility and degradability, and its mechanical properties could be adjusted without affecting the functional activity of TDM. The experimental results showed that the hydrogel significantly improved the differentiation ability of mesenchymal stem cells into tooth or bone, and could repair irregular hard tissue defects in situ. Fan et al. (2023) combined PAA and sodium alginate (SA) to obtain a double polymer network hydrogel, in which ion crosslinking and SiO2 nanoparticles were introduced as dual reinforcement materials. Compared with standard PAA hydrogel, the hydrogel exhibited enhanced adhesion and shape memory properties, and further improved biocompatibility and osteogenic potential. SA-PAA-SiO2 has great potential in bone tissue engineering. The classification of synthetic polymer-based hydrogels is summarized in Table 2.
TABLE 2 | Classification of synthetic polymer-based hydrogels.
[image: Table 2]4.3 Smart hydrogels
4.3.1 Temperature-responsive hydrogels
Temperature-responsive hydrogels, also known as thermoresponsive hydrogels or temperature-sensitive hydrogels, are hydrogel materials with both hydrophilic and hydrophobic groups on their polymer chains. They exhibit temperature-responsive phase transition properties. When the temperature reaches a certain critical point, the affinity of the thermoresponsive hydrogel towards the solvent changes, leading to a swelling-shrinking transition. This temperature transition point is referred to as the lowest critical solution temperature (LCST) or utmost critical solution temperature (UCST). Injecting thermoresponsive hydrogels into periodontal pockets, they undergo an in situ sol-gel transition response under the stimulation of oral temperature. Xu et al. (2019) developed a thermosensitive hydrogel composed of chitosan (CS), sodium glycerophosphate (β-GP), and gelatin, which can sustainably release aspirin and erythropoietin (EPO) when injected. The study demonstrated that CS/β-GP/gelatin hydrogel is a novel drug carrier with easy preparation and excellent biocompatibility. The loaded aspirin/EPO in CS/β-GP/gelatin hydrogel exhibited significant anti-inflammatory and periodontal tissue regeneration-promoting effects. This hydrogel holds promise as a potential candidate for the clinical treatment of periodontitis.
4.3.2 pH-responsive hydrogels
pH-responsive hydrogels are a type of hydrogel material that undergoes swelling or shrinking in response to changes in pH. These hydrogels contain specific acidic groups (such as carboxyl groups) or basic groups (such as amino groups). The physicochemical properties of pH-responsive hydrogels largely depend on the charge changes within the material at different pH values and the interactions between charges. Yu et al. (2022) developed a dual-crosslinked gel system with a polyhedral oligomeric silsesquioxane (POSS) matrix, surrounded by a shell of six dithiol-linked PEG and two 2-ureido-4[1H]-pyrimidinone (UPy) groups. The thiol-disulfide exchange reaction exhibited pH-responsive “on/off” functionality, allowing for controlled structure of the hydrogel. The results showed that the hydrogel improved mechanical strength and had a positive effect on the proliferation, adhesion, and osteogenic ability of periodontal ligament stem cells (PDLSCs). In summary, pH-responsive hydrogels hold great potential for various applications, including drug delivery, tissue engineering, and biomedical devices, due to their ability to respond to changes in pH and provide controlled release and targeted therapy.
4.3.3 Light-responsive hydrogels
Light-responsive hydrogels are a type of hydrogel that undergo changes in their morphology, crosslinking density, and other properties under different light conditions, such as ultraviolet light, near-infrared light, or visible light. There are two different response mechanisms for light-responsive hydrogels: firstly, due to the presence of photosensitive functional groups (such as spiropyran, azobenzene, and other groups) within the hydrogel itself, the properties of the hydrogel change when it absorbs a certain amount of photon energy; secondly, by introducing nanomaterials with photothermal effects (such as gold nanoparticles, graphene oxide, etc.) into thermosensitive hydrogels, the light energy of the nanomaterials is converted into heat energy under light conditions using the photothermal effect, raising the temperature of the hydrogel and thus regulating its properties (Liu et al., 2021b). Zhai et al. (2021) studied a clay-based nanocomposite hydrogel using 4-acryloylmorpholine as a monomer. After exposure to ultraviolet light, the hydrogel exhibited good biocompatibility and mechanical properties. Additionally, animal experimental results demonstrated that the hydrogel had the ability to promote osteoblast differentiation, providing a new clinical approach for bone defect repair. Magalhães et al. (2022) prepared a nanocomposite hydrogel using laponite and polyethylene glycol diacrylate (PEGDA) and utilized ultraviolet radiation to enhance its bone regeneration ability, showcasing its potential application value in the field of bone regeneration. The classification of smart hydrogels is summarized in Table 3.
TABLE 3 | Classification of smart hydrogels.
[image: Table 3]4.4 Composite hydrogels
Composite hydrogels refer to the incorporation of one or several polymers into a composition consisting of two or more different types or components of polymers, forming a composite system with specific structure and functionality through hydrogen bonding and electrostatic interactions. Clay hydrogels have been representative examples of composite hydrogels in recent years. Dong et al. (2021) uniformly mixed laponite nanoclay with methacrylic acid gelatin to obtain a composite hydrogel. The addition of nanoclay improved the rheological properties, degradation stability, and mechanical strength of the hydrogel. This composite hydrogel scaffold exhibited high proliferation and osteogenic differentiation capacity, making it a promising candidate for bone tissue regeneration biomaterials. Hakimi et al. (2023) developed a novel organic-mineral nanofiber hydrogel composed of chitosan-polyethylene oxide (CS-PEO)/nanoclay-alginate (NC-ALG). The inclusion of NC particles in the hydrogel improved its biocompatibility and promoted bone tissue regeneration. Zhang et al. (2022b) designed a chitosan/polyaniline/lithium polysaccharide (COL) hydrogel, in which aluminum silicate clay material laponite (LAP) was incorporated. This composite hydrogel exhibited good biocompatibility and degradability. Furthermore, the LAP-loaded composite hydrogel demonstrated excellent osteogenic differentiation capacity and could be used for bone defect repair.
5 APPLICATION VALUE OF HYDROGEL IN PROMOTING PERIODONTAL TISSUE REGENERATION
The application research of hydrogels in periodontal tissue regeneration has continuously achieved breakthroughs. Early studies mainly focused on the antibacterial activity of hydrogels themselves, aiming to inhibit the development of infection and inflammation by adding antibacterial agents (Chen et al., 2016). However, with further research, it has been found that the effect of a single antibacterial agent is limited. To overcome these problems, researchers have begun to explore the use of hydrogels as carriers for loading different antibacterial drugs. This loading system can provide a more long-lasting antibacterial effect while reducing the amount of drugs used (Wang et al., 2020). In recent years, hydrogels can be used as carriers for carrying and releasing bioactive molecules, such as growth factors and anti-inflammatory factors. These bioactive molecules can promote tissue regeneration and repair, accelerating the healing process of periodontal tissues (Kuroda et al., 2019). Some studies have also focused on loading growth factors and antibacterial drugs together in hydrogels. This dual-functional hydrogel can not only control infection and inflammation, but also promote the regeneration and repair of periodontal tissues. The potential mechanisms employed by hydrolgel in promoting periodontal tissue regeneration are demonstrated in Figure 3. Tan et al. (2023) prepared a chitosan-based thermosensitive hydrogel loaded with β-tricalcium phosphate, which confirmed the three-dimensional network structure of the hydrogel and demonstrated significant biocompatibility with pre-osteoblastic cells MC3T3-E1 and human gingival fibroblasts, showing great potential in periodontal tissue regeneration. Ammar et al. (2018) incorporated freeze-dried platelet concentrate (FDPC) into chitosan/β-glycerophosphate lipid hydrogel, both showing sustained release of transforming growth factor and platelet-derived growth factors, significantly improving the viability of periodontal ligament stem cells, conducive to periodontal tissue regeneration, and providing essential growth factors and progenitor cells for periodontal tissue regeneration. Fawzy El-Sayed et al. (2015) used gingival-margin-derived stem/progenitor cells (G-MSCs) and hyaluronic acid-synthesized extracellular matrix (HA-sECM) hydrogel loaded with IL-1ra to explore its potential for periodontal regeneration. The results showed that this hydrogel significantly improved periodontal attachment levels, connective tissue adhesion, and alveolar bone regeneration, demonstrating significant periodontal tissue regeneration capability when used in combination with G-MSCs and IL-1-loaded HA-sECM hydrogel. Momose et al. (2016) evaluated the use of collagen hydrogel combined with fibroblast growth factor-2 (FGF2) for healing periodontal defects in beagle dogs. The results showed that periodontal tissues, periodontal ligament-like tissues, and Sharpey’s fibers in beagle dogs were repaired, and FGF2-loaded collagen hydrogel guided periodontal regeneration, restoring the function of periodontal tissues.
[image: Figure 3]FIGURE 3 | (A,B) Antibacterial agents or drugs can be integrated with hydrogel to suppress inflammatory factor. (C) Growth factor-loaded hydrogel to promote periodontal tissue regeneration.
Currently, hydrogels have enormous potential in the treatment of periodontal tissue regeneration. However, most related research is still at the stage of animal experiments, requiring further exploration of its clinical efficacy and translational applications. With in-depth research on hydrogels and continuous technological improvement, it is believed that their application in the field of periodontal tissue regeneration will be further expanded. We can look forward to hydrogels providing new solutions for the treatment of periodontal tissue diseases, bringing more benefits to periodontal health.
6 BONE DEFECT REPAIR STRATEGY BASED ON HYDROGEL
Part of periodontitis patients have bone defects, promoting bone regeneration in the area to restore normal chewing function is particularly important for patients with periodontitis combined with bone defects (Li et al., 2023). The repair and regeneration of bone defects is a challenging and highly demanding research.
6.1 Hydrogels act as carrier to promote bone defect repair
Researchers are constantly exploring new methods to improve the effectiveness of bone defect repair. Hydrogels can encapsulate cells and/or growth factors, effectively protecting them from external environmental influences and maintaining their biological activity. When the hydrogel comes into contact with the site of the bone defect, it selectively transports the encapsulated cells and/or growth factors, thus promoting the proliferation and differentiation of bone cells, accelerating the regeneration and repair of bone tissue (Santos et al., 2023). In addition, hydrogels can also regulate the release rate of cells and growth factors, achieving sustained and controlled release, further enhancing the repair effectiveness (Arpornmaeklong et al., 2021). Tan et al. (2019) prepared a supermolecular hydrogel assembly of NapFFY with SDF-1 and BMP-2 for the treatment of periodontal bone defects in rats, with a bone regeneration rate as high as 56.7%. Both in vitro and in vivo results indicated that these two bioactive factors were released synchronously and continuously from the hydrogel under ideal conditions, effectively promoting the regeneration and reconstruction of periodontal bone tissue. It is expected that the SDF-1/BMP-2/NapFFY hydrogel may soon replace clinical bone transplantation for the repair of periodontal bone defects. Parisi et al. (2020) introduced adaptors of fibronectin into hyaluronic acid/polyethylene glycol-based hydrogel, evaluating its ability to promote osteogenesis in rats. The hydrogel was found to support osteoblast adhesion, accelerate platelet aggregation and activation, and promote postoperative new bone formation. Chien et al. (2018) applied an injectable thermosensitive chitosan/collagen/glycerophosphate hydrogel to provide a suitable environment for the transplantation of stem cells and enhance their delivery and implantation. In an animal model of maxillary molar defects, the iPSCs-BMP-6 hydrogel-treated group exhibited significant mineralization, increased bone volume, number and thickness of bone trabeculae, and promoted new periodontalligament regeneration as well as the formation of bone and cementum. These findings indicate that the combination of hydrogel-encapsulated iPSCs with BMP-6 provides a new strategy for enhancing periodontal bone regeneration.
6.2 Hydrogels act as scaffold to promote bone defect repair
In recent years, bone tissue engineering (BTE) has played an important role in the treatment of periodontal bone defects (Gao et al., 2024b). The three important elements in BTE include scaffold materials, seed cells, and growth factors. BTE requires the integration of scaffold materials with different types of bioactive substances, including cells, drugs, proteins, and other bioactive molecules, to enhance bone formation effectiveness. Hydrogels, as scaffold materials, provide a living environment for bone cells, which is conducive to bone tissue regeneration (Peng et al., 2023). Hydrogels can simulate the extracellular matrix environment of the human body, providing structural support for new bone formation and enabling bone tissue repair, thus possessing unique advantages. Sowmya et al. (2017) achieved complete regeneration of hard tissues (alveolar bone and tooth bone) at the site of periodontal defect using a three-layered nanocomposite hydrogel scaffold loaded with growth factors. The results demonstrated complete healing of the periodontal bone defect and the formation of new trabecular-like tissue. Histological and immunohistochemical analysis further confirmed the formation of new tooth bone and alveolar bone, with distinct bone trabeculae. Wang et al. (2023) prepared a porous hydrogel scaffold using chitosan and oxidized chondroitin sulfate (OCS) as the matrix, which carried periodontal ligament stem cells (PDLSCs) or gingival mesenchymal stem cells (GMSCs). In a rat model of periodontal defect, the PDLSC and GMSC hydrogels induced bone tissue repair, offering another possibility for clinical application. Kato et al. (2015) investigated the application of bone morphogenetic protein (BMP)/collagen hydrogel scaffold implantation for periodontal bone defect in dogs. The results showed that bone-like tissue was significantly formed after receiving BMP/collagen hydrogel scaffold, and the hydrogel enhanced the regeneration of tooth bone and alveolar bone.
7 CONCLUSION
The hydrogel is a three-dimensional polymer network characterized by both rigidity and flexibility. Being a rapidly advancing functional polymer material, it possesses distinct advantages that traditional materials lack. It shows significant potential for application in periodontal tissue regeneration and repairing bone defects. Subsequent research should concentrate on enhancing the performance of hydrogels, identifying types with superior performance, and delving deeper into their mechanisms of action. With advancements in medicine, technology, and ongoing research, the utilization of hydrogels in periodontal tissue regeneration and bone defect repair is anticipated to expand new possibilities.
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Background: Diabetes mellitus is a systematic disease which exert detrimental effect on bone tissue. The repair and reconstruction of bone defects in diabetic patients still remain a major clinical challenge. This study aims to investigate the potential of bone tissue engineering approach to improve bone regeneration under diabetic condition.Methods: In the present study, decalcified bone matrix (DBM) scaffolds were seeded with allogenic fetal bone marrow-derived mesenchymal stem cells (BMSCs) and cultured in osteogenic induction medium to fabricate BMSC/DBM constructs. Then the BMSC/DBM constructs were implanted in both subcutaneous pouches and large femoral bone defects in diabetic (BMSC/DBM in DM group) and non-diabetic rats (BMSC/DBM in non-DM group), cell-free DBM scaffolds were implanted in diabetic rats to serve as the control group (DBM in DM group). X-ray, micro-CT and histological analyses were carried out to evaluate the bone regenerative potential of BMSC/DBM constructs under diabetic condition.Results: In the rat subcutaneous implantation model, quantitative micro-CT analysis demonstrated that BMSC/DBM in DM group showed impaired bone regeneration activity compared with the BMSC/DBM in non-DM group (bone volume: 46 ± 4.4 mm3 vs 58.9 ± 7.15 mm3, *p < 0.05). In the rat femoral defect model, X-ray examination demonstrated that bone union was delayed in BMSC/DBM in DM group compared with BMSC/DBM in non-DM group. However, quantitative micro-CT analysis showed that after 6 months of implantation, there was no significant difference in bone volume and bone density between the BMSC/DBM in DM group (199 ± 63 mm3 and 593 ± 65 mg HA/ccm) and the BMSC/DBM in non-DM group (211 ± 39 mm3 and 608 ± 53 mg HA/ccm). Our data suggested that BMSC/DBM constructs could repair large bone defects in diabetic rats, but with delayed healing process compared with non-diabetic rats.Conclusion: Our study suggest that biomaterial sacffolds seeded with allogenic fetal BMSCs represent a promising strategy to induce and improve bone regeneration under diabetic condition.Keywords: diabetes mellitus, bone tissue engineering, mesenchymal stem cells, decalcified bone matrix, bone regeneration
INTRODUCTION
Diabetes mellitus (DM) is a chronic metabolic disease characterized by the presence of elevated blood glucose levels, and is of two types: type 1 diabetes, which is due to severe deficiency in insulin synthesis, and type 2 diabetes which is caused by insulin resistance combined with insulin production deficiency (Antar et al., 2023). DM is a systematic disease affecting not only the heart, brain, kidneys, eyes, blood vessels and nerves, but it also causes a negative effect on the skeletal system. It is well known that DM contributes to osteoporosis, increased fracture risk, delayed bone healing and impaired bone regeneration (Antar et al., 2023; Csonka and Lendvay, 2023). In fact, it was reported that diabetic patients had a 6- to 7-fold increased risk of hip fracture, 2.75-fold increased risk of implant failure and 1.6-fold delay in fracture healing compared with non-diabetic population (Hu et al., 2018; Hygum et al., 2019). With the rise in incidence of DM and aging of population, the number of DM patients requiring bone reconstruction procedures rapidly increases. However, the repair of bone fracture and defect in diabetic patients still remains a major clinical challenge (Hu et al., 2018). Thus, it is essential to develop effective methods to accelerate bone regeneration in DM patients.
Bone tissue engineering has recently emerged as a promising treatment strategy for the repair and functional regeneration of large segmental bone defects (Li et al., 2018). Its general principle involves the integration of seed cells, tridimensional biomaterial framework and molecular signals to generate an implantable construct (Perez et al., 2018). This approach has been proved effective in both animal models and clinical trials (Confalonieri et al., 2018; Mazzoni et al., 2023). Nevertheless, most of the studies were performed in healthy recipients with unimpaired bone regeneration activity. There are limited studies on whether bone tissue engineering approach could improve bone regeneration under diabetic condition.
One of the fundamental components of bone tissue engineering strategy is seed cells. Bone marrow-derived mesenchymal stem cells (BMSCs) are a major source of osteoblasts, osteocytes and bone lining cells in vivo, and are crucial for bone remodeling via both cellular and paracrine effects. Because of their easy acquisition, potent proliferative and osteogenic potential, well-defined osteogenic differentiation pathway and low immunogenicity, BMSCs are considered as an attractive cellular source for bone tissue engineering applications (Zhang et al., 2012; Grelewski et al., 2023). Although autologous cell sources are generally preferred in clinical trials, it is well documented that BMSCs derived from diabetic patients exhibited decreased proliferative and osteogenic potential (Fijany et al., 2019). In addition, it was reported that diabetic donors possessed fewer BMSCs and that these cells exhibited impaired proliferation and survival in vitro (De Vyver, 2017). On the other hand, the use of allogenic BMSCs derived from healthy donors with efficacious osteogenic potential may circumvent the limitations of autologous BMSCs. Besides, allogenic BMSCs can be easily cultured, expanded and cryopreserved, allowing off-the-shelf availability. Investigations into their use in healing critical-sized bone defects in various animal models demonstrated their utility for bone tissue engineering applications (Berner et al., 2013; Arthur and Gronthos, 2020).
Decalcified bone matrix (DBM) is an artificial bone material obtained by decalcifying biological bone. It is considered as an ideal bone regeneration scaffold due to its good biocompatibility and osteogenic activity (Liu et al., 2023). Previously, we have conducted experiments to investigate the potential of allogenic fetal BMSC-based bone tissue engineering strategy for healing critical-sized bone defect in a rabbit model of osteoporosis (Wang et al., 2015). In the current study, we seeded allogenic fetal BMSCs on DBM scaffolds to construct tissue-engineered bone grafts, and investigated their potential to form both ectopic and orthotopic bone in streptozotocin (STZ)-induced type 1 diabetic rat model.
MATERIALS AND METHODS
Isolation and culture of BMSCs
To obtain fetal BMSCs, pregnant SD rats (19 days post conception) were sacrificed. Single-cell suspensions were prepared by flushing the bone marrow out of the femurs of rat fetuses using Dulbecco’s Modified Eagle’s Medium (DMEM; Hyclone, Logan City, UT, United States of America) containing 10% fetal bovine serum (FBS; Hyclone) under aseptic conditions. Cells were seeded in culture dish and cultured with low-glucose DMEM supplemented with 10% FBS and 1% penicillin-streptomycin antibiotic (Gibco, Grand Island, NY, United States of America) in a humidified incubator with 5% CO2 at 37°C. After 5 days, the culture medium was changed and non-adherent cells were removed. Cell passaging was performed until the monolayer of the adherent cells reached 80% confluence with trypsin-EDTA (Gibco).
Multilineage differentiation of BMSCs
Osteogenic, adipogenic and chondrogenic differentiation of BMSCs was performed as previously described (Zhang et al., 2009). All chemicals were purchased from Sigma (St Louis, MO, United States of America) unless otherwise stated. For osteogenic differentiation, BMSCs at passage 3 were cultured in osteogenic induction medium (DMEM supplemented with 10% FBS, 1% penicillin-streptomycin antibiotic, 10 mmol/L β-glycerophosphate, 10–8 mol/L dexamethasone, and 50 mmol/L ascorbic acid). The medium was changed twice a week for 14 days. After induction, cells were fixed with 10% formalin and then stained with alizarin red.
For adipogenic differentiation, BMSCs at passage 3 were cultured in DMEM supplemented with 10% FBS, 1% penicillin-streptomycin antibiotic, 5 μg/mL insulin, 200 μM indomethacin, 1 μM dexamethasone, and 0.5 mM 3-isobutyl-1-methylxanthine. The medium was changed twice a week. After 21 days of induction, cells were fixed with 10% formalin and then stained with 0.5% oil red O in methanol.
For chondrogenic differentiation, BMSCs at passage 3 were pelleted and cultured in DMEM supplemented with 10% FBS, 1% penicillin-streptomycin antibiotic, 0.1 μM dexamethasone, 0.17 mM ascorbic acid, 1 mM sodium pyruvate, 0.35 mM L-proline, 1% insulin-transferrin sodium-selenite, 1.25 mg/mL bovine serum albumin, 5.33 μg/mL linoleic acid, and 0.01 μg/mL transforming growth factor-β (Cell Science, Canton, MA, United States). The medium was changed twice a week. After 28 days of incubation, the micromass pellets were fixed with 10% formalin, then embedded in paraffin and sectioned in 10-μm slices. After being dewaxed and rehydrated, the slices were stained with toluidine blue.
Fabrication and characterization of BMSC/DBM construct
DBM scaffolds were prepared from bovine limbs as previously described (Wang et al., 2015). The scaffolds were cut into 10 mm × 5 mm × 3 mm cuboids, and then sterilized with 75% ethanol. BMSCs at passage 3 were harvested with EDTA-trypsin and resuspended with DMEM at a cellular density of 2 × 106/mL. Each DBM cuboid was seeded with 100 μL cell suspension to generate BMSC/DBM construct. After 4 h of incubation in a humidified incubator at 37°C, the BMSC/DBM constructs were replenished with osteogenic induction medium and the medium was changed twice a week. After 14 days of osteogenic induction, BMSC/DBM constructs were ready for transplantation.
For scanning electron microscopic (SEM) analysis, the BMSC/DBM constructs were fixed in 2.5% glutaraldehyde after 14 days of osteogenic induction. The fixed BMSC/DBM constructs were then soaked in 1% osmic acid for 2 h and then rinsed with PBS. After being dehydrated with an ascending sequence of ethanol and dried at room temperature, the samples were sputter-coated with gold and finally observed with an SEM (Hitachi, Tokyo, Japan).
Establishment of DM rat model
All animal protocols were approved by the University Committee on Use and Care of Animals of Huazhong University of Science and Technology. STZ is widely used to produce DM model in rats (Furman, 2021). As previously described with some modifications (Wojcicka et al., 2010), STZ (Sigma) was dissolved in 0.1 M of a citrate buffer (pH 4.5), and injected intraperitoneally into 5-week-old male Sprague-Dawley rats at a dose of 50 mg/kg body weight after overnight fasting. Rats in control group were injected with citrate buffer. Five days after STZ injection, fasting glucose (IFG) level in the blood obtained from the tail was measured using a glucometer (Omron, Kyoto, Japan). IFG >11.1 mmol/L and stable for 2 weeks were considered diabetes.
In vivo study
To test the ability of BMSC/DBM constructs to form ectopic bone, twelve diabetic rats and six age-matched non-diabetic rats were divided into three group: 1) BMSC/DBM in non-DM group (n = 6): BMSC/DBM constructs were implanted subcutaneously into the dorsum of the non-diabetic control rats; 2) BMSC/DBM in DM group (n = 6): BMSC/DBM constructs were implanted subcutaneously into the dorsum of DM rats; 3) DBM in DM group (n = 6): cell-free DBM scaffolds were implanted subcutaneously into the dorsum of DM rats. After 1 and 3 months of implantation, the specimens were harvested and fixed in 4% formalin for further analyses.
To investigate the potential of BMSC/DBM constructs to repair large bone defects under diabetic condition, rat femoral large bone defect model was prepared as previously described (Janko et al., 2019). Twenty diabetic rats and ten age-matched non-diabetic rats were anaesthetized with isoflurane. The left hindlimb of the rat was shaved and cleaned with iodophor, and incision was made from lateral side of the left femur. Next, muscles and subcutaneous tissues were blunt-dissected to expose the left femoral shaft. An internal fixation plate was placed on the surface of the femoral shaft, and four screws fixed the plate to the bone. Afterwards, a 10-mm-long bone defect was created in the femur by an electrical bone saw. Then the rats were divided into three groups as mentioned above, the defects were filled with BMSC/DBM constructs or cell-free DBM scaffolds. The wound was closed and disinfected with iodophor. After the surgery, the rats were given 20,000 U/d gentamycin (Sigma) by intramuscular injection for 3 days. At the 6th month after the surgery, the rats were painlessly killed by overdosed inhalation of carbon dioxide. Femurs were harvested, and fixed in 4% formalin for further analyses.
X-ray and micro-CT analyses
At the 1st, 3rd and 6th month after surgery, plain x-ray images were obtained under anesthesia with isoflurane. For micro-CT (μ-80, Scanco Medical, Zurich, Switzerland) analysis, bone specimens were placed in the sample holder and scanned at multiple longitudinal and transverse sections with 0.05 mm thickness. Then three-dimensional (3D) images were reconstructed. Bone volume (BV), bone volume per tissue volume (BV/TV) and bone density of the specimens was automatically calculated via micro-CT auxiliary software (Volume Graphics GmbH, Heidelberg, Germany).
Histological evaluation
After micro-CT analysis, bone specimens were decalcified with 10% EDTA solution, dehydrated in increasing ethanol concentration, and then embedded in paraffin. Sections were cut into 10-μm-thick sections and stained with hematoxylin and eosin (HE, Sigma) and Van Gieson (VG, Sigma) to visualize tissue morphology and demonstrate collagen formation.
Statistical analysis
All data collected are presented as mean ± standard deviation, and were analyzed using one-way ANOVA analysis. p < 0.05 was considered significant.
RESULTS
Characterization of rat BMSCs and BMSC/DBM constructs
Rat fetal BMSCs exhibited a spindle-like morphology at passage 3 (Figure 1A). As shown in Figures 1B–D, MSCs underwent osteogenic, adipogenic, and chondrogenic differentiation, as demonstrated by alizarin red, oil red O and toluidine blue staining. The capacity of BMSCs to undergo multilineage differentiation was thereby established. To fabricate BMSC/DBM constructs, BMSCs were seeded on DBM scaffolds and then cultured in osteogenic induction medium for 14 days. SEM showed that after 14 days of culture and osteogenic induction, BMSCs on the DBM scaffolds grew vigorously, secreting abundant extracellular matrix and filling the pores of the scaffolds (Figures 1E, F).
[image: Figure 1]FIGURE 1 | Characterization of BMSCs and BMSC/DBM constructs. (A). Typical morphology of rat BMSCs at passage 3. Scale bar: 200 μm. (B). Alizarin red staining of BMSCs after 14 days of osteogeneic induction. Scale bar: 100 μm. (C). Oil red O staining of BMSCs after 21 days of adipogenic induction. Scale bar: 100 μm. (D). Toluidine blue staining of the BMSC-derived micromass after 28 days of chondrogenic induction. Scale bar: 100 μm. (E,F). BMSC/DBM constructs observed under SEM after 14 days of culture. Scale bars: 50 μm.
BMSC/DBM constructs form ectopic bone under diabetic condition
To determine whether BMSC/DBM constructs could form ectopic bone under diabetic condition, we implanted BMSC/DBM constructs or cell-free DBM scaffolds subcutaneously into the dorsum of diabetic rats and age-matched non-diabetic rats. At 1 and 3 months after implantation, the specimens were harvested and scanned by micro-CT for evaluation. From the macroscopic view, both the BMSC/DBM in non-DM group and the BMSC/DBM in DM group showed complete tissue morphology, while scaffold degradation had already occurred in the DBM in DM group (Figures 2A, C). The 3D reconstruction of micro-CT images of the specimens showed that obvious mineralized tissue formation can be seen in both the BMSC/DBM in non-DM group and the BMSC/DBM in DM group, while the DBM in DM group showed hardly any mineralized tissue formation (Figures 2B, D). Quantitative micro-CT analysis (Figure 2E) showed that after 1 month of implantation, the BV and BV/TV of the BMSC/DBM in non-DM group (47.75 ± 4.8 mm3 and 13.3% ± 0.13%) were significantly increased compared with that of the BMSC/DBM in DM group (23.2 ± 2.9 mm3 and 6.5% ± 0.03%) and DBM in DM group (7.4 ± 1.73 mm3 and 2.9% ± 0.9%). After 3 months of implantation, the BV and BV/TV of the BMSC/DBM in non-DM group had increased to 58.9 ± 7.15 mm3 and 19.8% ± 0.25%, followed by the BMSC/DBM in DM group (46 ± 4.4 mm3 and 12.3% ± 0.41%) and DBM in DM group (11.1 ± 0.9 mm3 and 5.3% ± 1.2%). Our data demonstrated that BMSC/DBM constructs could form ectopic bone under diabetic condition, however, they showed impaired bone regeneration activity under diabetic condition compared with non-diabetic controls.
[image: Figure 2]FIGURE 2 | BMSC/DBM constructs form ectopic bone under diabetic condition. (A). Macroscopic view of the specimens after 1 month of implantation. (B). 3D reconstruction of micro-CT images of the specimens after 1 month of implantation. Scale bars: 5 mm. (C). Macroscopic view of the specimens after 3 months of implantation. (D). 3D reconstruction of micro-CT images of the specimens after 3 months of implantation. Scale bars: 5 mm. (E). Statistical analyses of bone volume (BV) and bone volume per tissue volume (BV/TV), *p < 0.05.
BMSC/DBM constructs repair femoral bone defects under diabetic condition
Large bone defects were created in the femurs of both diabetic rats and age-matched non-diabetic rats. To investigate the potential of BMSC/DBM constructs to form orthotopic bone under diabetic condition, BMSC/DBM constructs or cell-free DBM scaffolds were implanted into the defects. X-ray examination showed that dense tissue was formed in both the BMSC/DBM in non-DM group and the BMSC/DBM in DM group at 3 months after surgery, and the BMSC/DBM in non-DM group showed much better new bone formation than the BMSC/DBM in DM group. At 6 months after surgery, bone union was observed in both the BMSC/DBM in non-DM group and the BMSC/DBM in DM group. In contrast, new bone formation did not occur in the DBM in DM group (Figure 3).
[image: Figure 3]FIGURE 3 | Plain X-ray images of the femoral defects at 1, 3 and 6 months after transplantation with BMSC/DBM constructs or DBM scaffolds in diabetic and non-diabetic rats.
Animals were sacrificed at the 6th month post-surgery, femurs were obtained and then subjected to micro-CT analysis. As shown in Figures 4A, B, both macroscopic and 3D reconstructed micro-CT images showed that the defects in BMSC/DBM treated diabetic and non-diabetic group were filled with newly formed bone tissue. However, little new bone formation was observed in the DBM in DM group. Quantitative micro-CT analyses indicated that at 6 months after surgery, there was no significant difference in BV and bone density between the BMSC/DBM in non-DM group (211 ± 39 mm3 and 608 ± 53 mg HA/ccm) and BMSC/DBM in DM group (199 ± 63 mm3 and 593 ± 65 mg HA/ccm), although the BV and bone density were slightly higher in the non-diabetic group compared with the diabetic group (Figure 4C). These data suggest that BMSC/DBM constructs could repair large bone defects in diabetic rats, but with delayed healing process compared with non-diabetic rats.
[image: Figure 4]FIGURE 4 | BMSC/DBM constructs repair femoral bone defects under diabetic condition. (A). Macroscopic view of the specimens at the 6th month post-surgery. (B). 3D reconstruction of micro-CT images of the specimens at the 6th month post-surgery. Scale bars: 5 mm. (C). Statistical analyses of bone volume (BV) and bone density, *p < 0.05.
Histological analysis
HE staining and Van Gieson staining were carried out to evaluate new bone formation. As shown in Figure 5, at 6 months post-surgery, newly formed bone tissue was observed in both the BMSC/DBM in non-DM and the BMSC/DBM in DM group. In contrast, the defect area in the DBM in DM group was filled with mostly fibrous connective tissue. Van Gieson staining further demonstrated that well-formed collagen deposition was observed in both the BMSC/DBM in non-DM and the BMSC/DBM in DM group, while hardly any collagen deposition can be seen in the DBM in DM group.
[image: Figure 5]FIGURE 5 | Histological analysis: representative images of HE and VG staining of the specimens. Scale bar: low magnifictaion: 2.5 mm; high magnification: 50 μm.
DISCUSSION
Diabetes is a group of metabolic disorders which can cause multiple organ damages. Patients with diabetes are more prone to osteoporosis, bone fracture and impaired bone healing than the non-diabetic population (Hofbauer et al., 2022). The rapidly expanding DM patients requiring bone reconstruction procedures motivated the present study to investigate the potential of bone tissue engineering approach to improve bone regeneration under diabetic condition. We implanted BMSC/DBM constructs or cell-free DBM scaffolds in both ectopic and orthotopic bone formation rat models. Our data suggested that BMSC/DBM constructs could form ectopic and orthotopic bone under diabetic condition, but with impaired bone regeneration activity.
It is well known that BMSCs derived from diabetic patients showed decreased alkaline phosphatase (ALP) activity, mineralization and osteogenic gene expression (Silva et al., 2015). It is also proposed that the balance of BMSC differentiation is switched to favor adipogenic differentiation under diabetic condition (Fijany et al., 2019). Besides, a number of studies suggested that the outcomes of autologous MSC therapy for diabetes-associated complications were variable and not as effective as initially hoped, due to the intrinsic MSC dysfunction (De Vyver, 2017). Therefore, autologous BMSCs may not be the ideal candidate to induce and improve bone regeneration under diabetic condition. Allogenic BMSCs have been shown to be nonimmunogenic in vivo transplantation paradigms (Squillaro et al., 2016), and have been used to repair critical-sized bone defects in various animal models (Lin et al., 2019), suggesting their utility for bone tissue engineering applications. In our study, no signs of serious adverse immune reactions were observed. Compared with perinatal and adult sources of MSCs, fetal BMSCs exhibited greater cell proliferative capability, osteogenic potential and lower immunogenicity as reported by previous studies (Zhang et al., 2009; Guillot et al., 2008), thus we chose allogenic fetal BMSCs as our seed cells in the present study.
Our data indicated that BMSC/DBM constructs could form ectopic bone under diabetic condition, but with decreased bone regeneration activity. Previous studies suggested that the osteogenic cells that formed new bone in subcutaneous ectopic bone formation models were mainly of donor origin rather than originated from the local microenvironment (Abdallah et al., 2008; Mankani et al., 2008). Deng et al. demonstrated that BMSCs derived from healthy donors treated with diabetic serum showed a remarkable decrease in osteogenic activity, suggesting that pathologic conditions like diabetes could alter the function of BMSCs derived from healthy donors (Deng et al., 2018). There have been a large number of studies trying to clarify the precise mechanism underlying the detrimental effect of diabetes on BMSCs. It is proved that many factors from the diabetic microenvironment could contribute to the dysfunction of BMSCs, including hyperglycemia, chronic inflammation and increased advanced glycation end-products (AGE) formation (Kume et al., 2005; Li et al., 2007; Yang et al., 2010; Wang et al., 2013; Ko et al., 2015; Qu et al., 2018; Xu and Zuo, 2021). We suggested that the allogenic BMSCs introduced through bone tissue engineering approach were affected by various factors from the diabetic host environment, resulting in the impaired bone regeneration activity. It is worthwhile to track and examine the function of the implanted BMSCs in the future.
Apart from testing the pro-bone regeneration potential of tissue-engineered bone constructs in subcutaneous ectopic bone formation models, we also investigated their potential to repair large segmental bone defects in rat femurs. To our surprise, at 6 months after surgery, BMSC/DBM constructs under diabetic condition showed comparable bone volume and density compared with the non-diabetic controls. However, X-ray analysis at the 1st and 3rd month post-surgery indicated that the healing process was delayed in the diabetic group. The implantation of BMSC-seeded DBM scaffolds enhanced bone formation in orthotopic defects compared with the implantation of unseeded DBM scaffolds, suggesting that the transplanted allogenic BMSCs were able to induce and promote osseous regeneration in orthotopic defect models. However, the delayed healing process compared with non-diabetic controls indicated that the implanted BMSCs were affected by the diabetic host environment, resulting in impaired osteogenic activity. Unlike ectopic bone formation models, previous studies have shown that new bone formation in orthotopic defect models is induced by both host and donor cells, and implantation of donor MSCs can cause recruitment of the host cells (Zhou et al., 2015; Westhauser et al., 2017; Kim et al., 2020). We assume that the implanted BMSCs were able to recruit endogenous stem/progenitor cells to the defect site, and these recruited local stem/progenitor cells together with the transplanted allogenic seed cells were able to induce bone regeneration, eventually leading to bone bridging at the defect site. Future studies could define the origin of the cells that form new bone by labeling the seed cells with fluorescent marker and investigate the interaction between the host and donor cells. The difference in the outcomes of ectopic bone formation model and orthotopic defect model in our study may be attributed to different local environment (ectopic and orthotopic) as well as different osteogenic process (calcification and new bone formation).
Strategies to promote bone regeneration include providing stem/progenitor cells, growth factors, nutrients, and synthetic materials to the defect site to induce tissue regeneration (Shui-Ling et al., 2018). The concept of bone tissue engineering involves the combination of stem/progenitor cells, tridimensional biomaterial scaffolds and growth factors. Although bone tissue engineering approach seems to hold great potential in improving bone regeneration under diabetic condition, the implanted exogenous seed cells would inevitably be affected by the host diabetic microenvironment. Previous studies on bone regeneration strategy under diabetic condition mainly focused on osteoblasts or osteoclasts by delivering pro-osteogenic factors (such as BMP2, VEGFA, FGF-9, IGF-1, Vitamin D, etc.) (Wang et al., 2010; Wu et al., 2013; De Santana and Trackman, 2015; Wallner et al., 2015) or anti-bone resorption factors like parathyroid hormone-related protein (Ardura et al., 2016). A recent study by Hu et al. highlighted the importance of modulating the diabetic microenvironment. They incorporated interleukin 4 into the nanofibrous heparin-modified gelatin microsphere to polarize proinflammatory M1 macrophages into an anti-inflammatory M2 phenotype that facilitate osteogenic differentiation and bone formation (Hu et al., 2018). Their research demonstrated that modulating the diabetic microenvironment played a crucial role in improving bone regeneration under diabetic condition. Future studies could devote to combining these pro-bone regeneration strategies like modulating the diabetic microenvironment with bone tissue engineering approach to accelerate bone regeneration under diabetic condition.
CONCLUSION
In the present study, we demonstrated tissue-engineered bone constructs could form both ectopic and orthotopic bone in diabetic rats with impaired bone regeneration activity. Our research suggest that bone tissue engineering approach provides a promising way to accelerate bone regeneration under diabetic condition. In future studies, tissue-engineered cell/scaffold constructs could be combined with pro-osteogenic and immunomodulating factors to accelerate bone regeneration under diabetic condition.
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Theaflavin −3,3'-digallate/ethanol: a novel cross-linker for stabilizing dentin collagen
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Objectives: To study the ability of theaflavin-3,3’-digallate (TF3)/ethanol solution to crosslink demineralized dentin collagen, resist collagenase digestion, and explore the potential mechanism.Methods: Fully demineralized dentin blocks were prepared using human third molars that were caries-free. Then, these blocks were randomly allocated into 14 separate groups (n = 6), namely, control, ethanol, 5% glutaraldehyde (GA), 12.5, 25, 50, and 100 mg/ml TF3/ethanol solution groups. Each group was further divided into two subgroups based on crosslinking time: 30 and 60 s. The efficacy and mechanism of TF3’s interaction with dentin type I collagen were predicted through molecular docking. The cross-linking, anti-enzymatic degradation, and biomechanical properties were studied by weight loss, hydroxyproline release, scanning/transmission electron microscopy (SEM/TEM), in situ zymography, surface hardness, thermogravimetric analysis, and swelling ratio. Fourier transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), and Raman spectroscopy were utilized to explore its mechanisms. Statistical analysis was performed using one and two-way analysis of variance and Tukey’s test.Results: TF3/ethanol solution could effectively crosslink demineralized dentin collagen and improve its resistance to collagenase digestion and biomechanical properties (p < 0.05), showing concentration and time dependence. The effect of 25 and 50 mg/ml TF3/ethanol solution was similar to that of 5% GA, whereas the 100 mg/mL TF3/ethanol solution exhibited better performance (p < 0.05). TF3 and dentin type I collagen are mainly cross-linked by hydrogen bonds, and there may be covalent and hydrophobic interactions.Conclusion: TF3 has the capability to efficiently cross-link demineralized dentin collagen, enhancing its resistance to collagenase enzymatic hydrolysis and biomechanical properties within clinically acceptable timeframes (30 s/60 s). Additionally, it exhibits promise in enhancing the longevity of dentin adhesion.Keywords: theaflavin-3,3’-digallate, dentin collagen, cross-linking, collagenase digestion, mechanism
1 INTRODUCTION
The basis of dentin bonding lies in the hybrid layer, which is formed when the adhesive penetrates and intertwines with the intricate network of demineralized dentin collagen fibers (Anastasiadis et al., 2021). However, achieving optimal infiltration poses a challenge, often leaving collagen fibers exposed within the hybrid layer and compromising the structural integrity and stability of the dentin bonding interface (Coutinho et al., 2011). Over the long term, these exposed collagen fibers are susceptible to degradation by bacterial enzymes and endogenous dentin collagenases (matrix metalloproteinases, MMPs, and cysteine cathepsins, CCs). This enzymatic hydrolysis undermines the hybrid layer’s stability, ultimately leading to a significant reduction in adhesive durability (Fan-Chiang et al., 2023).
For an extended period, scientific research has primarily focused on enhancing the quality of the hybrid layer and bolstering the longevity of the adhesive (Van Meerbeek et al., 2020). For example, through biomimetic remineralization, the exposed collagen fibers are remineralized (Niu et al., 2017; Ma et al., 2021). By applying inhibitors of MMPs and CCs, the enzymatic digestion process of collagen fibers is inhibited (Comba et al., 2019). The physical and chemical characteristics of collagen are optimized through cross-linking, which hides the binding sites of enzymes, thus increasing its resistance to enzymatic hydrolysis (Wang et al., 2022) and so on. Despite these enhancements, issues like biosafety, cumbersome operation, limited durability and ambiguous long-term efficacy persist, leading to no agreed-upon view regarding dentin bonding.
Lately, as it becomes more clearly that maintaining the natural cross-linking condition of dentin collagen is important, attention shifts to stabilizing demineralized dentin collagen through cross-linking, giving rise to the ‘dentin biomodification’ concept (Cai et al., 2018). Currently, the dentin biomodification is often carried out by chemical synthesis and natural crosslinking agents. Among them, glutaraldehyde (GA) is recognized as a highly efficient chemical crosslinking agent, which is the ’ gold standard ’ of crosslinking agents and is commonly used for tissue fixation. However, GA has strong cytotoxicity and its clinical application is limited (Cilli and Prakki, 2009; Cai et al., 2018). Therefore, natural polyphenolic cross-linking agents derived from plants have attracted more and more attention due to their strong and low toxicity, such as proanthocyanidins (PA), epigallocatechin gallate (EGCG), etc (Zhao et al., 2022). Studies have shown that naturally occurring polyphenolic compounds can interact with collagen fibers through phenolic hydroxyl and galloyl groups to form covalent, ionic, and hydrogen bonds. They can also alter the spatial conformation of collagen, form cross-links with endogenous MMPs or CCs, obstruct enzyme recognition sites, enhance the mechanical properties of collagen, lessen its sensitivity to enzymes, and locally create a hydrophobic microenvironment that lowers water absorption and swelling ratio (Liu et al., 2015; Reis et al., 2021; Chiang et al., 2023). As mentioned above, recent studies have highlighted the potential of natural polyphenols in dentin biomodification, with PA being particularly noted for its efficacy in this domain (Wang B. et al., 2023). Despite PA’s potential in enhancing dentin properties, it is not the ideal collagen cross-linking agent due to limitations: complex molecular structure (Anumula et al., 2022), high molecular weight and low penetration efficiency (Hass et al., 2021), and affecting the curing of the adhesive by scavenging free radicals (Gabetta et al., 2000; Green et al., 2010), plus its dark color causes staining (Gabetta et al., 2000).
Given this, scholars are still committed to finding better natural collagen crosslinking agents. In recent years, the research on theaflavins (TFs) has been increasing due to their ability to crosslink with collagen and produce excellent biological effects, and other biological activities like anti-cancer, anti-bacterial and anti-inflammatory (Vidal et al., 2016; Hass et al., 2021; Guo et al., 2023). TFs is mainly composed of four dimers, namely, theaflavin (TF1), theaflavin-3-gallate (TF2A), theaflavin-3’-gallate (TF2B), and theaflavin-3,3’-digallate (TF3). These four dimers differ from each other based on the number and positioning of the connected gallic acyl groups. However, most of current studies are aimed at TFs, and the role of the four dimers in it is still unknown.
Preliminary studies suggest that among the four dimers of the TFs, TF3 has the largest number of phenolic hydroxyl groups and gallic acyl groups and the most crosslinking potential (Takemoto and Takemoto, 2018). Regrettably, no research has been conducted to assess how TF3 interacts with demineralized dentin collagen and to understand its underlying mechanism. Therefore, our research studied the cross-linking ability of TF3, for the very first time, used in demineralized dentin collagen. Furthermore, we explored the characteristics of TF3, including resistance to internal and external collagenase digestion, biomechanical properties, and its potential mechanism of action, to provide an efficient and clinically feasible new method for improving the longevity of the adhesive. The null hypotheses tested were that TF3 cannot 1) cross-link demineralized dentin collagen by chemical action, 2) enhance the enzymatic hydrolysis resistance of demineralized dentin collagen to internal and external collagenases, or 3) improve the biomechanical characteristics of demineralized dentin collagen.
2 MATERIALS AND METHODS
2.1 Chemicals and reagents
TF3 was purchased from Chengdu Biopurify Phytochemicals Ltd. (Chengdu, China). Ethanol, 25% GA, and phosphate buffer saline were bought from Aladdin (Shanghai, China). 85% phosphoric acid was bought from Shanghai Acmec Biochemical Co., Ltd. (Shanghai, China). Acetic acid was bought from CHRON (Chengdu, China). Ammonium bicarbonate was bought from Macklin (Shanghai, China). 35% Phosphoric-acid gel, Adaper TM Single bond 2 Adhesive, and Resin composite Filtek TM Z250 were bought from 3 M (St. Paul, United States). Figure 1 illustrates the workflow of the experimental process.
[image: Figure 1]FIGURE 1 | Schematic diagram of the experimental design. TG-DTG: Thermogravimetric Analysis and Differential Thermal Gravity. FTIR: Fourier transformed infrared spectroscopy. XPS: X-ray photoelectron spectroscopy. SEM&TEM: Scanning/Transmission electron microscopy.
2.2 Preparation of solutions
At room temperature and dark conditions, dissolve TF3 in ethanol to prepare TF3 solutions with concentrations of 12.5 mg/mL, 25 mg/mL, 50 mg/mL, and 100 mg/mL. Meanwhile, dilute 25% GA to 5% GA using ethanol. After preparation, dispense 0.5 mL solution into 1.5 mL light-proof Eppendorf tubes for future use. Also, under room temperature and dark conditions, prepare a 0.1 mg/mL type I collagenase solution using ammonium bicarbonate buffer. Adjust the pH to 7.1–7.2 by adding glacial acetic acid drop by drop, then weigh and add type I collagenase to the solution, and measure the pH again. All solutions should be prepared and used immediately.
2.3 Theoretical simulation
2.3.1 Molecular docking.
Collagen’s X-ray crystallographic formations (PDB: 1QSU, 4OY5, 1CGD) were obtained from the Protein Data Bank. Each compound’s protonation state was set to a pH of 7.4, followed by their expansion to three-dimensional structures via Open Babel. The receptor protein and ligands were processed and parameterized using AutoDock Tools (ADT3). Documentation for the docking grid was produced by the Auto Grid of sitemap, and Auto Dock Vina (1.2.0) was utilized for the docking simulation. The most suitable pose was chosen for interaction analysis. Ultimately, PyMOL was responsible for creating the protein-ligand interaction as depicted in Figure 2.
[image: Figure 2]FIGURE 2 | Binding mode of TF3 to collagen I (A–C). The left panel shows three-dimensional plots, where hydrogen bonds are depicted by yellow dashed lines and hydrophobic interactions are shown by green dashed lines. The right panel shows two-dimensional plots, where the magenta solid line represents the ion action.
2.4 Cross-linking efficiency
2.4.1 Preparation of experimental materials
Following the acquisition of informed consent from the donors, ninety non-carious human third molars were gathered, adhering to the protocols approved the Ethics Committee for Human Studies of the College and Hospital of Stomatology, Guangxi Medical University. Before usage, the teeth were preserved in the 0.1% thymol solution at a temperature of 4°C for 1 month.
The crown’s occlusal segment and the adjacent enamel walls were surgically excised with the aid of a precision low-speed diamond saw equipped with a water-cooling mechanism (EXAKT E300CP, Germany) to obtain dentin blocks. Afterward, 85% phosphoric acid mixed with deionised water to form 10% phosphoric acid, and dentin blocks were placed in a 10% phosphoric acid solution and shaken in a 25°C constant temperature shaking table for 24 h to ensure them were demineralized completely. Subsequently, the demineralized dentin blocks underwent a rigorous washing process, being thoroughly cleansed with distilled water three times, followed by a 1-h hydration period. Finally, these demineralized dentin blocks were cut into 1 × 2 × 6 mm.
2.4.2 Weight loss (WL) and hydroxyproline release (HYP)
The demineralized dentin blocks were randomly allocated into 14 distinct groups, with 6 blocks in each group. At room temperature, the demineralized dentin blocks were cross-linked with 0.5 mL of 12.5 mg/mL, 25 mg/mL, 50 mg/mL, and 100 mg/mL of TF3, 5% GA, and ethanol solutions, respectively, for 30 s or 60 s. Following the cross-linking, the blocks underwent a rigorous cleaning process involving three washes with distilled water. Subsequently, they were subjected to drying in a freeze-vacuum dryer for 12 h to achieve complete dehydration. Three measurements were taken of the demineralized dentin block’s mass by electronic balance, with the mean measurement being documented as M0. Subsequently, the dentin blocks underwent hydration using distilled water for 1 hour, followed by immersion in 1 mL of 0.1 mg/mL type I collagenase solution (Sigma-Aldrich, St. Louis, MO, USA) and digestion in a 37°C thermostatic shaker for 48 h. After the end of enzymatic hydrolysis, cleaning, drying, and weighing again, it was recorded as M1. The weight loss rate (d = 0.01 mg) was calculated as per this equation:
[image: image]
The 0.5 mL enzymatic hydrolysate of collagen from each group was utilized for the determination of HYP release, with reference to the detailed methodology provided in the hydroxyproline kit instructions (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Subsequently, the release of HYP was calculated by measuring the absorbance at 550 nm using a microplate reader.
2.4.3 Scanning electron microscope (SEM)
After cross-linked in 100 mg/ml TF3, 5% GA, and ethanol solutions, the demineralized dentin blocks were hydrolyzed by collagenase solution, and then underwent overnight fixation in 2.5% glutaraldehyde. Subsequently, they were dehydrated using ethanol solutions of 30%, 50%, 70%, 80%, 90%, and 95%, with each step lasting 15 min. This was followed by two successive 20-min immersions in 100% ethanol. The specimens underwent a 30-min treatment using a blend of ethanol and isoamyl acetate (V/V = 1/1), followed by a 1-h or overnight exposure to solely isoamyl acetate. Subsequent to undergoing critical point drying, the specimens’ morphology was meticulously examined utilizing a biological scanning electron microscope (Hitachi SU3800, gold-sprayed by Hitachi MC1000, Japan).
2.4.4 Transmission electron microscopy (TEM)
After cross-linked in 100 mg/ml TF3, 5% GA, and ethanol solutions, the demineralized dentin blocks were hydrolyzed by collagenase solution, and then underwent overnight fixation in 2.5% glutaraldehyde, dehydration using a series of ethanol solutions, and subsequent embedding in epoxy resin as per established guidelines. The specimens were sectioned by Ultramicrotome (EMUC7, Leica Microsystems, Germany) and observed under TEM (Tecnai G2 Spirit, FEI, USA). The accelerating voltage was 80 kV.
2.5 Physicochemical properties
2.5.1 Surface hardness test
According to the above method, 1 mm dentin blocks were prepared, which were cross-linked in 100 mg/ml TF3, 5% GA, and ethanol solutions respectively. Their surfaces were etched using a 35% phosphoric-acid gel for 15 s. Afterward, the blocks were thoroughly rinsed with deionized water and dried. Subsequently, the samples in each group (n = 6) were cross-linked for 30 s and vacuum freeze-dried for 12 h. After being thoroughly dried, observing under a microscope, indentations were produced in the middle of the dentin blocks with a flat surface. Then, the surface Vickers hardness was calculated by loading 15 s at a weight of 50 g with the same indentation process.
2.5.2 Swelling ratio test
At room temperature, demineralized dentin collagen (n = 6) which were cross-linked in 100 mg/ml TF3, 5% GA, and ethanol solutions respectively, were swollen in distilled water and balanced overnight in phosphate buffer. The specimens were immediately weighed after drying with filter paper, which was recorded as wet weight M0. After removing the phosphate by soaking the samples in distilled water for 10 min, they were subjected to vacuum freeze-drying for 12 h. Following this, the specimens were re-weighed and recorded as dry weight M1. This equation is used to compute the swelling ratio:
[image: image]
2.5.3 Thermogravimetric Analysis and Differential Thermal Gravity (TG-DTG)
The relationship between weight loss and temperature after cross-linking in 100 mg/ml TF3, 5% GA, and ethanol solutions respectively of demineralized dentin was measured by a thermogravimetric analyzer (Netzsch STA-2500), including TG and DTG curves. The parameters are set in the following manner: the nitrogen flow rate is 10 mL/min and the temperature rises to 200°C. Then, the test begins after falling to room temperature. Following this, the temperature rises to 1,000°C at a heating rate of 10°C/min.
2.6 Enzyme inhibition
2.6.1 In situ zymography
The enamel of the tooth crown was removed and the dentin was exposed by a low-speed water-cooled diamond saw (EXAKT E300CP Germany). According to the total acid etching dentin bonding process, the dentin surface was treated with acid etching, washing, and drying. Subsequently, the crosslinking agent solutions, which were 100 mg/ml TF3, 5% GA, and ethanol solutions respectively, were applied for 30 s on the dentin surface, following by washing and drying. Then, the Adaper TM Single bond 2 adhesive was evenly applied, blow-thinned and cured, and filled with 2 mm resin composite (Filtek TM Z250). Finally, the samples were immersed in distilled water at 37°C for 24 h. After that, the samples from each group were cut using a low-speed water-cooled diamond saw parallel to the long axis of the tooth, obtaining 1 mm thick tooth slices. Subsequently, the samples were adhered to glass slides and polished wet with silicon carbide papers of 600, 1,200, and 2000 grit sizes in sequence. The final specimens, together with the coverslip, were around 1.13 mm thick. According to the operation steps of the EnzChek Gelatinase/Collagenase Assay Kit (Invitrogen, Carlsbad, United States), Gelatin was diluted using phosphate buffer saline, and 50ul gelatin was dripped onto each specimen before covering with a coverslip to seal the edges. The activity of matrix metalloproteinases in the hybrid layer (λex/λem = 494 nm/521 nm) was observed by confocal laser scanning microscopy (Fluoview FV3000; Olympus, Tokyo, Japan).
2.7 Mechanism of cross-linking
2.7.1 Fourier transform infrared spectroscopy (FTIR)
TF3 powder and demineralized dentin matrixs treated with 100 mg/ml TF3, 5% GA, and ethanol solutions were freeze-dried and then investigated by Fourier transform infrared spectrometer (Thermo Scientific iN10, USA). The spectra were recorded in the wavelength range of 400–4,000 cm−1, with a resolution of 4 cm−1, to capture the detailed vibrational modes of the molecules present. The obtained spectra were analyzed by Thermo ScientificTMOMNIC™ software.
2.7.2 X-ray photoelectron spectroscopy (XPS)
The demineralized dentin matrixs treated with 100 mg/ml TF3, 5% GA, and ethanol solutions were freeze-dried and placed in the sample chamber of the XPS instrument (Thermo Scientific K-Alpha, USA). When the sample chamber pressure is lower than 2.0 × 10-7mbar, the sample is sent to the analysis chamber. The parameters are set as follows: the spot size is 400 μm, the operating voltage is 12 kV, the filament current is 6 mA, the full spectrum scanning energy is 150 eV, and the step size is 1 eV. Fine spectral scanning of carbon, nitrogen and oxygen elements was carried out with a scanning energy of 50 eV and a step size of 0.1 eV.
2.7.3 Raman spectroscopy
TF3 powder and demineralized dentin collagen treated with 100 mg/ml TF3, 5% GA, and ethanol solutions were freeze-dried and analyzed by Raman spectrometer (Horiba Lab RAM HR Evolution, Japan). The parameters are set as follows: The sample is divided into 1 mm blocks, and three scans lasting 60 s are performed in the specified sample area. Details of the spectrum are captured using a laser beam with a wavelength of 514 nm, ranging from 50 cm−1–4,000 cm−1.
2.8 Statistical analysis
Data on weight loss, hydroxyproline release and swelling ratio were evaluated using two-factor analysis of variance (ANOVA), followed by Tukey’s post hoc test. The two factors were the solution (factor 1) and treatment duration (factor 2). Data on surface hardness was evaluated using one-factor analysis of variance (ANOVA) and Tukey’s post hoc test. The significance level was set to 0.05. Statistical analysis was performed using GraphPad Prism 9 (GraphPad Software, San Diego, California, U.S.).
3 RESULTS
3.1 Molecular docking
Grounded in the hypothesis that minimal energy is the best-fitting model, the molecular docking of TF3 with type I collagen was simulated. The binding energy and predicted interaction are shown in Table 1 and binding mode of TF3 to collagen I are shown in Figure 2.
TABLE 1 | Predicted interactions of the type I Collagen binding-site Residues with TF3.
[image: Table 1]3.2 Cross-linking efficiency
3.2.1 Weight loss and hydroxyproline release
It was suggested that WL rate (Figure 3A) of different TF3 concentrations of 12.5 mg/mL, 25 mg/mL, 50 mg/mL, 100 mg/mL group, and GA group were lower than that of the control and ethanol group (p < 0.05). Additionally, between the control group and the ethanol group, there existed no significant difference (p > 0.05).
[image: Figure 3]FIGURE 3 | Weight loss (A) and hydroxyproline release (B) of demineralized dentin matrix with different cross-linkers. Variations in lowercase letters signify notable disparities among the groups (p < 0.05). Representative SEM images of demineralized dentin matrix with diverse treatments (C): A1 to D1 represent before digestion and A2 to D2 represent after digestion. The scale bar is set at 10 um.
The results of WL rate echoed those of HYP release. There was no difference in HYP release (Figure 3B) between the ethanol group and the control group (p > 0.05). With TF3 concentrations increased, the figure of HYP release steadily got close to the positive control GA group. The HYP release showed no significant difference between the 50 mg/ml TF3 and GA groups (p > 0.05). The HYP release of 100 mg/ml TF3 group was the lowest in all groups, which was statistically less than the GA group (p < 0.05). In all groups except the 12.5 mg/ml TF3 group, the WL rate and HYP release showed no significant difference between those in 30 s and 60 s (p > 0.05).
Comprehensive statistical analysis of the experimental results of WL rate and HYP release signified that 100 mg/mL was the best effective concentration of TF3 in biological modification, crosslinking, and anti-enzymatic hydrolysis. By contrast, whether the cross-linking time was 30 s or 60 s, the difference was not statistically significant. Therefore, 100 mg/ml TF3 crosslinking 30 s may be the most suitable concentration and time group for demineralized dentin biomodification crosslinking.
3.2.2 SEM
Figure 3C shows the structure of demineralized dentin collagen in the control and ethanol groups collapsed and gaps appeared after enzymatic hydrolysis by Collagenase type I. However, after cross-linking with 5% GA and 100 mg/ml TF3 for 30 s, the dentin collagen structure and the fiber scaffold were stable. It was confirmed that TF3 cross-linked demineralized dentin collagen can improve the anti-enzymatic hydrolysis ability.
3.2.3 TEM
In Figure 4, there was a typical collagen-striated structure of the demineralized dentin collagen, the original fibers were arranged neatly and the gap was uniform. Compared with the control and ethanol group, after 5% GA and 100 mg/ml TF3 cross-linked for 30 s, the cross-striation structure of collagen became blurred and difficult to distinguish, indicating that the gap between collagen fibers was reduced through cross-linking, resulting in a more compact structure. Following 48 h of digestion with 0.1 mg/mL collagenase (Figure 4), the dentin collagen fibers in both the control and ethanol groups suffered significant damage, leading to their disintegration and the creation of gaps and voids. Some degraded collagen fiber fragments were scattered in gaps. In contrast, the collagen fibers in the GA and TF3 groups were densely arranged and the structure was intact, without gaps due to enzymatic hydrolysis.
[image: Figure 4]FIGURE 4 | Representative TEM images of demineralized dentin matrix with diverse treatments. The scale bar for (A1–D1) and (A5–D5) is set at 2 um. The scale bar for (A2–D2) and (A6–D6) is set at 1 um. The scale bar for (A3–D3) and (A7–D7) is set at 500 nm. The scale bar for (A4–D4) and (A8–D8) is set at 200 nm. All the specimens were routine serial sections with a thickness of 4 μm, and 5 sections were obtained from each sample.
3.3 Physicochemical properties
3.3.1 Surface hardness test
Displayed in Figure 5A are the measurements of surface hardness in collagen with varying treatments. Among all groups, the 100 mg/ml TF3 group exhibited the greatest surface hardness.
[image: Figure 5]FIGURE 5 | Surface hardness (A) and swelling ratio (B) of demineralized dentin matrix with diverse treatments. Variations in lowercase letters signify notable disparities among the groups (p < 0.05). TG-DTG of demineralized dentin matrix with diverse treatments (C–F).
The 100 mg/ml TF3 group and 5% GA group marked a statistical difference from the control group (p < 0.05). No significant difference was shown in HV between the ethanol group and the control group (p > 0.05).
3.3.2 Swelling ratio test
Figure 5B shows that the difference between the control group, the ethanol group, the 5% GA group, and the 100 mg/ml TF3 was not statistically significant differences when the cross-linking time was 30 s or 60 s (p > 0.05).
3.3.3 TG-DTG
As shown in Figures 5C–F, the TG curve is segmental into three stages, with the initial stage (30°C–200°C) resulting from the depletion of surface-absorbed water, crystal water loss peak in demineralized dentin collagen and other volatile organic compounds. At this stage, the mass thermal decomposition loss rates of control, ethanol, GA, and TF3 were 4.0%, 5.3%, 6.3%, and 10.1%, respectively. The second stage (200°C–600°C) is the degradation peak of demineralized dentin collagen and the shoulder peak due to the different degrees of cross-linking. At this stage, the weight loss rates of the control, ethanol, GA, and TF groups were 59.3%, 52.8%, 63.3%, and 55.2%, respectively. The third stage (600°C–1,000°C) is the passive thermal region and the slow degradation of carbon-containing substances. In general, the weight loss rates of the control, ethanol, GA, and TF groups were 71.8%, 63.6%, 78%, and 69.3%, respectively, indicating that collagen cross-linking can affect the thermal stability of demineralized dentin collagen.
3.4 Enzyme inhibition
3.4.1 In situ zymography
As shown in confocal laser scanning microscopy, the hybrid layer exhibited obvious green fluorescence within the 5% GA-treated, ethanol-treated, and non-treated control groups. This suggested significant hydrolysis of fluorescein-tagged gelatin by MMPs in the hybrid layer, with effective MMP activity, confirming that the control group, with 5% GA and ethanol, did not inhibit MMPs. In the hybrid layer of 100 mg/ml TF3 in the experimental group, there was almost no green fluorescence, indicating a significant suppression and negligible activity of MMPs, thus confirming the potent inhibitory impact of 100 mg/ml TF3 on MMPs. Representative images are shown in Figure 6.
[image: Figure 6]FIGURE 6 | Representative confocal laser scanning microscopy images of the resin-dentin interface of demineralized dentin matrix with diverse treatments. (A1–D1) represent images under the light microscope. (A2–D2) represent the green fluorescence of MMPs. (A3–D3) represent the red fluorescence of the adhesive. (A4–D4) and (A5–D5) are the merged images. CR = Composite-Resin; A = Adhesive; HL = Hybrid Layer; D = Dentin. The arrow refers to HL. The scale bar is set at 10 um.
3.5 Mechanism of cross-linking
3.5.1 Fourier transform infrared spectroscopy
FTIR results (Figure 7A) showed several typical characteristic peaks before and after demineralized dentin collagen treatment: the absorption peak at 3,280 cm−1 was the -OH stretching vibration peak, representing amide A, the peaks at 2,940 and 3,060 were assigned to v (CH2) and amide B, respectively (Schmidt et al., 2020). The C=O stretching vibration at 1,633 cm−1 represents amide I; the heterogeneous combination of C-N extended vibration and N-H bending vibration at 1,535 cm−1 represents the amide II band. The absorption peak at about 1,450 cm−1 is caused by the shear vibration absorption of -CH2. At 1,235 cm−1, the combination of C-N vibration and N-H bending vibration represents the amide III band (Antonakos et al., 2007; Nisar et al., 2023). Compared with the untreated demineralized dentin collagen control, TF3 caused significant changes, including the absorption band of OH at 3,280 cm−1 at 30 s and 60 s of 100 mg/ml TF3 treatment became wider and the intensity increased. At the same time, the peak position shifted, and a more significant shift occurred at 60 s of 100 mg/ml TF3 treatment. In addition, a new and sharp absorption peak appeared in the cross-linked demineralized dentin collagen of TF powder and 100 mg/ml TF3 at 1,145 cm−1 (Liu et al., 2021). Compared with TF powder, the peaks of 100 mg/ml TF3 crosslinked for 30 s and 60 s shifted, and the intensity decreased, especially for 60 s.
[image: Figure 7]FIGURE 7 | FTIR spectrum (A). Raman spectrum (B). XRD spectrum analysis (C–E): Fine spectrum of C 1s (C). Fine spectrum of N 1s (D). Fine spectrum of O 1s (E).
3.5.2 XPS
Figure 7C is the C 1s fine spectrum. The peaks at 284.8 eV, 285.9 eV, and 287.1 eV represent C-C/C=C, C-N, and C=N/C=O, respectively (Wang M. et al., 2023). The binding state of C element in different groups was diverse: in ethanol and GA groups, the binding energy of C element was relatively low, indicating that the interaction between C atom and other elements was weak; in the TF3 group, the binding energy of C element was higher, indicating that the interaction between C atom and other elements was stronger. This may be related to the hydrogen bond interaction between the phenolic hydroxyl group in TF3 and the C atom of demineralized dentin collagen (Liu et al., 2021). It is worth noting that with the extension of the action time, the binding energy became larger.
Figure 7D is the N 1s fine spectrum. The peaks at 399.2 and 399.7 eV are associated with N-H and C-N bonds, respectively (Wang M. et al., 2023). The peak position of the ethanol group was close to that of the control group, indicating that the chemical structure of the demineralized dentin collagen was not influenced by the ethanol. In the GA group, the N-H bond slightly shifted to the low binding energy direction, indicating that GA interacted with the N atoms in the demineralized dentin collagen. In the TF group, the peaks of N-H bond and C-N bond shifted significantly in the direction of high binding energy, indicating that TF3 could significantly change the chemical environment of demineralized dentin and affect its molecular structure.
Figure 7E is the O 1s fine spectrum. The peaks at 531.2 eV and 532.6 eV are referred to C-O and C=O, respectively (Wang M. et al., 2023). The chemical state of O in different groups was also significantly different: the peak position of ethanol was close to that of control, indicating that ethanol did not change the chemical structure of demineralized dentin. In the GA group, the C=O double bond did not change significantly, and the C-O bond shifted slightly to the direction of low binding energy, indicating that GA could interact with O atoms in demineralized dentin collagen (Gai et al., 2023). In the TF3 group, the peaks of C-O bond and C=O bond were significantly shifted to the direction of high binding energy. With the prolongation of TF3 treatment time, the shift was more obvious, indicating that TF3 could significantly change the chemical structure of demineralized dentin. More importantly, TF3 can significantly increase the content of C=O bond, indicating that TF and demineralized dentin collagen may form ester bonds through covalent interaction (van den Brand et al., 2004).
3.5.3 Raman spectroscopy
As depicted in Figure 7B, the characteristic peaks at 1,672, 1,530, and 1,234 cm−1 are the typical characteristic peaks of the three-dimensional spiral structure of collagen fibers (Xu and Wang, 2012). These peaks were associated with the amide I band, amide II band, and amide III band, respectively, and exhibited sensitivity to the molecular conformation of the polypeptide chain, aligning with the results of infrared spectroscopy (Antonakos et al., 2007; Nisar et al., 2023). The peak at 1,450 cm−1 and 2,930 cm−1 referred to the C-H bond, reflecting the organic components present in demineralized dentin (Lazar et al., 2005).
The control, ethanol, and GA groups showed similar peaks, indicating that ethanol and GA treatments did not induce significant structural changes in demineralized dentin collagen. However, in the TF3 group, differences emerged compared to the control. Specifically, the amide I, II, and III bands appeared slightly wider, with the amide I band peak experiencing a slight reduction in intensity and a shift towards the lower band region. Conversely, the amide II band peak exhibited an increase in intensity. For the peak of collagen peptide chain C-H bond at 1,450 cm−1, TF3 shifted to the high band area. These observations suggest a robust cross-linking reaction between TF3 and the carboxyl, hydroxyl, and amino groups present in demineralized dentin collagen.
4 DISCUSSION
Theaflavins (TFs) are natural compounds in black tea, which are a general term for a class of benzotropolone compounds containing multiple hydroxyl or phenolic hydroxyl groups. TFs are mainly composed of four dimers, namely, TF1, TF2A, TF2B and TF3, which are different due to the number and location of gallic acid groups. Among them, TF3 contains two gallic acyl groups, which is the most abundant and most active component (Hass et al., 2021). Current research indicates that TFs are capable of rapidly crosslinking demineralized dentin collagen film, safeguarding it against collagenase degradation, and its effect is equivalent to or better than PA (Liu et al., 2021). The reason lies in the structural difference between TFs and PA. In contrast to the PA dimer, where two catechins are connected by a single C-C bond, the TFs feature two catechin units linked by a benzotropolone skeleton. This unique structure incorporates a carbonyl group positioned near the hydroxyl group. The carbonyl group’s ability to form hydrogen bonds with hydrogen donors, such as hydroxyl or amino groups, facilitates the cross-linking of collagen. In addition, TFs have aromatic ring structures, abundant in phenolic hydroxyl groups and gallic acyl groups, which have also been shown to make a crucial contribution to collagen cross-linking (Liu et al., 2013; Vidal et al., 2016). Among the four dimers of TFs, in addition to the same structure, such as benzophenone skeleton and carbonyl group, TF3 has the most phenolic hydroxyl and galloyl groups, which is speculated to have the most crosslinking potential (Truong and Jeong, 2021). However, there are still no studies reporting TF3’s cross-linking impact on demineralized dentin collagen. Hence, in this study, we used TF3 as a novel cross-linker and investigated its cross-linking efficacy and mechanism. The results showed that TF3 can effectively cross-link dentin collagen and enhance its enzymatic resistance and biomechanical properties within the clinical time, mainly through hydrogen bonding.
First, we performed theoretical calculations and used molecular docking to predict the interaction between TF3 and type I collagen. The results indicated that the binding energies of TF3 with type I collagen structure 1QSU, 4OY5 and 1CGD were −5.8, −6.1 and −5.4 kcal/mol, respectively, indicating that they could spontaneously bind. This is similar to the predicted result of other studies (Vaidyanathan et al., 2007) using molecular docking to simulate the binding energy between 10-methacryloxy decamethylene phosphate and demineralized dentin type I collagen between −4.5 and −8.9 kcal/mol, which also provides evidence for the interaction between TF3 and collagen. Predictions by MD (Table1) show that TF3 and type I collagen can be combined through various forces, including hydrogen bonds, hydrophobic interactions, and water bridges, among which hydrogen bonds are the most important. For example, the hydrogen bond formation frequency between TF3 and GLU73 in 1QSU structure is as high as 136%, forming two hydrogen bonds with a frequency of 68%. This means that TF3 can spontaneously bind to the active sites of collagen through hydrogen bonds, thereby achieving cross-linking of demineralized dentin collagen. However, it should be noted that the simulation may not fully reflect the real interaction (Bertassoni et al., 2012).
Next, to study the ability of TF3 cross-linked demineralized dentin collagen to resist exogenous collagenase digestion, this study used 0.1 mg/mL exogenous type I bacterial collagenase for collagenase digestion experiment (Liede et al., 1999). Notably, the concentration level of collagenase is two to six orders of magnitude greater than those in human oral fluid (Paivi et al., 2002). Firstly, the overall understanding of the protective relationship of TF3 on dentin collagen was obtained by drying weight loss experiment. This experiment is based on the fact that there is a balance between the degradation rate of soluble dentin collagen small molecule peptides or amino acids and their release rate from the insoluble demineralized dentin matrix that acts as a small molecular sieve (Garnero et al., 2003; Takahashi et al., 2013). So drying weight loss can indirectly evaluate the enzymatic hydrolysis tolerance of demineralized dentin collagen to exogenous type I bacterial collagenase at the overall level. Secondly, given that dentin type I collagen comprises roughly 10% hydroxyproline, the majority of other proteins have minimal or no similar amino acid composition (Marshall et al., 1997). The ability of dentin collagen to withstand collagenase digestion can be specifically detected by measuring hydroxyproline release.
As depicted in Figures 3A,B, WL and HYP release of TF3 were notably less compared to the control and ethanol group, and decreased with the increase in concentration, which was concentration-dependent. Notably, the effect of 100 mg/ml TF3 cross-linking was even better than that of 5% GA, and there was almost no difference in weight loss and hydroxyproline release between 30 s and 60 s. This may be related to the fact that high concentrations of TF3 can penetrate the collagen network more quickly.
In addition, we also detected the impact of TF3 on the activity of endogenous proteases by in situ zymography. MMPs exist in the mineralized dentin matrix in the form of zymogens, capable of being activated through acid etching and hydrolyzing the exposed collagen (Mazzoni et al., 2013). The experimental results revealed a prominent green fluorescence at the base of the hybrid layer and within the dentinal tubules in the control group (Figure 6A5), the ethanol group (Figure 6B5), and the GA group (Figure 6C5), signifying that the activity of endogenous dentin MMPs in these regions was uninhibited (Mazzoni et al., 2012). In contrast, there was black at the base of the hybrid layer and within the adjacent dentinal tubules in the TF3 group (Figure 6D5), and no green fluorescence was detected. This suggests that TF3 effectively inhibited the activity of endogenous MMPs. In addition, this also explains the reason why TF3 can effectively resist collagenase digestion, that is, TF3 may interact with the enzyme, inactivate the C-terminal peptidase, and interfere with the binding of collagenase to collagen (Sabatini and Pashley, 2015). In another part of our research on the interaction between TF3 and enzymes, molecular docking simulation showed that the binding energy of TF3 and MMPs was −7.3 ∼ −8.7 kcal/mol, and the binding energy of TF3 and cysteine protease was even −9.3 ∼ −10.0 kcal/mol. Therefore, it is reasonable to believe that TF3 can inhibit the activity of endogenous proteases.
To further study the impact of TF3 on maintaining the structure of demineralized dentin collagen, we conducted observations using SEM and TEM. The SEM results (Figure 3C) indicate that, compared to the control group and the ethanol group, the surface structure of collagen in the 5% GA and 100 mg/ml TF3 groups appears smoother and denser before enzymatic hydrolysis. However, after enzymatic hydrolysis, the surface becomes slightly rough, yet the collagen structure remains intact, and both intertubular and peritubular dentin remain viable. The TEM results (Figure 4) reveal that the characteristic cross-striation structure of collagen in the 5% GA and 100 mg/ml TF3 groups becomes thicker and blurred. The collagen fibers remain dense and intact with characteristic cross-striations even after enzymatic hydrolysis. These findings corroborate the results of WL and HYP release, suggesting that 100 mg/ml TF3 possesses a crosslinking efficiency similar to that of 5% GA. Both agents can crosslink with dentin collagen and reduce its spacing to maintain structural integrity, thereby enhancing its resistance to enzymatic hydrolysis. Consequently, the first and second null hypotheses were dismissed.
Reports indicated that the surface hardness of demineralized dentin is an important index affecting the bonding durability (Hardan et al., 2022). During the process of dentin bonding, collagen possesses a robust surface, which can resist collagenase digestion and more effectively prevent collagen from collapsing post acid etching-washing, thereby enhancing adhesive penetration (Scheffel et al., 2014). This research focused on testing the surface Vickers hardness of demineralized dentin collagen post-crosslinking. The results showed that (Figure 5A), after crosslinking with ethanol, 5% GA, and 100 mg/ml TF3, the demineralized dentin surface of the 100 mg/ml TF3 group had the highest Vickers hardness, which may be related to the crosslinking effect to shorten the distance between collagen molecules and make its structure denser (Bedran-Russo et al., 2008).
Additionally, collagen’s hydrophilicity is influenced by cross-linking agents and the swelling rate is positively correlated with hydrophilicity (Leme et al., 2015). In general, a heightened level of cross-linking between collagen fibers and a decrease in bound water decreases the swelling rate (Miles et al., 2005). However, the study (Figure 5B) revealed no significant difference (p > 0.05) among the groups. This suggests that 100 mg/ml TF3 did not change the hydrophilicity of the dentin matrix, also, the inter-collagen fiber-bound water was not reduced during the treatment time (30 s/60 s), which we speculate may be related to the fact that TF3 is soluble in water and the shorter treatment time. Our experimental results were different from those of some studies (Deng et al., 2013; Hiraishi et al., 2013), which showed GA solution’s efficacy in diminishing the swelling rate of demineralized dentin matrix, probably because their experimental time (12 h) was much longer than ours (30 s/60 s).
The TG-DTG experiment was conducted to evaluate the thermal stableness of the dentin matrix after cross-linking modification. The denaturation temperature of the dentin matrix is affected by the form, quantity, distribution, and water content of the crosslinking agent. Considering that high temperatures have the potential to disrupt protein-water interactions, break hydrogen bonds, and cause the evaporation of bound water, thermal stability serves as an indicator of a protein structure’s resistance to thermal reactions (Rochdi et al., 1999). The second stage of TG-DTG (200°C–600°C) showed a peak of demineralized dentin collagen carbonization degradation and a shoulder peak due to different cross-linking degrees. At this stage, the weight loss rates of the control, ethanol, GA, and TF groups were 59.3%, 52.8%, 63.3%, and 55.2%, respectively. TF3’s depletion rate was less than the control group, suggesting that TF3 improved the structural stability and reduced the loss rate of mass thermal decomposition by crosslinking with demineralized dentin. In the GA group at this stage, the main peak of the DTG curve shifts towards the high-temperature region, and a shoulder peak appears at 430°C beyond the main peak at 327.7°C. Additionally, the weight loss rate is relatively high, which may be related to factors such as uneven crosslinking of collagen, multiple thermal decompositions, and additional thermal weight loss caused by the decomposition of the crosslinking agent (Miles et al., 2005).
The results of surface hardness and TG-DTG tests revealed that the biomechanical characteristics of demineralized dentin collagen cross-linked with TF3 have been enhanced. Consequently, the third null hypothesis was likewise dismissed.
To study the mechanism of action of TF3 and type I collagen, we used FTIR, XPS, and Raman spectroscopy. In FTIR detection, the maintenance of amide I, II, and III peaks in TF3 group indicated that TF3 did not disrupt the triple helix structure of dentin collagen. The broadening of amide I (∼1,660 cm−1) observed in Figure 7A could be caused by hydrogen bonding interactions between the amino and amide groups of collagen and the phenolic hydroxyl groups of TF3 (He et al., 2011). After TF3 treatment of demineralized dentin collagen, the OH absorption peak at 3,280 cm−1 shifted, the absorption band widened and the intensity increased, indicating the formation of intermolecular hydrogen bonds. To further confirm the existence of hydrogen bonds, we increased the cross-linking time of TF to 60 s. The results showed that the absorption peak of OH at 3,280 cm−1 shifted more obviously, the absorption band was wider and the intensity increased more obviously (Figure 7A), which confirmed that TF and demineralized dentin collagen formed intermolecular hydrogen bonds. In addition, the ratio of A1235/A1450 at the amide III bond to 1450 cm−1 is also an important criterion for evaluating the structural integrity of the collagen triple helix. The collagen A1235/A1450 with complete triple helix structure is about 1 (Figueiró et al., 2006) and the principle of denatured gel is less than 0.6 (Sylvester et al., 1989; Figueiró et al., 2006). In this experiment, the A1235/A1450 of the control group, the ethanol group, the GA group, and the TF3 group were about 1.07, 0.86, 0.97, and 0.66, respectively, all between 0.6-1.0. It also shows that TF3 has a strong interaction with demineralized dentin matrix collagen molecules without changing the triple helix structure. The reason for the decrease of A1235/A1450 caused by TF3 may be that the -CH2 in its structure significantly increases the absorption spectrum at ∼ 1,450 cm−1, while the amide III bond at ∼ 1,235 cm−1 is not strengthened. In addition, in the TF powder and 100 mg ml TF3 group, the C-C (-OH) stretching vibration band at 1,145 cm−1 attributed to the benzotropolone structure of TF3 changed, indicating that the benzotropolone structure also played a role in the cross-linking between TF3 and demineralized dentin collagen, which was also verified in the study of Liu’s (Liu et al., 2021). When analyzing the reason why the cross-linking effect of low-concentration TF3 is stronger than that of PA, it is speculated that the additional fused ring and/or a great many phenolic hydroxyl groups of benzotropolone in TF3 may have potential influence.
In XPS detection, the peaks at 284.8 eV, 285.9 eV and 287.1 eV in the fine spectrum of C 1s (Figure 7C) represent C-C/C=C, C-N, and C=N/C=O bonds, respectively. The binding energy of ethanol and GA groups is relatively low, while the binding energy of the TF3 group is higher, which is related to the hydrogen bond interaction between phenolic hydroxyl groups in TF3 and demineralized dentin collagen (Gilbert et al., 2013). In the N 1s and O1s fine spectrum (Figures 7D,E), the N - H bond (399.2 eV), C - N bond (399.7 eV), C - O bond (531.2 eV), and C = O bond (532.6 eV) wave peaks were close in position in the ethanol and control groups. In contrast, all of these wave peaks in the TF group were significantly shifted to the high binding energy direction, indicating that the structure of demineralized dentin collagen may be affected by TF3 in molecular aspect. More importantly, the content of C=O bond in the TF3 group increased significantly, suggesting that TF3 and demineralized dentin collagen may form ester bonds through covalent interaction (Nosenko et al., 2015). At the same time, it also indicates the formation of intermolecular hydrogen bonds between TF3 and demineralized collagen to a certain extent.
In the Raman spectroscopy (Figure 7B), the characteristic peaks of 1,672, 1,530 and 1,234 cm−1 represent the amide I, II and III bands of the three-dimensional spiral structure of collagen fibers, respectively. The control, ethanol and GA groups showed similar peaks, while in the TF3 group, the amide I band, II band and III band were slightly widened, the amide I band peak was slightly reduced and slightly shifted to the low band region, and the peak of the amide II band was increased, indicating that TF3 preserved the integrity of the dentin collagen triple helix structure (Nosenko et al., 2015). This finding is consistent with the results of FTIR. In addition, in the TF3 group, the peak at 1,450 cm−1 representing the C-H bond of the collagen peptide chain shifted to the high-band region, indicating that TF3 had a strong cross-linking reaction with the carboxyl, hydroxyl, and amino groups of the demineralized dentin collagen (Rangan et al., 2020).
FTIR, XPS and Raman studies have shown that TF3 can cross-link demineralized dentin collagen through hydrogen bonds, covalent interactions, etc., further providing strong evidence that TF3 can cross-link demineralized dentin collagen. Consequently, the initial incorrect hypothesis is once more dismissed.
In summary, this study confirmed for the first time that TF3 can efficiently cross-link demineralized dentin collagen, significantly improve its resistance to endogenous and exogenous collagenase digestion, and improve its biomechanical properties. These experiments lay the foundation for the clinical application of TF3 and have very important significance. However, its effectiveness in improving the durability of dentin bonding has not been confirmed in the study, which is slightly regrettable. In subsequent experiments, we will further optimize and study the effect of TF3 on dentin bonding properties, including immediate and durable dentin bonding strength, nanoleakage, fracture mode, in situ zymography, etc.
5 CONCLUSION
Our research revealed that TF3 is capable of efficiently cross-linking demineralized dentin collagen through hydrogen bonds and covalent interactions in clinical time, resisting collagenase digestion, and improving biomechanical properties. At the appropriate treated concentration and time, the safeguarding function of TF3 on dentin collagen is similar to or even higher than that of GA, which lays a foundation for the subsequent study of the effect of TF3 on dentin and also provides a novel possibility for enhancing the longevity of the adhesive.
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Purpose: The primary cause of pulp and periapical diseases is the invasion of bacteria into the root canal, which results from the continuous destruction of dental hard tissues. Effective management of infections during root canal therapy necessitates effectively irrigation. This study aims to investigate the effects of two antimicrobial peptides (AMPs), buCaTHL4B and Im-4, on root canal biofilms in vitro.Methods: Two-species biofilms (Enterococcus faecalis and Fusobacterium nucleatum) were selected and anaerobically cultivated. The following treatments were applied: 10 μg/mL buCaTHL4B, 10 μg/mL Im-4, 5 μg/mL buCaTHL4B, 5 μg/mL Im-4, 1 μg/mL buCaTHL4B, 1 μg/mL Im-4, 1% NaOCl, and sterile water. Each group was treated for 3 min. Subsequently, the two strains were co-cultured with 10 μg/mL buCaTHL4B, 10 μg/mL Im-4, 1% NaOCl, and sterile water for 24, 48, and 72 h. The biofilms were examined using confocal laser scanning microscopy (CLSM) with fluorescent staining, and the percentages of dead bacteria were calculated. Quantitative real-time PCR (qRT-PCR) was employed to assess the variations in bacterial proportions during biofilm formation.Results: Compared to 1% NaOCl, 10 μg/mL buCaTHL4B or Im-4 exhibited significantly greater bactericidal effects on the two-species biofilms (p < 0.05), leading to their selection for subsequent experiments. Over a 48-hour period, 10 μg/mL Im-4 demonstrated a stronger antibiofilm effect than buCaTHL4B (p < 0.05). Following a 24-hour biofilm formation period, the proportion of F. nucleatum decreased while the proportion of E. faecalis increased in the sterile water group. In the buCaTHL4B and 1% NaOCl groups, the proportion of F. nucleatum was lower than that of E. faecalis (p < 0.05), whereas in the Im-4 group, the proportion of F. nucleatum was higher than that of E. faecalis (p < 0.05). The proportions of bacteria in the two AMPs groups gradually stabilized after 24 h of treatment.Conclusion: buCaTHL4B and Im-4 exhibited remarkable antibacterial and anti-biofilm capabilities against pathogenic root canal biofilms in vitro, indicating their potential as promising additives to optimize the effectiveness of root canal treatment as alternative irrigants.Keywords: antimicrobial peptide, buCaTHL4B, Im-4, apical periodontitis, Enterococcus faecalis, Fusobacterium nucleatum
1 INTRODUCTION
Intact dental hard tissues effectively protect the internal pulp tissues. However, when these hard tissues are destroyed, the invasion of microorganisms can lead to pulp necrosis, followed by periapical lesions (An et al., 2012). Periapical periodontitis is a challenging oral infectious disease, often associated with E. faecalis and F. nucleatum. Enterococcus faecalis is a facultative anaerobic bacterium capable of long-term survival in the root canal due to its resistance to host immunity and various antibacterial treatments (Zhu et al., 2010; Lins et al., 2013; Barbosa-Ribeiro et al., 2016; Bouillaguet et al., 2018). Numerous studies have shown that F. nucleatum is frequently found in high prevalence and abundance, primarily linked to primary endodontic infections (Mussano et al., 2018; Hu Z. et al., 2023). As a “bridge bacterium”, F. nucleatum co-aggregates with most oral bacteria via various cell surface adhesins, contributing to biofilm formation (Haney et al., 2019a; Manoil et al., 2020; Gomes et al., 2021). Additionally, it is reported that E. faecalis and F. nucleatum can co-adhere, supporting bacterial survival in unfavorable environments, encouraging interspecies communication, and facilitating biofilm production (Yap et al., 2014). These findings prompted us to create a biofilm model resembling those in the infected root canal, using E. faecalis and F. nucleatum as the dominant species. This biofilms formation is particularly relevant in dental research, they provide insights into how biofilms respond to various disinfection strategies, ensuring that the findings are applicable to actual dental practice.
Research into efficient root canal irrigants that suppress bacterial biofilm is essential to reduce periapical irritation and increase treatment success rates. During the preparation of an infected root canal, sodium hypochlorite (NaOCl), a traditional irrigating solution, is beneficial due to its ability to destroy necrotic tissue and its broad-spectrum antibacterial qualities. (Clarkson and Moule, 1998; Barakat et al., 2024). However, improper use of NaOCl can alter dentinal microhardness and bond strength, and degrade the collagen structure of dentin (Slutzky-Goldberg et al., 2004). Extrusion of NaOCl into periapical tissues may result in pain (Huang et al., 2019). Therefore, there is an urgent need to develop alternative irrigant additives that can effectively inhibit biofilms.
Antimicrobial peptides (AMPs) are effector molecules of innate defense systems. These small molecule products, typically composed of 12–60 amino acids, 2 to 9 positive charges, and an amphiphilic structure, are produced by single genes (Abdi et al., 2019; Grimsey et al., 2020). Antimicrobial peptides may attach to bacterial membranes via cations, causing damage to the membrane through the formation of barrel-stave, carpet, and toroidal pore model structures (Khurshid et al., 2016). By permeabilizing the cell membrane and preventing DNA or protein production, AMPs inhibit bacterial activity (Raheem and Straus, 2019). Additionally, AMPs can target and prevent bacterial biofilm formation (Wang et al., 2018). It has been discovered that peptide 1018 and DJK-5 inhibit a crucial signal molecule (P)ppGpp, involved in biofilm production (de la Fuente-Nunez et al., 2014; Hu J. et al., 2023). To address the limitations of traditional irrigants, AMPs may be employed as agents for suppressing root canal biofilms (Haney et al., 2019b).
In our previous investigation, buCaTHL4B and Im-4 were identified as efficient antibacterial peptides against dental plaque biofilms. buCaTHL4B exhibits significant bactericidal effects with minimal cytotoxicity, distinguished by its high tryptophan concentration. It causes bacterial membranes to rupture rapidly, resulting in noticeable changes such as foaming, budding, and the creation of pore-like structures (Brahma et al., 2015). Im-4, an immune peptide produced by Drosophila upon activation of the Toll innate immune system during defense against fungal infections, was found to be particularly effective in reducing biofilm formation. Im-4 shows increased inhibitory effects on filamentous fungi compared to yeasts, Gram-positive bacteria, and Gram-negative bacteria (Cohen et al., 2020). However, uncertainty persists regarding the specific characteristics and effects of these two AMPs on root canal biofilms.
The purpose of this study was to create a type of two-species biofilms with E. faecalis and F. nucleatum. The antibacterial properties of buCaTHL4B and Im-4 at different concentrations were examined in vitro on these formed biofilms. Analyses were also conducted on the impact of two AMPs on biofilm production and the proportion of bacteria during the biofilm development process. The null hypothesis was that: there is no significant difference in the antimicrobial efficacy between buCaTHL4B, Im-4 at different concentrations and NaOCl against the two-species biofilms.
2 MATERIALS AND METHODS
2.1 Antimicrobial peptides synthesis
Peptide buCaTHL4B (AIPWIWIWRLLRKG) and Im-4 (FIGMIPGLIGGLISAIK-NH2) were synthesized by Sangon Biotech (Shanghai, China) using solid-phase 9-fluorenyl methoxycarbonyl (Fmoc) and purified to 98% using reverse-phase high-performance liquid chromatography (HPLC). The structures and sequences of buCaTHL4B and Im-4 were shown in Supplementary Figure S1. The peptides were resuspended in deionized water and utilized in the present experiments. All stocks remained sterile throughout the duration of the study.
2.2 Culture and growth detection of bacteria
Enterococcus faecalis (ATCC29212) and F. nucleatum (ATCC10953) were employed in this study. Bacterial culture conditions were adapted from a previous study (Huang et al., 2015). The strains were subcultured on Brain Heart Infusion (BHI; BectonDickinson, Sparks, MD) agar plates supplemented with 0.5% yeast extract (YE; OXOID, Hampshire, United Kingdom) and 5% defibrillated sheep blood (Solarbio, Beijing, China). The planktonic strains were proliferated in BHI liquid medium containing 0.5% YE. Both bacterial species were incubated at 37°C under anaerobic conditions.
The bacterial suspension of E. faecalis, F. nucleatum, and the mixed bacteria in equal volumes were adjusted to an optical density at 600 nm (OD 600) of 0.10. This was determined using a microplate reader (SpectraMaxi3x, Molecular Devices, United States) in a 96-well plate. Subsequently, the bacterial solutions were diluted tenfold and 150 μL of each bacterial suspension was dispensed into each well of the 96-well plate, with three replicates per bacterial suspension. The plate was then incubated under anaerobic conditions at 37°C, and the OD 600 was measured every 2 h.
2.3 Minimal inhibitory concentration
The minimum inhibitory concentrations (MIC) of buCaTHL4B and Im-4 were determined using the broth microdilution method. The MIC was defined as the peptide concentration at which no bacterial growth was observed. The bacterial suspension of E. faecalis, F. nucleatum were adjusted to a final concentration of 5 × 105 CFU/mL and added to a 96-well plate, with 100 μL per well. Peptides buCaTHL4B or Im-4 were added to sterile 96-well polypropylene microtiter plates at increasing concentrations (0, 10, 20, 40, and 80 μg/mL), with each concentration tested in triplicate, 10 μL per well. The plates were incubated at 37°C for 24 h, and the absorbance at 630 nm was measured using a microplate reader after 24-hour treatment. Three repeated tests were accomplished for the MIC test.
2.4 Biofilm model
Sterile hydroxyapatite (HA) disks (12 mm in diameter and 2 mm in thickness; Bayamon Bioactive Materials Ltd., Chengdu, China) were used as substrates for biofilm growth. The HA disks were coated with 1 mL of type I collagen solution (10 mg/mL collagen in 0.012M HCl in double-distilled water; Biosharp, Hefei, China) in 24-well plates and incubated overnight at 4°C. The bacterial suspension of F. nucleatum and E. faecalis was mixed in equal volumes, adjusted to an OD 600 of 0.10, and then diluted tenfold for biofilm culture. The bacterial biofilms were grown in BHI liquid medium containing 0.5% YE and 1% sucrose (Solarbio, Beijing, China).
2.5 Antimicrobial peptides treat on preformed biofilms
Figure 1 presents the workflow diagram of this study. The two-species biofilms were incubated anaerobically at 37°C on the pre-treated HA disks for 7 days. The disks were then divided into eight treatment groups: (a) sterile water, (b) 1% NaOCl, (c) 1 μg/mL buCaTHL4B, (d) 1 μg/mL Im-4, (e) 5 μg/mL buCaTHL4B, (f) 5 μg/mL Im-4, (g) 10 μg/mL buCaTHL4B, and (h) 10 μg/mL Im-4. Each group contained three disks and treated for 3 min. The test was repeated three times.
[image: Figure 1]FIGURE 1 | The workflow diagram of this study.
2.6 Biofilm inhibition test
The disks were divided into four treatment groups: i) sterile water, ii) 1% NaOCl, iii) 10 μg/mL buCaTHL4B, and iv) 10 μg/mL Im-4. Each group contained three disks. The treatments were added to the mixed bacterial suspensions at the onset of biofilm development and maintained for 3 days under anaerobic incubation at 37°C. The final concentration of the AMPs in the bacterial suspension was 10 μg/mL. The blank group received equal amounts of sterile water, while the positive control group received equal amounts of 1% NaOCl. The disks were subjected to the respective treatments at 24, 48, and 72 h. The test was repeated three times.
2.7 Confocal laser scanning microscopy examination of biofilms
The biofilms on the HA disks were stained using the LIVE/DEAD BacLight Bacterial Viability Kit L-7012 (Molecular Probes, Eugene, OR, United States) for microscopy and quantitative assays following exposure to the different treatments mentioned above (Huang et al., 2019; Yu et al., 2022). Bacteria with intact cell membranes were stained green by SYTO 9, while bacteria with damaged cell membranes were stained red by propidium iodide (PI). Images of the stained samples were captured using confocal laser scanning microscopy (CLSM; FV3000RS, OLYMPUS, Japan). The excitation wavelengths for SYTO 9 and PI were 488 nm and 561 nm, respectively. Four random areas of the biofilm on each disk were scanned, with 50–70 slices of 2.0 μm collected in each area from the top to the bottom of the biofilm. Imaris 9.0.1 software (Bitplane, Zurich, Switzerland) was used for three-dimensional reconstruction and quantitative analysis of each image. The volume ratio of red fluorescence to the total fluorescence (green and red) indicated the percentage of dead bacteria.
2.8 Quantitative real-time PCR
Biofilms co-cultured with AMPs for 24, 48, and 72 h were collected and re-suspended in BHI. The genomic DNA of bacteria was extracted using the Solarbio Bacterial Genomic DNA Extraction Kit (Solarbio, Beijing, China). DNA concentrations were measured with a micro-ultraviolet spectrophotometer (Nanodrop 2000; Thermo, United States). Relevant literature was consulted to determine primers, and the BLAST tool on the NCBI website (http://blast.ncbi.nlm.nih.gov/Blast.cgi) was used to confirm primer specificity for each strain. The primers were as follows: F. nucleatum: forward primer GGA​TTT​ATC​TTT​GCT​AAT​TGG​GGA​AAT​TAT​AG, reverse primer ACT​ATT​CCA​TAT​TCT​CCA​TAA​TAT​TTC​CCA​TTA​GA. Enterococcus faecalis: forward primer ACC​CCG​TAT​CAT​TGG​TTT, reverse primer ACG​CAT​TGC​TTT​TCC​ATC. A total of 100 ng DNA from each strain was amplified using species-specific primers (0.4 μM) and DNA Taq Polymerase (TAKARA, TB Green Premix Ex Taq II, Japan). PCR protocol included an initial step at 94°C 5 min, followed by 30 cycles of amplification (94°C for 30 sec, 55°C for 30 sec, and 72°C for 30 sec), and a final elongation step at 72°C for 10 min. Bacteria proportions in the biofilms were calculated using the bacterial quantification algorithm proposed by Livak and Schmittgen, (2001); Huang et al. (2015).
2.9 Statistical analysis
Statistical analysis was conducted using SPSS Statistics 26.0 (IBM Corp, NY, United States). One-way analysis of variance (ANOVA) with post hoc pairwise comparisons was performed, and statistical significance was set at p < 0.05.
3 RESULTS
3.1 Bacterial growth curve
The bacterial growth curve following a 24-hour culture revealed that F. nucleatum grew rapidly between 2 and 10 h, climbed steadily between 10 and 14 h, and stabilized after 14 h. Enterococcus faecalis showed rapid growth for 2–12 h before stabilizing. Over the course of 2–16 h, the OD 600 of the mixed strains was lower than that of the single strains, with mixed bacterial growth tending to stabilize after approximately 16 h (Figure 2).
[image: Figure 2]FIGURE 2 | Growth curves of E. faecalis and F. nucleatum in single and mixed cultures. Data are presented as means ± standard deviations. Ns represent p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001. The red values represent the difference between the two species co-culture and the F. nucleatum cultured alone, the blue values represent the difference between the two species co-culture and the E. faecalis cultured alone.
3.2 Bactericidal effect of antimicrobial peptides on preformed biofilms
For the MIC, we observed that at a concentration as high as 80 μg/mL, neither peptide substantially inhibited the growth of E. faecalis and F. nucleatum (p > 0.05, Supplementary Figure S2). However, different concentrations of buCaTHL4B or Im-4 demonstrated obvious bactericidal effects on the 7-day biofilms (Figure 3A). The bactericidal rates corresponding to 10 μg/mL, 5 μg/mL, and 1 μg/mL concentrations of AMPs were 49.94% ± 2.39%, 42.03% ± 1.37%, and 32.66% ± 1.41% for the buCaTHL4B groups, and 50.18% ± 1.31%, 42.02% ± 1.22%, and 31.81% ± 1.21% for the Im-4 groups, respectively, in comparison to the sterile water controls (p < 0.05, Figure 3B). At a concentration of 1 μg/mL, the bactericidal rate of both AMPs was not significantly different from that of the 1% NaOCl group (p > 0.05, Figure 3B).
[image: Figure 3]FIGURE 3 | The bactericidal effect of buCaTHL4B and Im-4 on two-species biofilms. (A) Confocal microscopy images of two-species biofilms on HA discs treated with 10 μg/mL, 5 μg/mL, and 1 μg/mL buCaTHL4B or Im-4. The sterile water group served as blank control, and 1% NaOCl group as the positive control. (B) The proportion of dead bacteria as measured by viability staining and CLSM. Data are presented as means ± standard deviations. Different lowercase letters within each group indicate statistically significant difference (p < 0.05).
3.3 Antimicrobial peptides inhibit biofilm formation by CLSM
The two-species biofilm formation was inhibited by the two peptides in inhibition experiments (Figure 4A). After 72 h of treatment, the biovolume of the two-species biofilm was significantly reduced by 10 μg/mL buCaTHL4B or Im-4, resulting in approximately 42.78% ± 3.55%, 40.34% ± 2.53%, and 44.74% ± 2.37% residual biofilm biovolume for buCaTHL4B groups, and 36.88% ± 2.10%, 26.87% ± 0.40%, and 37.52% ± 1.79% for Im-4 groups after 24, 48 and 72-hour time intervals, respectively, in comparison to the sterile water controls (p < 0.05, Figure 4B). Im-4 exhibited a stronger suppression effect than buCaTHL4B over the 72-hour period, with this difference being statistically significant (p < 0.05, Figure 4B).
[image: Figure 4]FIGURE 4 | The antibiofilm effect of buCaTHL4B and Im-4 during the development of two-species biofilms. (A) Confocal microscopy images of biofilm development over 3 days in the presence of 10 μg/mL buCaTHL4B and Im-4. The sterile water group served as blank control, and 1% NaOCl group as the positive control. (B) The total biovolume of the biofilm formed over 3 days in the presence of 10 μg/mL buCaTHL4B and Im-4. Data are presented as means ± standard deviations. (C) The proportion of dead bacteria in the biofilm formed over 3 days in the presence of 10 μg/mL buCaTHL4B and Im-4. Data are presented as means ± standard deviations. Different lowercase letters within each group indicate statistically significant difference (p < 0.05).
The percentage of dead bacteria in the developed biofilms was estimated. Following 24, 48, and 72-hour time intervals, the bactericide rates for the buCaTHL4B groups were 41.80% ± 4.02%, 38.31% ± 1.91%, and 38.83% ± 1.78%, while for Im-4 groups were 40.32% ± 2.66%, 42.59% ± 3.24%, and 39.64% ± 1.59%, respectively. These rates were significantly higher than those of the sterile water group (p < 0.05). Only at 48-hour mark did the bactericidal effect of Im-4 surpass that of buCaTHL4B (p < 0.05), with no significant difference observed at the other time points (Figure 4C). The outcomes demonstrated that both Im-4 and buCaTHL4B could effectively prevent the formation of two-species biofilms.
3.4 Antimicrobial peptides inhibit biofilm formation by qPCR
The proportion of the two bacteria in the mixed biofilm following treatment with various agents was determined using a bacterial quantization algorithm. The percentage of F. nucleatum increased significantly in all groups at the 24-hour intervals. After 24 h of biofilm development, the proportion of bacterial species changed significantly. In the sterile water group, the proportion of F. nucleatum decreased, while the proportion of E. faecalis increased. In the buCaTHL4B group, F. nucleatum was found in lower proportions compared to E. faecalis, whereas in the Im-4 group, F. nucleatum was found in higher proportions. The bacterial proportion in both AMP-treated groups gradually stabilized after 48 h of treatment (Figure 5).
[image: Figure 5]FIGURE 5 | The proportion of E. faecalis (A) and F. nucleatum (B) in the biofilm of the different treatment groups at 24, 48, and 72 h exanimated by qPCR. Data are presented as means ± standard deviations.
4 DISCUSSION
This study evaluated the antibiofilm effects of buCaTHL4B and Im-4 on biofilms formed by E. faecalis and F. nucleatum. The results demonstrated that both buCaTHL4B and Im-4 at concentrations of 10 μg/mL exhibited significantly higher bactericidal activity compared to 1% NaOCl. Among the two peptides, Im-4 showed superior efficacy against biofilm formation over buCaTHL4B at the same concentration. Therefore, buCaTHL4B and Im-4 at 10 μg/mL are more effective against E. faecalis and F. nucleatum biofilms than the conventional irrigant solution NaOCl, the null hypothesis was rejected.
The formation of biofilms in a laboratory setting serves as a crucial model for studying microbial behavior and testing the efficacy of various disinfection techniques (Swimberghe et al., 2019). Pathogenic bacteria such as F. nucleatum and E. faecalis are commonly found in the root canal wall and dentin tubules as biofilms, contributing significantly to dental root canal infections, posing significant challenges for effective disinfection and treatment. (Razghonova et al., 2022; Hu Z. et al., 2023; Sheng et al., 2023). A two-species biofilm model was developed, mimicking the characteristics of an infected root canal biofilm. In mixed cultures, the time required for the bacteria to reach a stable state was longer compared to single cultures, consistent with previous studies. This delay suggests antagonistic interactions between the two strains, likely due to competition for limited nutrients within the medium. Both species compete for essential nutrients in the limited medium, leading to growth inhibition. This competition is more pronounced in a co-cultured environment than in single cultures (Chavez de Paz et al., 2015).
Fusobacterium nucleatum is known for having more adhesion proteins on its cell membrane compared with other bacteria. These proteins facilitate bacterial aggregation in the early stages of biofilm development (Lima et al., 2019). This early dominance was confirmed by qRT-PCR results, which showed an increase in the proportion of F. nucleatum in the biofilm during the initial 24-hour culture stage. This indicates that F. nucleatum occupies a dominant niche early in biofilm formation, potentially inhibiting E. faecalis growth. After 48 h of culturing, the proportion of F. nucleatum began to decrease. This shift can be explained by the creation of an acidic biofilm environment by E. faecalis, which inhibits the growth of F. nucleatum (Xiang et al., 2023). The sequencing of clinical samples supports these observations, showing E. faecalis prevalence in secondary infected root canals and F. nucleatum dominance in primary infections (Tennert et al., 2014; Bouillaguet et al., 2018; Qian et al., 2019). These findings highlight the importance of considering bacterial interactions when developing treatment strategies for root canal infections.
In the study, CLSM detection confirmed that F. nucleatum and E. faecalis could form a biofilm together after 7 days of co-culturing. This indicated that F. nucleatum can provide specific links or connections for other co-aggregative microorganisms during biofilm formation (Johnson et al., 2006). E. faecalis could co-adhere with F. nucleatum, facilitating biofilm formation, promoting interspecies communication, and enhancing bacterial survival in challenging environments (Yap et al., 2014). Further research revealed that E. faecalis physically binds to F. nucleatum in both planktonic and biofilm environments via the adhesion protein Fap2 (Xiang et al., 2023). Factors such as interactions between microorganisms significantly influence the composition of the microbiota. Laboratory biofilm models are indispensable for the preliminary assessment of root canal disinfection techniques. They provide a controlled environment to study biofilm dynamics, microbial interactions, and the efficacy of new treatments. Our findings highlight the importance of using such models to develop and refine strategies for managing biofilm-related infections in clinical dentistry.
In the study, the efficacy of buCaTHL4B and Im-4 was evaluated using various experimental methods to determine their bactericidal and inhibitory effects on mixed biofilms of E. faecalis and F. nucleatum. At concentrations significantly lower than 80 μg/mL (10 μg/mL), buCaTHL4B and Im-4 exhibited a significantly higher bactericidal rate in biofilms compared to the 1% NaOCl and markedly reduced biofilms volume. We employed the broth microdilution method to determine the MIC of buCaTHL4B and Im-4 against E. faecalis and F. nucleatum. However, buCaTHL4B and Im-4 may possess unique bactericidal mechanisms, such as rapidly killing bacteria by disrupting the cell membrane. This rapid and intense action might prevent the traditional MIC determination method from effectively detecting their activity (Wang et al., 2015). Among the two peptides, buCaTHL4B is a tryptophan-rich peptide (Brahma et al., 2015; D'Souza et al., 2021; Necelis et al., 2021). Tryptophan possesses potent hydrophobic qualities that can facilitate the amalgamation of peptides and lipid membranes, as well as cause bacterial mortality by disruption or passage through the bilayer (Shagaghi et al., 2016; Wang et al., 2021; Straus, 2024). Im-4 has been shown to work against Gram-positive bacteria, but the exact mechanism of action remains unclear (Guilhelmelli et al., 2016; Miyashita et al., 2017). Additionally, antimicrobial peptides may exhibit a concentration-dependent bactericidal effect, both buCaTHL4B and Im-4 demonstrated significant bactericidal effects at concentrations of 5 μg/mL and 1 μg/mL, though the efficacy decreased with lower concentrations.
In the 24, 48, and 72-hour experiments, the bactericidal rates in the 10 μg/mL buCaTHL4B and Im-4 treatment groups were significantly higher than those in the 1% NaOCl group. Although the bactericidal effects of the two antimicrobial peptides were similar at most time points, Im-4 exhibited a significantly higher bactericidal rate than buCaTHL4B at 48 h, indicating that Im-4 has a stronger biofilm inhibition capacity during certain time periods. This significant biofilm inhibition effect could be attributed to the unique mechanism of antimicrobial peptides, which cause cell death by disrupting bacterial cell membranes. The higher efficacy of Im-4 might be related to its stronger membrane-penetrating ability and may slow the development of pulp disease by preventing the biofilm from turning into secondary endodontic infections, as suggested by the reduced proportion of E. faecalis in the Im-4 group after 24 h. In addition, the inhibitory effect of buCaTHL4B and Im-4 on mixed biofilms of E. faecalis and F. nucleatum may also include interfering with bacterial signal transduction and hindering the formation of biofilm matrix. The specific role of these mechanisms needs to be further studied.
However, our study has some limitations. First, our model included only two highly abundant bacteria and was grown in a static environment, failing to capture the dynamic and intricate nature of the disease process inside infected root canals. Second, the in vitro data presented in this study may not fully replicate the in vivo situation. Therefore, further studies on isolated teeth with simulated root canal irrigation and clinical research are required to explore the actual efficacy of root canal irrigant with buCaTHL4B and Im-4 during root canal preparation. In addition, preclinical studies were conducted on animal models to verify the reliability and reproducibility of the laboratory results. This step is crucial to evaluate the effects of antimicrobial peptides in more complex biological settings. Third, more research, including molecular mechanism, is needed to fully understand the anti-biofilm processes of Im-4 and buCaTHL4B.
5 CONCLUSION
This study demonstrated the effective antibacterial and antibiofilm properties of both buCaTHL4B and Im-4, with Im-4 being more effective than buCaTHL4B in preventing biofilm formation. Im-4 regulates the amount of bacteria involved in biofilm production, which may slow the progression of pulp disease. Im-4 and buCaTHL4B are anticipated to be the potent components of a novel root canal irrigation solution.
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Intraosseous acute inflammation

Scoring rules

0

1

Intraosseous chronic inflammation

0

Not present

Minimal to mild inflammation with no intramedullary abscess
Moderate to severe inflammation with no intramedullary abscess
Minimal to mild inflammation with intramedullary abscess

Moderate to severe inflammation with intramedullary abscess

Not present
Minimal to mild chronic inflammation with no significant intramedullary fibrosis

Moderate to severe chronic inflammation with no significant intramedullary fibrosis

Periosteal inflammation

Minimal to mild chronic inflammation with significant intramedullary fibrosis

Moderate to severe chronic inflammation with significant intramedullary fibrosis

0 Not present

1 Minimal to mild inflammation with no subperiosteal abscess formation

2 Moderate to severe inflammation with no subperiosteal abscess formation
3 Minimal to mild inflammation with subperiosteal abscess formation

4 Moderate to severe inflammation with subperiosteal abscess formation

Bone necrosis

0

No evidence of necrosis
Single focus of necrosis without sequestrum formation
Muliple foci of necrosis without sequestrum formation

Single focus of sequestrum

| Multiple foci of sequestra
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GEN:

S. aureus

S. aureus

P. aeruginosa

P. aeruginosa

Sequence (5,—3 Length Tm

Forward Primer GGGATGGCTATCAGTAA 17 4388 47
Reverse Primer [ TGAATCAGCGTTGTCTT [ 17 4573 [ 41
Forward Primer TACCTTCCTGTTTTGAG 17 43.95 41
Reverse Primer ATCCAACTTGCTGAACCAG 19 511 47
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ACP_ASC 28 1152
‘ ACP_GLU 264 924

‘ ACP_ITN 243 1303
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Samples Q water (min)  PBS (min)
- Pure ACP 120 30
‘ ACP_ACE 60 15 30
‘ ACP_ITN 120 30 60
- AceGLU 120 30 )
 Acp_asc 240 60 120
ACP_CIT 1,440 120 2,880
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Qo X 10° Ry
(sm0-Lem) (kQ-em?)  (kQcm?)
48h Positive 12.15 £ 3.85 | 2.73 £ 0.56 1.00 £ 36.38 + 20.92 072+0.13 0.84 + 1,339.67 + 1,376.05 +
control 0.00 0.13 141.29 122.71
5 pg/mL 1204 £ 0.88 255+ 034 1.00 £ 24.14 + 14.53 2424277 0.89 + 1,847.00 + 1,871.14 £
1018 0.00 0.07 281.09 286.18
10 pg/mL 1010 £ 0.73 | 257 £ 0.34 1.00 £ 3451 + 31.23 0.69 + 0.26 0.88 + 2,163.67 2,198.18 +
1018 0.00 0.07 24244 266.59
5 pg/mL 13.05 £ 3.85 | 2.55 £ 0.67 1.00 £ 19.97 + 14.02 0.82 +0.18 0.84 + 1,689.67 + 1,709.64 +
DJK-5 0.00 0.03 22325 227.40
10 pg/mL 11.51 £ 0.81 | 2.39 £ 027 099 + 2051 + 14.96 0.84 + 0.30 0.86 + 2,627.00 + 2,647.51 £
DJK-5 0.01 0.11 37.64 39.83
Negative 1527 £ 192 | 328 £ 0.75 1.00 £ 17.26 + 12.87 115 £ 059 0.80 + 2,698.33 + 271559 +
control 0.00 0.03 2255 30.34
48 Positive 1172 £ 295 | 230 + 0.08 1.00 £ 18.24 + 10.10 073 + 0.14 0.84 + 1,436.67 + 1,45491 £
+48h control 0.00 0.03 106.93 103.58
5 pg/mL 877 217 2.83 + 0.65 1.00 £ 31,66 + 7.22 0.84 +0.25 0.83 + 1,893.33 + 1,924.99 +
1018 0.00 0.04 77.67 81.08
10 pg/mL 1013 £3.01 | 239 £ 044 097 £ 2215 + 22.85 1.02 £ 0.50 0.85 + 2486.67 + 2,508.82 +
1018 0.00 0.02 80.83 60.88
5 pg/mL 1162 £ 345 | 2.67 + 054 1.00 £ 2115 + 444 085+ 0.19 0.83 + 1,983.33 + 2,004.48 +
DJK-5 0.00 0.05 76.38 76.40
10 pg/mL 1039 £ 381 | 278 + 0.67 099 £ 2971  12.56 0.76 + 0.41 0.85 + 2,622.67 + 2,65237 =
DJK-5 0.02 0.08 4244 48.00
Negative 1435 £ 1.76 | 2.89 £0.12 1.00 £ 16.67 £ 12.51 095+ 0.13 0.80 + 270333 + 2,720.00 +
control 0.00 0.03 2517 27.40
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Storage

Metal brackets ‘ 24H 391 081 661 + 149" 1562 + 119" 1236 + 1017 ‘ 1631 £ 267" 1562 £ 160"
‘ P <005 P <005 P <005 NS ‘ NS NS
[ 5,000 cycles 025 + 0.44* 1264 + 12841 1244 £ 059°° 1271 £ 184 % 1491 £ 196" < 1493 £ 0930
Ceramic brackets ‘ 24H 682 £ 1174 664 203 837 £ 1447 A% 10.69 + 2.57" 5 1489 £ 1540 1081 £ 1.72¢
‘ P <005 P <005 [ P <005 P <005 | P <005 I P <005
‘ 5,000 cycles 061 +0.12* 233 £ 091 278 + 0.90* 258 + 0.87'% 1065 + 169" 236 + 0,95

NS indicates no significance between storage periods for each type of bracket (p > 0.05).
Identical capital letters indicate no significant differences among materials for each storage period (p > 0.05).
Clantical onshes indicube i siciabeant diirancis hibwets Rracksts Tt adi saraps condtou. [ S Hi0WL.
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Materials (Manufacturer/
Lot No)

Chemical formulation

Application procedure

XTP Transbond™ XT Light Cure Orthodontic | Bis-GMA and TEGDMA, triphenylantimony, CQ, | 1. Place 1 drop of primer on the surface of zirconia
Adhesive Primer (3M Unitek, Monrovia, = DMAEMA
CA, United States/NE66698) 2. Gently blow dry the primer for 15 s to a thin uniform coat
3. Light curing for 20 s
XTL Transbond™ XT Light Cure adhesive Bis-GMA, TEGDMA, Bis-EMA quartz, silicon 1. Apply appropriate amount of paste to the bracket base with syringe
paste (3M Unitek/NE79372) dioxide, canforquinone, DMAEMA
2. Lightly place the bracket onto zirconia surface
3. Remove excess adhesive and light curing for 20 s on each side of the
bracket at a distance of approximately 5 mm from the surface
SBU Single Bond Universal (3M ESPE, St. Paul, | 10-MDP, dimethacrylate resins, HEMA, 1. Apply the adhesive to the zirconia surface and brackets base
MN, United States/11220A) polyalkenoic acid copolymer, fille, ethanol, water,
initiators, silane 2. Gently blow dry the adhesive for 15 s to a thin uniform coat
3. Light cure for 20 s
GBU Gluma Bond Universal (Kulzer, Hanau, | 10-MDP, 4-META, Methacrylates, acetone and 1. Apply the adhesive to the zirconia surface and brackets base
Germany/K010046) water
2. Gently blow dry the adhesive for 15 s to a thin uniform coat
3. Light cure for 20 s
RUC Rely X™ Ultimate Clicker Adhesive Resin | Base paste: methacrylate monomers, radiopaque, 1. Apply appropriate amount of paste to the bracket base with syringe
Cement (3M ESPE/9037935) silanated fillers, initiator components, stabilizers,
theological additives
Catalyst paste: methacrylate monomers, radiopaque, 2. Immediately after applying adhesive, lightly place the bracket onto
alkaline (basic) fillers, initiator components, zirconia surface
stabilizers, pigments, rheological additives,
fluorescence dye, dual-cure activator for single bond
universal adhesive
3. Remove excess adhesive and light cure for 20 s on each side of the
bracket at a distance of approximately 5 mm from the surface
PLM Porcelain liner M (Sun Medical Company, | liquid A: MMA,4-META; liquid B: MMA, MPTS 1. Apply 1 drop of liquid A and liquid B into mixing plate which was
Kyoto, Japan/VEIF, VRI) cooled in the refrigerator in advance. Gently mixed A and B together
2. Apply the Liner M mixture to the zirconia surface and ceramic bracket base
3. Gently blow dry the primer for 15 s to a thin uniform coat
B Superbond C&B (Sun Medical Company/ | TBB, MMA, 4-META, red treatment agent (65% 1. Gently mixed the base material, catalyzer and L-type Radiopaque in the
EVI12) phosphoric acid), green treatment agent (10%citric  proportion of 4:1:1
acid, 3%Ferric chloride), PMMA
2. Apply appropriate amount of mixture to the bracket base. 3. Place the
bracket onto zirconia surface and fix it
3. Place the bracket onto zirconia surface and fix it
4. Gently remove the excess cement around the bracket base without
disturbing the bracket.
MP G-Multi PRIMER (GC, Tokyo, Japan/ MPTMS, 10-MDP, MDTP, BisGMA, TEGDMA, 1. Apply the primer to the zirconia surface and brackets base respectively
2207081) ethanol
2. Gently blow dry the adhesive for 15 s to a thin uniform coat
GCo G-CEM ONE (GC/2202182) A: Silicate glass powder, 3- 1. Apply appropriate amount of cement to the bracket after hand-mixing
Methacryloxypropyltrimethoxysilane, 2-Propenoic-
3,3,3-d3 acid, methyl ester, Silicon dioxide
B: Silicon dioxide, 3- 2. Lightly place the bracket onto zirconia surface and fix it
Methacryloxypropyltrimethoxysilane, 2-Propenoic-
333-d3 acid, methyl ester, 12-
Methacryloyldodeylphosphate, Cumyl hydroperoxide
3. Remove excess adhesive and light cure for 20 s on each side of the
bracket at a distance of approximately 5 mm from the surface
Vo Ivoclean (Ivoclar-Vivadent, Schaan, Zirconium oxide, water, polyethylene glycol, sodium 1. Apply ivoclean to prepared zirconia surface for 60 s

Liechtenstein/Y49501)

hydroxide, pigments, additives

2. Rinse with

led water for 15 s and gently blow dry

HEMA, 2-hydroxyethyl methacrylate; TEGDMA, triethyleneglycol dimethacrylate; Bis-GMA, bisphenol A-diglycidyl methacrylates Bis-EMA, bisphenol A ethoxylated dimethacrylate; 10-MDP, 10-
methacryloyloxydecyl dihydrogen phosphate; CQ, camphorquinone; DMAEMA, dimethylaminoethyl methacrylate; MPTS, (3-Mercaptopropyl) trimethoxysilane; 4-META, 4-methacryloxyethyl trimellitate
anhydride; MMA, methyl methacrylate; TBB, tributylborane; PMMA, poly (methyl methacrylate); MDTP, methacryloyloxydecyl dihydrogen thiophosphate; MPTMS, y-methacryloxypropyl
trimethoxysilane.
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Source df Mean squar:
Corrected model 23 288,012 135.007 0.000
| Intercept 1 19770251 9267.415 0.000
Brackets 1 1439.375 674.715 0.000
Bonding agents 5 581216 272448 0.000
Storage conditions 1 649.15 304293 0.000
Bonding agents * Brackets 5 149857 70246 0.000
Storage conditions * Brackets 1 491491 230389 0.000
Bonding agents * Storage conditions 5 46.589 21839 0.000
Bonding agents * Storage conditions * Brackets 5 31189 1462 0.000
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Control-LIPUS DM-LIPUS

 Number of rats 5 5 5 5
‘ Number of placed implants 10 10 10 10
‘ Number of final residual implants s | s 8 8
‘ Implant survival rate 80% 80% 80% 80%
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Storage X X RSBU RGBU SBPM GMP
24H | 536178 663 £ 173 1199 = 3.94° 1535208° 1560 2224 1321 £ 297%¢ ‘
‘ p <005 | NS [ p<005 p<005 P <005 p<005
5000cycles ‘ 043 +0.37% 7.48 + 5.40° 761 +5.01" 7.65 + 5.38° 1278 + 2.82° 8.65 + 6.51°

NS indicates no significance in SBS, between storage periods for each material (p > 0.05).
Iduntiial cupstal Sothws indhioute G igiificant diffarsons i SHS ances melosils for wich sitine somied T 501055
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Storage Metal brackets Ceramic brackets

uH 1174 + 508" 9.70 £ 3.36"

‘ 5,000 cycles 1131 + 5.25° 3.55 + 3.42°

Identical lower case letters indicate no significant differences between values (p > 0.05).





OPS/images/fbioe-11-1303678/fbioe-11-1303678-g008.gif





OPS/images/fbioe-11-1303678/fbioe-11-1303678-t001.jpg
Category Disadvantages Modifications
Polymethyl methacrylate cement Excessive mechanical strength Chitosan, Collagen
Excessive exothermic reaction [ Chitosan, Collagen, Hyaluronic acid
Low viscosity Linseed oil, Silk fibroin, Polyvinyl alcohol
Lack of bioactivity Chitosan, Collagen, Hyaluronic acid, Bioglass, Bioceramics, Layered double hydroxide
Calcium phosphate cement Insufficient mechanical properties Carbon nanotubes, Polyvinyl alcohol, Graphene oxide
Poor degradability Chitosan, Hyaluronic acid
Poor injectability Collagen, Hyaluronic acid, HPMC
Poor cohesion [ Hyaluronic acid, Starch, HPMC, Chitosan
Calcium sulphate bone cement Poor washout resistance Gelatin, Polyvinyl alcohol
Low compressive strength Carbon nanotubes, Graphene oxide
Longer setting time Silk fibroin, Chitosan
Magnesium phosphate cement | Poor washout rsistance Hyaluronic acid, Gelatin, Chitosan
Low compressive strength Bioceramics, Graphene oxide, Bioglass

Longer setting time Hyaluronic acid, Chitosan





OPS/images/fbioe-11-1296881/crossmark.jpg
©

|





OPS/images/fbioe-11-1303678/fbioe-11-1303678-g004.gif





OPS/images/fbioe-11-1303678/fbioe-11-1303678-g005.gif





OPS/images/fbioe-11-1303678/fbioe-11-1303678-g006.gif





OPS/images/fbioe-11-1303678/fbioe-11-1303678-g007.gif





OPS/images/fbioe-11-1303678/fbioe-11-1303678-g001.gif





OPS/images/fbioe-11-1303678/fbioe-11-1303678-g002.gif





OPS/images/fbioe-11-1303678/fbioe-11-1303678-g003.gif





OPS/images/fbioe-12-1372636/fbioe-12-1372636-g005.gif





OPS/images/fbioe-12-1372636/fbioe-12-1372636-g004.gif





OPS/images/fbioe-12-1372636/fbioe-12-1372636-g003.gif
3
“Time (days)





OPS/images/fbioe-12-1372636/fbioe-12-1372636-g002.gif





OPS/images/fbioe-12-1372636/fbioe-12-1372636-g001.gif





OPS/images/fbioe-12-1372636/crossmark.jpg
©

|





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Advanced biomaterials for hard tissue repair and regeneration



		Editorial: Advanced biomaterials for hard tissue repair and regeneration



		Author contributions



		Funding



		Publisher’s note









		Dual effectiveness of a novel all-in-one endodontic irrigating solution in antibiofilm activity and smear layer removal



		1 Introduction



		2 Materials and methods



		2.1 Dentin block preparation



		2.2 Disinfecting solution preparation



		2.3 Dentin block infection



		2.4 Dentin disinfection



		2.5 Examination of confocal laser scanning microscopy (CLSM)



		2.6 Smear layer removal



		2.7 Colony forming unit (CFU) test



		2.8 Statistical analysis









		3 Results



		3.1 Antimicrobial effects by CLSM analysis



		3.2 Smear layer removal



		3.3 Bacterial killing by CFU test









		4 Discussion



		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Publisher’s note



		Supplementary material



		References









		Advances in materials used for minimally invasive treatment of vertebral compression fractures



		1 Introduction



		2 Bone cement



		2.1 Classification of bone cement









		3 Materials used to improve bone cement



		3.1 Bioceramics



		3.2 Bioglass



		3.3 Nanomaterials



		3.4 Polymer materials









		4 Vertebral implants



		5 Conclusion and prospects



		Author contributions



		Funding



		Publisher’s note



		References









		Recent advances of responsive scaffolds in bone tissue engineering



		1 Introduction



		2 The categories of responsive scaffolds



		2.1 Physical stimuli



		2.2 Chemical stimuli



		2.3 Enzyme stimuli









		3 Conclusion and discussion



		Author contributions



		Funding



		Publisher’s note



		References









		Effects of background color and restoration depth on color adjustment potential of a new single-shade resin composite versus multi-shade resin composites



		1 Introduction



		2 Materials and methods



		2.1 Specimen preparation



		2.2 Instrumental evaluation



		2.3 Visual evaluation



		2.4 Color adjustment potential (CAP) indices



		2.5 Statistical analysis









		3 Results



		4 Discussion



		5 Conclusion



		Data availability statement



		Author contributions



		Funding



		Publisher’s note



		References









		Enhancing dentin bonding quality through Acetone wet-bonding technique: a promising approach



		1 Introduction



		2 Materials and methods



		2.1 Chemicals and reagents



		2.2 Specimen preparation and bonding protocols



		2.3 Microtensile bond strength test



		2.4 Fracture mode analysis



		2.5 Interfacial nanoleakage evaluation of adhesive-dentin interface



		2.6 Zymography of the hybrid layer



		2.7 Surface contact angle measurements









		3 Results



		3.1 Microtensile bond strength



		3.2 Fracture mode analysis



		3.3 Interfacial nanoleakage evaluation of adhesive-dentin interface



		3.4 Zymography of the hybrid layer



		3.5 Surface contact angle measurements









		4 Discussion



		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Publisher’s note



		References









		Bioceramic micro-fillers reinforce antibiofilm and remineralization properties of clear aligner attachment materials



		1 Introduction



		2 Materials and methods



		2.1 Enamel sample and attachment mould preparation



		2.2 Bioceramic fillers and attachment material preparation



		2.3 Enamel-attachment bonding



		2.4 Biofilm model



		2.5 Evaluation of the antibiofilm effect



		2.6 Remineralization test



		2.7 Shear bond testing



		2.8 Statistical analysis









		3 Results



		3.1 Antibiofilm effect



		3.2 Microhardness test



		3.3 Shear bond strength









		4 Discussion



		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Publisher’s note



		Supplementary material



		References









		Mineral coated microparticles doped with fluoride and complexed with mRNA prolong transfection in fracture healing



		Introduction



		Methods and materials



		Synthesis of mineral coated microparticles and fluoride-doped MCM and microparticle characterization



		Cell culture maintenance and cytotoxicity experiments



		Mineral coated microparticles and fluoride-doped MCM formulations with lipoplexes



		Tibial fracture and stabilization procedure in mice



		In vitro and in vivo RNA isolation and qRT-PCR



		In vitro and in vivo immunogenicity, osteostimulatory and transfection efficacy testing



		Histopathological scoring



		Real-time bioluminescent imaging



		Histological and histomorphometric analysis



		Statistical design









		Results



		Mineral coated microparticles and fluoride-doped MCM characterization and metabolic testing



		Mineral coatings stimulate osteogenesis



		MCM-LPX-FLuc and FMCM-LPX-FLuc do not stimulate an inflammatory response



		MCM-LPX-FLuc and FMCM-LPX-FLuc do not inhibit fracture healing



		FMCM-LPX-FLuc prolongs transfection kinetics in a murine tibia fracture model









		Discussion



		Scope



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Publisher’s note



		Supplementary material 



		References









		Antibiofilm peptides enhance the corrosion resistance of titanium in the presence of Streptococcus mutans



		1 Introduction



		2 Materials and methods



		2.1 Preparation of titanium disks



		2.2 Energy dispersive X-ray spectroscopy (EDS) analysis of titanium disks



		2.3 Synthesis of the peptides



		2.4 Bacterial strain and culture condition



		2.5 Biofilm formation on titanium disks



		2.6 Dynamic monitoring of biofilm development and pH value



		2.7 Determination of dead bacterial proportion



		2.8 Scanning electron microscopy (SEM) of corrosion characters



		2.9 Electrochemical tests in artificial saliva



		2.10 Statistical analysis









		3 Results



		3.1 EDS analysis



		3.2 Dynamic determination of biofilm development and pH value



		3.3 Biofilm killing



		3.4 SEM of corrosive titanium surfaces



		3.5 Electrochemical results of PDP curves



		3.6 EIS measurements









		4 Discussion



		5 Conclusion



		Data availability statement



		Author contributions



		Funding



		Publisher’s note



		Supplementary material



		References









		Establishment of a mandible defect model in rabbits infected with multiple bacteria and bioinformatics analysis



		1 Introduction



		2 Materials and methods



		2.1 Materials



		2.2 Methods









		3 Results



		3.1 Changes in body temperature and food intake



		3.2 Wound healing



		3.3 Imaging changes



		3.4 Gross specimens



		3.5 Bacteriological results



		3.6 Histopathological results



		3.7 Results of differential expression analysis



		3.8 The results of GO analysis of DEGs



		3.9 The results of KEGG clustering and enrichment of DEGs



		3.10 PPI network establishment and core module and gene identification



		3.11 Prediction of transcription factors and the establishment of regulatory networks









		4 Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Publisher’s note



		References









		Small organic molecules containing amorphous calcium phosphate: synthesis, characterization and transformation



		1 Introduction



		2 Material and methods



		2.1 Synthesis



		2.2 Characterization



		2.3 In vitro cytocompatibility



		2.4 In vitro biomineralization



		2.5 Statistical analysis









		3 Results and discussion



		3.1 Synthesis and characterization









		4 Discussion



		5 Conclusion



		Data availability statement



		Author contributions



		Funding



		Publisher’s note



		Supplementary material



		References









		The possibility of clinical bonding between metal/ceramic brackets to zirconia: in vitro study



		1 Introduction



		2 Materials and methods



		2.1 Bonding agents and brackets



		2.2 Surface preparation



		2.3 Application procedure



		2.4 Shear bond strength (SBS) test



		2.5 Adhesive remnant index (ARI) score



		2.6 Statistical analysis



		2.7 Surface evaluation









		3 Results



		3.1 Shear bond strength (SBS)



		3.2 Failure modes



		3.3 Surface characterization









		4 Discussion



		4.1 Comparison of bonding agents



		4.2 Hydrophilic monomer HEMA’s effect



		4.3 Impact of resin water absorption on durability



		4.4 Specific bonding agents’ performance



		4.5 Influence of storage conditions



		4.6 Comparison of metal vs. ceramic brackets



		4.7 Discussion limitations









		5 Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Publisher’s note



		References









		Corrigendum: The possibility of clinical bonding between metal/ceramic brackets to zirconia: in vitro study



		Publisher’s note









		Evaluate the effects of low-intensity pulsed ultrasound on dental implant osseointegration under type II diabetes



		1 Introduction



		2 Materials and methods



		2.1 Animals



		2.2 Group assignment



		2.3 Induction of T2DM



		2.4 Implantation surgery



		2.5 Insonification



		2.6 Removal torque test



		2.7 Micro-CT analysis



		2.8 Histologic processing



		2.9 Statistical analysis









		3 Results



		3.1 Implant survival rate



		3.2 Evaluation of T2DM rats



		3.3 Analysis of the micro-CT



		3.4 Analysis of the RTV



		3.5 Characterization of the peri-implant H&E and Masson staining









		4 Discussion



		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Publisher’s note



		References









		Enhancing the inhibition of dental erosion and abrasion with quercetin-encapsulated hollow mesoporous silica nanocomposites



		1 Introduction



		2 Materials and methods



		2.1 HMSNs synthesis



		2.2 Q@HMSNs fabrication



		2.3 Q@HMSNs characterization



		2.4 Quercetin release from the Q@HMSNs



		2.5 Cytotoxicity evaluation



		2.6 Specimen preparation and experimental design



		2.7 Dentine morphology observations



		2.8 Surface profile measurements



		2.9 Dentine permeability evaluation



		2.10 Collagen degradation assessment



		2.11 Statistical analysis









		3 Results



		3.1 Characterization of the Q@HMSNs



		3.2 Biocompatibility evaluation



		3.3 Tubule occlusion and DOM preservation



		3.4 Dentine tubule permeability



		3.5 Effect of Q@HMSNs on EDL



		3.6 Effect of Q@MSNs on collagen release









		4 Discussion



		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Publisher’s note



		Supplementary material



		References









		Evaluation of osteogenic properties of a novel injectable bone-repair material containing strontium in vitro and in vivo



		1 Introduction



		2 Materials and methods



		2.1 Fabrication of the Sr-HA/CS



		2.2 Characterization of materials



		2.3 Antibacterial effect of Sr-HA/CS hydrogel



		2.4 In vitro studies



		2.5 In vivo studies



		2.6 Statistical analysis









		3 Results



		3.1 Characterization of materials



		3.2 Evaluation of the antibacterial activity of Sr-HA/CS



		3.3 The osteogenic capacity assay of Sr-HA/CS in vitro



		3.4 Ectopic bone formation of Sr-HA/CS in vivo



		3.5 Repairing of bone defects with Sr-HA/CS in OVX rats









		4 Discussion



		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Publisher’s note



		References









		Enhancing osteogenesis and angiogenesis functions for Ti-24Nb-4Zr-8Sn scaffolds with methacrylated gelatin and deferoxamine



		1 Introduction



		2 Experimental procedure



		2.1 The synthesis and characterization of GelMA



		2.2 The fabrication of Ti2448-GelMA and Ti2448-GelMA/DFO scaffolds



		2.3 The characterization of GelMA and Ti2448-GelMA scaffolds



		2.4 Cell viability and proliferation



		2.5 Osteogenic differentiation of MC3T3-E1 cells



		2.6 In vitro tube formation experiment



		2.7 Statistical analysis









		3 Results and discussion



		3.1 The characterization of GelMA



		3.2 Preparation and characterization of Ti2448-GelMA scaffolds



		3.3 In vitro cytocompatibility of Ti2448-GelMA scaffolds



		3.4 In vitro differentiation of MC3T3-E1 cells on Ti2448-GelMA scaffolds



		3.5 Angiogenic effects of Ti2448-GelMA/DFO scaffolds









		4 Conclusion



		Data availability statement



		Author contributions



		Funding



		Publisher’s note



		Supplementary material



		References









		A submicron forest-like silicon surface promotes bone regeneration by regulating macrophage polarization



		1 Introduction



		2 Materials and methods



		2.1 Sample preparation and characterization



		2.2 Macrophage polarization



		2.3 Osteogenesis in vitro



		2.4 Bone regeneration in vivo



		2.5 Statistical analysis









		3 Results



		3.1 Surface characterization



		3.2 Promoted macrophage M2 polarization on the Fore surface



		3.3 Enhanced in vitro osteogenesis on the Fore surface



		3.4 Promoted in vivo bone regeneration on the Fore surface









		4 Discussion



		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Publisher’s note



		Supplementary material



		References









		Emerging roles of hydrogel in promoting periodontal tissue regeneration and repairing bone defect



		1 Introduction



		2 Periodontal disease and bone defect



		3 Overview of hydrogel



		3.1 Basic composition of hydrogel



		3.2 Basic physical and chemical properties of hydrogel









		4 Classification of polymer-based hydrogels



		4.1 Natural polymer-based hydrogels



		4.2 Synthetic polymer-based hydrogels



		4.3 Smart hydrogels



		4.4 Composite hydrogels









		5 Application value of hydrogel in promoting periodontal tissue regeneration



		6 Bone defect repair strategy based on hydrogel



		6.1 Hydrogels act as carrier to promote bone defect repair



		6.2 Hydrogels act as scaffold to promote bone defect repair









		7 Conclusion



		Author contributions



		Funding



		Publisher’s note



		References









		The treatment efficacy of bone tissue engineering strategy for repairing segmental bone defects under diabetic condition



		Introduction



		Materials and methods



		Isolation and culture of BMSCs



		Multilineage differentiation of BMSCs



		Fabrication and characterization of BMSC/DBM construct



		Establishment of DM rat model



		In vivo study



		X-ray and micro-CT analyses



		Histological evaluation



		Statistical analysis









		Results



		Characterization of rat BMSCs and BMSC/DBM constructs



		BMSC/DBM constructs form ectopic bone under diabetic condition



		BMSC/DBM constructs repair femoral bone defects under diabetic condition



		Histological analysis









		Discussion



		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Publisher’s note



		References









		Theaflavin −3,3'-digallate/ethanol: a novel cross-linker for stabilizing dentin collagen



		1 Introduction



		2 Materials and methods



		2.1 Chemicals and reagents



		2.2 Preparation of solutions



		2.3 Theoretical simulation



		2.4 Cross-linking efficiency



		2.5 Physicochemical properties



		2.6 Enzyme inhibition



		2.7 Mechanism of cross-linking



		2.8 Statistical analysis









		3 Results



		3.1 Molecular docking



		3.2 Cross-linking efficiency



		3.3 Physicochemical properties



		3.4 Enzyme inhibition



		3.5 Mechanism of cross-linking









		4 Discussion



		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Publisher’s note



		Supplementary material



		References









		The effects of antimicrobial peptides buCaTHL4B and Im-4 on infectious root canal biofilms



		1 Introduction



		2 Materials and methods



		2.1 Antimicrobial peptides synthesis



		2.2 Culture and growth detection of bacteria



		2.3 Minimal inhibitory concentration



		2.4 Biofilm model



		2.5 Antimicrobial peptides treat on preformed biofilms



		2.6 Biofilm inhibition test



		2.7 Confocal laser scanning microscopy examination of biofilms



		2.8 Quantitative real-time PCR



		2.9 Statistical analysis









		3 Results



		3.1 Bacterial growth curve



		3.2 Bactericidal effect of antimicrobial peptides on preformed biofilms



		3.3 Antimicrobial peptides inhibit biofilm formation by CLSM



		3.4 Antimicrobial peptides inhibit biofilm formation by qPCR









		4 Discussion



		5 Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Publisher’s note



		Supplementary material



		References























OPS/images/fbioe-12-1390337/inline_1.gif





OPS/images/fbioe-12-1390337/fbioe-12-1390337-g009.gif





OPS/images/fbioe-12-1390337/fbioe-12-1390337-g008.gif





OPS/images/fbioe-12-1390337/fbioe-12-1390337-g007.gif
A senves.

IR
(imes edass0js0






OPS/images/fbioe-11-1254927/fbioe-11-1254927-g002.gif
Shorttime ——* <— longtime —
Titon (3+3)min

Trton 3min Tiiton (3+1)min '

i Smin

65%Na0CI175% 550

2%Na0Cl 3min %NaOCH17%EDTA (2+1)min | 6%NaOCI+17%EDTA (S+1)min

24N2OCH17EDTA (3+1)min Water (343)min






OPS/images/fbioe-11-1254927/fbioe-11-1254927-g003.gif
Triton (3+1)min

Gina0Ci 3min 6%NaOCH17EDTA (341)min

2%Na0Cl 3min 6XNAOCH17XEDTA (2+1)min

Water 3min 2%NaOCH17XEDTA (3+1)min

Shorttime ——————— +«—

Long time —

ton (3+3)min

i Simin






OPS/images/fbioe-11-1254927/crossmark.jpg
©

|





OPS/images/fbioe-11-1254927/fbioe-11-1254927-g001.gif
(ST —
[ Dentinntection ]

)

.
[Srrr—]

(Nemeions)

|--r1

)

=]

EREA






OPS/images/fbioe-11-1254927/fbioe-11-1254927-t001.jpg
Solutions Short time (min) Long time (min)

No smear layer Smear layer No smear layer Smear layer
Triton 3 3 | = -
6% NaOCI 3 3 5 5
2% NaOCl 3 3 - -
Water (control) 3 3 - -
Triton + Triton 341 341 343 343
6% NaOCI + 17% EDTA 341241 341241 541 541
2% NaOCI + 17% EDTA 341 341 - -
Water + Water (control) | = = 3+3 343






OPS/images/fbioe-11-1303678/crossmark.jpg
©

|





OPS/images/fbioe-11-1254927/fbioe-11-1254927-g004.gif
r—r—

Sy






OPS/images/fbioe-11-1254927/fbioe-11-1254927-g005.gif





OPS/images/fbioe-12-1476088/crossmark.jpg
©

|





OPS/images/fbioe-12-1390337/fbioe-12-1390337-g006.gif
TRAP






OPS/images/fbioe-12-1390337/fbioe-12-1390337-g005.gif
Week 8

®| [ Week 10






OPS/images/fbioe-12-1390337/fbioe-12-1390337-g004.gif





OPS/images/fbioe-12-1390337/fbioe-12-1390337-g003.gif





OPS/images/fbioe-12-1390337/fbioe-12-1390337-g002.gif





OPS/images/fbioe-12-1390337/fbioe-12-1390337-g001.gif
Stoctvesdopet |
CHOS g ot A bt -

Q‘%ﬁ e

P






OPS/images/fbioe-12-1390337/crossmark.jpg
©

|





OPS/images/fbioe-12-1343329/math_qu1.gif
P
ODcosrd = OD st * 100%






OPS/images/fbioe-12-1343329/fbioe-12-1343329-g008.gif
& °"@J§





OPS/images/fbioe-12-1343329/fbioe-12-1343329-g007.gif





OPS/images/fbioe-12-1379679/fbioe-12-1379679-g003.gif





OPS/images/fbioe-12-1379679/fbioe-12-1379679-g002.gif





OPS/images/fbioe-12-1379679/fbioe-12-1379679-g001.gif





OPS/images/fbioe-12-1379679/crossmark.jpg
©

|





OPS/images/fbioe-12-1380528/fbioe-12-1380528-t003.jpg
Classification

Stimulus
condition

Control mechanism

Research and application

Reference

‘Thermo-responsive | Temperature By regulating the temperature to control hydrogen | The smart thermosensitive hydrogel possesses | Ly et al. (2023)
bonding within the hydrogel, a sol-gel phase gelation properties and the ability to induce
transition is achieved angiogenesis, offering a therapeutic approach for
the treatment of bone defects
pH-responsive pH Changes in pH lead to the ionization of acidic and | The hydrogel demonstrates potent therapeutic | Yan etal. (2022)
basic groups, thereby altering the charge density of | efficacy in the treatment of periodontitis,
the hydrogel restoration of local immune function, and
eradication of pathogens
Light-responsive Light Light-responsive hydrogels contain photosensitive | The hydrogel exhibits significant antibacterial | Chang et al.
molecules or groups capable of absorbing light of | properties and can promote cell adhesion and | (2022)
specific wavelengths proliferation
ROS-responsive Reactive oxygen After the reaction of reactive oxygen species with | ROS-respontive hydrogels can effectively alleviate | Gan et al.
species (ROS) sensitive functional groups in the hydrogel, it will | inflammatory responses in periodontal tissuesand | (2023)
cause the fracture or crosslinking of the hydrogel | reduce bone loss
network structure
Enzyme-responsive | Matrix Based on the specific functional groups in the | The MMP-8 hydrogel can inhibit the growth of | Guo et al.
metalloproteinase 8 hydrogel reacting with specific enzymes, this leads | Porphyromonas gingivalis and maintain its (2019)
(MMP-8) to changes in the hydrogel structure biological activity
Glucose-responsive | Glucose When glucose interacts with these specific ‘The hydrogels inhibit the growth of Liv et al.
functional groups or enzymes, it triggers a Porphyromonas gingivalis and exhibit strong (20220)

chemical or enzymatic reaction, leading to changes
in the hydrogel’s structure

antibacterial and anti-inflammatory activity
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Polyethylene glycol (PEG)

Hydrogel matrix

Mineral-coated microparticle/bone morphogenetic
protein-2/chitosan/polyethylene glycol

Research and application

‘This hydrogel can sustainably release growth factors and
accelerate bone formation by promoting the activity of
bone marrow mesenchymal stem cells

Reference

Xu et al. (2023)

Polyvinyl alcohol (PVA)

Polyacrylic acid (PAA)

Polyacrylamide (PAAM)

Polyvinyl alcohol/sodium alginate

Polyethyleneimine (PEI)/PAA-hydroxyapatite (HA)-
Vancomycin (VAN)

Polyurethane (PU)/Polyacrylamide/gelatin (Gel)

PVA/SA hydrogel effectively promotes osteogenic
differentiation of cells and is applied in bone tissue
engineering

‘The PEI/PAA-HA-VAN hydrogel exhibits effective
antibacterial properties and promotes the expression of
osteogenic genes

‘The PU/PAAM/Gel hydrogel can stimulate the
reconstruction and growth of new bone tissue, exhibiting
good osteogenic performance

He et al. (2021)

Zhang et al.
(2024)

Wangetal. (2022)

Polymethyl methacrylate
(PMMA)

Gelatin-methacryloyl/polymethyl methacrylate/
polydopamine (GelMA/PMMA/PDA)

The GelMA/PMMA/PDA hydrogel possesses excellent
osteogenic capabilities, offering a new perspective for the
treatment of bone defects

Wu et al. (2022)
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Chitosan (CS)

Hydrogel matrix

Chitosan/quaternized CS/nano-hydroxyapatite

Research and application

‘This hydrogel demonstrates excellent biocompatibility and
antibacterial propertics, and can be utilized for the treatment
of bone defects

Reference

Tian et al. (2024)

Alginate (Alg)

Alginate/gelatin/freeze-dried bone allograft
nanoparticles

‘The hydrogel enhances cell adhesion, proliferation, and
osteogenic differentiation, exhibiting significant potential to
augment bone regeneration

Bastami et al. (2024)

Hyaluronic acid (HA) | Fluorenylmethyloxycarbonyl-diphenylalanine The fmoff/HA hydrogel s used for acellular, biomimetic, and | Halperin-Sternfeld et al.
(FmocFF)/HA immunomodulatory bone tissue engineering scaffolds (2023)
Cellulose Carboxymethyl cellulose-methacrylate/hydroxyapatite | This hydrogel effectively promotes cell proliferation, supports | Qiu et al. (2024)
adhesion, upregulates the expression of osteogenesis-related
genes, and enhances bone regeneration, thereby increasing
the strength of newly formed bone
Gelatin Zeolitic imidazolate framework-8 (ZIF-8)/gelatin ‘The hydrogel promotes osteogenic differentiation of bone | Liu et al. (2022b)
methacryloyl (GelMA) marrow mesenchymal stem cells and facilitates the
regeneration of alveolar bone
Lignin Lignin-copper sulfide/polyvinyl alcohol ‘The hydrogel exhibits high-efficiency antimicrobial and anti- | Xie et al. (2022)
biofilm activities, making it suitable for application in wound
healing
Silk fibroin MXene nanosheets/regenerated silk fibroin ‘The MXene/RSF hydrogel can modulate the immune Hu et al. (2022)

(MXene/RSF)

‘microenvironment and generate new blood vessels, providing
a novel strategy for bone regeneration and repair
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Materials Manufacturer Components

Bioactive glass 4555 (BAG) OSspray Ltd,, London, United Kingdom $i0y, Ca0, Na;O, P05
Bredigite (BRT) - (C;H50),8i, Mg(NO3),6H,0, Ca(NO5)y4H,0
3M Filtek Supreme Flowable (Filtek SF) 3M ESPE, St Paul, MN, United States BIS-GMA, TEGDMA, Si, Zr, YbF;

BIS-GMA, Bisphenol A dimethacrylate; TEGDMA, triethyleneglycol dimethacrylate.
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Pretreatment

Score percentage (%)

Immediate WWB 0 0 55 45 0 ab
EWB s 50 30 o s d
50%AWB 0 20 55 2 0 be
AWB 10 55 30 5 0 d

‘Thermocycling WWB 0 0 35 6 o ab
EWB s 45 50 0 0 d
50%AWB 0 5 w0 55 0 ab
AWB 5 65 30 0 0 d

Collagenase ageing WWB 0 0 15 65 20 a
EWB 5 0 55 30 10 ab
50%AWB 0 5 25 50 ) a
AWB 0 50 s 0 s o

The Kruskal-Wallis test with Dunnett’s post hoc test. Groups with the same letters are not statistically different (p > 0.05), n

20.

Statisticaldifference
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Scaffold Specific scaffold material Growth factors or  Animal model/ Function
categories drugs in vitro study
temperature- elastin-like polymer (VPAVG)sz bone morphogenetic €212 cells induced osteogenic Bessa et al.
responsive protein-2 (BMP-2) and ‘mineralization (2010)
bone morphogenetic
protein-14 (BMP-14)
temperature- poly(e-caprolactone-co-lactide)-b-PEG-b-poly(e- bone morphogenetic subcutaneous ‘biomineralized in situ Kim et al.
responsive caprolactone-co-lactide) (PCLA) and protein 2 (BMP-2) administration into the (2020
O-phosphorylethanolamine dorsal region of
Sprague-Dawley (SD)
rats
temperature- chitosan (CS) and methylcellulose (MC) veratric acid (VA) mouse mesenchymal promoted osteogenic Durairaj
responsive stem cells differentiation etal. (2023)
temperature- | hydroxyapatite (HA), Gelatin (GN) and Fe;0, ibuprofen (IBU) MTT assay within the highly biocompatible Sahmani
responsive cell environment etal. (2020)
light-responsive strontium and ibuprofen-loaded black ibuprofen (IBU) MC3T3-El cells improved cell adhesion and ~~ Chen et al.
phosphorus (BP + IBU@SA microspheres) into proliferation and induced (2021)
aminated modified poly-L-lactic acid (PLLA) apatite formation
light-responsive thin-film silicon (i) embedded into - 5 mm-sized SD rat improved osteogenesis Wang et al.
hydroxyapatite mineralized collagen/poly(e- circular bone defect (2023)
caprolactone) (PLA) structures ‘model
electric- poly (I-lactic acid)-block-aniline pentamer-block- human bone rabbit radial defect improved cell proliferation Cui et al.
responsive  poly (I-lactic acid) (PLA-AP) with poly (lactic-co- | morphogenetic protein- model ability, enhanced osteogenesis (2020)
glycolic acid)/hydroxyapatite (PLGA/HA) 4 (hBMP-4) differentiation and bone healing
electric- gelatin-graft-poly-pyrrole H,0, - sustained oxygen release Nejati et al.
responsive (2020)
electric- silicon dioxide with poly(dimethylsiloxane) - 5 mm-sized SD rat facilitated bone regeneration  Qiao et al.
responsive (Si0,/PDMS) circular bone defect (2022)
model
mechanical- hydroxyapatite/barium titanate (HA/BT) - MTT assay within highly biocompatible Zhang et al.
responsive 1929 cells (2014)
magnetic- poly (vinylidene fluoride) (PVDE), and - MC3T3-E1 cells promoted preosteoblasts Fernandes
responsive ‘magnetostrictive particles of CoFe,0, proliferation etal. (2019)
magnetic- polycaprolactone (PCL) microparticles, placental proteins umbilical cord promoted osteogenic Lanier et al.
responsive encapsulating magnetic nanoparticles (MNPs) mesenchymal stem differentiation (2021)
cells (UC-MSCs)
ultrasound- polylactic acids (PLA) embedded in alginate stromal cell-derived | SD rats femoral bone | repaired bone defect in situ He et al
responsive hydrogels factor-1 (SDF-1) and defect model (2023)
bone morphogenetic
protein 2 (BMP-2)
pH-responsive | polycaprolactone/collagen (PCL/Col) membrane - SD rats calvarial defect | increased osteoinductivity along  Xue et al.
modified by zeolitic imidazolate model with blood vessel formation (2021)
framework-8 (ZIF-8)
pH-responsive chitosan loaded with ZIF-8 vancomycin (VAN) MC3T3-El cells | promoted high proliferationand = Karakegili
osteogenic activities etal. (2019)
ROS-responsive | LBL-compatible poly (thioketal f-amino amide) = bone morphogenetic 8 mm-sized SD rat | increased new bone formation |~ Martin

enzyme-
responsive

enzyme-
responsive

(PTK-BAA) polycation

KLDL-MMPI1 (Ac-
KLDLKLDLVPMSMRGGKLDLKLDL-CONH2)
peptides

polycaprolactone/chitosan nanofibers with
glucose oxidase (GOD)

protein 2 (BMP-2)

bone marrow
mesenchymal stromal
cell-derived exosomes

(BMSC-Exos)

dexamethasone (DEX)

circular bone defect
model

6 mm-sized SD rat

circular bone defect
model

MC3T3-E1 cells

etal. (2021)

recruited stem cells and Yang et al.
promoted osteodifferentiation (2023)
in response to
neovascularization and
accelerate tissue regeneration
promoted MC3T3-E1 cells’ Jia et al.
osteogenic differentiation in (2023)

high-glucose environments
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Scaffold
categories

Advantages

Limitations

Temperature-
responsive

Controllable and easy to operate

‘Temperature ranges are limited

Light-responsive

Electric-responsive

Mechanical-responsive
Magnetic-responsive

Ultrasound-responsive

Little harm to the human body; No direct contact with
the lesion area

Responds quickly and with strong sensitivity

Sensitive and quick to react

Controllable from an external source

‘The system can be controlled externally

Penetration depths are either too shallow or too decp; The biological safety of light-
sensitive materials need to evaluate

Further investigation is required to examine the alterations in electric field intensity and
frequency within organisms

Potential toxicity resulting from the use of crosslinking agents
‘The diffusion rate of magnetic particles is high; There exists a potential for toxicity

‘The controllability of penetration depth is limited; It generates a thermal effect

pH-responsive

Redox-responsive

Enzyme-responsive

Utilizing the distinctions between diseased and normal
tissue.

Utilizing the distinctions between diseased and normal
tissue.

Distinctive biological targeting and catalytic attributes

Limited range of variation; Low sensitivity

‘The sensitivity is relatively low

Different types of enzymes may exhibit cross-reactivity
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Material Background color

Single specimen

Dual specimen (Restoration depth;

2mm 3mm

Clearfil AP-X Al 7.80 £ 0.74 5192067 6.92 £ 059 738 £ 055
A2 553 + 042" 409 + 035" 483 £ 0.43% 557 £ 0.63"

A3 3.08 +0.37% 197 +023%° 291 £ 0.39% 4.85 + 0.52°

A35 265 +0.12° 202 +0.155" 252 +021% 385 + 0,557

7 Spectrum TPH3 Al 442 £ 075" | 263 + 027 372 + 058 418 £ 057
A2 | 243 £ 026™ 170 £ 016" 187 017" 261 £023%

A3 224 + 050% 234 + 0365 281 038> 332+ 057

A35 497 £ 057 415 x 028" 532 + 036" 5.60 + 0267

Charisma Diamond One Al 7.89 £ 0,65 165 £ 029" 184 +022* 2.76 + 045"
A2 8.56 + 051 2,69 + 0.19"" 292 +0.19% 306 + 013

A3 | 828 £ 0.31% 4.19 + 0440 440 +027°° 531 £ 0.74%"

A35 988 £ 0.30% 476 + 028" 605 £ 0.317¢ 7.22 + 0455

The same superscript uppercase letter indicates no statistical difference among the background colors at the same material type and type/restoration depth of specimen (p > 0.05).
The same superscript lowercase letter indicates no statistical difference among the type/restoration depth of specimen at the same material type and background color (p > 0.05).

3 dibvonce aimies the matkcial v ot the sk Tadkeroend e sl efrstiction death of Socn G 5 0708,
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Type | Binding energy

Predicted
interactions

Collagen (kcal/mol)
1Q8U 5.8
405 6.1
1CGD 54

Glu-43, Glu73
Gly7
Hyp47
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Material Background color Single specimen Dual specimen (Restoration depth)

2mm 3mm

Clearfil AP-X Al 3.82 £ 017 193 £ 036™" 218 x 029 3.04 £ 035"
A2 248 +0.53" 148 £ 038" 156 + 0,33 218 + 024"
A3 1.74 £ 0.28%% 0.89 +0.23%" 1.26 + 0.32% 1.78 £ 04455
A35 152 £ 0.34% 0.93 + 0325 137 £031% 155 + 047

7 Spectrum TPH3 | Al | 3.07 £ 036" 115 £ 01745 | 141 +0.33*" 174 + 0.224%

A2 204 2035 0.89 + 03340 0.96 + 039" 1.55 + 029
A3 181 +0.34" 141 £ 033" 163 £ 0.26*< 181 + 0.38"04<"
A35 211 +0.41% 185 + 0,34 2,04 + 0265 207 + 036"

Charisma Diamond One Al 341 £ 0464 081 £ 0344 107 £ 0328 137 £031%
A2 382 £ 0340 119 04477 148 + 0.38™ 170 +0.26""
A3 [ 3.96 +0.11% 104 £ 0354 122 £ 0414507 174 £ 0.32%
A35 4.00 £ 0.00%* 115 + 056" 2.00 £ 0.37°" 2.15 £ 045"

The same superscript uppercase letter indicates no statistical difference among the background colors at the same material type and type/restoration depth of specimen (p > 0.05).
The same superscript lowercase letter indicates no statistical difference among the type/restoration depth of specimen at the same material type and background color (p > 0.05).
“i & iadicatos fo stattel difernse aiona the el Groes ik this akine brikeroind eilar and Orpsiastorition Mo Esnaoise 15> 0.08%
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Object Source Type lIl sum of squares df Mean square

CAPI Material type (A) 20645 2 10322 591.045 <0.001
Background color(B) s 3 2153 123286 <0.001
Restoration depth (C) 6675 2 3337 191.093 <0.001
A*B 1094 6 0.182 10439 <0.001
A*C 1549 4 0.387 2172 <0.001
B*C 0750 6 0.125 7.159 <0.001
A*B*C 1320 2 0.110 6299 <0.001

CAP-V Material type (A) o 2! 4573 437432 <o
Background color(B) 3556 3 1185 113.387 <0.001
Restoration depth (C) 3.667 2 1.834 175372 <0.001
A*B 2103 6 0.351 33525 <0001
A*C 043 4 0.107 10274 <0.001
B 0296 s 0.049 4724 <0001
A*B*C 0335 12 [ 0.028 2.667 0.002
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Materials Manufacturer Composition

Test T1 | Clearfil AP-X A2 Kuraray Noritake, Base resin: Bis-GMA, TEGDMA 5C0133
Okayama, Japan
Filler: silanated barium glass fillr, silanated silica filler, silanated
colloidal silica

T2 | Spectrum TPH3 A2 Dentsply, Konstanz, Base resin: Bis-GMA, Bis-EMA, TEGDMA 2111000345

Germany
Filer: barium aluminio borosilicate, barium fluoro aluminio

borosilicate, highly dispersed silicon dioxide

T3 = Charisma - Kulzer, Hanau, Germany Base resin: TCD-Urethaneacrylate, UDMA, TEGDMA Filler: Barium | K010026

Diamond One Aluminium Boro Fluor Silicate Glass
Base Bl | Filtek 2250 Al 3M ESPE, St. Paul, MN Base resin: Bis-GMA, Bis-EMA, UDMA Filler: zircon/silica NE03476
;‘ A2 NE62695
B A3 NEOG6TS
B4 A35 NA26526

Bis-EMA, ethoxylated bisphenol A glycol dimethacrylate; Bis-GMA, Bisphenol A diglycidylmethacrylate; TCD-Urethaneacrylate, Tricy clodecane-Urethaneacrylate; TEGDMA, triethylene
diverl dimetiacrslate UDMA; wethans: dimethacryiats:
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