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The primary goal of peri-implantitis treatments remains the decontamination of implant surfaces exposed to polymicrobial biofilms and renders biocompatibility. In this study, we reported a synergistic strategy for the debridement and re-osteogenesis of contaminated titanium by using erythritol air abrasion (AA) coupled with an as-synthesized pH-responsive antimicrobial agent. Here, the anionic antibacterial peptide Maximin H5 C-terminally deaminated isoform (MH5C) was introduced into the Zeolitic Imidazolate Frameworks (ZIF-8) via a one-pot synthesis process. The formed MH5C@ZIF-8 nanoparticles (NPs) not only possessed suitable stability, but also guarantee the slow-release effect of MH5C. Antibacterial experiments revealed that MH5C@ZIF-8 NPs exhibited excellent antimicrobial abilities toward pathogenic bacteria of peri-implantitis, confirming ZIF-8 NPs as efficient nanoplatforms for delivering antibacterial peptide. To evaluate the comprehensive debridement efficiency, single-species as well as mixed-species biofilms were successively established on commercially used titanium surfaces and decontaminated with different methods: removed only by erythritol air abrasion, treated merely with MH5C@ZIF-8 NPs, or received both managements. The results demonstrated that only erythritol air abrasion accompanied with MH5C@ZIF-8 NPs at high concentrations eliminated almost all retained bacteria and impeded biofilm rehabilitation, while neither erythritol air abrasion nor MH5C@ZIF-8 NPs alone could achieve this. Subsequently, we evaluated the re-osteogenesis on previously contaminated surfaces which were treated with different debridement methods afterwards. We found that cell growth and osteogenic differentiation of bone marrow–derived mesenchymal stem cells (BMSCs) in the group received both treatments (AA + MH5C@ZIF-8) were higher than those in other groups. Our work emphasized the great potential of the synergistic therapy as a credible alternative for removing microorganisms and rendering re-osseointegration on contaminated implant surfaces, boding well for the comprehensive applications in peri-implantitis treatments.
Keywords: peri-implantitis, decontamination, air-polishing, antimicrobial agents, metal-organic frameworks
1 INTRODUCTION
Peri-implantitis has been defined as inflammatory reactions occurring in tissues around dental implants characterized by suppuration, bleeding, and bone loss, which ultimately lead to implant failures (Schwarz et al., 2018). The prevalence of peri-implantitis varied between 17% and 22% of patients and between 9.25% and 12.8% of the implant sites (Munoz et al., 2018). The main cause associated with peri-implantitis is the polymicrobial biofilms development owing to the settlement and expansion of pathogenic bacteria, including F. nucleatum, P. gingivalis, and S. mutans (Munoz et al., 2018). Therefore, the basic cause-related intervention for peri-implantitis remains the decontamination of implant surfaces exposed to bacterial biofilms and renders biocompatibility, with re-osseointegration as the ultimate objective. The screw-shaped designing and the microstructure surface of titanium implants may hinder the access of debridement instruments and limit the cleansing efficacy (Louropoulou et al., 2015). To date, no recognized gold standards for surface decontamination during peri-implantitis treatments have been suggested.
Mechanical decontamination involves scaling and polishing of implant surfaces. Treatment modalities such as polishing brushes and rubber cups fail to remove plaques from the depth of threads due to limited flexibilities (Louropoulou et al., 2015). Debridement managements such as curettes and ultrasonic scalers cause detrimental surface alterations and deposit residual fragments (Park et al., 2015). Promising results for air abrasion (AA) were concluded in a review and the authors demonstrated that “the cleaning efficiency of air abrasion on titanium strips, discs or implants is outstanding” (Park et al., 2015). The suspension of the air-powder system, made up of air abrasive powders and pressurized water-air mixture, is sprayed from the subgingival nozzles to implant surfaces, which would remove the plaque due to friction (Matsubara et al., 2020). The powder particles could be reflected in an angulation vertically to their angle of incidence, indicating that powders would reach these highly recessed areas (Keim et al., 2019). Compared with the classical glycine powders (25 μm) and sodium bicarbonate powders (40–65 μm), the erythritol powders (14 μm) were gentler to implant surface with no damage to the surface integrity (Matsubara et al., 2020). Moreover, the erythritol-based powders have higher dissolution potentials and more rapid degradation by the organisms (Drago et al., 2014). Nevertheless, merely mechanical decontamination with air-polishing remains a difficult task and depends mainly on the operator’s experiences.
Chemotherapeutic agents act as an adjunct to mechanical debridement, which weaken biofilms, facilitate its removal, and kill remaining bacteria. However, organic chemical agents including chlorhexidine (CHX) and hydrogen peroxide (H2O2) suffer from high toxicity and rapid release rate (Kotsakis et al., 2016). Local antibiotics including minocycline and tetracycline paste fail to decrease microorganisms compatible with peri-implant health and cause drug resistance (Ntrouka et al., 2011). Antimicrobial peptides (AMPs) which are ancient and effective antimicrobials of innate immune systems maybe an intelligent strategy (Dennison et al., 2018). The majority of AMPs are cationic, but a growing number of anionic AMPs (AAMPs) have attracted attentions (Dennison et al., 2018). The Maximin H5 (MH5) existing abundantly in the brain and the skin of the Chinese frog Bombina maxima is an AAMP with attractive characteristics (Dennison et al., 2016). MH5 owns membranolytic abilities, which mainly involves the bilayer insertion of the hydrophobic N-terminal region (Dennison et al., 2016). MH5 uses lipid interactions of the α-helical structure and exhibits antibacterial activities by the membranolytic method compared with the specific “Carpet” mechanisms (Dennison et al., 2015). There is strong evidence to suggest that MH5 kills gram-positive bacteria through the pH dependent membranolytic mode (Dennison et al., 2015). Nevertheless, MH5 exhibited limited activities against gram-negative bacteria (Dennison et al., 2015). Researches on AAMPs have demonstrated that C-terminal deamidation would strengthen the antibacterial effectiveness without enhancing the lyric capacity, hence promoting the therapeutic ability of the antimicrobial peptide (Ortiz-Gomez et al., 2020). Dennison et al. have described the effect of C-terminal deamidation on the antibacterial abilities of the peptide, and found that MH5 with the structure ILGPVLGLVSDTLDDVLGIL-COOH (MH5C) gained antibacterial abilities against those gram-negative bacteria (Dennison et al., 2015). These increased antimicrobial activities might be associated with hydrogen-bonding interactions occurring between the C-terminal amide structure of the peptide MH5C and the membrane surface of gram-negative bacteria (Dennison et al., 2015). Still, it is necessary to draw up a green and powerful nanoplatform to deliver the specific antibacterial peptide MH5C.
Metal−organic frameworks (MOFs) have attracted attentions in drug delivery due to porous structures, simple preparations, and multifunctional features (Karami et al., 2021; Li et al., 2022b). Among MOFs, zeotlitic imidazolate framework-8 (ZIF-8) constructed by zinc ions and 2-methylimidazole, serves as container of antibacterial metal ions and possesses the tailorable pore size for loading antimicrobial agents (Karami et al., 2021; Xia et al., 2022). It was found that ZIF-8 exhibited >99.9999% inactivation efficiency against gram-negative bacteria in saline under 2 h of simulated solar irradiation (Li et al., 2019). Another study demonstrated that ZIF-8 outperformed the extensively used antibacterial ZnO (Ahmed et al., 2019). The photoelectrons trapped within the zinc ions of ZIF-8 are responsible for ROS production inducing cell deformation and cytoplasm leakage of bacteria (Ahmed et al., 2019; Li et al., 2022a; Yu et al., 2022). It is noteworthy that the ZIF-8 crystal exhibits excellent capabilities for drug delivery because the ZIF-8 is stable in neutral or alkaline aqueous medium but break down rapidly in acidic medium (Liu et al., 2020a). The accumulating acetic acid and lactic acid in the inflammatory site cause low pH value, which was beneficial for specific release of ZIF-8 (Liu et al., 2020a). Previously the ZIF-8 was made in the dimethylformamide solution via the solvothermal process, but the dimethylformamide may be deposited within the pore space (Zou et al., 2020). Kida et al. Have mentioned the synthesis of the ZIF-8 crystal without by-products in pure water under room temperature via the one-pot method (Zou et al., 2020). The green synthesis method makes the ZIF-8 nanoparticles (NPs) appealing for the encapsulation of the fragile biomacromolecules including peptides, proteins, and enzymes. The peptide addition can modulate the shape and size of ZIF-8 crystals, which mainly depended on the molecular concentrations, biomolecule charges, and amino acid sequences. Some studies have affirmed that only negatively charged biomolecules with low isoelectric point (PI) would form biomolecules@ZIF-8, while biomolecules with neutral or positive charge would induce the development of a totally new phase dia-Zn(HmIm)2 (Carraro et al., 2020; Xuan et al., 2020). Thus the anionic antimicrobial peptides MH5C with negative charge (PI = 6.5) would make MH5C@ZIFs crystals frequently, boding well for its applications in chemical debridement.
In this work, we reported a synergistic strategy for the debridement and re-osteogenesis of contaminated titanium by using erythritol AA coupled with an as-synthesized pH-responsive antimicrobial agent. Our work not only highlights the great potential of applying ZIF-8 NPs as a green and robust nanoplatform to deliver antibacterial peptide in chemical decontamination, but also bring a new insight into the synergistic therapy for better managements of the contaminated dental implant surfaces during peri-implantitis treatments.
2 MATERIALS AND METHODS
2.1 Preparation of MH5C@ZIF-8
The MH5C-terminally deaminated isoform (MH5C) (ILGPVLGLVSDTLDDVLGIL-COOH, 95% purity) was synthesized by Top-peptide Co. (Shanghai, China). MH5C@ZIF-8 NPs and ZIF-8 NPs were conducted by the one-pot method at room temperature in water as previous studies (Li et al., 2018). As for the ZIF-8 NPs, dissolve zinc nitrate hexahydrate and 2-methylimidazole in deionized water, respectively. Then quickly add zinc nitrate solution into imidazole solution under the condition of stirring at room temperature. After complete crystallization (up to 12 h), a centrifuge (14,000 rpm, 10 min) was used to separate the solid and liquid of the solution. As for the MH5@ZIF-8 NPs, the aqueous solutions of MH5C and 2-methylimidazole was blended with the zinc nitrate aqueous solution through vigorous stirring. After completing crystallization (up to 12 h), the synthesized MH5C@ZIF-8 NPs were washed by the deionized water and then purified via centrifugation (14,000 rpm, 10 min). The purified MH5C@ZIF-8 and ZIF-8 NPs were completely freeze dried and kept at −20°C for the further experiments. Based on the equation that drug loading content (DLC, %) = (weight of loaded drug)/(weight of drug loaded nanoparticles) × 100% while drug loading efficiency (DLE, %) = (weight of loaded drug)/(weight of drug in feed) × 100%, the DLC and DLE of MH5C@ZIF-8 NPs was 9.8% and 33.2%, respectively.
2.2 Characterization of MH5C@ZIF-8
The scanning electron microscopy (SEM, Hitachi S-4800, Japan) and transmission electron microscopy (TEM, Tecnai G2, United States) were utilized to characterize the morphology. The dynamic light scattering (DLS, Nicomp 380, United States) was utilized to measure the size distributions. The powder X-ray diffraction (XRD, D8 Advance A25, United States) was utilized to characterize the crystalline structure. The fourier transform infrared (FTIR, Nicoletteis50, United States) was utilized to explore the chemical structure. The thermogravimetric analyzer (TGA, Mettler Toledo, Switzerland) was utilized to complete the thermogravimetric study from 20°C to 820°C under air atmosphere. The Malvern Zeta Sizer-Nano ZS90 instrument was utilized to measure the zeta potential. As for the release of MH5C, the BCA reagents (Beyotime, China) was utilized to determine the peptide concentration and the release behavior of MH5C@ZIF-8 was accomplished in both PBS buffer at pH 7.4 and MES buffer at pH 5.5.
2.3 Microbial and cellular culture
The bacterial strains F. nucleatum (ATCC10953), P. gingivalis (ATCC 33277), and S. mutans (UA 159) were acquired from the Shanghai Key Laboratory of Stomatology, Ninth People’s Hospital, affiliated with Shanghai Jiao Tong University, School of Medicine. Bacteria were seeded on the brain heart infusion (BHI) agar in the presence or absence of sterile sheep blood. After gram staining routinely, the single colony was chosen and cultured in the BHI broth. All species were culture in an anaerobic incubator. The bacteria of the log phase with vigorous activities were applied for further use.
The single-species and mixed-species biofilms was developed directly on the 24-well culture plate or on the surface of sandblasted, large-grit and acid-etched (SLA) titanium discs (15 mm in diameter, 1 mm in thickness). The bacterial suspensions containing 104 colony-forming units (CFU)/mL for F. nucleatum, 106 CFU/mL for P. gingivalis, and 105 CFU/mL for S. mutans were utilized separately or all together to provide the single-species and mixed-species biofilms. The above plates or titanium disks were cultured for two consecutive days to develop biofilms as previous studies (Qin et al., 2020).
The 4-week-old SD rats were utilized to acquire rat bone marrow–derived mesenchymal stem cells (rBMSCs), which was approved by the Animal Care and Experiment Committee of Shanghai Ninth People’s Hospital affiliated to Shanghai Jiao Tong University (Protocol Number: SH9H-2020-A612-1). After separating both ends of the femora, the marrow was flushed out. The isolated cells were cultured with DMEM with 10% FBS in an incubator. Then 72 h later, non-adherent BMSCs were removed by utilizing the PBS buffer. Once reaching 80%–90% confluence, cells were sub-cultured to 2-3 dishes. The 2–3 passages of BMSCs were adopted for the following experiments.
2.4 Antibacterial activity of MH5C@ZIF-8
The growth curve indicating the bacterial growth in different systems was drawn up via the record of the OD value for different bacteria suspensions with time. Here, the bacterial concentration of F. nucleatum, P. gingivalis and S. mutans was initially set at approximately 108 CFU/mL, corresponding to the OD value at 0. 135–0150 for these three species. To study the slow-release sterilization ability of MH5C@ZIF-8 NPs, pure MH5C and MH5C@ZIF-8 with the same peptide concentration were added into the bacterial solutions. As for pure MH5C, the MH5C concentrations were 31.25, 62.5, 125, and 250 μg/mL. As for MH5C@ZIF-8 NPs, the final equivalent concentration of peptide MH5C varied from 31.25 to 250 μg/mL. The bacterial suspension without antibacterial systems was applied as the control. The OD values at 600 nm within both antibacterial materials were recorded at regular time interval, until the growth curve of the specific bacterial species have reached the plateau.
The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay was used to evaluate the relative bacterial viability. In brief, the mixed-species biofilms were developed directly on the conventional 24-well culture plate instead of titanium discs. The bacterial suspensions were discarded and the retained biofilms were treated with pure MH5C or MH5C@ZIF-8 for 12 h and 24 h. Then the previous liquid was discarded and the MTT (Beyotime, China) solution was added. After 2 h in the dark, the unreacted MTT was removed and dimethyl sulfoxide (DMSO) was utilized for dissolving the formazan crystal. Afterwards, the above solution was transferred to the 96-well plate and OD at 490 nm was recorded through the BioTek instrument.
The biomasses of the bacterial biofilms were determined via the crystal violet (CV) staining assay. In brief, the mixed-species biofilms were developed directly on the culture plate and the biofilms were treated with pure MH5C or MH5C@ZIF-8 for 12 h and 24 h. Then the previous liquid was discarded and 100 μL of 0.01% (v/v) CV (Sigma, United States) solution was added to each well for 15 min. After washed with PBS, each well was added with ethanol. Afterwards, the above solution was transferred to the 96-well plate and OD at 595 nm was recorded through the BioTek instrument.
2.5 Cleaning capacity of mechanical-chemical synergistic treatments
To evaluate the decontamination effects of the synergistic therapy, we designed four experimental groups: group AA, biofilms removed with erythritol air abrasion (AA); group MH5C@ZIF-8, biofilms dealt with high concentrations of MH5C@ZIF-8 (125 μg/mL) for 24 h; group AA + MH5C@ZIF-8, biofilms treated with MH5C@ZIF-8 (125 μg/mL) for 24 h followed by erythritol AA; and the control group, untreated biofilms. Specifically, the single-species and mixed-species biofilms were developed directly on the SLA titanium discs. After washed with PBS to eliminate the unattached bacteria, the contaminated titanium discs were transferred to the 24-well culture plate. Then the fresh BHI medium with (group MH5C@ZIF-8 and AA + MH5C@ZIF-8) or without (groups Control and AA) the MH5C@ZIF-8 solution (125 μg/mL) was introduced into each well. After 24 h, for groups AA and AA + MH5C@ZIF-8, the biofilms on titanium discs in group AA and AA + MH5C@ZIF-8 were cleaned by the AA device (EL-308/C, EMS Nyon, Switzerland) with erythritol powders (particle size ≈14 mm) under the static pressure (7 bar) for totally 1 min, perpendicular to titanium discs, at a distance of 10 mm. Here, all discs have received treatments by being continuously rotated opposing the subgingival nozzles from center to periphery in four different circular motions. After air abrasions, all discs were dried by the compressed air for nearly 10 s for removing the retained powders. All air abrasions were finished by the same experienced operator. Afterwards, the titanium plates in each group were washed by PBS, transferred to the new 24-well plate, and received the subsequent antimicrobial assessments.
The single-species biofilm integrity after decontamination methods was detected by SEM examinations (JSM-7600F, Japan). In detail, samples were rinsed by PBS and fixed by using glutaraldehyde at room temperature for 2 h. Then samples were dehydrated by the ethanol concentration gradient, ending with the 100% ethanol for 30 min. Before visualization, each sample was dried and sputter coated with gold. SEM images were taken at different locations on each sample.
The single-species biofilm bioactivity after decontamination methods was detected by the live/dead fluorescence staining. The staining solution included 2.5 mM SYTO9 and 2.5 mM propidium iodide. The intact bacteria were stained with SYTO9 emitting the green fluorescence, and the membrane-compromised bacteria were stained with propidium iodide emitting the red fluorescence. After staining in the dark for 15 min, fluorescence images on each sample were collected with the CLSM (Olympus FV1000, Japan).
The bacterial viability and biomasses of the mixed-species biofilms after decontamination methods were determined by the MTT assay and the CV staining assay, respectively. Here, the mixed-species biofilms were developed directly on the SLA titanium discs. After different debridement, the remaining biofilms in each group were assessed by the MTT assay and the CV staining assay according to the methods mentioned above.
2.6 Biofilm removal assessment using implant models
Six cylindric tissue-level titanium implants with SLA surfaces (3.3 mm in diameter, 12 mm in height) were allocated to two groups. The mixed-species biofilms were produced on implant surfaces by immersing implants into mixed bacterial suspensions. The group AA + MH5C@ZIF-8 received the MH5C@ZIF-8 (125 μg/mL) pre-treatment for 24 h, whereas the group AA was merely immersed into the fresh BHI medium. Subsequently, each implant was evenly coated by an intact layer of bacterial indicator for recognition of the aggregated plaque following the manufacture’s recommendations. Afterwards, all implants received the identical erythritol air abrasion treatment by the same experienced clinician via the AA device with subgingival nozzles (EMS, Switzerland) (Sahrmann et al., 2015; Matsubara et al., 2020). The distance was set to 10 mm, the static pressure was set at 7 bar, and the processing time was set to totally 1 min. After air abrasions, all discs were dried by the compressed air for nearly 10 s for removing the retained powders.
As for biofilm removal assessment, the standard digital photographs of dental implants were taken with the digital SLR camera (Canon digital SLR). Here, the shutter speed was set at 1/4,000 and the aperture was set at F32. These photos have been compounded so as to build the panoramic images of dental implants. With the aid of the color analysis software (Photoshop CC, United States), the pixel percentages of retained plaque indicators were assessed and the corresponding percentage of biofilm removal was then calculated. As for the implant surfaces analysis, the area roughness (Sa) of implant surfaces was measured by the optical profilometry analysis through the TrueSurface Microscopy (WITec Alpha 300, Germany). Specifically, the Sa value was obtained via the evaluations of change in height on implant surfaces across numerous individual points.
2.7 Re-osseointegration potential after debridement
To evaluate the re-osseointegration potentials of the contaminated titanium surface after debridement, five experimental groups were designed for further cellular experiments: group AA, biofilms removed with erythritol air abrasion (AA); group MH5C@ZIF-8, biofilms dealt with high concentrations of MH5C@ZIF-8 (125 μg/mL) for 24 h; group AA + MH5C@ZIF-8, biofilms treated with MH5C@ZIF-8 (125 μg/mL) for 24 h followed by erythritol AA; the control group, untreated biofilms; and the clean group, totally intact titanium discs without biofilms and never contaminated by bacteria suspensions. Before subsequent experiments, all titanium discs were sterilized by the ethylene oxide sterilizer. Hence merely dead biofilms or bacteria were retained on titanium surfaces.
As for cell adhesions, cell suspensions with the cell density at 1 × 104 cell/mL was transferred to each sample. After cultured for 24 h, rBMSCs were fixed in paraformaldehyde for 10 min and then permeabilized by 0.5% Triton X-100 for nearly 5 min. Afterwards, each sample was firstly stained by fluorescein isothiocyanate-phalloidin (FITC, Sigma-Aldrich, United States) for 30 min and further stained by the 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI, Sigma-Aldrich, United States) for 5 min in the dark. The fluorescence images were obtained via the inverted fluorescence microscope (IX70, Olympus Corporation, Japan).
As for cell proliferation, cell suspensions with the cell density at 1 × 104 cell/mL was transferred to each sample initially. Then the rBMSCs viability was evaluated by the cell counting kit (CCK)-8 assay (AbD Serotec, UK) at 1, 3, and 7 days. Specifically, CCK-8 solution was transferred to different samples and cultured for totally 2 h, and the absorbance at 450 nm was recorded by the BioTek instrument.
As for cell osteogenic differentiations, cell suspensions with the cell density at 4 × 104 cell/mL was transferred to each sample initially. After 24 h, the previous culture medium was changed to the differentiation medium containing DMEM supplemented with dexamethasone, sodium β-glycerophosphate and ascorbic acid-2-phosphate (Thermo Fisher Scientific, United States). The staining of alkaline phosphatase (ALP) was carried out at 4, 7, and 14 days. In brief, samples were fixed in paraformaldehyde and stained by using the BCIP/NBT ALP Color Development Kit (Beyotime, China). Total RNA of rBMSCs at 7 and 14 days was extracted by the TRIzol reagent (Thermo Fisher Scientific, United States) and then reverse transcribed into cDNA by the Primescript RT Reagent Kit (TakaraBio Inc., Japan). Then the expressions of the osteogenesis-related genes were determined by the reverse transcription-polymerase chain reaction (RT-PCR) (LightCycler 480, Switzerland) via the QuantiTest SYBR Green Kit (Takara, Japan). Here, β-actin was used as an internal control. The relative ratios were analyzed by the relative expression analysis (2−ΔΔCT). The primer sequences were displayed in Table 1.
TABLE 1 | Primer pairs used in real-time PCR analysis.
[image: Table 1]2.8 Statistical analysis
Each experiment was performed in triplicates, and the data was expressed as means ± standard deviations. The one-way analysis of variation coupled with the Student–Newman–Keuls post-hoc tests was utilized to assess the level of significance. The significance level was set at *p < 0.05.
3 RESULTS AND DISCUSSION
3.1 Synthesis and characterization of nanoparticles
The native structure of antimicrobial peptide MH5 was ILGPVLGLVSDTLDDVLGIL-NH2 (MH5N) (Ortiz-Gomez et al., 2020). The peptide MH5C (ILGPVLGLVSDTLDDVLGIL-COOH), the C-terminally deamidated isoform of MH5, was a hydrophobic anionic molecule with 20 amino acids (Ortiz-Gomez et al., 2020). Dennison et al. (2015) have demonstrated the significant effects of C-terminal deamidation on the antibacterial activities of peptide MH5 against gram-negative bacteria. During the typical biomimetic mineralization, biomolecules (including antimicrobial peptide) were trapped into ZIF-8 NPs, formed by the self-assembly of organic linkers and metal ions through the facile one-pot water phase method (Abdelhamid, 2021). The synthetic procedure of ZIF-8 and MH5C@ZIF-8 NPs were schematically illustrated in Figure 1A. Specifically, an aqueous solution containing the target antimicrobial peptide MH5C together with 2-methylimidazole was blended with the aqueous solution of the zinc nitrate. It is worth mentioning that the synthetic procedure here was green, simple, and rapid. In the synthesis processes, the synergistic interactions between biomolecules and precursors were extremely crucial to the nucleation and growth process (Xuan et al., 2020; Zou et al., 2020; Han et al., 2022). Previous studies have also found that only biomolecules with negative charge or with low isoelectric point (PI) would form biomolecules@ZIF-8 (Fan et al., 2018; Maddigan et al., 2018; He et al., 2019). In this study, the MH5C with the PI of 6.5, which exhibited negative charge at the neutral pH, has been utilized for the formation of biomimetically mineralized ZIF-8. During mineralization, the initial indication for nanoparticles formations was the transformation of transparent solutions containing reactants into turbid solutions following vigorous stirrings (Xuan et al., 2020; Zou et al., 2020). As expected, the biomineralization process of MH5C under the specific reaction conditions was very quick (within several minutes). Based on these, it was estimated that the negatively charged peptide MH5C posed specific affinities to the specific ZIF-8 precursor owing to electrostatic attractions, which would finally induce the rapid form of MH5C@ZIF-8 NPs.
[image: Figure 1]FIGURE 1 | (A) Schematic illustration of the fabrication of MH5C@ZIF-8 NPs and degradation route after entering bacteria. (B) Potential antimicrobial mechanisms involved in this chemical decontamination strategy.
In order to gain a deeper understanding of the microstructure of MH5C@ZIF-8 NPs and its ZIF-8 NPs control, samples were observed by SEM, which revealed that both monodisperse particles possessed a regular rhomboidal dodecahedron shape accompanied with a relatively smooth surface (Figure 2A). The TEM images depicted the macroscopic state of nanoparticles in water. The ZIF-8 NPs exhibited the rhombic dodecahedron structures accompanied by the sharp edge as well as the uniform particle sizes, whereas encapsulation of MH5C into ZIF-8 seemed to slightly smooth edge sharpness of these dodecahedrons and increase the diameters of these nanoparticles fractionally (Figure 2A). It is presumed that the loading of MH5C did not affect the shape of ZIF-8 NPs, indicating that MH5C were confined in the interior micropore or entrapped on the surface of ZIF-8 frameworks (Wen et al., 2021). Based on the DLS analysis, the hydrodynamic diameter of MH5C@ZIF-8 NPs displayed the relative narrow size distributions (124.6 ± 4.7 nm) that was slightly larger than that of the ZIF-8 control (107.8 ± 5.1 nm), indicating that the growth process of ZIF-8 was scarcely influenced by the incorporation of MH5C (Figure 2B). Overall, as compared with ZIF-8 NPs, no significant differences were observed in the size and morphology of MH5C@ZIF-8 NPs, suggesting that ZIF-8 would be employed as the promising nanocarrier in the delivery of the antimicrobial peptide MH5C.
[image: Figure 2]FIGURE 2 | Basic properties of MH5C@ZIF-8 NPs. (A) SEM and TEM images of MH5C@ZIF-8 NPs and ZIF-8 NPs. (B) Particle size distribution of MH5C@ZIF-8 NPs and ZIF-8 NPs dispersed in water. (C) XRD patterns of MH5C@ZIF-8 NPs, ZIF-8 NPs and simulated ZIF-8. (D) FTIR spectra of MH5C@ZIF-8 NPs and ZIF-8 NPs. (E)TGA curves of MH5C@ZIF-8 NPs and ZIF-8 NPs. (F) Zeta potential of ZIF-8 NPs and MLT@ZIF-8 NPs. (G) MH5C release profiles from MH5C@ZIF-8 in PBS solution (pH = 5.5 and 7.4).
The crystalline structure of MH5C@ZIF-8 and pure ZIF-8 NPs was assessed by the XRD measurement. The XRD pattern of the ZIF-8 control here was identical to the simulated one, verifying the smooth formation of the crystal structure (Figure 2C). Specifically, the diffraction peaks at 7.3°, 10.7°, 12.7°, 14.6°, 16.4°, 18.0°, 22.1°, 24.5°, and 26.7° of ZIF-8 control were corresponded to the lattice planes of ZIF-8 [(011), (002), (112), (022), (013), (222)), (114), (233) and (134)] (Yang K. et al., 2022). After the loading of MH5C, it is worth noting that the XRD patterns of MH5@ZIF-8 NPs coincided with those of pure ZIF-8 NPs, suggesting that the crystalline structures of ZIF-8 were not influenced by the encapsulation processes of the MH5C, which was in consistency with the results of electron microscopy (Figure 2C). The chemical structure and functional group of MH5C@ZIF-8 and ZIF-8 NPs were explored by FTIR spectrum. For the ZIF-8 control, the characteristic peaks at 1,585 and 420 cm−1 were ascribed to the C=N bond and Zn-N stretching, while the peaks at 1,500–1,350, 1,350–900 and 900–650 cm−1 were attributed to the entire ring stretching, in-plane- and out-plane-bending of the ring, which belonged to the pure ZIF-8 (Figure 2D) (Xu et al., 2020; Wen et al., 2021; Yang K. et al., 2022). After the loading of the peptide MH5C, the new absorption bond at 1,652 cm−1 agreeing with carbonyls groups of MH5C was observed in the MH5C@ZIF-8 FTIR spectrum, verifying the existence of MH5C within the nanoparticles (Figure 2D) (Li et al., 2018). The TGA was utilized to evaluate the thermal characteristics and loading contents. From the TGA curve under air atmosphere, the minimal weight loss occurred initially at approximately 100°C–200°C, mainly originating from the removals of inorganic salts, water, and the small guest molecule (Figure 2E) (Hao et al., 2022). The subsequent weight loss stage appeared in the temperature of 400°C, and the weight loss became more notable with the increase of temperature, illustrating the gradual destroy of the ZIF-8 skeletons (Hao et al., 2022). The decomposition lasted until reaching approximately 500°C when ZIF-8 has been almost completely degraded, and the remaining materials was carbon and zinc oxide (Hao et al., 2022). The TGA curves of MH5C@ZIF-8 were similar to that of pure ZIF-8, but the weight loss extent of MH5C@ZIF-8 was more notable and the difference was calculated as approximately 13.1 wt%, which resulted from the decompositions of the peptide MH5C embedded within nanoparticles (Figure 2E). As shown in Figure 2F, the surface zeta potential value of pure ZIF-8 and MH5C@ZIF-8 NPs are +13.5 ± 0.77 mV and +15.5 ± 0.81 mV, respectively, verifying that the vast majority of the peptide MH5C might be embedded into the frameworks of ZIF-8 (Li et al., 2018). The slight increase in zeta potential might be due to the normally restricted part of electronegative MH5C absorbed onto the external surface of crystal structures (Li et al., 2018; Hao et al., 2022).
It is widely assumed that coordination between 2-methylimi-dazolate and zinc ions was acid-sensitive, ZIF-8 NPs were stable under neutral conditions but degrade rapidly in the acidic environment (Yu et al., 2021). To demonstrate the potentials of MH5C@ZIF-8 NPs as a pH-responsive delivering nano-systems of antimicrobial peptide, the release study of MH5C was completed in both PBS buffer at pH 7.4 and MES buffer at pH 5.5. The releases of MH5C from MH5C@ZIF-8 NPs were inefficient and the release rate accounted for about 25% in the PBS within 24 h, indicating the stability in the normal physiological environment and the specific property would inhibit the early leakage of peptide during circulations (Figure 2G) (Meng et al., 2022). In contrast, MH5C released rapidly from MH5C@ZIF-8 and the release rate accounted for as over 65% at PH 5.5 within 24 h, indicating that the peptide could be released more rapidly in the low pH conditions similar to inflammatory reactions environments in our bodies (Figure 2G) (Meng et al., 2022). The release of peptide from MH5C@ZIF-8 in a low pH environment was related to the decompositions of ZIF-8 skeletons through the breakages of the coordinate bonds between imidazolate and zinc ions. Hence, it was speculated that the MH5C@ZIF-8 particle was a quite promising pH-sensitive delivering nano-system of peptide for treatments of bacterial infection around dental implants due to the acidic environment.
3.2 Antibacterial activity of nanoparticles
Oral microbes related to peri-implantitis were variable, and most of the time, dominated by the gram-negative anaerobic bacterium, involving F. nucleatum and P. gingivalis (Zhu et al., 2017). In addition, gram-positive S. mutans showed high affinity to the titanium surface (Zhu et al., 2017). Previous studies have reported that P. gingivalis bound with S. mutans through the incorporations of F. nucleatum, which generated the polymicrobial biofilm mimicking the peri-implantitis conditions (Guo et al., 2017; Qin et al., 2020). Figure 3A showed the gram staining of bacteria from the three single specie or the polymicrobial biofilm: the gram-positive S. mutans were the purple cocci in chains; the gram-negative P. gingivalis were the red cocci; and the gram-negative F. nucleatum were the red rod-shaped cells.
[image: Figure 3]FIGURE 3 | Antibacterial properties of MH5C@ZIF-8 NPs. (A) Gram staining of F. nucleatum, P. gingivalis, S. mutans, and polymicrobial biofilm. (B) Growth curves of the three species of bacteria in free MH5C with different concentrations. (C) Growth curves of the three species of bacteria in MH5C@ZIF-8 NPs with different concentrations. (D) Bacterial activity in the presence of free MH5C and MH5C@ZIF-8 NPs with different concentrations after 12 h and 24 h. (E) Biofilm biomass in the presence of free MH5C and MH5C@ZIF-8 NPs with different concentrations after 12 h and 24 h.
In most cases, bacteria would experience four stages, comprising lag phase, log phase, stationary phase, and death phase (Qin et al., 2020). According to the growth curve of the three bacterial strains, bacteria would reach the log phase after about 12 h for F. nucleatum, 24 h for P. gingivalis, and 6 h for S. mutans (Figure 3B). The three strains were harvested when they reached the log phase, because bacteria at this phase were in an optimal growth state corresponding to highly proliferative capabilities for the formation of mature biofilms (Lu et al., 2014; Cao et al., 2020). Here, the antibacterial abilities of the peptide MH5C were reflected by the time spent to enter the specific log phase. The growth curves of three bacterial strains cultured in a series of concentrations of MH5C solutions were shown in Figure 3B. As expected, the growth of F. nucleatum slowed down and the amount of F. nucleatum during the stationary phase were decreased obviously with the increase of the MH5C concentration. Especially, when the concentration of MH5C reached 125 μg/mL, the OD values of F. nucleatum remained unchanged across the testing periods from beginning to end, suggesting that almost all bacteria were killed during the lag stage. Moreover, after the stationary stage, the amount of F. nucleatum reduced gradually, which resulted from the facts that nutrient in MH5C-contained medium could not sustain the life of bacteria any longer. The overall growth trends of P. gingivalis as well as S. mutans were similar to that of F. nucleatum, and the time to enter the log phase was highly associated with the peptide concentration (Figure 3B). These phenomena indicated the concentration-dependent antibacterial activities of MH5C, which were consistent with previous studies (Dennison et al., 2015; Ortiz-Gomez et al., 2020).
To assess the slow-release sterilization properties of MH5C@ZIF-8 nano-systems, the MH5C@ZIF-8 NPs with specific concentrations of MH5C were added to the culture medium. The growth curves of three bacterial strains cultured in a series of concentrations of MH5C@ZIF-8 solutions were shown in Figure 3C. As compared to the blank culture medium, bacteria in solutions containing ZIF-8 NPs were decreased slightly, confirming the fact that pure ZIF-8 NPs inhibited the growth of P. gingivalis, F. nucleatum, and S. mutans (Figure 3C). Previous studies have shown that photoelectrons trapped at the center of zinc ions were responsible for the production of reactive oxygen species via ligand to metal charge transfer, finally inducing cell deformations, cell wall ruptures and cytoplasm leakages (Ahmed et al., 2019; Taheri and Tsuzuki, 2021). In comparison with pure MH5C, the antimicrobial activities of MH5C@ZIF-8 against three bacteria strains were more or less weakened (Figure 3C). These results might be ascribed to the slow-release rates of MH5C in the MH5C@ZIF-8 nano-systems and the maximum utilizations of antimicrobial capacities of MH5C@ZIF-8 NPs (Cao et al., 2020). In detail, quite a limited part of the MH5C was released to the solutions in the beginning, for the released antibacterial peptide in the first 24 h accounted for merely 25% of the total released antibacterial peptide. Nevertheless, the amounts of MH5C from MH5C@ZIF-8 were relatively enough to prevent the bacteria growth during the initial period (Figure 3C). Besides, the MH5C encapsulated in the ZIF-8 framework might have longer sterilization time than pure MH5C in the liquid phase, in other words, the MH5C@ZIF-8 might possess controllable antibacterial activity against the three bacteria stains (Cao et al., 2020). After comparing Figures 3B, C, the order of the three species easy to be killed by both pure MH5C and MH5C@ZIF-8 was P. gingivalis, F. nucleatum, and S. mutans. The increased antimicrobial activities against gram-negative pathogens might be owing to the direct hydrogen-bonding interaction occurring between the bacteria membranes of gram-negative bacteria and the C-terminal amide groups of the peptide MH5C (Dennison et al., 2015; Ortiz-Gomez et al., 2020).
After cultivation for 2 days, the polymicrobial biofilms were formed on the surface of culture plates. To evaluate the antimicrobial effects of pure MH5C and MH5C@ZIF-8 NPs on polymicrobial biofilms, the MTT assay and the CV staining assay were used to evaluate the biofilm biomass and cell the viability, respectively. After 12 h, the relative cell viability in group MH5C with MH5C concentrations of 31.25, 62.5, 125, and 250 μg/mL was 70.57% ± 7.45%, 44.57% ± 4.67%, 33.63% ± 1.43%, and 15.60% ± 1.68%, whereas that in group MH5C@ZIF-8 was 81.82% ± 5.02%, 54.60% ± 4.65%, 44.46% ± 5.04%, and 25.31% ± 1.90% (Figure 3D). After 24 h, the relative cell viability in group MH5C was 67.15% ± 8.45%, 41.98% ± 6.11%, 26.61% ± 6.75%, and 12.09% ± 4.43%, whereas that in group MH5C@ZIF-8 was 79.23% ± 5.68%, 49.76% ± 4.01%, 34.61% ± 5.03%, and 21.76% ± 3.37% (Figure 3D). After 12 h, the relative biofilm biomass in group MH5C was 86.87% ± 9.11%, 70.65% ± 6.68%, 42.24% ± 717%, and 25.83% ± 2.93%, whereas that in group MH5C@ZIF-8 was 90.56% ± 5.11%, 74.25% ± 9.21%, 46.45% ± 4.84%, and 32.87% ± 4.58% (Figure 3E). After 24 h, the relative biofilm biomass in group MH5C was 81.78% ± 3.97%, 57.86% ± 4.81%, 35.87% ± 2.19%, and 19.46% ± 3.83%, whereas that in group MH5C@ZIF-8 was 87.65% ± 4.96%, 68.47% ± 7.90%, 42.13% ± 8.49%, and 25.35% ± 3.75% (Figure 3E). These antibiofilm results demonstrated that the bacterial viabilities and the biofilm biomass decreased as the MH5C concentrations increased, confirming that the antibiofilm property of MH5C was concentration dependent. Moreover, antibiofilm results quantitatively demonstrated that the biofilm destruction efficiencies were slightly decreased as MH5C encapsulated into the ZIF-8 crystals, partly due to the gradual degradation of ZIF-8 and the sustained-release of MH5C (Yu et al., 2021). The slow-release sterilization abilities were mainly associated with degradation of MOFs, further determined by the chemical stability and the structural characteristic of MOFs (Cao et al., 2020). It is widely accepted that too strong stabilities made it tough to release antibacterial peptides, whereas too weak stabilities caused rapid release rates and underutilizations of antibacterial peptides (Yang M. et al., 2022). Our results showed that the structural stability of as-synthesized MH5C@ZIF-8 nanoparticles was appropriate.
The antimicrobial activities of MH5C@ZIF-8 NPs primarily depended on the antibacterial peptides and zinc ions released to inflammation sites along with the hydrolysis and collapses of the whole frameworks (Ju et al., 2021; Wan et al., 2021). In detail, with the help of sustained released peptides and metal ions, the cell membranes, the membrane potentials, and the ion homeostasis were initially interrupted, causing obvious membrane dyshomeostasis, membrane permeability, and leakages of the cell component (Figure 1B) (Wen et al., 2021; Han et al., 2022). Afterwards, ions or peptides passed through the cell membranes to damage the intracellular nucleic acid, hamper the protein formations, block the ATP synthesis and inhibit the enzyme activity (Figure 1B) (Hou et al., 2021; Li et al., 2021). Additionally, the imidazole ring released from ZIF-8 might exhibit antibacterial effects as well by the disruption of the liposome composed of phospholipid containing the unsaturated fatty acid (Wan et al., 2021). As a consequence, F. nucleatum, P. gingivalis, and S. mutans would be almost all inactivated during these courses.
3.3 Cleaning capacity of mechanical-chemical synergistic treatments
SEM observations were used to observe the morphologies and membrane integrities of three single-species biofilms. In the control group, the biofilms with the firm and dense cluster of internal bacteria were clearly visible (Figure 4A). Most bacteria in the control exhibited smooth and intact cell structures with abundant intracellular materials. In the group AA, structures of biofilms were disrupted into the disordered cluster, and the amounts of bacteria were evidently reduced, which might ultimately facilitate the transport and application of antimicrobial agents (Figure 4A). Accordingly, it was partly proved that the mechanical removals of biofilms remained the essential step to clean the infected surface during peri-implantitis treatments. In the MH5C@ZIF-8 group, most bacteria were distributed across the pores and merely the small piles instead of a whole piece of aggregated colony were observed (Figure 4A). Here, the cell wall of MH5C@ZIF-8-treated bacteria appeared dis-continuous and even collapsed. In the group AA + MH5C@ZIF-8, the pore on surfaces of titanium discs was exposed again and almost all the bacteria were collapsed, partially indicating that the strong clean capacities of the synergistic therapy (Figure 4A). Based on these, the air abrasion would disrupt the biofilm structures and remove the absorbed extracellular polymeric substances (EPSs) (Qin et al., 2020). During microbial biofilms formations, the secreted EPSs would ensure mechanical stabilities, form the three-dimensional scaffolds and facilitate bacteria adhesions (Wan et al., 2021; Yu et al., 2021). Hence MH5C@ZIF-8 NPs alone even at the high concentration of 125 μg/mL could not diffuse through the EPSs to kill the internal bacteria within polymicrobial biofilms. However, MH5C@ZIF-8 NPs could act as the adjunct to air abrasion successfully, which weakened the biofilms and killed the rest bacteria.
[image: Figure 4]FIGURE 4 | Decontamination efficiencies of the synergistic therapy using erythritol air-polishing coupled with MH5C@ZIF-8 NPs. (A) SEM morphologies of F. nucleatum, P. gingivalis, and S. mutans after different debridement. (B) Representative 3D live/dead images of single-species biofilms in different groups. (C) Bacterial activity and biofilm biomass in each group with different treatments. (D) Assessment of the residual stains from digital photo as well as the surface roughness after 60 s of air abrasion with or without the pre-treatment of MH5C@ZIF-8 NPs.
The typical three-dimensional images of live/dead staining for F. nucleatum, P. gingivalis, and S. mutans biofilms were depicted in Figure 4B, where red and green stained areas represented dead and live bacteria, respectively. In the control group, the majority emitted fluorescence while the minority emitted red fluorescence, suggesting that the excellent growth trends of internal bacteria (Figure 4B). In the group AA, a part of bacteria was dyed red, but lots of green fluorescence were still observed, indicating that antibacterial abilities of air abrasion on rough surfaces were relatively limited (Figure 4B). In the MH5C@ZIF-8 group, some dead bacteria were found, indicating that MH5C@ZIF-8 exhibited antibacterial properties against all three pathogenic bacteria (Figure 4B). In sharp contrast, in the group AA + MH5C@ZIF-8, only spotted and scattered red fluorescence has been observed, further verifying that the enhanced bactericidal activities of the synergistic therapy (Figure 4B). The antibacterial capabilities of most antimicrobial agents including MH5C@ZIF-8 alone were less effective against the mature biofilms (Kanwar et al., 2017; Renvert and Polyzois, 2018). For the above reason, the initial mechanical debridement for destroying the intact biofilms was quite essential (Qin et al., 2020). In this study, the pretreatment MH5C@ZIF-8 (125 μg/mL) followed by the air abrasion could fully break up the EPSs, efficiently penetrate the biofilms, and eventually eliminate the residual bacteria, thus the synergistic treatment might be an ideal way to manage biofilms around rough surfaces.
To evaluate the antimicrobial effects of the synergistic therapy on the mature polymicrobial biofilms formed on commercially used SLA titanium surfaces, we used the MTT assay and the CV staining assay to evaluate the relative biofilm biomass and the relative cell viability after different debridement. The relative cell viability after 12 h in groups MH5C@ZIF-8, AA and AA + MH5C@ZIF-8 was decreased to 80.31% ± 10.17%, 29.01% ± 5.67%, and 13.87% ± 1.98% (Figure 4C). The relative cell viability after 24 h in groups MH5C@ZIF-8, AA and AA + MH5C@ZIF-8 was decreased to 69.01% ± 5.74%, 38.07% ± 3.71%, and 13.24% ± 2.43% (Figure 4C). The relative biofilm biomass after 12 h in groups MH5C@ZIF-8, AA and AA + MH5C@ZIF-8 was decreased to 73.02% ± 4.54%, 36.02% ± 3.43%, and 25.12% ± 4.21% (Figure 4C). The relative biofilm biomass after 24 h in groups MH5C@ZIF-8, AA and AA + MH5C@ZIF-8 was decreased to 67.50% ± 5.01%, 44.21% ± 7.24%, and 16.59% ± 3.14% (Figure 4C). Air abrasion could destroy the structures of mature bacterial membranes, but it could not effectively kill internal bacteria in inaccessible areas (Louropoulou et al., 2014). Chemical decontaminations could kill individual bacteria, but it could not effectively penetrate the interior of mature polymicrobial biofilms (Ntrouka et al., 2011). Based our findings, MH5C@ZIF-8 at high concentrations (125 μg/mL) coupled with air abrasion effectively eliminated the polymicrobial biofilms remaining on previously contaminated implant surfaces.
3.4 Biofilm removal assessment using implant models
Mechanical debridement remained the gold standard in treatments of peri-implantitis (Sahrmann et al., 2015). Air abrasion employing erythritol powders exhibited excellent cleaning potentials on screw-shaped implants with rough surfaces in comparison with the manual or ultrasonic instrument (Al-Hashedi et al., 2017). Small particles like erythritol powders would reach the area inaccessible by large particles, and gain high solubility potentials that could reduce the amounts of the undissolved particle within the water-air mixtures, which finally might contribute to surface abrasions (Sahrmann et al., 2015; Tong et al., 2021). However, based on the digital photography, complete biofilm removals were not fulfilled on SLA surfaces even by air abrasion (Figure 4D). In other words, due to the complex and rough surfaces, mechanical decontaminations of these areas remained the challenging task in the managements of peri-implantitis. Quantitative data of the visual color analysis suggested significant biofilm removal differences between group AA + MH5C@ZIF-8 and group AA (Figure 4D). Here, with the pretreatment of MH5C@ZIF-8 (125 μg/mL), the biofilm removal percent was increased from 75.33% ± 3.78% to 88.01% ± 4.12% (Figure 4D). Previous studies have shown that the additions of antibacterial agents to small AA particles not only promoted the removals mature biofilms, but also decreased the likelihoods of the biofilm-associated infection in the future (Drago et al., 2017). Another study has demonstrated that chlorhexidine contained erythritol powders was quite effective to reduce bacterial viabilities on the infected titanium disc (Mensi et al., 2018). In this study, the surface roughness was not altered by the erythritol AA treatments with or without MH5C@ZIF-8 (Figure 4D). Hence it was safe to apply the synergistic therapy using erythritol AA coupled with MH5C@ZIF-8 NPs as it caused minimal changes in the surface roughness. Besides, glycine could be easily degradable by our body, so the presences of glycine particles seemed quite unproblematic. Therefore, the air abrasion associated with antimicrobial agents MH5C@ZIF-8 NPs favored the prognosis of peri-implantitis treatments.
3.5 Re-osseointegration potential after debridement
The initial cell adhesions were observed by staining by DAPI and FITC for the visualization of the nuclei and F-actin. The spherical morphology of BMSCs was observed on groups control, AA and MH5C@ZIF-8 owing to a lack of the filopodia extension (Figure 5A). The expression of F-actin in the group AA + MH5C@ZIF-8 was more obvious and lots of filopodia were detected accordingly (Figure 5A). The BMSCs on these totally clean surfaces demonstrated the well-organized cytoskeleton structure, the multipolar spindle morphologies, and a lot of lamellipodia as well as filopodia (Figure 5A). The results of CCK-8 assay were remarkably consistent with the adhesive results. The BMSC viabilities in groups clean and AA + MH5C@ZIF-8 were significantly higher than in other groups at all timepoints (Figure 5B). The average OD value increased along with the culture time suggesting the continuous cell proliferations in the group AA + MH5C@ZIF-8 (Figure 5B). The cell adhesion and cell proliferation experiments consistently indicated that the AA + MH5C@ZIF-8 would debride most of the biofilms and the potential residual particles showed no apparent cytotoxicity to the proliferation of BMSCs. Here, to evaluate the effects of contaminated surfaces after debridement on cell behaviors, we maintained surface morphologies of contaminated surfaces by sterilization before cellular studies, which have been performed by other researchers before (John et al., 2014; Qin et al., 2020). The ultimate fates of titanium implants depended on outcomes of the so-called “race for the surface” between the oral pathogen and the host cell (Zhu et al., 2017). Implant surface contaminations mainly caused two corruptive effects, one was the facilitated recolonizations of pathogenic bacteria, and the other was the reduced cytocompatibilities of eucaryotic cells involved in healing processes (Sahrmann et al., 2015). Here, after incubations with these three bacteria species for 2 days, the original microscopic pore on SLA surfaces was totally covered with numerous bacteria as well as EPSs, thus establishing mature multispecies biofilms. After debridement, pores on contaminated surfaces were distinguished again, which facilitated the adhesion of osteogenic cells. Our results showed that BMSCs acclimated and grew rapidly in the AA + MH5C@ZIF-8 group, which indicated that the retained biofilms after the synergistic therapy did no harm to the initial adhesions and proliferations of BMSCs. This might be due to high clean capacities of the synergistic therapy and the residual particles would not inhibit normal cell functions.
[image: Figure 5]FIGURE 5 | Re-osseointegration on contaminated titanium plates treated with erythritol air-polishing coupled with MH5C@ZIF-8 NPs. (A) Fluorescent images of BMSCs cultured on contaminated titanium plates after different treatments. (B) Cell proliferation assay of BMSCs cultured on contaminated titanium plates after different treatments. (C) ALP staining of BMSCs cultured on contaminated titanium plates after different treatments. (D) Osteogenic-related gene expression after culturing for 7 and 14 days.
The ALP staining images of BMSCs in different groups were displayed in Figure 5C. The previously contaminated discs in groups AA or MH5C@ ZIF-8 exhibited increased ALP expressions as compared to the control group (Figure 5C). Among all groups, expression of ALP was highest in the clean group, followed by the Group AA + MH5C@ZIF-8 (Figure 5C). Furthermore, RT-PCR results showed that after culturing for 7 and 14 days, obvious increased mRNA levels of ALP, OPN, RUNX2, and OCN were observed in the groups AA or MH5C@ ZIF-8 as compared with the control (Figure 5D). It was also noted that BMSC osteogenesis in group AA + MH5C@ZIF-8 was similar to those on intact clean titanium surface (Figure 5D). These results might be ascribed to the destructions and removals of the biofilms and the subsequent re-exposures of the micropores on SLA surfaces in the group AA + MH5C@ZIF-8, which improved the osteogenic differentiation of BMSCs. These findings also suggested that the residual biofilm after the sterilization in the group AA + MH5C@ZIF-8 caused no adverse effects on the cell behaviors. Moreover, the enhanced BMSCs osteogenic differentiations observed in the group AA + MH5C@ZIF-8 might be owing to the formations and precipitations of zinc ions from ZIF-8 nanoparticles (Hoseinpour and Shariatinia, 2021). Here, ZIF-8 NPs in the culture medium agglomerated and precipitated frequently on the SLA surfaces after the pretreatment of MH5C@ZIF-8 for 24 h, which was somewhat similar to ZIF-8 coatings on titanium surfaces (Liu et al., 2020b). Previous studies exhibited that the functionalized ZIF-8 coatings deposited on titanium promoted the viabilities and the osteogenic property of osteogenic cells (Sandomierski et al., 2022). Another study also demonstrated that ZIF-8-coated titanium surfaces enhanced the osteogenesis of the osteoblast and promoted new bone formations (Zhang et al., 2017). Nevertheless, too high concentrations of ZIF-8 still might bring up somewhat toxic effects to cells. Therefore, our findings emphasized the great potential of the synergistic therapy as a credible alternative for improving the biocompatibility and rendering the re-osseointegration on contaminated implant surfaces, boding well for the comprehensive applications in peri-implantitis treatments.
However, our study is preliminary. First, the specific antibacterial mechanisms of MH5C@ZIF-8 NPs retained indistinct and further molecular mechanism experiments are still needed. Second, during cellular experiments, only dead biofilms were maintained on titanium surfaces and these circumstances did not reflect the condition occurring clinically. Further animal experiments should be designed to evaluate re-osteogenesis effects of the synergistic therapy.
4 CONCLUSION
To summarize, an effective and mild method to synthesis the antibacterial agent MH5C@ZIF-8 NPs has been established. The formed MH5C@ZIF-8 NPs possessed nanoscale sizes as well as robust stabilities, and effectively protected MH5C from rapid release. The MH5C@ZIF-8 NPs not only possessed slow-release abilities, but also exhibited excellent antibacterial abilities against pathogenic bacteria. Here, the air abrasion with erythritol powders was safe to use on implant surfaces as it resulted in obvious biofilm destructions and minimal surface roughness changes. Moreover, their cleaning capacities was significantly increased with the pretreatment of MH5C@ZIF-8 NPs. However, none of MH5C@ZIF-8 NPs nor erythritol air abrasion alone was able to completely remove the stained biofilms on titanium. In contrast, the synergistic strategy using erythritol air abrasion coupled with an as-synthesized pH-responsive antimicrobial agent MH5C@ZIF-8 NPs demonstrated excellent debridement and re-osteogenesis properties. In other words, notwithstanding the limitations of our study, MH5C@ZIF-8 NPs at high concentrations combined with air abrasion significantly removed polymicrobial biofilms that remained on previously contaminated titanium surfaces. The osteogenic potentials of BMSC were also regained on titanium surfaces treated by the synergistic therapy in vitro, which might provide a new idea for the treatments of peri-implantitis.
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The aim of this work was to analyze and compare the effect of bone morphogenetic protein-7 on biological parameters related to implant osseointegration in an experimental animal model. Sixteen dental implants were placed in the tibias of four randomly selected minipigs for the following dental implant surface treatments: Group A: conventional treatment of the dental implant surface by SLA (n = 8) and Group B: treatment of the dental implant surface with carboxyethylphosphonic acid and bone morphogenetic protein-7 (n = 8). The animals were sacrificed one month after dental implants placement and a histomorphometric study was performed for the evaluation of bone-to-implant contact, corrected bone-to-implant contact, new bone formation, interthread bone density and peri-implant density using Student’s t-test and the non-parametric Mann-Whitney test. The histomorphometric parameters bone-to-implant contact and corrected bone-to-implant contact showed statistically significant differences between the study groups; 34.00% ± 9.92% and 50.02% ± 10.94%, respectively (p = 0.004) for SLA and 43.08% ± 10.76% and 63.30% ± 11.30%, respectively (p = 0.003) for BMP-7. The parameters new bone formation, interthread bone density and peri-implant density did not show statistically significant differences between the study groups (p = 0.951, p = 0.967 and p = 0.894, respectively). Dental implant surfaces treated with carboxyethylphosphonic acid and BMP-7 improve the biological response of dental implants to osseointegration.
Keywords: dental implants, biological parameters, BMP-7, osseointegration, minipig model
1 INTRODUCTION
Currently, dental implant placement is considered a predictable treatment option to restore partially or fully edentulous patients; however, despite high success rates, early failures occur, usually attributable to insufficient osseointegration in the early stages of osseointegration, surgical trauma, and infections (Esposito et al., 1998; Sakka et al., 2012; Alghamdi and Jansen, 2020).
In recent years, research has focused on surface treatment procedures for titanium (Ti) alloy dental implants to enhance their biological response during the osseointegration process and prevent the development of peri-implant diseases (Ferraris et al., 2011). Titanium-aluminum-vanadium alloy (Ti-6Al-4V), in addition to having superior strength, provides biocompatibility and mechanical properties to dental implants (Kaur and Singh, 2019) and this, together with surface treatment techniques, modifying the roughness, topography, chemistry and electrical charge of dental implants, would promote an increase in the biological response of the surrounding peri-implant tissues, and of the microscopic contact surface, which would improve the histological reaction at the bone-implant interface (Gittens et al., 2014; Jemat et al., 2015).
Therefore, manufacturers have subjected dental implants to different technical approaches, based on etching, blasting or a combination of both (Khang et al., 2001; Fini et al., 2003; Szmukler-Moncler et al., 2004; Le Guéhennec et al., 2007; Wennerberg and Albrektsson, 2009; Leon-Ramos et al., 2019) with the aim of increasing the surface roughness and, consequently, the success rate of osseointegration. In particular, it has been described that the application of carboxyethylphosphonic acid (CEPA), enhances the osseointegration process, improving protein adhesion, after generating a physicochemical layer of Al2O3 or TiO2 (Aragoneses et al., 2021). On the other hand, conventional surface treatments (Sandblasted Large-Grit Acid-Etched, SLA type) have shown enhanced osseointegrative power when combined with surface bioactivation, based on the immobilization of proteins, enzymes or peptides, which could induce a specific cellular response in peri-implant tissues in the early stages of osseointegration (López-Valverde et al., 2020). Moreover, in order to promote histological performance, some organic substrates have been used to induce bioactivation; in particular, the osteogenic capacity of bone morphogenetic proteins has been demonstrated “in vivo” to induce ectopic bone formation by stimulating bone remodeling (Kim et al., 2017). The latest advances are focused on bioactive surfaces, which endow the mechanical properties of implants with osteoinductive properties, by functionalizing the surface, providing a synergistic effect on osteogenesis through molecular recognition events, determining, in a short period of time, the type of tissue that will develop at the bone-implant interface (Rupp et al., 2018).
Bone morphogenetic proteins (BMPs) are osteoinductive proteins belonging to the transforming growth factor beta (TGF-β) family with the ability to stimulate the differentiation of pluripotential cells towards different cell lineages and promote osseointegration of dental implants (López-Valverde et al., 2022).
Silanization has long been considered, the gold standard coating method for adding organic components to Ti oxide; however, siloxane products can be hydrolytically unstable, which may result in a decrease in the concentration of organic components on the implant surface when the silanized surface is exposed to an aqueous medium (Matinlinna et al., 2013). For this reason, new modifying coatings for implant surfaces have been proposed, through the application of organic acids such as phosphates or carbonates, which, in addition to interacting strongly with Ti oxide, allow the formation of stable surfaces, which bind biomolecules, such as BMPs on the metal oxide, creating a true chemical bond between bone tissue and the implant surface, with absence of fibrous tissue at the bone-implant interface (Liu et al., 2004; Hall et al., 2007; Liu et al., 2007).
The aim of our work was to analyze and compare the effect of BMP-7 on biological parameters related to implant osseointegration in an experimental animal model, with a null hypothesis (H0) stating that there were no differences in these biological parameters, between dental implants treated and not treated superficially with BMP-7.
2 MATERIALS AND METHODS
2.1 Study design
Four (n = 4) female minipigs of the Landrace Large White race of 25 kg of weight were selected for this study, according to the European Committee for Standardization guidelines for bone tissue testing. Each animal randomly (Epidat 4.1, Galicia, Spain) received two (n = 2) dental implants (grade IV titanium (90 Ti, 6 Al and 4 wt%) 4.0 mm diameter and 10 mm length with an internal taper and conical wall connection (Surgimplant IPX, Galimplant, Sarria, Lugo, Spain) randomly selected (Epidat 4.1, Galicia, Spain) of the following dental implant surface treatments: Group A: conventional dental implant surface treatment through SLA (Galimplant, Sarria, Lugo, Spain) (n = 8) and Group B: dental implant surface treatment with CEPA and BMP-7 (Galimplant, Sarria, Lugo, Spain) (n = 8). The randomized, triple blinded, and prospective experimental research was approved on 19 March 2013 by the Ethics Committee in Animal Experimentation (ECAE) of the Puerta de Hierro University Hospital (Madrid, Spain) (ECAE Code: 017/2013). In addition, the study was conducted in accordance with the ethical principles of the ARRIVE guidelines, Royal Decree 1,201/2005 of October 10 (86/609/CEE and ETS 123) on the protection of animals used in experimentation and for other scientific purposes, as well as Council Directive 86/609/EEC of 24 November 1986 and were carried out in accordance with the United Kingdom. Animals (Scientific Procedures) Act 1986, the associated guidelines, and EU Directive 2010/63/EU for animal experiments. The randomized experimental research was performed at the Getafe University Hospital/European University of Madrid (Madrid, Spain) between November 2021 and April 2022. Sample size was determined with a confidence level of 95% (Zα/2 = 1.96), a significance level of 5% (Error α = 0.05) and a power of 80% (Error β = 0.20; Power = 0.80) using the GRANMO sample size calculator; subsequently, a sample size of 8 dental implants was stablished in each study group.
2.2 Conditioning of implant surfaces
The surface of the dental implants (n = 16) (Surgimplant IPX, Galimplant, Sarria, Lugo, Spain) were submitted to a dilution of 50 mL tetrahydrofuran (THF) (Uvasol®, Madrid, Spain) and 55 mg CEPA for one day at 76°C. Afterwards, the CEPA was activated with a solution of 5 mL distilled water, 175 mL of ethyl-3-(3-dimethylaminopropyl) carboxyamide (EDC) and 54 mg of N-hydroxysulfamide (NHS) for 15 min at room temperature. The stability of the pH was checked (pH 7) using a pH-meter (MP230, Mettler Toledo®, Barcelona, Spain) during the full process. EDC activates carboxyl groups and amines by reacting with a carboxyl group to form an O-acylisourea intermediate; however, if it does not react with the amine, it hydrolyzes and regenerates the carboxyl group, thus incorporating the NHS. In the presence of N-hydroxysulfamide, EDC can be used to convert carboxyl groups to amine-reactive N-hydroxysulfamide esters, activating the CEPA with EDC and NHS to react with the amino groups of BMP-7. Once the carboxyl groups were activated, 20 mg of BMP-7 was incubated for 1 h at 37°C.
Finally, the dental implants were exposed to ultrasonic waves to remove impurities, packed in laminar flow cabinets under a sterile atmosphere and sterilized by gamma radiation at 25 KGy. Moreover, the dental implants were blinded to the operator by covering packing.
2.3 Experimental procedure
Veterinary assistance was given throughout the study. General anesthesia was induced with intravenous injected propofol 0.2–0.4 mg/kg (Diprivan®, AstraZeneca, Cambridge, United Kingdom) using a 20 G needle (BD Microlance®, Becton Dickinson, Franklin Lakes, NJ, United States) and epidural anesthesia by injecting bupivacaine (Bupinex®, Richmond Vet Pharma, Buenos Aires, Argentina) and fentanyl (Fentanilo®, Kilab, Buenos Aires, Argentina). Additionally, local anesthesia was also infiltrated with articaine 4% and 1:200,000 epinephrine (Ultracain®, Normon, Madrid, Spain). One N°7 endotracheal tube with a balloon cuff was placed and connected to a circular anesthesia circuit (Leon Plus, Heinen&Löwenstein, Bad Ems, Germany). Multimodal analgesia was used during the study, including medetomidine 0.01 mg/kg (Medetor®, Virbac, Carros, France), ketamine 5.0 mg/kg (Ketonal 50®, Richmond Vet Pharma, Buenos Aires, Argentina), midazolam 0.2 mg/kg (Dormicum®, Roche S.A., Basilea, Switzerland) and atropine 0.02 mg/kg (Atropina®, Pharmavet, Bogotá, Colombia). Then, a drilling sequence was performed following the manufacturer´s recommendations using a micromotor (AM-25 E RM, W&H, Bürmoos, Austria) and a contra-angle (WS-75 LG, W&H, Bürmoos, Austria) at 20:1 reduction with profuse saline serum (Vitulia® 0.9%, Barcelona, Spain), after performing an incisión on the tibia. Subsequently, four dental implants (Surgimplant IPX, Galimplant, Sarria, Lugo, Spain) were placed on one tibia of each animal at 40 N torque. Afterwards, multimodal analgesia was administered by a transdermal patch of buprenorphine 0.3 mg/kg (Buprex®, Quintiles, Danbury, CT, United States) and meloxicam (Kern Pharma, Madrid, Spain) or buprenorphine 0.05–2 mg/kg (Buprex®, Quintiles, Danbury, CT, United States) if neccessary. Moreover, antibiotic therapy of amoxicilin 1.5 g (Clamoxyl®, Pfizer, New York, NY, United States) was also administered intramuscularly.
2.4 Euthanasia procedure
Animals were randomly (Epidat 4.1, Galicia, Spain) euthanized by an overdose of sodium pentobarbital, under a premedication with Zolacepam-Tiletamina-Medetomidina (Zoletil 5 mg/kg, medetomidine 0.1 mg/kg) administered intramuscularly, four weeks after the surgical intervention.
2.5 Histomorphometric analysis
The four tibias were fixed in 10% buffered formalin solution for two weeks to allow histomorphometric processing at the Department of Veterinary Clinical Sciences of University Veterinary Hospital Rof Codina (Lugo, Spain). The dental implants (Surgimplant IPX, Galimplant, Sarria, Lugo, Spain) and bone fragments were then individually extracted with an oscillating autopsy saw (Exakt, Kulzer, Germany) in 16 mm thick sagittal serial sections and dehydrated in semi-liquid alcoholic solutions (80, 96, 100 and 100%) for three days. The samples were embedded in glycolmethacrylate (GMA; 2-hydroxyethyl methacrylate, HEMA, JB-4; JB-4 Plus) (Technovit 7200 VLC, Heraeus Kulzer, Wehrheim, Germany). Finally, the samples were sectioned into 50 µm thick slices (Exakt Aparatebau GMBH, Hamburg, Germany) and stained with the Levai Laczko staining technique and examined with light optical microscopy (BX51, Olympus, Tokyo, Japan) by an experienced pathologist who was unaware of the randomization of the study groups. In addition, images from histological analysis were processed using Adobe Photoshop CS3 (San Jose, CA, United States), digitized (Intuos 4 large, Wacom, Saitama, Japan) and loaded into the Cell Sens Dimensions software, Olympus (Tokyo, Japan) (Balik et al., 2019) in order to evaluate the following variables in an isolated 5 mm × 5 mm area.
- Bone-implant contact (BIC), described as the percentage of the dental implant surface in contact with the surrounding bone.
- Corrected bone-implant contact (BICc), described as the length of bone in contact with the dental implant surface excluding regions non-covered by bone.
- New bone formation (BV/TV), described as the area of new bone formed after placing the dental implant.
- Interthread bone density (BAI/TA), described as the area of threads covered by the surrounding bone.
- Peri-implant bone density (BAP/TA), described as the area of bone that grows along the length of the implant.
All these values were expressed as percentages.
2.6 Statistical tests
Statistical analysis of all variables was carried out using SAS 9.4 (SAS Institute Inc., Cary, NC, United State). Descriptive statistics were expressed as means, medians, and standard deviations (SD) for quantitative variables. Comparative analysis was performed by comparing the BIC (%), BICc (%), BV/TV (%), BAI/TA (%) and BAP/TA (%) histomorphometric parameters between the SLA and BMP-7 study groups, using the Student’s t-test and the Mann-Whitney non-parametric test. The statistical significance was set at p < 0.05.
3 RESULTS
3.1 Histomorphometry
Figure 1 shows the longitudinal section of the specimen before being processed by the software for data extraction. The second image of each frame shows, by means of the software, the areas of old bone in pink, the areas of new bone in yellow and the areas of soft tissue in light color. The amount of soft tissue is much more abundant in the control group. The bone-implant contact line is much more extensive in the experimental group.
[image: Figure 1]FIGURE 1 | Histomorphometric section images of the BIC of implants in the Acid-BMP-7 (experimental) and SLA (control) groups after four weeks. The yellow color is new bone, more abundant and with greater contact with the implant surface in the experimental group compared to the control group.
3.2 Statistical results
The means, medians and SD values for BIC (%) histomorphometric parameter of the study groups are displayed in Table 1 and Table 2 and Figure 2.
TABLE 1 | Descriptive statistics of the BIC (%) histomorphometric parameters.
[image: Table 1]TABLE 2 | Descriptive statistics of the BICc (%) histomorphometric parameters.
[image: Table 2][image: Figure 2]FIGURE 2 | For both BIC and BICc, the box plot shows that the mean value of the BMP7-acid group (test group) was higher than that of the control group. In the Q-Q plots, the points are within the confidence interval and are randomly distributed on both sides of the axis, indicating that the distribution is normal for each group and variable. The bar chart shows the means of the compared groups (statistically significant for the variables BIC and BICc). * Statistical significance.
Student’s t-test revealed statistically significant differences in histomorphometric parameters BIC and BICc between the experimental and control groups (p = 0.004 and p = 0.003, respectively). No statistical significance was found between the groups for the other parameters studied; the BAI/TA group obtained values of 32.71 ± 10.87 for the experimental group versus 32.91 ± 7.76 for the control group (p = 0.967); the BAP/TA group, 45.47 ± 11.07 for the experimental group versus 44.79 ± 8.67 for the control group (p = 0.894) and the BV/TV group, 27.01 ± 6.00 for the experimental group versus 26.63 ± 7.90 for the control group (p = 0.951).
4 DISCUSSION
Early osseointegration has been shown to be influenced by both the roughness and surface coatings of Ti (Le Guéhennec et al., 2007; Sakka et al., 2012).
Organic coatings on inorganic surfaces, such as Ti, have been widely used to improve their biocompatibility and induce a specific biological response and different in vivo investigations demonstrated increased adhesion and proliferation of osteoblastic cells with BMP-2 based coatings (Schliephake et al., 2005; Schliephake et al., 2009).
BMPs act as potent regulators during bone and cartilage formation and repair and both recombinant human BMP-2 and BMP-7 have been approved for clinical use in bone regeneration, fracture healing and spinal fusion (Carreira et al., 2014). Although BMP-2 has been the most studied, certain studies have demonstrated in vitro the potential of BMP-7 as a stimulator of bone regeneration (Zhang et al., 2012), it has also been documented that BMP-7 stimulates the maturation of osteoblastic progenitors and induces the differentiation of undifferentiated non-osteogenic cells to osteoblasts (Shen et al., 2010). Busuttil Naudi et al. reported bone regeneration in critical rabbit mandibular defects using beta-tricalcium phosphate (β-TCP) scaffolds and recombinant human bone morphogenetic protein 7 (rhBMP-7) (Busuttil Naudi et al., 2012).
Currently, biomimetic coatings have been developed to induce the formation of a biologically active surface layer of apatite on the implant surface, by developing various techniques capable of creating functional groups (-OH, -COOH, -CH = CH2, etc.). Liu et al. (2002) suggested that pre-deposition of hydroxyapatite (HA) on functionalized self-assembled monolayer surfaces, could be an efficient and fast way to prepare biomimetic apatite coatings on surgical implants. On the other hand, it has been described that the use of acids for peptide anchoring further stimulates the activity of the implant surface, increasing its initial osseointegration; Aresti et al. (2021) demonstrated that the treatment of the surface with CEPA provides functional anchoring groups such as carboxyl groups, and increases the roughness of the dental implant surface, due to the corrosive action of the acid, which causes structural modifications on the surface as a result of the erosive action of the acid, thus showing a more complex surface structure, which induces a greater surface hydrophilicity, which would guarantee a greater affinity for the adhesion and proliferation of osteoblasts to the implant surface. These results would coincide with those found in our study, in which the parameters BIC and BICc were statistically significant between the groups experimental and control.
Other studies reported on the immobilization of BMP-2 after using 11-(hydroxydecyl) phosphonic acid and 12-(carboxydecyl) phosphonic acid to evaluate the reactivity of different surfaces using trifluoroethylamine hydrochloride, since these reactive molecules, can immobilize on the implant surface under the same conditions as a protein, demonstrating a higher covalent immobilization of fluorine molecules in the -COOH group with respect to the -OH group (Adden et al., 2006).
The inducing effect of BMPs on the differentiation of mesenchymal stem cells into osteoblasts has also been demonstrated, which would lead to an improvement in local bone growth, in addition to stimulating the formation of calcium deposits (Hoffmann et al., 2001; Karageorgiou et al., 2004); therefore, these molecules have been extensively studied in dental implantology, in particular BMP-2 (Sykaras et al., 2001; Stadlinger et al., 2008; Wölfle et al., 2014), mainly for their ability to improve osseointegration of dental implants, since BMP-2, BMP-4 and BMP-7 appear to induce comparable levels of bone augmentation (Kirkwood et al., 2003; Leknes et al., 2008; Susin et al., 2010) and in recent years several studies have focused on the role of BMPs in osteoblastic differentiation and their inducing function in collagenous and non-collagenous protein synthesis (Constantinescu-Bercu et al., 2022), however, few studies have focused on analyzing BMP-derived peptides for their osteogenic capacity; Kirkwook et al. (2003), analyzed in vitro the minimal bioactive sequences of BMP-7, to evaluate its potential for biomaterial immobilization and its use in controlling osteoblast functions, demonstrating the potential of this molecule to induce osteoblast-specific genes associated with non-collagenous matrix formation and mineralization, along with gene expression, which would suggest some role of BMP-7 in mineralization.
However, there are no uniform results regarding the osteogenic power of BMP-7-functionalized Ti; an in vitro study by Togashi et al. (2009) found no effect of the addition of rhBMP-7 to the culture medium on the viability, proliferation, or differentiation of osteoblast-like cells, whereas others have found superior osteogenic power of samples with BMP-7 (Cirano et al., 2014). Zuardi et al. (2022) in a recent study, demonstrated that the effects of BMP-7 on osteogenic differentiation in vitro, would be conditioned by the topography of the surface on which the cell cultures are grown, the concentration of the growth factor in the culture medium and the stage of differentiation of the osteoblastic cells. Chen et al. (2013) developed a BMP-7-activated Ti gene delivery system for in vitro osteoblast culture and found enhanced differentiation capacity. This demonstrates that strategies for the development of metallic implants functionalized with BMP-7 (and probably with other bioactive molecules) should take into account the release profile during the repair process, depending on the concentration used for functionalization, and the physicochemical characteristics of the implant surface, all with the aim of guaranteeing a specific cellular behavior and/or generating an appropriate tissue phenotype. Nemcakova et al. (2022) in a combined in vitro and in vivo study found, after 4 and 12 weeks, a more pronounced osteogenic cell maturation and increased mineralization of the extracellular matrix around Ti6Al4V implants functionalized with BMP-7; in contrast, in our study we found no statistical significance in the BAI/TA and BAP/TA parameters. These results coincided with those obtained by Stenport et al. (2003) who, in a study in rabbit tibiae and femurs, found more areas of osteoid-like tissue in implants treated with BMP-7. Susin et al. (2010), Leknes et al. (2008) attribute the results to the concentration of rhBMP-7 used and agree that the observed bone remodeling would be proportional to higher doses of rhBMP-7. Leknes et al. (2008) are in agreement with our study and show robust bone formation after 4 weeks and remodeling of newly formed bone with characteristics similar to those of old bone. As in our study, Hunziker et al. (2021) in an experimental osteoporotic model, found at the third postoperative week, a significantly higher BIC value in the BMP-7 group compared to the Ti metal surface only control group.
Finally, it should be noted that the potential of rhBMP-7 to promote bone formation has been evaluated in a wide variety of large preclinical animal models (Phillips et al., 2006; Hunziker et al., 2021; Schierano et al., 2021) and in our study we used an experimental model with comparable bone anatomy and healing to humans and which has been used extensively in research related to maxillofacial surgery and dental implants. The anatomic and physiologic similarities of the pig to humans in terms of size, physiology, and bone biology have contributed to the successful use of this animal to understand and treat various bone situations and our experimental design was based on previous studies with this animal model, which considered the anatomical characteristics of the tibia to be similar to those of the human mandibular bone in terms of cortical/cancellous ratio and bone quality (Okubo et al., 2002; Mardas et al., 2014).
Our results rejected H0 and demonstrated that Ti dental implants exposed to CEPA and coated with BMP-7 exhibit a favorable biological response prone to osseointegration.
Further preclinical studies are needed to investigate the beneficial effects of BMP-7 on bone repair in contact with biomaterials (Senna et al., 2021).
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The intracellular delivery of messenger (m)RNA holds great potential for the discovery and development of vaccines and therapeutics. Yet, in many applications, a major obstacle to clinical translation of mRNA therapy is the lack of efficient strategy to precisely deliver RNA sequence to liver tissues and cells. In this study, we synthesized virus-like mesoporous silica (V-SiO2) nanoparticles for effectively deliver the therapeutic RNA. Then, the cationic polymer polyethylenimine (PEI) was included for the further silica surface modification (V-SiO2-P). Negatively charged mRNA motifs were successfully linked on the surface of V-SiO2 through electrostatic interactions with PEI (m@V-SiO2-P). Finally, the supported lipid bilayer (LB) was completely wrapped on the bionic inspired surface of the nanoparticles (m@V-SiO2-P/LB). Importantly, we found that, compared with traditional liposomes with mRNA loading (m@LNPs), the V-SiO2-P/LB bionic-like morphology effectively enhanced mRNA delivery effect to hepatocytes both in vitro and in vivo, and PEI modification concurrently promoted mRNA binding and intracellular lysosomal escape. Furthermore, m@V-SiO2-P increased the blood circulation time (t1/2 = 7 h) to be much longer than that of the m@LNPs (4.2 h). Understanding intracellular delivery mediated by the V-SiO2-P/LB nanosystem will inspire the next-generation of highly efficient and effective mRNA therapies. In addition, the nanosystem can also be applied to the oral cavity, forehead, face and other orthotopic injections.
Keywords: virus-like mesoporous silica, bionic inspired nanosystem, precise delivery of mRNA, liver target, oral in Situ injection
1 INTRODUCTION
mRNA has demonstrated great potential in biomedical applications such as oral and frontal diseases, immunotherapy, regenerative medicine, vaccines, and genetic diseases (Guan and Rosenecker, 2017; Kowalski et al., 2019; Wang and Yu, 2020; Shuai et al., 2021; Xiao et al., 2022). By functioning through translation directly in the cytosol, mRNA achieves higher gene expression efficiency than its counterpart DNA and thus does not carry the risk of DNA-related insertional translation (Granot-Matok et al., 2019). However, exogenous mRNA itself has difficulty penetrating the cytomembranes due to the nature of these negatively charged macromolecules. Moreover, mRNA degrades in seconds when applied alone in vivo (Wang HX et al., 2017). mRNA is still subjected to ribonuclease-mediated degradation even though packaged within the nanoparticles (Yen et al., 2018; Dirisala et al., 2019; Dirisala et al., 2022; Lin et al., 2022) Hence, developing an efficient platform to deliver mRNA into target cells for effective translation is very important for the development of mRNA-based therapeutics.
To date, various nanomaterials with different compositions, such as lipid/lipid-like materials, polymers, inorganic materials, and hybrid systems, have been developed for mRNA delivery (Guan and Rosenecker, 2017; Kowalski et al., 2019; Shuai et al., 2021; Xiao et al., 2022). In particular, one of the most developed nanomaterials for mRNA delivery is lipid nanoparticles (LNPs), which have been thoroughly explored. Among these, two have been authorized and successfully applied in the clinic for the delivery of mRNA-based COVID-19 vaccines, mRNA-1273 and BNT162b21 (Anderson et al., 2020; Polack et al., 2020; Baden et al., 2021). Although LNPs are an effective platform for mRNA delivery, the interactions between certain chemical functionalities during storage, such as oxidation, hydrolysis, or transesterification, can lead to the loss of mRNA activity (Fenton et al., 2016; Packer et al., 2021). In addition, physiological barriers confronted by LNPs, such as reaching the target tissues and escaping from endosomes to enter the cytoplasm to further increase the in vivo translation efficiency of mRNA molecules, should be overcome (Hou et al., 2021).
Hybrid nanoparticles integrating the advantages of its individual components, such as lipid hybrid nanoparticles, can improve the delivery efficacy of mRNA. For instance, Riley and coauthors developed a library of ionizable polyamine-lipid nanoparticles for in utero mRNA delivery to mouse foetuses. These LNPs demonstrate higher efficiency and safety compared to benchmark delivery systems, dilinoleylmethyl-4-dimethylaminobutyrate (DLin-MC3-DMA) and jetPEI, in terms of mRNA delivery to foetal livers, lungs, and intestines (Riley et al., 2021). Virus-like mesoporous silica nanoparticles (MSNs) have shown superior cellular uptake and longer blood circulation times compared with those of conventional MSNs due to their biomimetic morphology (Wang W et al., 2017). Moreover, the surface spikes of virus-like MSNs can provide a continuous open space to bind nucleic acids via multivalent interactions and protect them from nuclease degradation, which is beneficial for mRNA delivery (Song et al., 2017; Wang et al., 2018).
To improve the precise mRNA delivery efficiency, herein, we constructed a mRNA delivery nanoplatform based on virus-like MSNs with surface coating of lipid bilayer (LB). As shown in Figure 1, the described nanosystem (m@V-SiO2-P/LB) was successfully constructed by binding HNF4α mRNA onto polyethylenimine (PEI)-modified virus-like MSNs followed by surface coating with a LB. m@V-SiO2-P/LB nanoparticles combine the advantages of LNPs, PEI, and virus-like MSNs. First, PEI conjugation contributes to improved mRNA binding and promotes endosome escape (Xia et al., 2009; Wang et al., 2018). Second, their biomimetic morphology enhances gene delivery efficiency both in vitro and in vivo. Finally, a supported LB coating maintains colloidal stability and effectively prevents mRNA degradation (Noureddine et al., 2020; Gao et al., 2021; Riley et al., 2021; Li et al., 2022). Using green fluorescence protein (GFP)-expressing mRNA as a model, the intracellular delivery and transfection efficiency of m@V-SiO2-P/LB nanoparticles were demonstrated to be much higher than that of the benchmark LNPs loaded with mRNA (m@LNPs). Furthermore, in vivo fluorescent images demonstrated that more m@V-SiO2-P/LB nanoparticles specifically accumulated in the liver, thereby delivering more mRNA to this organ. These findings revealed the improved mRNA delivery performance of the m@V-SiO2-P/LB nanoparticles both in vitro and in vivo compared to LNPs, which could be used in efficient mRNA therapeutics for liver disease treatment.
[image: Figure 1]FIGURE 1 | Schematic illustration. Novel bionic inspired nanosystem construction m@V-SiO2-P/LB nanosystem for Precise Delivery.
2 MATERIALS AND METHODS
2.1 Materials
Hexadecyltrimethylammonium bromide (CTAB), decahydronaphthalene, 1-octadecene (ODE), PEI (branched, MW 1000), dipalmitoylphosphatidylcholine (DPPC), cholesterol, and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine (DSPE)-PEG were provided by Sigma-Aldrich. NaOH, cyclohexane, NH4NO3, ammonia aqueous solution (28 wt%), tetraethyl orthosilicate (TEOS), (3-aminopropyl) triethoxysilane (APTES), triethanolamine (TEA), sodium 3-(trihydroxysilyl) propylmethylphosphonate (THPMP), and decahydronaphthalene (98%) were obtained from Macklin Industrial, Inc. LNPs were purchased from Jiliang Pharmaceutical Engineering Co., Ltd. (Shanghai).
2.2 Methods
2.1.1 Virus-like MSN (V-SiO2) synthesis
V-SiO2 was synthesized according to a previous study (Wang W et al., 2017). Briefly, 1.0 g of CTAB was dissolved in 50 ml of water followed by the addition of NaOH (0.1 M, 0.8 ml), and the solution was stirred gently at 60°C. After 2 h, 20 ml of TEOS in cyclohexane (20 v/v %) was added to the mixture with continuous stirring for 48 h. The products were collected by centrifugation, washed with water and ethanol several times, and refluxed in 50 ml of acetone at 50°C overnight to remove the CTAB templates. Then, virus-like MSNs were obtained after centrifugation, washing with ethanol, and drying under vacuum.
2.1.2 PEI modification of V-SiO2 (V-SiO2-P)
V-SiO2-P was prepared according to a previously reported method (Wang et al., 2018). To modify the surface of V-SiO2 with PEI, the nanoparticle surface was first modified with phosphonate groups. Typically, 0.1 g of MSNs was dispersed into 30 ml of NaOH solution (pH = 10), and then 40 ml of 60 mM THPMP solution was added before the solution was stirred at 40°C for 2 h. Phosphonate group-modified V-SiO2 was obtained by centrifugation and thorough washing, and then the sample was resuspended in 50 ml of carbonate buffer solution (100 mM, pH = 9.6). Next, 150 mg of PEI was added to the solution, which was stirred for 4 h. V-SiO2-P was collected by high-speed centrifugation, washed with water, and dried under vacuum.
2.1.3 m@V-SiO2-P and m@LNPs preparation and loading efficiency
One microgram of mRNA was mixed with V-SiO2-P or LNPs at various weight ratios (V-SiO2-P/mRNA = 0, 10, 20, 40, 60, 80) in 0.01 M PBS at 4°C for 30 min. Then, 2 μl of sample was removed for the agarose gel electrophoresis assay (1%, stained with gel safe) at 80 V for 50 min and visualized using a UV transilluminator 2000 (Bio-Rad, Hercules, CA, United States). The rest of each sample was centrifuged at 15,000 rpm for 10 min, from which 2 μl of the supernatant was removed to determine the mRNA content with a Nanodrop 1000 spectrophotometer (Thermo Scientific, Waltham, MA, United States). PBS was used as the blank, and the LNPs were used as controls. Specific information on mRNA and synthesis m@LNPs is further referred to our previous studies (Yang et al., 2022).
2.1.4 LB-coated m@V-SiO2-P (m@V-SiO2-P/LB) preparation
m@V-SiO2-P was prepared at a weight ratio of 10:1 (V-SiO2-P:mRNA), and LB coating was added based on a previously published protocol (Meng et al., 2015). A combination of DPPC/cholesterol/DSPE-PEG at a molar ratio of 77.5:20:2.5 was used as the LB layer. The DPPC/cholesterol/DSPE-PEG mixture was suspended in chloroform at a concentration of 10 mg/ml, and the solvent was evaporated using a rotary evaporator to obtain a lipid film. For the LB coating, m@V-SiO2-P nanoparticles:LB weight ratio of 1:1.5 (w/w) was selected. Then, the lipid film was added to 0.5 ml of m@V-SiO2-P suspension followed by probe sonication for 20 min with a 20/20 s on/off working cycle at a power output of 32.5 W. m@V-SiO2-P/LB nanoparticles were collected by centrifugation at 15 000 rpm for 30 min and washed with saline.
2.3 Characterization
The morphologies of the m@V-SiO2-P/LB and m@V-SiO2-P nanoparticles were observed via transmission electron microscopy (TEM) and scanning electron microscopy (SEM). For TEM observations, samples were suspended in water, dried on a carbon film-supported copper grid, and observed using a JEOL 1010 instrument (JEOL, Tokyo, Japan) operated at 100 kV. For SEM measurements, samples were dropped onto silicon wafers, dried, and characterized using field-emission scanning electron microscopy (FE-SEM) with a JEOL JSM 7800 microscope (JEOL, Tokyo, Japan). The particle size and zeta potential were measured using dynamic light scattering (DLS) with a Zetasizer Nano-ZS instrument.
2.1.5 mRNA release profile from m@LNPs and m@V-SiO2-P/LB nanoparticles
The release of mRNA from m@LNPs and m@V-SiO2-P/LB nanoparticles was studied by dispersing m@LNPs and m@V-SiO2-P/LB nanoparticles (containing 5 μg of mRNA) in 1 ml of 0.01 M PBS (pH = 7.4) at 37°C with shaking at 50 rpm. At predetermined time intervals, samples were centrifuged, and 0.5 ml of supernatant was removed, followed by the addition of the same volume of fresh PBS immediately after sampling. The amount of mRNA released was measured using a Nanodrop.
2.1.6 Cell culture and animals
Human liver L02 cells and human hepatic carcinoma HepG2 cells were provided by ATCC and cultured in high glucose Dulbecco’s modified Eagle’s medium (DMEM) containing 10% foetal bovine serum, streptomycin (100 U ml−1) and penicillin (100 U ml−1) (Invitrogen, CA, United States) in a 37°C incubator with 5% CO2 and 95% humidity. Female BALB/c mice (9 weeks old) from Beijing Vital River Laboratory Animal Technology Co. (Beijing, China) were housed in a controlled environment (temperature, 22°C–24°C; humidity, 60%) under a 12-h light-dark cycle. All animal experiments were performed in accordance with the Guide for the Care and Use of Laboratory Animals and approved by the Experimental Animal Ethics Committee in Renji Hospital, School of Medicine, Shanghai Jiao Tong University.
2.1.7 Cellular uptake assay
The cellular uptake efficiency of LNPs and V-SiO2-P/LB nanoparticles was studied in L02 (human normal liver) cells. Briefly, L02 cells were seeded in 6-well culture plates at a density of 1 × 105 cells per well and cultured for 24 h. Then, 20 μl of FITC-labelled LNPs or V-SiO2-P/LB nanoparticles (100 ng per well) was added to each well for another 3 h of culture. Afterwards, the cells were washed with PBS, stained with DAPI and observed by confocal laser scanning microscopy (Leica HCS A, Leica, Wetzlar, Germany).
2.1.8 mRNA template construction and synthesis
To construct mRNA generation template, GFP sequence was codon optimized and clone into T7 promoter and polyA encoded plasmid. After template linearization, GFP mRNA was generated through in vitro transcription kit (Promega) and Cleancap reagent (TriLink). The High performance Liquid Chromatography (HPLC, Agilent 1100, Agilent Technologies, Santa Clara, CA, United States) was applied for mRNA purification. All mRNAs were checked via agarose gel electrophoresis and stored frozen at −80°C.
2.1.9 In vitro GFP mRNA transfection
The intracellular delivery efficacy of GFP mRNA by the V-SiO2-P/LB nanoparticles was evaluated in L02 cells. The L02 cells were seeded in a 12-well plate at the density of 1 × 105 cells per well and cultured for 24 h. One hundred nanograms of free GFP mRNA, GFP mRNA-loaded LNPs or V-SiO2-P/LB nanoparticles in PBS was added to each well, and the cells were cultured for 3 h. The cells were then stained with DAPI and subsequently subjected to CLSM observation. For flow cytometry analysis, cells treated with free GFP mRNA, GFP mRNA-loaded LNPs or V-SiO2-P/LB nanoparticles were collected after 3 h of incubation, and intracellular green fluorescent protein expression was analysed by flow cytometry (Millipore Guava EasyCyte 5, Millipore, France).
2.1.10 Cytotoxicity and live/dead staining
CCK-8 assays were carried out to evaluate the toxicity of LNPs or V-SiO2-P/LB nanoparticles to L02 cells. Briefly, L02 cells were seeded on 96-well plates and incubated with various concentrations of LNPs or V-SiO2-P/LB nanoparticles for 24 h. Afterwards, the cell viability was determined via a standard CCK-8 protocol.
2.1.11 In vivo fluorescence imaging
To investigate the in vivo distribution of LNPs or V-SiO2-P/LB nanoparticles, mice were intravenously injected with indocyanine green (ICG)-loaded LNPs or V-SiO2-P/LB nanoparticles. One, 12, 24, and 48 h after tail vein injection, mice were euthanized and imaged by an in vivo imaging system (Xenogen IVIS kinetic, Caliper Life Sciences, United States). Simultaneously, the region of interest (ROI) in each image was analysed by Living Image software 3.2.
2.1.12 In vivo mRNA transfection
BALB/c mice were injected with GFP mRNA-loaded LNPs or V-SiO2-P/LB nanoparticles via the tail vein at a total dose of 1 mg/kg of mRNA per mouse. After 72 h, mice were sacrificed, and liver tissues were cut on ice, stained with DAPI, and evaluated for immunofluorescence.
2.1.13 Acute toxicity test and histopathological examinations
BALB/c mice were randomly divided into three groups (n = 3) and intravenously injected with PBS, LNPs, or V-SiO2-P/LB nanoparticles (3 mg/kg, 200 μl) and saline (200 μl) once daily for 7 days. After 7 days of observation, the mice were sacrificed, and the blood and vital organs were collected. Serum was separated from the blood samples, and the levels of cytokines and chemokines, including TNF-α, TNF-γ, IL-1b, IL-2, IL-3, IL-4, IL-10, IL-12p70, IL-13, and IL-17, were determined by a multiplex protein array kit according to the manufacturer’s protocols (Bio-Rad Laboratories, CA). All cytokines and chemokine levels were corrected according to our previously reported method (Yang et al., 2021). Vital organs were fixed, embedded in paraffin, sectioned, and stained with haematoxylin and eosin (H&E). The H&E-stained sections were observed under a light microscope (LeicaDMi8M, Leica, Wetzlar, Germany) for histopathological examination.
2.1.14 Pharmacokinetic analysis
BALB/c mice were injected with ICG-labelled LNPs or V-SiO2-P/LB (4 mg/kg, i. v.). Blood was collected from the ocular vein at 5 min, 1, 2, 4, 8, 12, and 24 h after injection, and the fluorescence intensity at 780 nm was detected by a multifunctional microplate reader (SpectraMax M5, Molecular Devices, United States).
2.1.15 Statistical analysis
Statistical analyses were carried out using two-sided Student’s t test for unpaired comparisons with GraphPad Prism. Statistical significance is depicted with error bars representing ±SD. A p-value <0.05 was considered significant.
3 RESULTS AND DISCUSSION
3.1 The optimal design and characterization of the m@V-SiO2-P/LB nanoparticles
According to our design, the stepwise procedure for the fabrication of the m@V-SiO2-P/LB nanoparticles is illustrated in Figure 2A. Virus-like mesoporous silica nanoparticles (V-SiO2) were synthesized in a two-phase reaction system (water/cyclohexane) with a low template concentration (CTAB) (Wang W et al., 2017). The scanning electron microscopy (SEM) and transmission electron microscopy (TEM) images of the V-SiO2 show that they had a one-of-a kind bionic inspired morphology, all nanoparticles were well dispersed, and presented with a uniform size distribution that can be determined as approximately −115 nm (Figure 2B, top). Simultaneously, hydration radius was further confirmed by dynamic light scattering (DLS), which was slightly increased to 120 nm (Supplementary Figure S1A). The prepared SiO2 nanoparticles were immediately modified with PEI (V-SiO2-P), mRNA loading followed by the addition of a complete LB coating (V-SiO2-P/LB; The thickness of LB is 7–10 nm; Red arrow). The two steps of PEI and LB modifications could improve the mRNA binding efficiency, facilitate lysosomal escape, and maintain colloidal stability that is capable of effectively avoiding mRNA degradation (Wang et al., 2018) (Noureddine et al., 2020) (Xia et al., 2009; Wang et al., 2018) (Noureddine et al., 2020; Gao et al., 2021; Riley et al., 2021; Li et al., 2022). At present, there are few studies on mRNA delivery by inorganic nanomaterials, and LNPs have been an effective mRNA delivery (Meng et al., 2015). Therefore, subsequently, we chose commercial LNPs that have been previously reported as a control (Akinc and Battaglia, 2013; Turnbull et al., 2016) to compare mRNA loading and release. The mRNA loading into the LNPs was calculated as 22.74 ng/μg, remarkably lower than that of the m@V-SiO2-P/LB which was determined as 71.52 ng/μg (Figure 2C). The low mRNA loading efficiency of LNPs may be due to the low concentration of phospholipid, but high concentration of phospholipid will lead to poor morphology and stability of LNPs (Robinson et al., 2018). We then performed further mRNA release efficiency of the two nanocarriers at pH 7.4. In Figure 2D, at 8 h, the mRNA release rate in the m@V-SiO2-P/LB group was 65.94%, significantly higher than that of m@LNPs group (45.77%). The mRNA release rate in the m@V-SiO2-P/LB group was 81.4% at 32 h, while it was 66.72% in the m@LNPs group at the same time point. All these results suggest that the V-SiO2-P/LB nanoparticles increased mRNA loading efficiency due to their bionic inspired nanospikes and PEI modification, but the release trend of mRNA was identical with LNPs. To further investigate the binding affinity of mRNA to the LNPs or V-SiO2-P/LB nanoparticles, gel retardation experiments were then performed (Figure 2E). The doses of LNPs and V-SiO2-P/LB were ranged from 0 to 40 μg, and the concentration of mRNA was kept constant (0.5 μg). In the LNPs group, the intensity of the offset mRNA bands decreased with increasing LNPs concentration. When the LNPs concentration was 5 μg, the LNPs bands were still brighter than that of V-SiO2-P/LB, further indicating that the mRNA was completely bound to the V-SiO2-P/LB nanoparticles.
[image: Figure 2]FIGURE 2 | The optimal design and characterization of m@V-SiO2-P/LB nanoparticles. (A) An illustration of the V-SiO2-P/LB nanotopography for precise mRNA delivery. (B) Structural characterization of V-SiO2 and m@V-SiO2-P/LB by SEM and TEM. (C) GFP mRNA loading capacities of LNPs and V-SiO2-P/LB nanoparticles. (D) Cumulative release of GFP mRNA from LNPs and V-SiO2-P/LB nanoparticles at pH 7.4. *p < 0.05, **p < 0.001. (E) Agarose gel electrophoresis of the GFP mRNA-LNPs and GFP m@V-SiO2-P/LB complexes, respectively. The amounts of LNPs and V-SiO2-P/LB varied from 0 to 40 μg, while the amount of mRNA was kept at a constant (0.5 μg). (F) Zeta potentials of V-SiO2 and PEI-V-SiO2 (V-SiO2-P), GFP mRNA loading, and LB coating. (G) Size distribution analysis of V-SiO2 and m@V-SiO2-P/LB nanoparticles dispersed in water, PBS and cell culture medium for 24 h. (H) Particle size distribution curves of V-SiO2 and V-SiO2-P/LB nanoparticles after suspension in PBS for 1, 2, 3, 4, and 5 days measured by DLS. (I) mRNA loading by m@V-SiO2-P/LB nanoparticles after suspension in PBS for 1, 2, 3, 4 and 5 days.
Then m@V-SiO2-P/LB were observed under both SEM and TEM. As displayed in Figure 2B (bottom), uniform coating of the surfaces with an intact LB can be successfully found. Furthermore, the changes in zeta potential were used to characterize the success of PEI modification, mRNA loading and LB coating. As shown in Figure 2F, the original charge of V-SiO2 was determined as −17.4 mV, and after PEI modification, V-SiO2-P exhibited a surface charge of +24 mV, indicating that PEI was successfully bound to the bionic inspired surface. After anchoring the negatively charged exogenous GFP mRNA, the zeta potential of V-SiO2-P reversed to approximately −12 mV, indicating that the mRNA was mostly covered on the rough surface of the Si based nanoparticles. Finally, the zeta potential became electrically neutral (−2 mV) after LB coating, primarily demonstrating the successful wrapping of lipid layer. Moreover, the particle sizes of V-SiO2, V-SiO2-P, m@V-SiO2-P and m@V-SiO2-P/LB and their stability in different media were further analysed by DLS. As shown in Supplementary Figure S1, the particle size after PEI modification, mRNA loading and LB coating increased from 120 to 122 nm, 124, and 132 nm, respectively. The particle size distributions are similar after dispersed V-SiO2 or m@V-SiO2-P/LB in water, PBS and cell culture medium (Figure 2G). In addition, V-SiO2 and m@V-SiO2-P/LB suspensions were stored in PBS for 1, 2, 3, 4, and 5 d. As shown in Figure 2H, and all size distributions have no significant changes even after 5 d incubation. Meanwhile, no obvious aggregation or sedimentation was observed, indicating that the fabricated m@V-SiO2-P/LB had exceptional stability. As expected, the amount of loaded mRNA did not change after 5 days (Figure 2H). Meng et al. also confirmed by repeated experiments that there was no leakage, and the nanoparticles remained intact for at least 1 month after LB coating (Meng et al., 2015).
3.2In vitro cytotoxicity assay, cellular internalization, and GFP mRNA transfection
An ideal intracellular mRNA delivery nanocarriers must present outstanding biocompatibility. Advancedly, the cytotoxicity of the LNPs and V-SiO2-P/LB was determined by CCK-8 assay after co-incubated with L02 cells (normal human liver cells) for 6h, respectively. Figure 3A shows that both the LNPs and V-SiO2-P/LB nanoparticles exhibit dose-dependent cytotoxic behaviour toward L02 cells. The cell mortality rate was less than 20% when the concentration of V-SiO2-P/LB nanoparticles ranged from 5 to 400 μg/ml. Exhilaratingly, when the concentration of LNPs reached 400 μg/ml, cell viability was only calculated as 57%, further verifying the advantageous of our bionic inspired nanoparticles. In addition to exceptional biocompatibility, an optimal mRNA delivery nanovector needs to precisely deliver mRNA motifs into living cells and achieve high transfection efficiency. Therefore, endocytosis effect of L02 cells toward FITC-labelled LNPs and V-SiO2-P/LB nanoparticles along with nuclear staining with DAPI was carefully studied. The confocal laser scanning microscopy (CLSM) results displayed that the relative cellular uptake rates of the LNPs and V-SiO2-P/LB nanoparticles were very different (Figure 3C). After 3 h of incubation, both the LNPs and V-SiO2-P/LB nanoparticles were able to penetrate the cell membrane and accumulate in the cytoplasm. Satisfactorily, the cellular uptake rate of the V-SiO2-P/LB nanoparticles was obviously higher than that of the LNPs. The same trend was also observed by quantitative analysis of the median fluorescence intensity (MFI) by flow cytometry (Figure 3B). This is mainly due to the rough virus-like morphology promotes cellular uptake and has a unique internalization pathway (Niu et al., 2013; Wang W et al., 2017). Finally, the expression level of GFP was also observed by CLSM with fluorescein-labelled mRNA. L02 cells were incubated with m@LNPs or m@V-SiO2-P/LB nanoparticles for 24 h, and free mRNA was used as a control. The results are shown in Figure 3E, where the intensity of green fluorescence, indicating the GFP expression level, was weak in the free mRNA group, while the intensity of green fluorescence was stronger in m@V-SiO2-P/LB nanoparticle group. The quantified flow cytometry results were consistent with the CLSM data (Figure 3D), with the m@V-SiO2-P/LB nanoparticles showing the highest MFI; this was due to its strong binding affinity and high cellular uptake, benefiting from the PEI modification and rough virus-like morphology, respectively. In the meantime, the transfection efficiency in the m@V-SiO2-P/LB nanoparticle group was 69.97%, which was relatively higher than that in the LNPs group (32.61%). In brief, our LB coated bionic inspired nanocarriers have superior capabilities of precise mRNA delivery toward liver cells and excellent mRNA transfection effect.
[image: Figure 3]FIGURE 3 | In vitro cellular internalization and GFP mRNA transfection. (A) Viability of L02 cells treated with LNPs or V-SiO2-P/LB nanoparticles at concentrations ranging from 0 to 800 μg/mL for 24 h. (B) Quantification of FITC fluorescence in L02 cells treated with FITC-labelled NP or V-SiO2-P/LB nanoparticles (100 ng per well, 3 h, n = 3). ***p < 0.001. (C) Confocal laser scanning microscopy (CLSM) observations of L02 cells after incubation with LNPs and V-SiO2-P/LB nanoparticles for 6 h. Scale bar: 50 μm. (D) Quantification of green fluorescence intensity (indicating GFP expression level) in L02 cells treated with free GFP mRNA, m@LNPs, m@V-SiO2-P/LB nanoparticles (100 ng per well, 3 h, n = 3). ***p < 0.001 vs. mRNA, ###p < 0.001 vs. m@LNPs. (E) CLSM confocal microscopy images of GFP expression in L02 cells treated with free GFP mRNA, m@LNPs, m@V-SiO2-P/LB. (F) The effect of LNPs and V-SiO2-P/LB nanoparticles on the transfection of GFP detected by flow cytometry.
3.3V-SiO2-P/LB nanoparticles contribute to effective mRNA delivery to the liver in vivo
After demonstrating the high efficiency of mRNA delivery by the V-SiO2-P/LB nanoparticles to liver cells in vitro, we were encouraged to investigate the efficacy of the V-SiO2-P/LB nanoparticles to deliver mRNA to the liver and their biosafety in vivo. First, the biodistribution (liver-targeting ability) of LNPs and V-SiO2-P/LB nanoparticles was performed using fluorescence imaging system. Indocyanine green (ICG)-labelled LNPs and V-SiO2-P/LB nanoparticles were injected into BALB/c mice through the tail vein, and fluorescence images were collected at different time points (1, 12, 24, and 48 h). As expected, fluorescence signals were detected in the livers in both the LNP- and V-SiO2-P/LB nanoparticle-treated groups 1 h after injection (Figures 4A, B; Supplementary Figure S2). It is worth noting that the fluorescence in the LNP and V-SiO2-P/LB groups peaked at 12 h after injection. Apparently, the liver fluorescence signal in the V-SiO2-P/LB group was prominently higher than that in the LNP group at all time points (Figure 4B). Additionally, long blood circulation is particularly important for mRNA delivery in vivo. Compared with the blood circulation half-life (t1/2) of the LNPs with only 4.2 h, that of the V-SiO2-P/LB nanoparticles was lengthened to 7 h (Figures 4C, D). The prolonged blood circulation of the V-SiO2-P/LB nanoparticles may promote the partial mRNA transport period and aggregation duration in the liver, probably due to its special surface morphology and outstanding stability in serum, which is consistent with previous reports (Hu et al., 2013).
[image: Figure 4]FIGURE 4 | V-SiO2-P/LB nanoparticles contribute to precise mRNA delivery to the liver in vivo. (A) Bioluminescence analyses at 1 h, 12 h, 24 h, 48 h and 72 h in BALB/c mice (n = 3 mice per group) injected (I). v. with ICG-labelled LNPs or V-SiO2-P/LB nanoparticles. (B) Quantification of light intensity over time. (C) Time-dependent blood levels of ICG-labelled LNPs and V-SiO2-P/LB nanoparticles after tail vein injection, calculated as the percentage of injected dose remaining in the blood. (D) Blood circulation half-lives (t1/2) of LNPs and V-SiO2-P/LB nanoparticles (n = 3 mice per group). *p < 0.05. (E) GFP mRNA expression levels in liver tissue after m@LNPs or m@v-SiO2-P/LB treatment under different magnification.
Immediately, m@LNPs and m@V-SiO2-P/LB nanoparticles were injected into healthy BALB/c mice via the tail vein, and the livers were removed 12 h later for sectioning (in the dark on ice) and DAPI staining. A tissue immunofluorescence scan was used to observe the expression level of GFP. As shown in Figure 4E, the livers tissue in the m@LNP group showed faint green fluorescence, while the livers tissue of the mice after the m@V-SiO2-P/LB treatment presented large areas of green fluorescence with prominently higher signal intensity. These results also confirmed that the V-SiO2-P/LB nanoparticles can efficiently delivered mRNA to the liver tissue.
3.4 Biosafety of V-SiO2-P/LB nanoparticles
Before the potential clinical translation, we examined the acute toxicity of a high dose (3 mg/kg) of V-SiO2-P/LB nanoparticles in mice after intravenous administration once daily for 7 days. Fortunately, no death or severe weight loss were observed in both LNPs and V-SiO2-P/LB treated groups. Histopathological examination showed no obvious damage or abnormalities in the liver and kidney in all three groups (Figure 5A). In addition, the serum biochemical indices (AST, ALT, CREA and UREA) in the LNP and V-SiO2-P/LB groups did not change significantly compared with the PBS blank group, indicating that both the LNPs and V-SiO2-P/LB nanoparticles are highly biocompatible (Figures 5B–D). Notably, we did not find any fluctuations in the levels of cytokines or chemokines in the blood between the groups (Figure 6), indicating that the V-SiO2-P/LB nanoparticles had a satisfying biosafety profile. To date, we have only demonstrated the ability of this delivery system to load GFP mRNA and target the liver in normal hepatocytes and in mice. Therefore, we further explore the functional mRNA loading ability, mRNA integrity, targeting ability and therapeutic effect of this antiviral nano-delivery system by constructing different liver disease models.
[image: Figure 5]FIGURE 5 | Biosafety of V-SiO2-P/LB nanoparticles in vivo. (A) Histopathological examination of vital organ tissues after intravenous injection of PBS, LNPs, and V-SiO2-P/LB nanoparticles (3 mg/kg, 200 μL) and saline (200 μL) once daily for 7 days by H&E staining. Scale bars, 200 μm. n = 3 mice per group. Detection of serum (B) ALT, (C) AST, (D) CREA and (E) UREA levels after the acute toxicity test. n = 3 mice per group.
[image: Figure 6]FIGURE 6 | The cytokines and chemokines of V-SiO2-P/LB nanoparticles in vivo. The levels of the cytokines and chemokines (A) TNF-α, (B) TNF-γ, (C) IL-1b, (D) IL-2, (E) IL-3, (F) IL-4, (G) IL-10, (H) IL-12p70, and (I) IL-13 determined by a multiplex protein array kit.
4 CONCLUSION
In this work, we have successfully developed V-SiO2-P/LB nanocarrier for the first time and it can efficiently deliver mRNA to the liver tissue. In this novel nanoplatform, PEI was uniformly modified on the surface of virus-like mesoporous silica nanoparticles, and LB was completely coated on this surface. V-SiO2-P/LB nanoparticles had excellent biocompatibility compared with LNPs, especially the more excellent mRNA delivering capability both in vitro and in vivo. The rough bionic inspired surface and PEI modification of the silica nanoparticles can sustainably increase loading and binding capacity of GFP mRNA (71.52 ng/μg), and the unique physical morphology enhanced hepatocyte endocytosis efficiency. Meanwhile, LB effectively prevented mRNA degradation and enhanced the blood circulation period of mRNA. Thus, the present study demonstrates that V-SiO2-P/LB nanoparticles with satisfied biosafety have great potential to effectively deliver mRNA.
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Introduction: Blood clot formation is the initial phase upon implantation, and the feature of blood clot orchestrates the following complement system activation, coagulation cascade, and bone marrow mesenchymal stromal cells (BMSCs) recruitment. This study aimed to investigate the effect of implant surface on blood-material interactions and subsequent BMSC cellular behaviors.
Methods: This study was established to imitate the physiological process of implantation in vivo and in vitro. Whole blood was incubated with polished titanium (PT) surfaces and sandblasted and double acid-etching (SLA) surfaces for 10 min or 2 h, then seeded with BMSCs. The adhesion, proliferation, migration, and differentiation of cells were studied at specific time points. Titanium implants were implanted into the tibia in vivo and were screwed out after implantation. The activation of the coagulation cascade, platelets, complement system, and clot networks were assessed and further quantitatively analyzed.
Results: Compared with the PT surface, the SLA surface induced the earlier and stronger blood coagulation cascade and formed a more stratified clots network with fibrinogen, platelets, and CD14 positive cell. The adhesion, proliferation, and migration of BMSCs were enhanced by pre-incubated surfaces. The higher levels of the osteogenic-related genes, ALP activity, and calcium nodule formation were showed on SLA surfaces with blood incubation.
Conclusion: SLA titanium surfaces play a role in influencing the formation of blood clots and coordinating surface-blood interactions and cell biological processes. These findings provide the idea of modifying the blood clots formed on the implant surface by biomaterials modification and thus has implications for the development of better osteogenic biomaterials.
Keywords: dental implants, blood clot, blood incubation, bone marrow mesenchymal stromal cells, osteogenesis
1 INTRODUCTION
Biomaterials are commonly used to repair damaged or missing tissue, and implants are the gold standard for dental replacement. Implant integration is a multi-temporal process mediated by numerous molecular, cellular, and immune cascades (Trindade et al., 2016). It is well known that the surface properties of materials can influence the clinical outcome of implants, and materials can even regulate cell behavior by directly altering the initial blood clot structure and protein adsorption (Yang and Xiao, 2020).
As blood clot formation is the initial and foremost phase upon implantation, and the feature of blood clot orchestrates the following provisional matrix around the biomaterial surface, causing further activation and aggregation of platelets and the division of fibrinogen into fibrin via thrombin (Gorbet and Sefton, 2004; Wei et al., 2018). Meanwhile, complement proteins, activated upon contact with biomaterials, immediately facilitate platelets adhesion and activation that further propagate the coagulation cascade, the complement system activation, and immune cell recruitment. The provisional matrix releases a myriad of pluripotent factors, chemokines, and growth factors, and provides an interlaced scaffold for inflammatory, mesenchymal cells, and osteogenic cells (Wang et al., 2016; Huang et al., 2019).
The thickness and density of the clot network are affected by the miscellaneous surface physicochemical modifications (Fan et al., 2017; Bai et al., 2021). To date, nanostructured titanium surfaces perform better osseointegration due to continuous protein adsorption and dense blood clot (Lukaszewska-Kuska et al., 2018). The clot features are modulated by arrays of titanium dioxide nanotubes with distinct nano-diameters, which induce macrophages to polarize to the M2 phenotype and lead to a favorable immune response (Kopf et al., 2015a). Also, blood-derived products and blood pre-fabricated scaffolds have been trialed as potential bioactive materials to enhance bone regeneration (Melville et al., 2019). Accordingly, a clot network with appropriate structure is gradually considered an alternative nature healing scaffold to accelerate bone repair and integration. The previous studies usually conducted experiments in vitro, and the complexity of the in vivo environment makes the formation and features of clots on the material surface with distinct characteristics, which have not been well-understood. Besides, most of these studies have focused on the role of single blood components, other than the complex composition of whole blood.
In addition, moderate roughness and hydrophilic surfaces have better osteogenic properties, dues to the enhancement of the adhesion, proliferation, and osteogenic differentiation of cells (Faia-Torres et al., 2014; Huang et al., 2019; Xing et al., 2020). However, current studies mainly focused on the direct interactions between biomaterials and cells and neglected the physiological involvement of the blood and interstitial fluids. The role of the clot network formed immediately between surface properties and bone marrow stromal cells (BMSCs) biological behaviors is still unclear.
Our study utilized the fresh whole blood pre-incubated titanium surfaces in vitro to investigate the synergic effect of the clot network on the adhesion, migration, and osteogenic differentiation of BMSCs. Further, the physiological processes of implantation placement were simulated in vivo to assess platelet activation, coagulation cascade, complement systems, and cellular responses, and to analyze the adsorbed proteins and clot features. This study is to explore the effect of surface properties on early bone healing and osteogenesis: 1) whether titanium surface roughness and hydrophilicity affect the platelet activation and the clot features; 2) if the clot features steer the recruitment and osteogenic differentiation of BMSCs.
2 MATERIALS AND METHODS
2.1 Sample preparation and characterization
The commercially pure titanium slices (10 mm in length, 1 mm in thickness for in vitro experiments) and screw-shaped titanium implants (Ø 2 mm × 4 mm for in vivo studies) were prepared by Zhejiang Guangci Medical Appliance Co., Ltd., Ningbo, China. Then, the samples were divided into two groups: 1) the experimental group with sandblasted and double-acid etched titanium (SLA) surface was prepared as previously described (He et al., 2009). 2) the control group with polished titanium (PT) surface was sequentially polished with 280-, 600-, and 1200-grid silicon carbide papers (CarbiMet, Buehler). Before the following procedures, all samples were sterilized by UV irradiation.
The surface microstructure of the samples was observed using a field-emission scanning electron microscope (FE-SEM, SU8010, Hitachi, Japan). The static contact angle was measured as the assessment of hydrophobicity via Contact Angle Meter (JC 2000C, POWEREACH, China). A liquid drop of deionized water was deposited on the flat surface under the same environmental condition. The contact angle with water was measured from photographs using ImageJ software. The roughness of samples was evaluated by the arithmetic average of the absolute values of the irregularity (Ra), the root means square of the roughness of the profile (Rq), and the maximum height of the profile (Rz) via surface rough-meter (NAHOSCPEIVA, Veeco, United States). Each measurement was repeated three times.
2.2 Isolation and culture of BMSCs
BMSCs were obtained from the femur of 4-week-old male Sprague-Dawley (SD) rats. The bone marrow of the femoral midshaft was flushed out and suspended in alpha-modified eagle medium (α-MEM, Hyclone) supplemented with 10% fetal bovine serum (FBS, Hyclone) and 100 U/mL of penicillin and streptomycin. The cells were incubated at 37°C in a 95% humidified atmosphere with 5% CO2. Passages three to five of cells were used in the following in vitro experiments.
2.3 Blood incubation of titanium surface
To mimic the initial contact between implant surfaces and fresh blood during surgery, pre-incubated titanium slices were prepared. The whole blood of healthy male SD rats was collected with the blood collection tube with 10 IU heparin (Solarbio). Each slice was transferred into a 24-well plate using sterile forceps and incubated in 500 μL fresh rat blood for 10 min or 2 h at 37°C. The plates were placed on the table concentrator with steady shaking at 10 rpm to avoid blood sedimentation. After gently washing and removing non-adsorbed components, some titanium slices were collected as samples for the following assays. The other titanium slices were immersed in normal mediums for 6 h, then the supernatants were collected as conditioned mediums for subsequent experiments.
2.4 Cell adhesion and proliferation assays
To evaluate the effect of the formation of clot network and the release of blood components on initial cell adhesion and proliferation, the BMSCs were seeded at an initial density of 2 × 104 cells/mL on the control or pre-incubated titanium slices which were placed in the bottom of 24-well plates and cultured with Dulbecco’s modified eagle medium (DMEM, Hyclone) + 10% FBS. After 4 and 24 h culture, adherent cells were fixed with 4% paraformaldehyde (PFA, Solarbio) and stained with rhodamine-phalloidin (Cytoskeleton, Inc.) and 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI). The cell morphology was observed and imaged by a laser confocal scanning microscope (LCSM, Nikon A1, Japan).
The proliferation of cells was detected by AlamarBlue assay (Invitrogen, Grand Island, NY) at 1, 3, and 7 days. Briefly, the cells were incubated on control or pre-incubated surfaces for 3 h in a medium complemented with 10% (v/v) AlamarBlue reagent. The optical density was valued (λex = 540 nm, λem = 590 nm) by a SpectraMax M5 (Molecular Devices, China). The results were analyzed by plotting optical density against cell concentration.
2.5 Scratch wound assays
A scratch wound assay was performed to study the influence of the pre-incubated titanium on BMSCs migration. BMSCs were seeded on SLA and PT slices in 24-well plates for 24 h to obtain monolayers and then a vertical scratch was made to generate an acellular region on each sample. After washing and removing the detached cells, each well was added 1 mL DMEM containing 5% FBS for 12 or 24 h. The F-actin and nuclei were labeled with rhodamine-phalloidin and DAPI. The movement of the cell to the acellular area of each sample was photographed under LCSM.
To further investigate the effects of the release of blood components on BMSCs mobility, the BMSCs were seeded in 6-well plates directly and grown to 75%–85% confluence in a normal medium. After vertically scratched to create a “wound” score, each well was covered with 2 mL conditioned medium as previously described for 12 and 24 h. Then the wounds were recorded by an inverted microscope (CKX41, Olympus, Japan). The wound healing rate was calculated by the percentage of the wound closure area at different time points using the ImageJ software.
2.6 Transwell assays
Transwell assay was conducted in the 24-well transwell chambers of 8 μm nitrocellulose pore filters (Corning-Costar, Kennebunk, United States). BMSCs with a density of about 3 × 105 cells/mL were inoculated into the upper chamber (200 μL DMEM + 1% FBS), and 1 mL of conditioned mediums was added into the lower chamber. After incubation for 6 h, the cells penetrating the upper chamber membranes were fixed with 4% PFA and stained with 1% crystal violet dye solution (Saichuang Technology, Wuhan, China), and photographed by a microscope (CKX41, Olympus, Japan). The migration rate was quantified by counting the staining regions of five randomly selected fields on each transwell membrane.
2.7 Real-time quantitative PCR (RT-qPCR)
The RT-qPCR assay was performed to study the effect of different pre-incubated surfaces on the osteogenic and angiogenic potential of BMSCs at the gene level. After being cultured for 3 or 7 days, the total RNA of BMSCs was isolated and purified by an RNAeasy Mini kit (No.74106, Qiagen). The relative mRNA expression level of osteogenic genes [runt-related transcription factor 2 (Runx2), alkaline phosphatase (Alp), osteoprotegerin (Opg), and osterix] and angiogenic genes [vascular endothelial growth factor (Vegf) and platelet derived growth factor (Pdgf)] were determined by using an SYBR Green I kit (Takara, Osaka, Japan) on AppliedBiosystems ViiA 7 (Thermo Fisher Scientific, United States). Each sample was analyzed in triplicate, and the expression levels of target genes are shown relative to the housekeeping gene GAPDH as a control using the comparative Ct (2−ΔΔCT) method. All primer sequences are listed in Supplementary Table S1.
2.8 Osteogenic differentiation assays
To further assess the osteogenic differentiation of BMSCs, cells were seeded on Ti slices with or without pre-incubation. The osteogenic medium (OM: growth medium supplemented with 10 nM dexamethasone, 100 μM ascorbic acid, and 10 mM β-glycerophosphate) was changed twice per week. These cultures were used for alkaline phosphatase activity and alizarin red staining.
2.8.1 Alkaline phosphatase activity
After 4 and 7 days, cells were lysed with 100 μL RIPA lysis buffer. The supernatant was collected after centrifugation of 12,000 rpm/min at 4°C for 15 min. The level of ALP activity was measured using an ALP Assay Kit (Wako, Osaka, Japan) according to the manufacturer’s instruction.
2.8.2 Alizarin red staining and quantification
After 21 days, cell layers were washed with phosphate-buffered saline (PBS) and then fixed with 4% PFA for 15 min. Cells were stained with 0.2% alizarin red solution (Solaibio, Technology) for 20 min. Staining cells and calcium nodules were washed with double-dilution water and were photographed under a light microscope. For quantitative analysis of alizarin red of cell layers, 1 mL of 10% cetylpyridinium chloride (C129534, Aladdin, China) was added into each well. After the dissolution of calcium nodules, the optical density of solution was detected by a microplate reader at the wavelength of 590 nm.
2.9 Animals and surgical procedures
Animal experiments were approved by the Institutional Animal Care and Use Committee of Zhejiang University, Hangzhou, China (ZJU20190084). A total of 36 male SD rats weighing around 300 g were used. These rats were kept at a constant temperature and sterile operating table for implantation. In brief, SD rats were fixed on the bench and maintained under anesthesia by intraperitoneal injection of 10% chloral hydrate (0.33 mL/100 g, C104202, Aladdin). After shaving and disinfection of the operation areas, the skin was cut longitudinally and the periosteum was removed with a blunt instrument to expose the proximal surface of the tibia. Under the irrigation of 0.9% NaCl, the implant hole was drilled with a slow rotation. SLA implants and PT implants were in random order placed into the left and right tibias, respectively. The periosteum and skin were sutured postoperatively. Penicillin (400,000 U/d) was intramuscularly injected into the rats instantly.
After implantation of 10 min or 2 h, a total of 36 rats were sacrificed with a lethal dose of the anesthetic. All implants were screwed out in an anticlockwise direction and gently rinsed with 1 mL PBS 3 times. Then rinsing solution of four implants was collected and centrifuged at 1,000 g for 15 min at 4°C. The supernatant was stored at −80°C for further experiments. Implants were fixed with 2.5% glutaraldehyde or 4% PFA for further observation.
2.10 SEM of clot network structure
Scanning electron microscopy (SEM, Zeiss Gemini SEM 300, Germany) was used to observe the structure of the blood clot network. Implants retrieved at each time point were fixed in 2.5% glutaraldehyde for 30 min, followed fixed by 2% osmium tetroxide for 20 min, both at room temperature (RT). After dehydration using an ascending series of ethanol from 30% to 100% and critical point drying, the surface of samples was gold-palladium sputter-coated and then observed by SEM. Experiments were performed three times and five images per sample were used for observation.
2.11 Immunofluorescence staining of deposited blood components
LCSM was performed to visualize the deposited blood components. After fixation with 4% PFA, a rinse with PBS, permeabilization with 0.5% Triton X-100 for 5 min at RT. SLA and PT implants were blocked in bovine serum albumin (BSA) for 15 min, and then separately incubated with anti-human fibrin antibody (GeneTex, GTX19079, United States) for fibrin, monoclonal anti-integrin α2β-CD41 (Santa, sc-365938, United States) for platelets, monoclonal antiCD62p-P-selectin (Santa, sc-8419, United States) for activated platelets and monoclonal antiCD14 (Santa, sc-515785, United States) for monocytes/macrophages at 4°C overnight. Alexa Fluor 488-conjugated goat anti-mouse secondary antibodies (Abcam, ab150113, Britain) were used for the detection. The F-actin and nuclei were labeled with rhodamine-phalloidin and DAPI. Stained and mounted titanium implants were imaged and analyzed with an LCSM. A confocal z-stack was used to quantify the conformation and components of clots.
2.12 ELISA of the coagulation cascade, complement system, and platelets activation
The collected supernatant stored at −80°C was subsequently analyzed by using enzyme-linked immunosorbent assay (ELISA) kits Rat thrombin-antithrombin Complexes (TAT, CUSABIO, CSB-E08432r), Complement Fragment 5a (C5a, CUSABIO, CSB-E08513r), soluble P-selectin (P-selectin or CD62p, CUSABIO, CSB-E07339r) to detect TAT complexes, complement factor, and activated platelets, respectively. ELISAs were performed according to the manufacturer’s protocols.
2.13 Specimen harvest for RNA-sequencing
Tibia implantation model was established in C57BL/6 male mice aged 6–8 weeks. The operation was the same as that of SD rats. After 3 days of implantation, tibiae (the proximal metaphysis, cylinder) with implants inside were harvested by cutting off the skin and removing soft tissues. Total RNA was extracted from dissociated cells using a Trizol reagent kit. RNA quality was assessed on an Agilent 2100 Bioanalyzer (Agilent Technologies, United States) and checked using RNase-free agarose gel electrophoresis. After total RNA was extracted, the enriched mRNA was fragmented into short fragments and reverse transcribed into cDNA with random primers. Then the cDNA fragments were purified with a QiaQuick PCR extraction kit (Qiagen, Netherlands), end-repaired, poly(A) added, and ligated to Illumina sequencing adapters. The ligation products were size selected by agarose gel electrophoresis, PCR amplified and sequenced using Illumina HiSeq2500. Differentially expressed genes (DEGs) RNAs differential expression analysis was performed by DESeq2 (Love et al., 2014) software between two different groups. The genes with the parameter of false discovery rate (FDR) below 0.05 and absolute fold change ≥ 2 were considered DEGs.
2.14 Statistical analysis
Quantified data were presented as mean ± standard deviation (SD) of at least three independent experiments. All data were analyzed by GraphPad Prism 9 (GraphPad Software Inc., United States), and the statistical significance between different groups was determined by two-way ANOVA. Asterisks denoted statistical significance as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
3 RESULTS
3.1 Surface characterization
Scanning electron micrographs of titanium surfaces are shown in Figure 1A. The PT surface did not show any microtextures. After sandblasting and acid etching, the micro rough surface is characterized by numerous heterogeneous ridges and concavities with equally distributed honeycomb-like texture with 1–2 micron scale pits. At higher magnification, the disorganized micropore arranged 5–15 μm large holes outside and 100–200 nm small holes inside. Further to assess the hydrophobicity, we measured contact angles to explore the adsorption capacity of titanium surfaces to blood components. The water contact angles were 49.31° for PT surface and 11.42° for SLA surface in static condition displayed in Figure 1B The mean surface roughness (Ra) was 0.186 and 3.716 μm for the titanium surfaces of the PT and SLA groups, respectively (Figure 1C). It was indicated that SLA implants have a rougher surface with micro-size particles and higher hydrophilicity than PT implants.
[image: Figure 1]FIGURE 1 | Representative SEM and water CA photographs of PT and SLA surfaces. (A) Surface topography was observed by SEM under different magnifications of PT and SLA titanium surface. (B) The hydrophilicity of PT and SLA surfaces was assessed by the measure of water contact angle. (C) The analysis for the characteristic parameter of surface roughness and hydrophily. Each experiment was repeated three times.
3.2 Cell adhesion and proliferation on pre-incubated surfaces
In vitro, the initial cell adhesion and morphology of cells on PT and SLA surfaces with or without blood incubation were observed by staining the nuclei and F-actin 4 or 12 h after cell culture. As shown in Figures 2A, B, the number of adherent cells increased over blood-incubated time on both titanium surfaces, especially in 2 h-pre-incubated surfaces (Figure 2C). BMSCs cultured on the PT and SLA surfaces showed no significant difference in the number of the initially attached cells but showed a difference in morphology. There are a large number of slender BMSCs on the surface of SLA. In contrast, BMSCs adhered to the PT surfaces were rounder with shorter parapodia. After blood incubation, the morphology of cells was significantly extended compared with that of the un-incubated group, especially after 2 h pre-incubation (Figure 2D). This phenomenon indicates that the BMSCs adhered to the SLA surfaces are more active and have the potential for further differentiation.
[image: Figure 2]FIGURE 2 | Adhesion and proliferation of BMSCs on PT and SLA surfaces. (A,B) LCSM images of BMSCs stained with F-actin (red) and nuclei (blue), cultured after 4 and 24 h on PT and SLA surfaces with or without blood incubation (Scale bars: 200 μm; Inserts: 25 μm). (C) Semi-quantitative analysis of the number of adhered cells on surfaces after 4 and 12 h culture. Data represent means ± S.D. (D) Quantitative analysis of the ratio of the longest and shortest diameters of the adherent cells on surfaces after 4 and 12 h culture. (E) AlamarBlue assay to assess the proliferation of BMSCs grown on different surfaces with or without blood incubation. *p < 0.05, **p < 0.01, ****p < 0.0001.
Besides, cell proliferation on the pre-incubated surfaces significantly increased after being cultured for 3 or 7 days (Figure 2E). The data showed that the proliferation rate of BMSCs on the pre-incubated SLA was significantly higher than that on the control surfaces, especially after 2 h pre-incubation. These results revealed that SLA surfaces with clot networks and blood components might conduce to BMSCs proliferation.
3.3 Effects of titanium surface with clot networks and blood-derived conditioned medium on cell migration and recruitment
To further determine whether various titanium surfaces with whole blood incubation could affect cell migration and recruitment, the scratch wound-healing assay and the transwell assay were performed (Figure 3). The migratory capacity of BMSCs was gradually enhanced after being cultured on pre-incubated titanium surfaces via the scratch wound-healing assay. After 24 h, the wound closure rate of BMSCs seeded on with 2 h-pre-incubated SLA surface was 72.3% ± 2.3%, which led to an approximately 0.83-fold increment than PT counterparts (39.6% ± 4.2%, Figures 3A, D). To further exclude the influence of surface topography, the conditioned medium derived from the pre-incubated surfaces was used to culture BMSCs seeded on culture plates in the wound healing assay. No statistically significant difference in the migration area proportion was observed between the 10 min-pre-incubated and the control group at 12 h. Nevertheless, the cell mobility displayed an increased tendency at 24 h when treated with the conditioned medium from the pre-incubated SLA surfaces in contrast to the PT counterparts (Figures 3B, E).
[image: Figure 3]FIGURE 3 | Migration and recruitment of BMSCs on various surfaces. (A) Representative images of the scratch wound assay. BMSCs were cultured on the control, 10 min- or 2 h-pre-incubated titanium surfaces in normal media. Scale bars: 250 μm. (B) Representative images of the wound healing assay with conditioned media. BMSCs were treated with the extract of control, 10 min- or 2 h-pre-incubated surfaces, respectively. Scale bars: 200 μm. (C) Representative images of the transwell assay with conditioned media. Scale bars: 200 μm. (D) Quantitative comparison of migratory cells among different groups. (E) The proportion of cell migration into the wound under conditioned media was quantified as the level of wound healing. (F) Quantitative comparison of recruiting cells with conditioned media among different groups. These experiments were repeated three times with similar results. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
Transwell assay was conducted to further verify the effect of the paracrine effect of blood components on the recruitment of BMSCs. As shown in Figures 3C, F, the conditioned medium from 2 h-pre-incubated SLA and PT surfaces respectively led to 0.55-flod and 0.57-fold increment than control group in cell mobility. Consistent with the scratch wound experiments, the proportion of recruited BMSCs rose sharply with extended blood-incubation time, from 33.08% to 51.33% in the SLA group.
The above results supported that different titanium with fresh clots could facilitate the mobility of BMSCs. Moreover, blood components release factors that stimulate cell migration and enhance the recruitment of BMSCs, which might contribute to wound healing.
3.4 The osteogenic differentiation of BMSCs cultured on the pre-incubated surfaces
To verify the effect of blood clots on the osteogenic differentiation of BMSCs, the expression level of osteogenesis-related and angiogenesis-related genes were evaluated by RT-qPCR after 3 or 7 days of culture (Figures 4A, B). The expression of Osterix and Opg in the SLA group was higher than that in the PT group without blood incubation on the seventh day. On the pre-incubated surfaces, the transcriptional levels of Runx2, Alp, Osterix, and Opg showed an upward trend and were highest on the 2 h-pre-incubated SLA surface. A marked elevation of genes expression in cells cultured on pre-incubated disks than those of un-incubated surfaces. Especially on day 7, the mRNA levels of the Vegf and Pdgf on 10 min- and 2 h-pre-incubated SLA surface were significantly increased compared with the ctrl group.
[image: Figure 4]FIGURE 4 | Osteogenic and angiogenic differentiation of BMSCs on various titanium surfaces. (A,B) Expression levels of osteogenic genes (ALP/Runx2/Osterix/Opg) and angiogenic genes (Vegf/Pdgf) in BMSCs cultured on titanium surfaces with or without blood incubation were evaluated on day 3 (A) and day 7 (B). (C,D) Quantitative analysis of ALP activity of BMSCs after 4 days (C) and 7 days (D) culture, respectively. (E) Representative photos of Alizarin Red S staining of calcium nodules on PT and SLA surfaces on the 21st days. (F) Quantitative analysis of calcium nodules by cetylpyridinium chloride solution. Error bars represent the SD of three independent experiments. *: p < 0.05, **: p < 0.01, ***p < 0.001, ***p < 0.0001.
Given that osteogenic differentiation in gene level was upregulated by blood clots, we further evaluated the ALP activity and bone calcium nodule formation of BMSCs. BMSCs cultures on the pre-incubated surfaces displayed higher ALP activity than the blank group, especially on 2 h-pre-incubated surfaces (Figures 4C, D). In addition, the ALP activity of BMSCs cultured on the pre-incubated SLA surfaces was significantly higher than that on the PT counterparts at both time points. The calcium nodule formation on titanium surfaces was stained and quantified by cetylpyridinium chloride solution (Figures 4E, F). 10 min- and 2 h-pre-incubated SLA surfaces showed 1.67 times and 2.27 times alizarin red than the control group, respectively. Meanwhile, the pre-incubated PT surface showed the same trend. It hinted at the promotive role of blood clots on the osteogenic differentiation of BMSCs.
3.5 Characterization of blood clot features on titanium surfaces
Representative SEM images of blood clot characteristics on different implant surfaces in vivo were presented in Figure 5. With the prolongation of time after implantation into tibia, a stronger blood coagulation response was observed, showing a tightly-packed and hierarchical structure with filamentous fibers, more entrapped platelets, and blood cells. Moreover, distinct morphological differences between the clots formed on the different titanium surfaces. The scattered blood components stick to the PT surface, with only a cluster of platelets and a few fibers loosely interwoven. While on the SLA surface, more platelets and fibers adhered within 10 min. After 2 h, holes and path-like structures within a thick layer of blood clot were formed.
[image: Figure 5]FIGURE 5 | Characterization of blood clot features on titanium surfaces. (A,B) Scanning electron micrographs of adhering blood clots and entrapped blood components. Representative SEM images showed the adhering blood clots with entrapped platelets and cells on the surface of PT and SLA implants after 10 min (A) and 2 h (B) implantation. Scale bars: 80 μm; Inserts: 20 μm. E, erythrocytes, PL, platelets, and L, leukocytes.
3.6 Interaction of blood components with titanium surfaces after implantation
To clarify the features of blood clots formed on the titanium implant surfaces in vivo, LCSM was used to characterize fibrinogen, activated platelets, and monocytes/macrophages after staining with specific antibodies. Immunofluorescence micrographs and projection of z-stacks of images rebuilt the structure of implants, and semi-quantitatively analyzed (Figure 6). The SLA surfaces induced the formation of thicker blood clots with a higher density of a fibrous structure and trapped blood components.
[image: Figure 6]FIGURE 6 | Laser confocal scanning micrographs of blood clot composition and features on PT and SLA implant surfaces. (A–D) The two-dimensional (i, ii, v, vi) and z-stack projective (iii, iv, vii, viii) fluorescence images were shown. Surfaces stained with DAPI for nuclei (blue), with rhodamine-phalloidin for F-actin (red) and with (A) Anti-fibrinogen for fibrin; (B) Integrin α2β for clotting response; (C) P-selectin for activated platelets; (D) CD14 for monocyte-macrophage cell linage (Scale bars: 200 μm). (E,F) The fluorescence intensity analysis for 2D (E) and 3D (F) z-stack images. Images represent 3 biological replicates. *p < 0.05, **p < 0.01.
The conformation of cross-linked fibrinogen was different from the macroscopic images, which was the central building block of the blood clots (Figure 6A). Immunofluorescence density of fibrinogen in confocal micrographs substantially increased after 2 h than 10 min. Furthermore, fibrinogen adsorbed more to the SLA surface than to the PT surface. Macroscopic projection of confocal z-stacks also showed a well-proportioned fibrin network attaching to SLA surfaces while only sparse fibrin fibers formed on PT surfaces.
Platelet was immune-stained with platelet membrane glycoprotein integrin α2β (CD41) and platelet activation-dependent granular membrane protein (P-selectin). Figures 6B, C shows that the mean fluorescence area coverage with CD41-positive and P-selectin-positive platelets was higher on the SLA surfaces than on the PT surfaces, and the intensity value steadily rose over time. In addition, flow cytometry was supplemented to evaluate the activated platelets surrounding the implant surfaces (Supplementary Figure S1A). Results showed that the percentage of activated platelets increased with the extension of implantation time (Supplementary Figure S1B). There was no significant difference between PT surface and SLA surface at 10 min, but SLA surface significantly activated platelets compared with PT surface after 2 h. Overall, current data suggested that the activation degree of platelets had a positive correlation with time and was influenced by biomaterial properties.
Due to the abundance of monocytes in the whole blood and the pivotal role of the monocyte-derived macrophages in inflammation and osteointegration, CD14 was used as a marker for monocytes and macrophages to count the cell number (Figure 6D). Little monocytes were adsorbed on the implant surface within 10 min after implantation. After 2 h implantation, numerous CD14-positive cells within blood clots attached to the SLA surface, in contrast to a dramatically lower fluorescence intensity on the PT surfaces.
3.7 Activation of the blood coagulation cascade, the complement system, platelets, and cellular responses in vivo
The activation of titanium surfaces on biological processes in vivo including blood coagulation, complement system, and activated platelets was monitored by ELISA against TAT complexes, the anaphylatoxin C5a, the P-selectin, and PDGF (Figures 7A–D). Compared with the PT surface, the SLA surfaces induced a significant increase in TAT and C5a concentrations at both time points. The concentration of TAT slightly decreased over time throughout the implantation period. It was indicated that both types of surfaces increased C5a concentration over time. Besides, an increasing trend was observed in P-selectin and PDGF concentrations after 2 h in contrast to the 10 min group, but the difference in P-selectin between the two surfaces was not statistically significant. After 2 h, the concentration of PDGF on the SLA surface was significantly higher than that on the PT surface. Statistically, P-selectin concentration showed surface properties with little influence, but implantation time showed a significant effect. However, PDGF was affected by both time and surface properties.
[image: Figure 7]FIGURE 7 | The activation of cellular response after implantation in vivo. (A–D) The concentration of TAT complexes (A), C5a (B), P-selectin (C), and PDGF (D) was detected by ELISA. Error bars represent the SD of three independent experiments. *: p < 0.05, **: p < 0.01, ****: p < 0.0001. (E–G) Heatmap of genes expression in cell adhesion (GO:0007155), cell chemotaxis (GO:0060326), and cell migration (GO: 0016477). (H) Volcano plot showing the DEGs between two implant materials. SLA implants upregulated the expression of extracellular matrix organization-related genes (Sfrp2, Cyp1ba, Fbn1) when compared with the PT implants.
Further, bone tissue RNA-sequencing (RNA-seq) analysis for samples harvested 3 days (n = 3) after implantation. DEGs analysis showed that the implantation of SLA implants induced a higher expression level of related genes in cell adhesion, cell chemotaxis, and cell migration when compared with PT implants (Figures 7E–G). This trend was consistent with in vitro results. In addition, SLA implant upregulated the differentially expressed genes associated with extracellular structure organization including Sfrp2, Cyp1ba, and Fbn1 (Figure 7H). Thus, SLA implants initiated stronger platelet activation and more antithrombin formation, as well as promoting cell adhesion and migration than PT surfaces.
4 DISCUSSION
Blood clots that form immediately following bone implantation play a vital role in the subsequent healing process (Wang et al., 2017). The modulation of blood clot structure within the implant surface could lead to the development of multifunctional scaffolds that mimic the natural structure to accelerate bone regeneration (Liang et al., 2021). How blood clots as mediators between the biomaterial surface and the osteogenic differentiation of BMSCs are worth further exploring. The current study demonstrated that titanium surface characteristics directly affect platelet activation and clot formation immediately after implantation, and clot features steer the recruitment and osteogenic potential of BMSCs.
The blood components and adsorption proteins act as bridging scaffolds between the implant surfaces and cells. Plasma-derived proteins, platelet-rich fibrin, or blood-prefabricated materials were used as an effective strategy to enhance bone repair and regeneration (Kopf et al., 2015b; Liang et al., 2021; Ren et al., 2022; Wu et al., 2022). The number of cells adhering and recruitment increased on the blood-pretreated surfaces (Yang et al., 2016). Interestingly, compared with the control group, BMSCs tended to extend branched projections from the cell body while showing a spindle-shaped spread after blood incubation. Ordinarily, osteogenic cells protrude more filopodia and possess stronger migratory and osteogenic potential (Kopf et al., 2015a; Schar et al., 2015). This finding supports that the surface has a blood clot and interacts with blood components are crucial in tailoring the cellular response.
The surface with clot networks is crucial for withstanding detachment forces, thus providing a migration pathway for the osteogenic cells to reach the implant surface (Arvidsson et al., 2007). The blood-prefabricated implant materials exhibit superior performance in early cell recruitment via releasing potent migration factors such as CINC-2a, IL-2, L-selectin, MCP-1, PDGF-AA, and VEGF (Lam et al., 2015; Bruekers et al., 2016; Eriksson et al., 2019). Consistent with previous studies, current results showed that migration and recruitment are improved not only on pre-incubated surfaces but also in the use of conditioned mediums. The clot networks can release cytokines and chemokines to modulate the interaction of BMSCs with the titanium surfaces and the cytokines released by the clots on the SLA surface showed stronger chemotaxis at two-time points in vitro. The osteogenic differentiation potential of BMSCs is enhanced after cultured on the pre-incubated surfaces over time. Thus, after interacting with blood clots on the surface, BMSCs exerted better recruitment, mobility, and osteogenic differentiation at the early stage of the bone healing process.
The blood clot acts as a “natural scaffold” that forms when the extrinsic coagulation pathway is activated. This pathway relies on a complex interaction between three major components, coagulation factors, activated platelets, and blood cells. The composition and structure of clots such as fibers thickness, porosity, number of branching points, and the strength of the adhesion of the fibrin clots depend on the surface properties (Chen et al., 2014; Chen et al., 2015). SLA surfaces due to the more intense contact activation and thrombotic characteristics, resulting in clots with thicker fibrin fibers, more platelets, and a stable porous fibrin scaffold. The initial adhesion of platelets binds to implant-surface-adsorbed fibrinogen by integrin α2β (Broberg et al., 2002). Rough surface microtopography would exhibit an increased surface area and a resultant augment in fibrinogen absorption, which explains the increase in platelet adhesion, activation, and aggregation (Collignon et al., 2017). Evidence showed that fibrinogen provided a temporary microenvironment conductive to regeneration, which led to bone repair after 8 weeks of implantation (Vasconcelos et al., 2016). Fibrinogen also modulates the activity of monocytes and macrophages through knock-on stimulatory events (Zuchtriegel et al., 2016; Kaur et al., 2017). Besides, the platelet-directed guidance of leukocyte’s extravasation to implant surfaces is an essential step in the recruitment process of immune cells (Lam et al., 2015). Platelet exposure to P-selectin leads to ERK 1/2 MAPK-dependent conformational change in leukocyte integrins and promotes the continuing extravasation of neutrophils and monocytes to the implant site (Zuchtriegel et al., 2016). Afterward, the increasing number of monocytes/macrophages (CD14 positive cells) entrapped on the SLA surface shows beneficial phagocytic activity and bioactive molecules release, which are necessary for cleaning a wound site (Holmes et al., 2018). The SLA surface enhances the adhesion thickness of fibrin clots and the complexity of the three-dimensional network structure. Successful tissue healing has been shown to depend on the initial fibrin-clot formation within the defect site. Evidence suggests that the removal of a clot causes delayed fracture healing and subcutaneous implantation of a hematoma results in ectopic bone formation (Kolar et al., 2011; Wei et al., 2018).
Our study further revealed that roughness and hydrophilicity could effectively affect the structure of blood clots and the adsorption of proteins in vivo which is in line with the other in vitro studies (Fan et al., 2017; Sangkert et al., 2022). Park and colleagues demonstrated that the complexity of the surface significantly increased platelet attachment. The hydrophilic surface shows a higher platelet binding and more intense contact coagulation cascade. Rougher and hydrophilic surfaces induce greater and earlier platelet release in subsequent macrophage inflammatory cytokine responses, thereby immunomodulating the ability to bone regeneration (Zivkovic et al., 2021).
Native titanium stimulates the generation of thrombin in the blood due to contact activation in vivo (Zabczyk et al., 2019). Thrombin cleaves fibrinogen into fibrin monomers, which then polymerize into the initial fibrin clot, which occurs in response to the dynamic changes in thrombin concentration (Hulshof et al., 2021). Based on TAT concentration implied that the SLA surface had strong thrombosis characteristics. Thrombin inhibitor participates in BMSCs behaviors and promotes osteogenesis via canonical Wnt signaling pathway (Song et al., 2021). Furthermore, an increasing trend indicated that the activation of the complement system and platelets are time-dependent. With incubation time extended from 10 min to 2 h, more blood clots with complement factors and activated platelets on the surfaces. Both complement proteins and platelets communicate with each other and facilitate progression into the inflammatory stage of bone healing (Schraufstatter et al., 2009). The anaphylatoxins C5a present in injured tissues induce an inflammatory response and act as a chemokine for MSCs and regulate their behavior (Holmes et al., 2018).
In this study, an in vitro blood incubation model was adopted to simulate the immediate contact of implants in vivo. But heparin sodium is not present in the body, which is a limitation of the experimental design. The experimental results excluding the effect of heparin sodium at the same concentration on BMSCs are shown in Supplementary Figure S2. In addition, in vivo studies lack direct observation of BMSCs, which is the direction of our further research. A lot of work is still worth studying in the future.
In summary, this study reveals the interactions between clot features and the behaviors of BMSCs on titanium surfaces, providing a novel research idea for biomaterial design. SLA surfaces induced stronger platelet activation and more antithrombin formation, as well as more complex stereoscopic clot features than PT surfaces. In turn, the surface with blood clots promotes the recruitment and osteogenic differentiation of BMSCs. Given the physiological role and tailoring potential of the blood clots, it is crucial to understand the properties of blood clots formed on the implant surface in order to develop improved biomaterials for better osteogenesis.
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An open critical-size bone defect is a major medical problem because of the difficulty in self-healing, leading to an increased risk of bacterial infection owing to wound exposure, resulting in treatment failure. Herein, a composite hydrogel was synthesized by chitosan, gallic acid, and hyaluronic acid, termed “CGH.” Hydroxyapatite was modified with polydopamine (PDA@HAP) and introduced to CGH to obtain a mussel-inspired mineralized hydrogel (CGH/PDA@HAP). The CGH/PDA@HAP hydrogel exhibited excellent mechanical performances, including self-healing and injectable properties. Owing to its three-dimensional porous structure and polydopamine modifications, the cellular affinity of the hydrogel was enhanced. When adding PDA@HAP into CGH, Ca2+ and PO43- could release and then promoted differentiation of BMSCs into osteoblasts. Without any osteogenic agent or stem cells, the area of new bone at the site of defect was enhanced and the newly formed bone had a dense trabecular structure after implanting of the CGH/PDA@HAP hydrogel for 4 and 8 weeks. Moreover, the growth of Staphylococcus aureus and Escherichia coli was effectively inhibited through the grafting of gallic acid onto chitosan. Above, this study provides a reasonable alternative strategy to manage open bone defects.
Keywords: hydrogel, polydopamine, gallic acid, antibacterial, bone regeneration
1 INTRODUCTION
Large bone defects caused by trauma seriously affect the physical and psychological health of patients (Xie et al., 2020). Although autologous grafts and allografts are widely used as the gold-standard bone repair materials for clinical treatment, they are associated with numerous disadvantages, including immune rejection, surgical trauma, and limited biological activity (Wang et al., 2022). Use of a scaffold exhibiting desirable biomechanical properties, degradability, and osteogenic activity is considered a reasonable method to promote bone regeneration in the field of tissue engineering. Hydrogels have been developed with these advantageous properties, which have been shown to effectively accelerate the bone healing process, thus offering great application value (Sahiner et al., 2016; Guan et al., 2019; Liu et al., 2022). In particular, the extracellular matrix-like structure and properties of hydrogels conferred by loading osteogenically active substances can effectively regulate the adhesion, diffusion, and osteogenic differentiation of bone marrow-derived mesenchymal stem cells (BMSCs), thus laying a solid foundation for the subsequent formation of bone tissue (Sun et al., 2016; Liu et al., 2018).
Hydroxyapatite (HAP) is mainly responsible for the support, protection, and carrying capacity of natural bone tissue, and organic components such as type I collagen, type III collagen, and fibrin mainly control the proliferation, migration, and differentiation of BMSCs (Gao et al., 2018; Leng et al., 2020). Accordingly, biomineralized hydrogels with HAP as the main active ingredient have been manufactured that exhibit desirable hydrophilicity, degradability, and mechanical strength (Zhao et al., 2020; Ren et al., 2022; Wan et al., 2022). Such HAP-based hydrogels not only positively regulate the biological behavior of BMSCs but also provide a suitable biochemical environment for the osteogenic differentiation of BMSCs via the continuous release of Ca2+ and PO43- from HAP (Lee et al., 2014; Chen et al., 2016; Gao et al., 2022). However, HAP is prone to aggregation in hydrogels, leading to high concentrations during degradation, which interfere with the adhesion, proliferation and osteogenic differentiation of BMSCs (Jiang et al., 2017; Pan et al., 2020; Xu et al., 2020). Thus, improving the biocompatibility of HAP-based hydrogels is an important clinical need.
Inspired by the proteins responsible for the strong adhesion property of mussels, polydopamine (PDA) has been applied in the functionalization of biomaterials to bind with Ca2+ owing to its catechol structure (Zhou et al., 2012; Peng et al., 2014). Through PDA coating, HAP is evenly distributed on materials, which can avoid its aggregation and excessive ion concentration (Gao et al., 2022). Furthermore, the catechol group of PDA has strong surface activity for nucleophilic functional groups, which can promote cell growth onto the materials (Cui et al., 2012; Park et al., 2014; Wang et al., 2021a). This effect can be attributed to the ability of PDA to increase the overall positive charge and thus improve the hydrophilicity of the material (Zhang et al., 2022b; Li et al., 2022).
Post-traumatic bone infection is one of the common complications of an open bone defect because an open wound provides the opportunity for Staphylococcus aureus and other Gram-negative pathogenic bacteria to invade the defect area, leading to bone destruction and non-union (Lüthje et al., 2020). Although surgical debridement and postoperative application of antibiotics reduce the probability of infection to some extent, the disadvantages of a longer treatment cycle and generation of drug-resistant strains cannot be ignored, and bacteria colonizing deep areas of the wound are often difficult to detect (Wang et al., 2021b). Therefore, introducing an active substance with inherent antibacterial properties into scaffolds is a reasonable modification strategy (Han et al., 2019; Chen et al., 2021; Yang et al., 2021). Gallic acid (GA) has been widely applied for antibacterial modification of biomaterials given its ability to destroy the integrity of the bacterial cell wall and interfere with the activity of the respiratory electron transport chain (Shi et al., 2021). Moreover, catechol groups on the surface of GA react actively with various functional groups to promote cell adhesion, providing multiple possibilities for its application in hydrogel grafting (Asha et al., 2022).
In this study, we developed a mussel-inspired mineralized hydrogel based on GA-grafted chitosan (CS) by introducing PDA-modified HAP (PDA@HAP), which exhibited excellent osteogenic and antibacterial properties (Scheme 1). Specifically, this hybrid hydrogel (CGH/PDA@HAP) was fabricated from the assembly of CS-grafted GA (CG), hyaluronic acid (HA), and PDA@HAP. The three-dimensional porous structure of the CGH/PDA@HAP hydrogel allows BMSCs to adhere to and proliferate on its surface, showing good biocompatibility. The HAP is evenly distributed along the hydrogel owing to the grafted PDA, thereby avoiding aggregation and stabilizing the ion concentration in the local environment. As a result, PDA@HAP effectively promoted the differentiation of BMSCs into osteoblasts and upregulated the expression of osteoblast-related genes in vitro. Further, imaging with micro-computed tomography (micro-CT) and histological observations with hematoxylin-eosin (HE) and Masson staining revealed the desirable therapeutic effect of the CGH/PDA@HAP hydrogel on rat calvarium defects. Finally, GA grafting clearly improved the antibacterial properties of the hydrogel, preventing bacterial infection during bone regeneration in vivo.
[image: Scheme 1]SCHEME 1 | Preparation and biological effects of the CGH/PDA@HAP hydrogel. (A) Synthetic process (B) Biological effects.
2 MATERIALS AND METHODS
2.1 Preparation and characterization of the CGH/PDA@HAP hydrogel
2.1.1 Preparation of PDA@HAP
For PDA functionalization of HAP, 90 mL of Tris-hydrochloride buffer (pH 8.5; Aladdin, China) was mixed with 10 mL of ethanol. Subsequently, 2 g of HAP (Aladdin, China) was dispersed over the solution by ultrasound. Dopamine hydrochloride (1 mg/mL; Aladdin, China) was then added to the above solution and stirred in the dark for 24 h. The unreacted dopamine hydrochloride was removed by washing with water and centrifugation, and the product was ultrasonically dispersed. Finally, PDA@HAP was obtained by freeze-drying.
2.1.2 Preparation of oxidized HA (HA-ALD)
One Gram of HA (Yuanye, China) was uniformly dissolved in 100 mL of H2O, followed by the addition of 1 g of sodium periodate (NaIO4; Sigma, America), which was left to react for 3 h in the dark. Subsequently, 3 mL ethylene glycol (Beijing Chemical Works, China) was added to the solution and stirred for 1 h to terminate the reaction. The obtained solution was dialyzed in deionized water for 3 days and the water was changed at least three times a day. Finally, the solution was freeze-dried to obtain HA-ALD.
2.1.3 Preparation of GA-modified CS (CS-GA)
CS (Aladdin, China) was dissolved in water and adjusted to form a 1 wt% solution with 5 M HCl. The solution was heated in a water bath and deoxidized with N2 for 15 min. GA (Aladdin, China) was then dissolved in the CS solution. The N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC; Aladdin, China) and N-Hydroxysuccinimide (NHS; Aladdin, China) dissolved in 50 mL H2O were dropped into the GA and CS mixture, and left to react for 10 h in the N2 environment while maintaining the pH at 5. The obtained solution was dialyzed with acidified deionized water for 3 days to inhibit oxidation of the catechol group. Finally, the CS-GA powder was obtained by freeze-drying.
2.1.4 Preparation of the CGH/PDA@HAP hydrogel
The 1 wt% HA-ALD solution was dissolved in a 2 wt% CS-GA solution, and then 1 wt% PDA@HAP was dissolved in a 5 wt% HA-ALD solution and uniformly distributed under ultrasonic stirring. The two solutions were then mixed and shaken to obtain a uniform GGH/PDA@HAP hydrogel. CS hydrogels without the GA modification were prepared under the same process for comparison.
2.1.5 Characterization of the CGH/PDA@HAP hydrogel
The synthesized hydrogel was characterized by Fourier-transform infrared (FTIR) spectra obtained on a BLUCK spectrophotometer over a wavenumber range from 4000 to 500 cm-1, ultraviolet (UV)-visible absorption spectra measured with a Lambad 800 spectrophotometer, and H-nuclear magnetic resonance (NMR) spectroscopy on a BLUCK AVANCEIII600 device. The dynamic mechanical properties of the hydrogel were determined with a rheometer (TA Instruments-waters LLC). The morphology of the hydrogels was observed by cryo-scanning electron microscopy (Cryo-SEM; Zeiss Sigma-300, Germany) at −140°C. X-ray diffraction (XRD; Rigaku, Japan) was used to analyze the phase compositions of the CGH and CGH/PDA@HAP hydrogels. The swelling ratio of the hydrogels was measured in PBS at 37°C. For enzymatic degradation assay, the CGH and CGH/PDA@HAP hydrogels were incubated in the PBS solution containing hyaluronidase (900U/mL; Solarbio, China) at 37°C for 21 days. The CGH/PDA@HAP hydrogel was immersed in sterile deionized water for 5 days and inductively coupled plasma emission spectrometer (ICAP-7400; ThermoFisher, America) was used to an investigate the calcium (Ca2+) and phosphorus (PO43-) release.
2.2 Cytotoxicity and cell proliferation assay
2.2.1 Cell culture
The BMSCs were isolated from three-week-old male Sprague-Dawley (SD) rats (Changsheng Biotechnology, China) and cultured in low-glucose Dulbecco’s modified Eagle medium (LG-DMEM; Solarbio, China) supplemented with 10% fetal bovine serum (FBS; Genemini, United States) and 1% penicillin-streptomycin (P-S; Hyclone, United States) at 37°C in a 5% CO2 atmosphere. BMSCs were used at passage 3 for further in vitro experiments.
To assess the effects of the hydrogel on BMSCs, the culture medium was supplemented with CGH and CGH/PDA@HAP. Briefly, the hydrogels were immersed in LG-DMEM and cultured for 48 h (Xu et al., 2020). The extracts were filtered for sterilization and the cells were subsequently cultured in osteogenic medium (85% LG-DMEM, 10% FBS, 1% P-S, 50 μM ascorbate, 100 mM β-sodium glycerophosphate, 100 nM dexamethasone).
2.2.2 Cell live/dead staining
The Calcein AM/propidium iodide (PI) cell live and dead staining kit (Yeasen, China) was used to observe the survival of BMSCs for evaluating the cytotoxicity of CGH and CGH/PDA@HAP hydrogels. In brief, the bottom of a 6-well plate was covered with the prepared hydrogel, sterilized by UV light, cleaned in deionized water, and pre-soaked in DMEM before the experiment. The hydrogel was then inoculated with 5 × 104 BMSCs. After culturing for 24 h, the fluorescence staining solution (2 μM Calcein AM and 4.5 μM PI) was added, incubated for 15 min, and imaged by a live cell imager.
2.2.3 Proliferation assay
To further assess the effect of the hydrogels on the proliferation of BMSCs, the Cell Counting Kit-8 (CCK-8; Yeasen, China) assay was used to evaluate the number of live BMSCs in the hydrogels. The hydrogel was pre-treated as described above. Subsequently, 5 × 103 BMSCs were seeded onto the surfaces of the hydrogels in a 96-well plate and the complete medium was replaced every 3 days. The cell proliferation was assessed at 1, 4, and 7 days. At each time point, the medium was replaced with fresh basic medium and CCK-8 reacting solutions were added. After incubation for 2 h, the optical density (OD) value was measured at 450 nm with a microplate reader. BMSCs cultured only in complete medium were used as the control group.
2.3 Osteogenic differentiation assay in vitro
2.3.1 Alkaline phosphatase (ALP) staining
ALP is a marker of early osteogenesis that is often used to evaluate the degree of the early osteogenic differentiation of BMSCs (Wang et al., 2021a). ALP staining and corresponding quantitative analysis were performed to evaluate the effect of the hydrogel on the osteogenic differentiation ability of BMSCs in the early stage. Briefly, BMSCs were cultured in the extract-modified osteogenic medium for 14 days, washed twice by phosphate-buffered saline (PBS), and then fixed with 4% paraformaldehyde for 30 min. The staining procedure was performed according to the protocol described in the kit instructions (Beyotime, China). After staining, BMSCs were washed with PBS and observed under a light microscope, and images were captured. A quantification kit (Jiancheng, China) was also used to quantify the ALP activity in the BMSCs. Briefly, BMSCs were fully lysed and the protein supernatant was obtained to measure the ALP activity. A bicinchoninic acid (BCA) kit (Beyotime, China) was used to normalize the total protein concentration. BMSCs incubated in osteogenic medium alone were set as the control group.
2.3.2 Alizarin Red staining (ARS)
ARS was used to observe the mineralization in the extracellular matrix of BMSCs. Briefly, after culture for 21 days, BMSCs were washed with PBS, fixed with 4% paraformaldehyde for 30 min, and then ARS reaction solution (Solarbio, China) was added to the 6-well plate. After incubating in the dark for 30 min, the solution was aspirated and the 6-well plate was washed with deionized water three times, followed by image capture and analysis. Quantification of mineralization in the extracellular matrix was performed using 10% cetylpyridinium chloride (Aladdin, China) to dissolve the cells stained by Alizarin Red. The OD value was measured at 562 nm using a microplate reader. BMSCs incubated in osteogenic medium alone were set as the control group.
2.3.3 Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)
RT-qPCR was used to evaluate the osteogenic differentiation of BMSCs according to the mRNA expression of the osteogenic markers Runt-related transcription factor-2 (Runx2), alkaline phosphatase (Alp), and osteocalcin (Ocn). Briefly, after culture for 7 and 14 days, BMSCs were washed with PBS and total RNA was isolated by Trizol Reagent (Yeasen, China) according to the manufacturer instructions. The concentration and purity of RNA were measured by a NanoDrop 2000c spectrophotometer (ThermoFisher Scientific, United States). RNA with a concentration of 100–1000 ng/μL and an absorbance ratio at 260/280 nm of approximately 1.8–2.2 was considered to be of suitable quality for further analysis. The total RNA was reverse-transcribed into cDNA using Strand cDNA Synthesis SuperMix kit (Yeasen, China). The cDNA was then used as the template for qPCR with SYBR Green Master Mix (Yeasen, China) and primers for the target gene, and the results were analyzed on a Lightcycler 960 system. The primers were synthesized by Sangon Biotech and their sequences are shown in Table 1; β-actin served as housekeeping gene for normalization. The 2–△△Ct method was used to compare relative mRNA expression levels between experimental and control groups. BMSCs incubated in osteogenic medium alone were set as the control group.
TABLE 1 | Primer sequences for RT-qPCR.
[image: Table 1]2.4 Bone regeneration assay in vivo
2.4.1 Rat calvarium defect model establishment and hydrogel implantation
All animal studies were approved by the Institutional Animal Care and Use Committee of Jilin University (IACUC No. SY202203100). A critical-sized rat calvarium defect was made to evaluate the osteogenesis effects of the CGH/PDA@HAP hydrogel in vivo. Eighteen male SD rats with a weight of 220–250 g were weighed and anesthetized by intraperitoneal injection of pentobarbital sodium (45 mg/kg). After successful anesthesia, the rats were fixed in prone position. After routine preparation of the cranial skin, 1% iodophor and 75% alcohol were used for disinfection and sterile towels were spread. A 1.5-cm incision was made along the sagittal line of the skull. The skin and periosteum were dissected, and the periosteum was separated with an exfoliator to fully expose the skull. An annular bone drill was connected to the implant base, and a bone defect of 5 × 5 mm was prepared by drilling a hole (drilling rate <1500 rpm) in the outer lower quadrant of the skull where the median suture and the herringbone suture crossed. During the operation, normal saline was used to avoid overheating that could cause local tissue necrosis and to avoid the damage of brain tissue due to drilling too deep. After confirming successful model establishment, the hydrogels were injected at the same time, and the periosteum, subcutaneous tissue, and epidermis were sutured in sequential layers. The rats were placed in a warm and ventilated cage until they regained consciousness and crawled on their own. After the operation, aspirin (100 mg/kg) was dissolved in the drinking water for free ingestion of analgesia for no less than 3 days. The rats were divided into three groups: CGH, CGH/PDA@HAP, and control group (without any hydrogel).
2.4.2 Micro-CT analysis
To detect the new bone regenerated at defect sites, micro-CT (SCANCO, Switzerland) was employed for observation and quantitative analysis. Briefly, three-dimensional reconstruction of samples of each group was performed, and the bone volume/tissue volume (BV/TV) and trabecular separation (Tb.Sp) were automatically determined according to manufacturer’s operational protocol for further evaluating the healing effect on bone defects of each group.
2.4.3 Histological evaluation
All samples were decalcified with 15% ethylenediaminetetraacetic acid (pH 7.2) for 4 weeks. The dehydrated specimens were embedded in paraffin and cut into 5-μm continuous sections for staining. The pathological sections of each group were evaluated by HE and Masson’s trichrome staining, and the films were taken under a light microscope. Additionally, the major organs, including the heart, liver, spleen, lung, and kidney, were harvested for HE staining to evaluate the biosafety of the hydrogels.
2.5 Antibacterial assay
2.5.1 Bacterial strains and culture
Staphylococcus aureus (ATCC29213; Fenghui, China) and Escherichia coli (ATCC25922; Fenghui, China) were selected in this study. Briefly, each species was incubated with Luria-Bertani (LB) medium at 37°C under relative humidity above 90%. Based on the OD value measured at 600 nm in a UV spectrophotometer, the bacterial suspension was adjusted to 1 × 106 colony-forming units (CFU)/mL for subsequent experiments.
2.5.2 Planktonic bacteria inhibition assay
Time-kill curves construction and bacterial colony counting were applied to evaluate the bacterial inhibitory ability of the CGH/PDA@HAP and CGH hydrogels. Briefly, hydrogels (200 μL) were co-cultured with the bacterial suspension (500 μL) in 24-well plates for 12 h. The OD value was measured at 600 nm every 2 h for 12 h and time-kill curves were constructed. Subsequently, the suspension treated with the hydrogel materials was diluted to a certain ratio, and a 30 μL solution was evenly spread onto agar LB plates. The colonies were observed and the CFU was calculated after culturing for 48 h. Staphylococcus aureus and E. coli simply cultured in LB medium were set as the control groups.
2.5.3 Bacteria live/dead staining assay
The SYTO 9/PI (live/dead) staining kit (ThermoFisher, America) was used to determine the survival status of S. aureus and E. coli cultured on CGH/PDA@HAP and CGH hydrogels. Briefly, the bacteria were cultured as described above. SYTO 9 (2.5 mM) and PI (2.5 mM) were mixed to form a reacting solution, added onto the surface of the hydrogel, and then left to react in the dark for 15 min. Images were observed and captured with an inverted fluorescence microscope.
2.5.4 Metabolic activity
The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Beyotime, China) assay was used to evaluate the biofilm activity of S. aureus and E. coli when co-cultured with the CGH and CGH/PDA@HAP hydrogels. Briefly, 0.4 mL MTT solution (0.5 mg/mL) (Beyotime, China) was added onto the hydrogel in a 24-well plate and incubated for 2 h at 37°C. Equal amounts of dimethyl sulfoxide was added to each well to dissolve the formaldehyde crystals after reacting in the dark. The MTT dye was transferred onto a new 96-well plate and the OD value was measured at 540 nm in a standard enzyme assay instrument.
2.6 Statistical analysis
Quantitative values are presented as mean ± standard deviation from at least three independent experiments and differences among groups were analyzed using one-way analysis of variance (GraphPad Prism 8.0.1 software) to assess statistical significance. p < 0.05 was considered statistically significant.
3 RESULTS AND DISCUSSION
3.1 Preparation of the CGH/PDA@HAP hydrogel
To overcome the problem of poor HAP dispersion, we modified the surface of HAP with PDA (PDA@HAP) to effectively improve its hydrophilicity, which is mainly achieved due to the large number of hydrophilic groups on the surface of PDA (Wu et al., 2019; Gao et al., 2022). The successful preparation of the PDA@HAP material was confirmed by the FTIR spectra (Supplementary Figure S1). Moreover, we synthesized CS-GA by the amidation reaction of CS and GA, which significantly improved the solubility of CS. The UV absorbance spectrum exhibited an obvious characteristic peak, demonstrating the successful preparation of CS-GA (Figure 1B). Aldehyde-modified HA (HA-ALD) was synthesized by oxidizing HA with periodate. H-NMR data further confirmed the successful synthesis of the CS-GA and HA-ALD, as shown in Supplementary Figures S2 and S3. We then added the PDA@HAP into the HA-ALD with ultrasonic stirring. We successfully synthesized the injective hydrogel by a Schiff-base reaction between the aldehyde-modified HA-ALD and the amino group of CS-GA. It provides a smart strategy to fill irregular defects and promote tissue healing (Pan et al., 2020; Zhang et al., 2022a). The sol-to-gel transformation process is shown in Figure 1A The successful synthesis of hydrogels occurred after the two solutions were homogeneously mixed at a volume ratio of 1:1 for 10 s. The FTIR spectra were measured to characterize the chemical structure of the composite hydrogel. As shown in Figure 1C new carbonyl peak of the acyl hydrazone bond appeared at 1662 cm-1, indicating the Schiff binding between CS-GA and HA-ALD. The FTIR spectra of the CGH/PDA@HAP hydrogel also showed characteristic peaks of PDA@HAP at 565, 603, and 1033 cm-1, demonstrating the successful introduction of PDA@HAP. Further, XRD was performed to analyze the composition of hydrogels. As shown in Figure 1D, the diffraction peak intensities of PDA@HAP were weaker than those of HAP, which indicate that the PDA was coated on the surface of HAP. The main peak of the CGH/PDA@HAP hydrogel is matched to that of HAP, which proves that HAP was present in the hydrogel.
[image: Figure 1]FIGURE 1 | Preparation of the CGH/PDA@HAP hydrogel. (A) Optical image of the gelation process. (B) UV absorbance spectrum of CS-GA. (C) FTIR spectra. (D) XRD analysis. (E) Swelling ratio. (F) Enzymatic degradation.
Since the swelling ratio of materials is closely related to the behavior of cells and the effect of tissue healing, the swelling profiles of the CGH and CGH/PDA@HAP hydrogels were evaluated. As shown in Figure 1E, the freeze-dried hydrogels were quickly swelled at the first 1 h, then reached an equilibrium state. Both of the hydrogels exhibited a favorable ability of water uptake. In particular, the swelling ratio decreased through PDA@HAP introducing, proving that PDA grafting is an effective method to make hydrogel stable (Huang et al., 2022). Further, enzymatic degradation assay was performed to evaluate the degradability and stability of the CGH and CGH/PDA@HAP hydrogels in a simulated in vivo environment. As show in Figure 1F, the CGH and CGH/PDA@HAP hydrogels could degrade in the hyaluronidase solution, indicating the degradability of them. The long-term application of HA remains challenge due to the enzymatic degradation mediated by tissue (Ito et al., 2007). Previous study has been proved that HA was completely degraded in a hyaluronidase solution with a concentration of 10U/mL for 5 days (Lin et al., 2015). The results in this study indicated that the CGH and CGH/PDA@HAP hydrogels remains more than 25% of residual weight on 5 days even in a relative high concentration of hyaluronidase solution (900U/mL). It can be attributed to that the Schiff-base triggers the crosslinking reaction, thus prolonging the degradation time (Yuan et al., 2017). This is consistent with previous study (Ma et al., 2021).
The microstructure of the CGH/PDA@HAP hydrogel was also observed by Cyro-SEM. As shown in Figure 2A, the CGH and CGH/PDA@HAP hydrogel had uniform porous microstructures, indicating the three-dimensional mesh structure of these hydrogels. As shown in Figures 2B–D, the addition of PDA@HAP has no obvious effect on the pore size and porosity percentage of the hydrogel. In particular, the interconnected porous structures could mimic the histological morphology of the native bone, thus increasing the osteo-conductivity (Zhao et al., 2020). This is essential to promote proliferation and differentiation of BMSC (Yi et al., 2016). Moreover, elemental mapping (Figure 2A) demonstrated that the distribution of HAP was evenly on the CGH/PDA@HAP hydrogel through PDA modification, thus overcoming the disadvantage of aggregation (Gao et al., 2022).
[image: Figure 2]FIGURE 2 | Cyro-SEM observation of the CGH and CGH/PDA@HAP hydrogels. (A) SEM images and elemental mapping. (B) Average pore size of the CGH hydrogel. (C) Average pore size of the CGH/PDA@HAP hydrogel. (D) Porosity percentage of the CGH and CGH/PDA@HAP hydrogels. Scale bar: 2.5 μm.
3.2 Characterization of the CGH/PDA@HAP hydrogel
The oscillatory rheology of the CGH/PDA@HAP hydrogel was characterized to further investigate the stability and mechanical behaviors. First, we prepared the nano-HAP–loaded CGH (CGH/HAP) hydrogel as a control. As shown in Figure 3A, The CGH/HAP and CGH/PDA@HAP hydrogels exhibited a similar elastic modulus, suggesting that the introduction of PDA had little effect on the mechanical strength. As shown in Figure 3B, the storage modulus (G′) was consistently larger than the loss modulus (G″) when the angular frequency ranged from 0.1 to 100 rad/s, confirming the elastic behavior of the CGH/HAP and CGH/PDA@HAP hydrogels. Moreover, rheological recovery and macroscopic self-healing behavior tests were conducted to estimate the self-healing properties of the CGH/PDA@HAP hydrogel. Based on the strain amplitude sweep measurement, no obvious change of the modulus was observed even after five cycles, demonstrating the outstanding self-healing ability of the CGH/PDA@HAP hydrogel (Figure 3C). We also cut the CGH/PDA@HAP hydrogel into two parts, which healed within a short time (Figure 3D), further indicating the self-healing of the CGH/PDA@HAP hydrogel from a macro perspective.
[image: Figure 3]FIGURE 3 | Characterization of the CGH/PDA@HAP hydrogel. (A) Rheological strain sweeps. (B) Rheological frequency sweeps. (C) Step strain sweeps. (D) Optical images of the self-healing phenomenon. (E) Viscosity as a function of shear rate. (F) Optical images of the injectable property of the hydrogel.
The dependence of viscosity on shear rate was explored to investigate the injectability of CGH/PDA@HAP hydrogel. As shown in Figure 3E, the viscosity of the hydrogel decreased with the shear rate increased, confirming the CGH/PDA@HAP had the ability to shear thinning. Therefore, the CGH/PDA@HAP hydrogel can be extruded through a syringe and maintain a stable gel state after removing the shear stress, further demonstrating the injectability of the CGH/PDA@HAP hydrogel.
3.3 Biocompatibility evaluation
To determine whether the concentration of the PDA@HAP in hydrogel could affect the viability of BMSC, three hydrogels containing different mass fractions (0.5% wt, 1% wt and 2% wt) were prepared. As shown in Figure 4A, most of the BMSCs survived and were capable of migration and adhesion in each group, suggesting that the hydrogel scaffolds have minimal cytotoxicity. Notably, BMSCs cultured with the hydrogel containing 1% wt PDA@HAP exhibited higher metabolic rates than the other groups (Figure 4B). Thus, the CGH/PDA@HAP-1%wt was selected for the subsequent studies.
[image: Figure 4]FIGURE 4 | Biocompatibility of CGH and CGH/PDA@HAP hydrogel. (A) Live/Dead cell staining. (B) CCK-8 assay. (*indicates significant differences; *p < 0.05, **p < 0.01).
It is generally acknowledged that the advantage of the three-dimensional porous structure of a hydrogel is to guide the orderly migration and proliferation of cells (Zhang et al., 2021c; Zhou et al., 2022). Compared with traditional two-dimensional culture, this three-dimensional culture structure can establish favorable conditions for the growth of cells in a given space, which lays a good foundation for osteogenic differentiation (Shanbhag et al., 2021; Xu et al., 2021; Zhu et al., 2022). As reported in previous studies, a PDA-modified material has an increased surface positive charge, which makes it easier to bind to integrin receptors on the surface of cell membranes and attract cells for attachment on the material (Yu et al., 2021; Im et al., 2022). Moreover, the hydrophilicity of the material itself increases after PDA grafting, which offers another advantage to promote cell attachment (Wu et al., 2019; Zhang et al., 2020). Given these properties, the CGH/PDA@HAP hydrogel was verified to be able to support BMSC adhesion and proliferation, which are key factors contributing to osteogenesis.
3.4 Osteogenic differentiation effect of the CGH/PDA@HAP hydrogel in vitro
To explore the osteogenic differentiation effect of the CGH/PDA@HAP hydrogel on BMSCs, ALP activity assessment and ARS were performed. As shown in Figures 5A, B, ALP activity was significantly increased in the CGH/PDA@HAP group compared with that of the control and CGH groups when BMSCs were treated for 14 days. After 21 days of treatment, orange-red calcium nodules formed in the extracellular matrix of BMSCs in all groups. However, the number and area of orange-red nodules in the CGH/PDA@HAP group were significantly higher than those in the control and CGH groups (Figure 5C). Corresponding quantitative analysis of ARS demonstrated the same trend and was consistent with the staining results (Figure 5D). It is generally acknowledged that the hydrogel scaffolds are with the remarkable drug loading characteristics and capable to form a slow-release effect in the injured site, ensuring a long-term and effective treatment to promote tissue healing (Zhang et al., 2021b; Wang et al., 2023). In this study, Ca2+, as well as PO43-, were confirmed to be released from the CGH/PDA@HAP hydrogel (Supplementary Figure S4). These results may reflect the fact that the PDA@HAP in the hydrogel can continuously release Ca2+, which can provide a favorable chemical environment for the differentiation of BMSCs into osteoblasts (Ciobanu et al., 2018).
[image: Figure 5]FIGURE 5 | Osteogenic differentiation of BMSCs. (A) ALP staining of BMSCs cultured in osteogenic medium supplemented with extracts of various materials for 14 days. (B) Quantification of ALP activity of BMSCs cultured in osteogenic medium supplemented with extracts of various materials. (C) ARS assay of BMSCs cultured with osteogenic medium supplemented with extracts of various materials for 21 days. (D) Quantitative analysis of (C). (E,F and G) Expression of osteoblastic genes of BMSCs after culture for 7 days. (H,I and J) Expression of osteoblastic genes of BMSCs cultured for 14 days. (*indicates significant differences compared with the control group and # indicates significant differences compared with the CGH group; *p < 0.05, **p < 0.01, #p < 0.05, ##p < 0.01).
To further evaluate the osteogenic differentiation effect of CGH/PDA@HAP, RT-qPCR was employed to detect the expression of several osteogenesis-related genes, including Runx2, Alp, and Ocn. As shown in Figures 5E–J, the expression of these genes in the CGH/PDA@HAP group was notably upregulated compared with that in the control and CGH groups, which was consistent with the staining results summarized above. Although HAP can improve the osteogenic conduction and induction of a hydrogel scaffold, its aggregation may cause a high ion concentration in the microenvironment, thereby impairing the proliferation and osteogenic differentiation of BMSCs (Pan et al., 2020; Xu et al., 2020). Therefore, we adopted the strategy of modifying HAP with PDA to evenly distribute the HAP in the hydrogel, preventing the production of excessively high concentrations of ions to provide a favorable condition for osteoblast differentiation (Gao et al., 2022). Moreover, Ca2+ can further promote the osteogenic differentiation of BMSCs through the activation of calcium channels on the surface of BMSCs by endogenous electrical signals, thus increasing the intracellular Ca2+ concentration (Ciobanu et al., 2018). These results demonstrated that the effect of inducing osteogenic differentiation of BMSC was enhanced when introducing PDA@HAP into the hydrogel, and the expression of osteogenic-related genes was upregulated, especially at 14 days. Moreover, there was no inhibition of cell proliferation and differentiation due to HAP aggregation.
3.5 Effect of the CGH/PDA@HAP hydrogel on bone healing in vivo
To evaluate the bone healing effect of the CGH/PDA@HAP hydrogel in vivo, a 5-mm-diameter critical cranial defect was created in SD rats to study the osteogenic effect. At 4 weeks and 8 weeks post-surgery, micro-CT was employed to assess the healing of the cranium defect. As shown in Figure 6A, bone healing in the CGH/PDA@HAP group was more obvious compared to that observed in the control and CGH groups at both 4 and 8 weeks post-surgery. At 8 weeks after implantation, the CGH/PDA@HAP hydrogel induced significant new bone formation both in the periphery and in the center of the defect. Moreover, the BV/TV was remarkably increased in the CGH/PDA@HAP group compared with that of the control and CGH groups, whereas the opposite result was found for the Tb. Sp measurement (Figures 6B–E). These findings suggested that the CGH/PDA@HAP hydrogel has improved osteogenic effects in vivo, consistent with the results found in vitro.
[image: Figure 6]FIGURE 6 | The CGH/PDA@HAP hydrogel promotes bone regeneration in vivo. (A) Three-dimensional reconstructed micro-CT images of rat cranial bone defects at 4 and 8 weeks after injecting hydrogel materials. Red circles illustrate the original defect area and blue parts in the images represent the background. Gray areas in red circles indicate new bone formation. (B) BV/TV of the defect area of each group at 4 weeks post-surgery. (C) Tb. Sp of the newly formed bone of each group at 4 weeks post-surgery. (D) BV/TV of the defect area of each group at 8 weeks post-surgery. (E) Tb. Sp of the newly formed bone of each group at 8 weeks post-surgery. (F) HE staining images of each group at 4 weeks post-surgery. (G) Masson’s trichrome staining images of each group at 4 weeks post-surgery. (H) HE staining images of each group at 8 weeks post-surgery. (I) Masson’s trichrome staining images of each group at 8 weeks post-surgery. (*indicates significant differences compared with the control group and # indicates significant differences compared with the CGH group; *p < 0.05, **p < 0.01, ##p < 0.01).
This effect can be attributed to the fact that the differentiation of BMSCs into osteoblasts is closely related to the structure of scaffold materials (Zhang et al., 2021c). The three-dimensional porous structure of the hydrogel can not only recruit more cells to the defect area, but its morphological regulatory function also plays an essential role in the osteogenic differentiation of BMSCs (Xu et al., 2021; Zhu et al., 2022). The in vivo three-dimensional culture conditions created by the hydrogel not only facilitate the migration and proliferation of BMSCs through the paracrine secretion of exosomes via activation of the HMGB1/AKT pathway, but also synergize with osteogenically active substances in the system to accelerate osteogenic differentiation (Matsumoto et al., 2011; Oliveros et al., 2021; Ren et al., 2021; Tavakol et al., 2021). More importantly, the catechol group on the surface of PDA-modified scaffolds can effectively anchor calcium ions in HAP, which stabilizes the local calcium concentration and induces the osteogenic differentiation of BMSCs (Gao et al., 2022). On this basis, the formation of hydroxyapatite on the scaffold surface can be promoted to accelerate the process of osseointegration (Matsumoto et al., 2011; Wu et al., 2011; Wu et al., 2019; Zhang et al., 2021a).
Furthermore, HE staining and Masson’s trichrome staining were used to verify the effect of the CGH/PDA@HAP hydrogel on bone defect healing at the histology level. As shown in Figures 6F,H large amount of newly regenerated bone was induced from the margin to the central area of the defect in the CGH/PDA@HAP group, whereas new bone formation was hardly detected in the control group. Masson’s trichrome staining images showed the same tendency as found for the HE staining results (Figures 6G,I). In addition, no obvious pathological changes were observed in the HE-staining images of the major organs, including the heart, liver, spleen, lung, and kidney, suggesting that the CGH/PDA@HAP hydrogel has good biological safety in vivo (Supplementary Figure S5). The Cyro-SEM images further proved that the CGH/PDA@HAP hydrogel has a three-dimensional porous structure, which is a key feature to endow the hydrogel with excellent osteogenic conduction for directing BMSC migration toward the center of the bone defect. Moreover, PDA enhanced the bioactivity of the hydrogel surface and made it easier to recruit cells, laying a solid foundation for bone regeneration (Gao et al., 2022). Significantly, the HAP in the hydrogel can effectively induce the osteogenic differentiation of BMSCs, promoting mineralization of the extracellular matrix to form mature new bone (Zhao et al., 2020). These findings are thus consistent with the results of the in vitro experiments. In summary, the CGH/PDA@HAP hydrogel recruited cells to the center of the defect and regulated the behavior of cells in a programmed manner at both the internal morphology and the active substance, thus achieving a satisfactory therapeutic effect of bone healing.
3.6 Antibacterial effect in vitro
S. aureus and E. coli were used to study the antibacterial effect of the CGH and CGH/PDA@HAP hydrogels on Gram-negative and Gram-positive bacteria, respectively. To evaluate the inhibiting effect of the CGH and CGH/PDA@HAP hydrogels on planktonic bacteria, time-kill curves were constructed. As shown in Supplementary Figure S7, the growth curves of S. aureus and E. coli exhibited an increasing trend within 12 h in the control group, whereas growth was maintained at a stable level in the CGH and CGH/PDA@HAP groups. To further investigate these effects, the CFU count was quantified. Accordingly, colony formation was significantly inhibited when the bacteria were cultured with CGH and CGH/PDA@HAP hydrogels (Figure 7A). Quantitative analysis demonstrated that the inhibitory rate of the CGH hydrogel against S. aureus and E. coli was above 90% (Figures 7B, C). To further investigate the inhibition of S. aureus and E. coli biofilm formation, bacteria live and dead staining was used, in which live bacteria are stained with green fluorescence while dead bacteria are stained red. As shown in Figure 7D, S. aureus and E. coli in the CGH and CGH/PDA@HAP groups emitted a strong red signal, indicating that most of the bacteria had been killed on the hydrogels. Moreover, the MTT assay showed that the metabolic activity of S. aureus and E. coli biofilms significantly decreased in both the CGH and CGH/PDA@HAP groups compared with that of the control group (Figures 7E, F).
[image: Figure 7]FIGURE 7 | Antibacterial properties of the CGH/PDA@HAP and CGH hydrogels against Staphylococcus aureus and Escherichia coli. (A) Typical images of Staphylococcus aureus and Escherichia coli bacterial colonies after culture with CGH/PDA@HAP and CGH hydrogels. (B,C) Quantitative analysis of (A). (D) Live/dead bacteria staining to evaluate the capability of CGH/PDA@HAP and CGH hydrogels to prevent adhesion of Staphylococcus aureus and Escherichia coli. (E,F) MTT assay to assess the effects of CGH/PDA@HAP and CGH hydrogels on the metabolic activity of Staphylococcus aureus and Escherichia coli biofilms. (*indicates significant differences compared with the control group; **p < 0.01).
Staphylococcus aureus is considered the main pathogen of postoperative infection in open bone defect cases, which is attributed to the fact that it can induce the differentiation of osteoclasts via the secretion of proinflammatory factors and proteins, either directly or indirectly (Tong et al., 2022). Moreover, intense inflammatory reactions initiated by infection lead to the release of inflammatory factors, which inevitably increases apoptosis and inhibits the osteogenic differentiation of BMSCs (Xu et al., 2016). Our results demonstrated that the CGH/PDA@HAP hydrogel represents a scaffold with broad-spectrum antibacterial activity that could inhibit S. aureus, thereby showing potential to prevent infection and effectively avoiding the negative effects of inflammation on bone regeneration.
Notably, GA can penetrate the bacterial cell wall to change osmotic pressure and inhibit the bacterial respiratory chain, thus reducing the drug resistance (Shi et al., 2021; Wei et al., 2023). A previous study demonstrated that GA can effectively decrease metabolic activity and destroy the biofilms of S. aureus and E. coli (Sun et al., 2022). In this study, the CGH and CGH/PDA@HAP hydrogels successfully inhibited S. aureus and E. coli, preventing bacterial colonization and biofilm formation, and reducing metabolic activity. Therefore, the inherent antibacterial properties of hydrogel scaffolds can be improved through GA grafting even without loading antibacterial substances, which overcomes the lack of antibacterial properties of traditional bone scaffolds.
4 CONCLUSION
We developed a mussel-inspired mineral CGH/PDA@HAP hydrogel through the assembly of PDA@HAP, CS, GA, and HA, which exhibited desirable properties, including a porous structure, tunable mechanical property, injectability, as well as self-healing ability. It is expected that PDA enhances the bioactivity of the hydrogel and plays a positive role in bone formation in collaboration with HAP. Moreover, GA modification was used to improve the antibacterial properties of the hydrogel so as to promote bone regeneration while preventing infection. Based on this concept, we have proven that the CGH/PDA@HAP hydrogel has superior performance for promoting the adhesion, proliferation, and osteogenic differentiation of BMSCs in vitro. Notably, animal experiments further proved that the CGH/PDA@HAP hydrogel could meet the demand of promoting bone tissue regeneration and reconstruction when the defect reaches a certain critical size that prevents regeneration. In addition, GA grafting greatly improved the antibacterial performance of the hydrogel system, which inhibited the growth, adhesion, colonization, and biofilm formation of S. aureus and E. coli in vitro. In conclusion, our study provides a new strategy for treating open bone defects and preventing the occurrence of infection during bone healing.
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The market for orthopedic implant alloys has seen significant growth in recent years, and efforts to reduce the carbon footprint of medical treatment (i.e., green medicine) have prompted extensive research on biodegradable magnesium-based alloys. Magnesium alloys provide the mechanical strength and biocompatibility required of medical implants; however, they are highly prone to corrosion. In this study, Mg-9Li alloy was immersed in cell culture medium to simulate degradation in the human body, while monitoring the corresponding effects of the reaction products on cells. Variations in pH revealed the generation of hydroxyl groups, which led to cell death. At day-5 of the reaction, a coating of MgCO3 (H2O)3, HA, and α -TCP appeared on sample surfaces. The coating presented three-dimensional surface structures (at nanometer to submicron scales), anti-corrosion effects, and an altered surface micro-environment conducive to the adhesion of osteoblasts. This analysis based on bio-simulation immersion has important implications for the clinical use of Mg alloys to secure regenerated periodontal tissue.
Keywords: magnesium alloy, biodegradable, corrosion resistance, bone screw, osteoblasts responses
1 INTRODUCTION
It is expected that for the next several years, low-carbon medical care will be a major target in the transition toward sustainable net-zero development. One approach to reducing the carbon emissions associated with medical care involves reducing the burden of additional treatment. To this end, researchers have been developing biodegradable metal alloys for the fabrication of so-called green medical devices. One recent development is referred to as temporary implants, which are commonly fabricated using alloys of magnesium, due to their excellent biocompatibility and Young’s modulus close to that of bone. Note however that magnesium alloy degrades too rapidly for most clinical applications other than as bone screws for fixation and suturing (Lu et al., 2021). In recent years, scholars have invested considerable time and cost seeking to extend the clinical applicability of these materials.
Mg is essential to the functioning of many human tissue types, and Mg ions are abundant in biological fluids and stored in large quantities in bone tissue. Mg is a cofactor for enzymes in human metabolism. Mg plays important roles in maintaining wall tension in blood vessels, promoting tissue healing, and regulating muscle contraction. It also participates in the formation of antibodies, tissue calcification, and other processes. Mg is easily corroded in the human body; however, Mg ions are not cytotoxic in a physiological environment and can be excreted in urine (Wolf and Cittadini, 2003). Mg is highly biocompatible, and the other elements used in most Mg alloys do not present a toxic hazard. Magnesium concentrations in serum/plasma generally remain within a healthy range; however, bone and soft tissue are prone to gradual depletion (Elin, 1987). Unlike other ions, magnesium ions maintain a transmembrane concentration gradient in cells. Normal intracellular and extracellular concentrations of free Mg2+ generally range from 10 to 30 mM (Rahman et al., 2020). In a previous study on the in vivo degradation of magnesium alloys (3% Al + 1% Zn, 9% Al + 1% Zn, 4% Y + 3% Nd, and 4% Li + 4% Al + 2% Ce), it was found that Mg corroded more slowly when alloyed with Li and Al. In that study, alloy elements were observed in the corrosion layer adjacent to the amorphous calcium phosphate layer but not in adjacent bone tissue (Witte, 2015).
Alloying with lithium (Li) can alter the hexagonal close packed (hcp) structure of Mg to form a body centered cubic (bcc) structure. Li is the metal with the lowest density, such that combining metallic Mg with Li results in an ultra-light alloy with outstanding properties. Binary alloys of Mg and Li are die-cast in the form of implants using the vacuum stirring casting method. Mg-Li alloys can be extruded to improve stretchability or to increase the content of secondary phases and thereby enhance hardness (Ebel et al., 1980). The biocompatibility of Li is reflected in its wide clinical use as a psychotropic drug. Several studies have also confirmed that Li promotes the osteogenic differentiation of bone marrow mesenchymal stem cells by activating the Wnt/GSK-3 signaling pathway, thereby promoting bone regeneration and ameliorating osteoporosis (Staiger et al., 2006). The fact that Li promotes osteogenesis has attracted considerable attention in the field of bone tissue engineering (Rahulan et al., 2019). However, the low corrosion resistance of Mg-Li alloy, due largely to the chemical reactivity of Li, limits its clinical applicability (Li et al., 2021; Chen et al., 2022). The primary disadvantage of all Mg alloys is rapid corrosion, which can lead to uncontrolled degradation, structural failure, hydrogen formation, and elevated pH levels. Note that the release of high concentrations of corrosion products can have detrimental effects on biocompatibility (Song et al., 2009). Nonetheless, the susceptibility of Mg-Li-based alloys to corrosion can be suppressed by subjecting implants to surface treatment prior to insertion.
Mg alloy implants have several advantages over other materials, including 1) biocompatibility and the promotion of osteogenesis, 2) biodegradability to eliminate the need for secondary surgery, 3) good mechanical properties, 4) processability and dimensional stability, and 5) high compression resistance (Elin, 1987). The Young’s modulus of human bone (3–20 GPa) is closer to that of Mg alloy (41–45 GPa) than to other implant materials, such as stainless steel (190–205 GPa), Ti (110–117 GPa), and Co-Cr alloys (230 GPa) (Rahman et al., 2020). Researchers have also developed numerous methods by which to tune the degradability of magnesium and its alloys.
Previous research has focused largely on magnesium-lithium-based alloys (Mg-9Li-1Zn) with mechanical strength comparable to that of natural bone. Researchers have developed several surface treatment methods to enhance the corrosion resistance of Mg alloys; however, most of those methods are complex or require expensive machinery (Toorani et al., 2019). Our primary objective in this research was to develop a simple surface treatment method involving the repeated immersion of alloy implants in solutions that simulate human physiological conditions (i.e., cell culture medium). We then assessed the suitability of the devices for implantation within the human body. Experiments were conducted to analyze the corrosion resistance of the material as well as the growth of bone cells on the surface of the material. Note that this testing did not involve analyzing the composition of surface deposits or the physical properties of the material after impregnation. Our analysis of biomimetic responses has important implications for the clinical application of Mg-Li-based alloys in the form of bone screws to promote the regeneration of periodontal ligaments without the need for subsequent surgical resection. We found that by controlling the rate of magnesium alloy degradation, it should be possible to create dental implants that meet clinical requirements. The proposed immersion method was shown to improve the corrosion resistance and bio-responsiveness of the material surface. The proposed approach to surface modification is simple to implement and consumes very little energy, compared to alloy recasting (Cao et al., 2008). Nonetheless, further studies will be required to elucidate the long-term cellular responses and implications for tissue regeneration.
2 MATERIALS AND METHODS
Mg-Li and LZ alloy samples were fabricated via melting and casting. As-cast samples underwent homogenization treatment at 330°C, followed by air cooling to room temperature. The samples were then hot rolled at 240°C to fabricate the Mg-Li and LZ alloy plates with a thickness of 0.8 mm. A water-jet cutter was used to cut the plates into discs for subsequent analysis.
2.1 Surface treatment of magnesium-lithium alloy
The mechanical properties of Mg can be greatly enhanced by alloying it with Li and/or Zn to form binary Mg-Li alloys or ternary Mg-Li-X (X = Al, Zn, Ca, Y, Ce) alloys (Peng et al., 2019). This study focused on a Li-containing Mg alloy (Mg-9Li-1Zn; hereafter referred to as LZ). Disc-shaped samples of this material measuring 2 cm in diameter with a thickness of 2 mm were fabricated.
The surface oxide layer of the LZ was removed using #1200 silicon carbide water sandpaper, after which the samples were dried and stored in a moisture-proof box until use. The LZ samples were then immersed in osteoblast culture medium to simulate degradation under in vitro environmental conditions (Panasonic MCO-18AC-PT). The surface properties of the material (physical, chemical, and corrosion resistance) and cell attachment were examined at various time points (0, 24, 48, 72, and 96 h) throughout the immersion process, as indicated by the naming of the samples (i.e., LZ0, LZ24, LZ48, LZ72, and LZ96). Samples of osteoblast culture medium were collected to test for ion release (see Figure 1).
[image: Figure 1]FIGURE 1 | Schematic illustration showing sample preparation and a top-view of all samples.
2.2 Material surface properties
Top-view visual observation and field emission scanning electron microscopy (FE-SEM, JEOL JSM-6500F, Japan) were used to observe the surface morphology and cell adhesion morphology of the LZ samples. Energy-dispersive X-ray spectrometry (EDS, JEOL JSM-6500F, Japan) and X-ray diffraction (XRD, D8 DISCOVER - Bruker) were respectively used to identify surface element composition and chemical composition. Surface roughness was measured using a white-light interferometer (Filmetrics® Profilm3D® Optical Profilometer, KLA, United States).
2.3 Ion release
Inductively coupled plasma optical emission spectrometry (ICP-OES, Thermo Fisher Scientific iCAP TQ) was used to analyze the concentration of ions released into the culture medium as an indication of corrosion rate. We also measured the pH of the culture medium at 3 h to quantify the release of hydroxy groups associated with the corrosion process. Note that any change in the pH of cell culture medium could affect cell growth.
2.4 Potentiodynamic polarization curve analysis
In the electrochemical experiments, the test piece was placed in an electrolyte of phosphate-buffered solution (PBS). An electrochemical workstation (Jiehan 5000, Taiwan) was used to obtain potentiodynamic polarization curves indicating the corrosion resistance (i.e., corrosion potential and corrosion current) of the material surface, while immersed in PBS. Polarization curves were measured with an onset potential of −3.0 V and a stop potential of +2.5 V at a scanning rate of 0.001 V/s. The counter electrode (CE) was a platinum plate. The reference electrode (RE) was a saturated calomel electrode (SCE). The working electrode (WE) was the sample being tested.
2.5 Cellular responses
The osteoblasts (MG63) used in this experiment were purchased from the Bioresource Collection and Research Center (BCRC 60279). The MG63 were cultured in Minimum Essential Medium (MEM, Gibico-Thermo Fisher Scientific) supplemented with 10% fetal bovine serum, 1.5 g/L sodium bicarbonate, and 1% penicillin/streptomycin and grown in an incubator (at 37°C and in 5% CO2). All cell experiments were performed at the School of Dentistry, Taipei Medical University. The front and back of the test pieces were sterilized using ultraviolet light on a sterile operating table. MG63 cells were then cultured on the surfaces of the test pieces at a concentration of 1.6 × 105 for 3 h. Note that the area of the test piece was 1 cm2. After fixing the cells on the surface, the samples were subjected to alcohol gradient dehydration and critical point drying (CPD, LEICA EM CPD 030) to facilitate the observation of cell extension morphology, cell attachment, and cell-to-cell interactions. MG63 cell were cultured in DMEM containing 10% fetal bovine serum at 37°C.
2.6 Statistical analysis
Experiment data are expressed as the mean ± standard deviation (SD). All measurements were performed in triplicate. Three samples from each test group were measured at each time point. The Student’s t-test was used to analyze the effects of surface treatment on surface properties and cellular responses, with significant effects indicated by a p-value of < 0.05.
3 RESULTS
3.1 Material surface properties
3.1.1 Surface morphology and element analysis of materials following immersion in culture medium
In this study, binary Mg-9wt.%Li alloy (LZ) was selected as a substrate. Note that the number following the LZ designation indicates the time spent immersed in culture medium at the time of testing (in hours). Optical microscopy and FE-SEM revealed that after immersion in culture solution for 0, 24, 48, 72 or 96 h, the LZ alloy exhibited deposits of corrosion products and a rough surface morphology (see Figure 2A). EDS analysis revealed that the initial corrosion deposits contained calcium from the cell culture solution; however, no calcium was observed in the deposits after 96 h of immersion, indicating that the Ca ions had been deposited with Mg (Figure 2B).
[image: Figure 2]FIGURE 2 | (A) FE-SEM results showing surface morphology of alloy samples; (B) EDX results showing the chemical composition of alloy samples; and (C) exact values of elements.
3.1.2 Surface crystal composition following immersion in culture medium
As shown in Figure 3A, the Primary phase (main peak) is Mg and Li and the secondary phase is Li2O2. The surface of the untreated sample (LZ0) at room temperature presented two crystal phase structures composed of Mg or Li alloy products (β-Li and α-Mg). α-Mg was also detected on the surfaces of LZ24 and LZ48 samples. HA, and α-TCP crystal phases were detected on the surfaces of LZ72 and LZ96 samples. Li2O2 was detected in all samples. Li2O2, MgO2, hydroxides (Mg(OH)2) and carbonates (MgCO3 (H2O)3) were also detected on the surface of LZ72 and LZ96. The peak of LZ96 was more obvious than that of LZ72.
[image: Figure 3]FIGURE 3 | XRD results show the element composition on sample surfaces as a function of immersion time in the culture medium. (A) qualitative spectrum; (B) quantitative volume percent data.
The three phases of β-L, α-Mg and Li2O2 tend to decrease with the increase of immersion treatment time, and even after 72 h of immersion, β-Li and α-Mg have not been detected at all. By analyzing the integrated peak area of each phase on the XRD pattern, the volume fraction of each phase in the coating can be calculated using the Pearson VII function in software such as Origin. Using this calculation, it is possible to determine the relative amounts of the different phases present in the coating and assess its overall composition (Amukarimi and Mozafari, 2021). The equation used is shown in Formula 1.
It is particularly worth noting that the Li oxide (Li2O2) tends to increase from 0, 24, and 48 h the longer the soaking time. It was further found that Li2O2 decreased as the immersion time increased to 72 h. And there are other products. For example, MgCO3 (H2O)3 and HA.
3.1.3 Surface roughness following immersion in culture medium
Surface roughness was shown to increase with immersion time. Immersion for 72 h resulted in a relatively flat surface profile. The surface roughness of samples LZ72 and LZ96 groups was very similar (Sa = 0.6, 4.2, 5.7, 6.7, and 6.3 μm) (Figures 4A, B). The surface roughness of L24 samples was 7-fold higher than that of the untreated group, resulting from flaky surface deposits of reaction products.
[image: Figure 4]FIGURE 4 | Roughness (Sa) of LZ0, LZ24, LZ48, LZ72, and LZ96 samples: (A) Surface morphology of all test samples; (B) Quantitative roughness results of all samples.
3.2 Corrosion resistance
3.2.1 Analysis of corrosion resistance
Potentiodynamic polarization (PD) curves were obtained by recording changes in potential, current values, and resistance using a potentiostat. This study used these values to assess the corrosion resistance of alloys immersed in PBS. PD tests were performed between a potential of −3.0 V (vs. OCP) and 2 V at a scanning rate of 0.1 mV s−1. Figure 5 presents the potentiodynamic polarization, polarization resistance (Rp), corrosion current values (Icorr), and corrosion potential (Ecorr) of the samples as a function of immersion duration. The fitting results of Ecorr, Icorr, and Rp were calculated by Faraday’s law using Eq. (15).
[image: Figure 5]FIGURE 5 | Electrochemical analysis of samples LZ0, LZ24, LZ48, LZ72, and LZ96 following immersion in PBS: (A) Potentiodynamic polarization curves; (B) Rp; (C) Icorr; and (D) Ecorr.
The Ecorr and Rp values of LZ96 samples exceeded those in the other groups, while the Icorr value of LZ96 was the lowest (at least 10-fold lower than that of the untreated control). Ecorr and Rp values increased and Icorr decreased with immersion duration. We also determined that the surface corrosion resistance improved with an increase in immersion duration. We speculate that the reaction with the cell culture medium resulted in the formation of a corrosion-resistant layer on the surface of the alloy.
3.2.2 Ion release into the culture medium
Samples of cell culture fluid collected at various time points throughout the immersion period were analyzed using ICP-OES to quantify the release of ions by the alloy into the culture medium. As shown in Figure 6, the concentration of lithium ions increased linearly with immersion time, as indicated by the Li2+ concentrations: LZ24 (220 ppm), LZ48 (411 ppm), LZ72 (413 ppm) LZ96 (497 ppm). Note however that after an initial sharp increase in Li-ion concentrations, the levels gradually slowed down at around 72 h before increasing again during the last 24 h. The Mg2+ concentrations were as follows: LZ24 (134 ppm), LZ72 (179 ppm), and LZ96 (167 ppm). The release of Mg ions increased until 48 h, at which point it leveled off and increased only gradually thereafter. Calcium ion concentrations were as follows: medium only (37 ppm), LZ24 (12 ppm), LZ48 (10 ppm), LZ72 (11 ppm), and LZ96 (11 ppm).
[image: Figure 6]FIGURE 6 | Li, Mg, and Ca ion concentrations in culture media following alloy immersion for 0, 24, 48, 72, or 96 h.
3.2.3 pH values
When immersed in an aqueous solution, the corrosion of magnesium alloy generates corrosion products and free species that can affect the pH of the solution. This experiment involved collecting cell culture medium to test the pH before immersion at various time points throughout the immersion period. The results were as follows: LZ0 (7.4), LZ24 (8.7), LZ48 (8.5), LZ72 (8.9), and LZ96 (8.7). Note that the pH of the magnesium alloy-impregnated solution increased rapidly in the first 24 h; however, pH levels leveled off thereafter (see Figure 7).
[image: Figure 7]FIGURE 7 | pH values as a function of Mg-Li alloy immersion time.
3.3 Cell attachment and initial cell morphology
Cell adhesion is crucial to the survival of anchorage-dependent cells on biological matrices. In this study, cell adhesion was assessed by incubating MG63 cells on the surface of alloy samples for 3 h (Figure 8). FE-SEM was then used to observe cell adhesion, growth, and morphology. Almost no cells adhered to the surface of LZ0 control samples. A few cells adhered to sample LZ24; however, they were inactive. Cells readily adhered to samples LZ72 and LZ96 and appeared to be in a healthy state with a robust morphology. It appears that the long sheets of corrosion products on the surface of the samples presented good attachment points for pseudopodia. The yellow arrows in Figure 7 indicate cells attached to the alloy surface and the pink arrows indicate filopodia extensions. Note that the morphology of cells on LZ72 and LZ96 did not differ significantly.
[image: Figure 8]FIGURE 8 | Adhesion morphology of MG63 cells on the surface of samples LZ0, LZ24, LZ48, LZ72, and LZ96. The yellow arrows indicate cells and the pink arrows indicate filopodia.
4 DISCUSSION
In pilot experiments, we observed no significant difference in the pH of the cell culture medium following immersion for 96, 120, 136, or 144 h (data not shown). We, therefore, selected 96 h as the longest immersion time in the current study. Corrosion resistance analysis and cell response tests were performed after immersion for 24, 48, 72, or 96 h.
4.1 Surface morphology and element analysis of alloys following immersion in culture medium
This study examined simple binary Mg-9wt.%Li alloys. Visual observation and FE-SEM analysis of the proposed LZ alloy revealed corrosion products and rough surface morphology. EDX analysis also revealed the presence of Ca on the surface of samples after immersion for 72 h. We speculate that the cell culture medium was the source of the Ca. Note that no Ca was observed on the surfaces of samples that were not immersed in the culture medium (LZ0) or on the surfaces of LZ96. It appears that corrosion progressed for roughly 72 h, at which point the corrosion products underwent redeposition on the samples. Sample LZ72 presented a few flake-like deposits of hydroxyapatite (HA), Ca-deficient HA, and β-TCP (Figure 2), whereas sample LZ96 was uniformly coated. The above-mentioned flakey deposits may account for the high roughness values obtained on the surface samples LZ72 and LZ96. Roughness increased linearly with immersion time until 72 h and then changed very little in the subsequent 24-h period (see Figure 2). Our results identified 96 h as the optimal soaking duration. The material is soaked in the culture solution for 96 h, which is the optimal soaking time for the experimental design confirmed by the data of this study. Electrochemical surface treatment is a relatively common surface treatment method, such as: micro-arc fluorination (Chen et al., 2021).
After grinding and polishing (i.e., before immersion), the Mg-Li alloy at room temperature exhibited a two-phase structure consisting of a Li-rich BCC structure β phase and a Mg-rich HCP structure α phase (Liu et al., 2109; Chang et al., 2006) (Figure 2). XRD results revealed that the surface compositions of LZ72 and LZ96 were identical. We selected samples covering a range of roughness values (Sa = 0.6, 4.2, 5.7, 6.7, and 6.3 μm) to analyze in vitro degradation as a function of immersion duration (Figure 3). The degree to which roughness changed (qualitatively) was also derived from data related to surface topography (see Figure 2).
4.2 Corrosion resistance
EDX analysis revealed a decrease in Mg ion concentrations at 96 h, due presumably to the redeposition of Mg ions released in the first 48 h (see Figure 3). Mg2+ plays a key role in bone development by promoting the attachment and differentiation of osteoblasts and accelerating mineralization to promote bone healing. During osseointegration, Mg2+ concentration also plays a key role in regulating bone regeneration (Cain and Labukas, 2020). Wang et al. demonstrated that Mg2+ (at a concentration of 10 mM) promoted the adhesion and proliferation of osteoblasts. Note however that at higher concentrations (>18 mM), Mg2+ significantly inhibited these effects (Cain and Labukas, 2020). The concentration of Mg ions in the culture medium (Figure 5) gradually increased with immersion time, with the ion concentration plateauing at 72 h and then gradually decreasing. Note that the ion concentrations were derived as follows: ppm = mM × MW, where MW indicates molecular weight. Mg2+ concentrations in the culture solution varied over time as follows: LZ24 (5.6 mM), LZ72 (7.3 mM), and LZ96 (7.0 mM).
This study was based on the hypothesis that the deposits that formed on the surface of LZ96 samples would protect against further corrosion. As for the underlying mechanism, we posit that the reaction of the Mg alloy with the cell culture medium led to the formation of a thick ceramic surface layer (possessing a crystalline structure), which blocked further corrosion (see Figure 7). This assertion is supported by the fact that the LZ sample surfaces were more stable than oxidized surfaces in cell culture media (Li2O2 layer) but less stable in water (Wang et al., 2014).
When Mg alloy implants were first assessed nearly a hundred years ago, it was found that the rapid degradation of the alloys led to the accumulation of large quantities of hydrogen gas in the form of subcutaneous bubbles, which essentially precluded the use of magnesium as a medical material (Wang et al., 2014). The primary chemical reaction involves the Mg and water (abundant in body fluids), wherein the formation of hydroxide ions and hydrogen gas involves the following chemical reaction:
[image: image]
The corrosion of magnesium alloys generates corrosion products that can affect biocompatibility (e.g., hydrogen and hydroxide ions) (Tsakiris et al., 2021). For example, bubbles of hydrogen gas accumulating in the tissue surrounding implants can cause the separation of tissue layers, whereas hydroxide ions can cause surface alkalization sufficient to damage cells. Numerous researchers have sought to alloy Mg with nontoxic elements or coat the surfaces of Mg-based implants to counter these effects; however, our results indicate that this is not necessary as the rapid increase in alkalinity ceases within 24 h (Figure 5).
Limitations on sample preparation capacity made it impossible to fabricate the sample quantities required for conventional statistical analysis. Three samples were fabricated in each experiment run, and each run was repeated three times. Thus, the reported statistical values were derived from a total of nine samples, which should be sufficient to ensure data reliability (on par with previous papers). In future research, we will seek to develop techniques for the mass fabrication of samples.
4.3 Initial cell attachment and morphology
Cytotoxicity can be assessed in terms of cell response via direct or indirect testing (Yuan et al., 2019). In the current study, cell cultures were placed in direct contact with Mg alloy samples and then immersed in a cell culture medium. Following immersion in culture solution for 72 or 96 h, the Mg-Li alloy presented micron-scale spherical corrosion products. Culturing MG63 cells on samples LZ72 and LZ96 for 3 h was shown to cover pores at the micron to submicron scale. More importantly, cell culturing changed the structure of the corrosion products from a staggered lamellar structure into a long lamellar structure, corresponding to the three-dimensional porous fiber morphology of the extracellular matrix. Numerous studies have demonstrated that surfaces with a structure similar to that of the extracellular matrix are highly conducive to cell adhesion (Wang et al., 2017).
Surface deposits on Mg alloys can have a profound effect on cell-implant interactions and implant degradation (Johnson et al., 2012). The surface deposits that formed on Mg alloy implants after immersion for extended durations (72 or 96 h) were shown to facilitate cell adhesion and promote cell survival. Figure 8 presents a graphical abstract of this study. The immersion method used in this study was a simple inexpensive surface treatment process aimed at stimulating the natural physiological environment, leading to the formation of an anti-corrosion layer on the surface of the Mg alloy. The immersion solution used in this study was a cell culture with ion types and pH values very close to the physiological environment. As a result, the ions contained in the resulting sedimentary layer do not induce bio repulsion in the human body. This approach could likely be adopted for a wide range of applications.
One common disadvantage of magnesium alloys is their rapid degradation, which can compromise the implant support function before bone tissue healing is complete (Harrison et al., 2014). The degradation of magnesium alloys can lead to the generation of hydrogen ions (potentially causing emphysema) as well as hydroxide ions (generating a high pH microenvironment with negative effects on osteoblast growth and bone regeneration) (Kannan and Wallipa, 2013; Chen et al., 2014). Magnesium alloys also lack bioactivity and osteoconductivity (Hornberger et al., 2012; Razavi et al., 2014).
In the current study, magnesium alloys released ions at concentrations of 650–700 ppm (mg/L) (Figure 6), which is roughly 25 times the concentration required for normal physiology. Note that these concentrations were measured locally in the physiological environment with a reaction area of only 3 cm2. When compared with the size of the human body, it is reasonable to surmise that the release of magnesium ions at this concentration would not affect the normal physiological function of the overall organism.
The surface treatment method proposed in this study was shown to slow the release of Mg ions to enable the gradual degradation of the material (Figure 9). Moreover, the degradation process fostered a microenvironment well-suited to the growth of osteocytes.
[image: Figure 9]FIGURE 9 | Schematic illustration showing that immersing Mg alloy in cell culture medium prompted surface degradation as well as the deposition of corrosion products, which slowed or halted further corrosion. The surface deposits included bioactive calcium and phosphorus compounds with a porous surface morphology (micron to nanometer scale), which was shown to promote cell adhesion and survival.
5 CONCLUSION
In this study, we sought to overcome the rapid degradation typical of Mg alloys when used as an implant material. This was achieved by preparing an Mg-Li alloy with a corrosion-resistant surface layer through the immersion of Mg alloy samples in a cell culture medium. The proposed surface treatment was shown to promote the formation of a surface coating, which enhanced the corrosion resistance of the Mg alloy and provided a microenvironment favorable for osteoblast attachment. The proposed surface modification scheme applies to the preparation of Mg alloy bone screws. The gradual degradation of the Mg alloy should delay the absorption of Mg ions by the human body, preserve the implant for a duration sufficient to ensure healing and eliminate the need for surgical resection, thereby avoiding the pain of secondary surgery. Note however that the effect of this surface treatment regimen on osseointegration will require further analysis. The proposed process is simple and easy to implement without the need for costly equipment.
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Although the novel root-end filling material containing zirconium oxide (NRFM-Zr) which is hydroxyapatite-based may promote osteoblast differentiation, the molecular mechanism remains unclear. The aim of this study is to investigate it underlying the osteogenic/odontogenic differentiation of human osteosarcoma MG-63 cells induced by NRFM-Zr, compared with calcium silicate-based mineral trioxide aggregate (MTA), and glass ionomer cement (GIC). Firstly, three different types of root filling materials were co-cultured with MG-63 cells, and their cell toxicity, alkaline phosphatase (ALP) activity, and calcium ion concentration were evaluated. Next, gene expression profiling microarray was employed to analyze the impact of the materials on the gene expression profile of MG-63 cells. The results of cell viability revealed that NRFM-Zr group had no significant difference compared to the negative control group. After 5 and 7 days of cultivation, both the NRFM-Zr and MTA groups exhibited significantly higher ALP activity compared to the negative control (p < 0.05). Moreover, the NRFM-Zr group had the highest calcium ion concentration, while the GIC group was the lowest (p < 0.05). Gene expression profiling microarray analysis identified 2915 (NRFM-Zr), 2254 (MTA) and 392 (GIC) differentially expressed genes, respectively. GO functional and KEGG pathway analysis revealed that differentially expressed genes of NRFM-Zr, MTA and GIC participated in 8, 6 and 0 differentiation-related pathways, respectively. Comparing the molecular mechanisms of osteogenic/odontogenic differentiation induced by hydroxyapatite-based NRFM-Zr and calcium silicate-based MTA, it was found that they shared similarities in their molecular mechanisms of promoting osteogenic differentiation. NRFM-Zr primarily promotes differentiation and inhibits cell apoptosis, thereby enhancing osteogenic/odontogenic differentiation of MG-63 cells. Furthermore, the inducing efficacy of NRFM-Zr was found to be superior to MTA.
Keywords: root-end filling material, hydroxyapatite, gene expression profiling microarray, bioinformatics, osteogenic/odontogenic differentiation molecular mechanism
1 INTRODUCTION
When non-surgical retreatment of the root canal fails or cannot be undertaken, apical surgery is generally considered as the preferred treatment option. The main objective of apical surgery is to prevent microorganisms or their by-products from entering the surrounding periapical tissues by filling it with a tight root-end filling material (RFM) following root-end resection (von Arx, 2011). Therefore, the performance of the RFM is one of the key factors that influence the success rate of apical surgery.
Ideal RFM should not only present good biocompatibility, antimicrobial activity, non-toxicity, and radiopacity, but also exhibit osteogenic or odontogenic properties. This is because the RFM should have the capability to form hydroxyapatite, enabling creating a bond between with dentin, thus promoting a physiological seal. Currently, there are numerous root-end filling materials available in clinical practice; however, few of them present osteogenicity and odontogenicity (Koh et al., 1998).
As one of traditional non-bioactive RFMs, glass ionomer cement (GIC) has been widely used in the field of dentistry due to its excellent adhesive properties to dental tissues and the ability to release fluoride ions. However, it lacks bioactivity. Sangsuwan et al. (2015) showed that GIC inhibited alkaline phosphatase (ALP) activity and downregulated the expression of bone morphogenetic protein-2 (BMP-2) and osteopontin (OPN) genes in normal human osteoblasts. Additionally, GIC had been found to inhibit the formation of apatite in simulated body fluid (Kamitakahara et al., 2001).
Unlike traditional non-bioactive RFMs such as GIC and silver amalgam, mineral trioxide aggregate (MTA) is recognized as a bioactive material with properties of hard tissue conductivity and induction (Gandolfi et al., 2010). Torabinejad et al. (1995) showed that out of six root ends filled with MTA, five had complete cementum formation over the filling material, whereas cementum formation was absent on the surface of silver amalgam. Gandolfi et al. (2010) confirmed the formation of a layer of apatite on the surface of ProRoot MTA in a simulated body fluid containing phosphates. As a hydrated calcium-silicate cement material, MTA appears to have become the gold standard for root-end filling materials (von Arx, 2011; Sanz et al., 2021). However, MTA still has challenges such as long setting time, poor handling properties, and so on (Gandolfi et al., 2010; von Arx, 2011).
In recent years, our research group has developed a novel root-end filling material containing zirconium oxide (NRFM-Zr), whose main components are hydroxyapatite, calcium carboxylate, and zirconium dioxide, etc., therefore, it belongs to the hydroxyapatite-based materials (Chen Y. Z. et al., 2013; Chen et al., 2018). NRFM-Zr exhibits favorable physicochemical properties such as good washout resistance, radiopacity, and hydrophilicity, as well as excellent biocompatibility, making it a promising RFM. Moreover, NRFM-Zr is a bioactive material that can enhance ALP activity and mineral deposition in Saos-2 cells, indicating its potential to promote osteoblast differentiation (Chen et al., 2018). However, the molecular mechanism underlying its osteogenic/odontogenic differentiation effect remains unclear.
Gene expression profiling microarray technology enables the efficient and rapid detection and analysis of a large number of genes. When combined with bioinformatics analysis, it allows for a comprehensive study of gene-gene relationships, making it possible to elucidate the molecular mechanisms underlying the different effects of biomaterials on tissues and cells. For instance, gene expression profiling microarray technology has been applied to investigate the molecular mechanisms of osteogenic differentiation in calcium silicate-based materials such as MTA and iRoot BP (Kim et al., 2010; Torun et al., 2016). However, to date, there have been no comparative studies on the osteogenic/odontogenic differentiation mechanisms between calcium silicate-based materials (such as MTA) and hydroxyapatite-based materials (such as NRFM-Zr).
The aim of this study is to first compare the biocompatibility of NRFM-Zr, MTA, and GIC at the cellular level. Subsequently, gene expression profiling microarray technology combined with bioinformatics analysis will be used to investigate the molecular mechanisms underlying the osteogenic/odontogenic differentiation induction of human osteosarcoma MG-63 cells by NRFM-Zr at the molecular level.
2 MATERIALS AND METHODS
2.1 Materials preparation
The NRFM-Zr powder was composed of 34.4% hydroxyapatite, 34.4% tetracalcium phosphate, 7.2% solid polyacrylic acid, 2.4% solid citric acid, 1.6% sodium citrate, and 20.0% zirconium dioxide (by mass percentage) which was used to improve its radio-opacity (Chen et al., 2018; Mahgoub et al., 2019). NRFM-Zr circular disk samples in two sizes (diameter 5 mm × thickness 2 mm, diameter 20 mm × thickness 1 mm) was prepared as follows: the material powder was mixed with distilled water in a 5:1 mass ratio and then placed in a circular plastic plate which was stored at 37°C and 100% humidity for 1 day (Chen et al., 2018). Subsequently, the samples were sterilized for 12 h in an ethylene oxide sterilizer (Anprolene AN 74ix; Andersen, Haw River, NC, United States). Before conducting biological experiments, the samples were degassed for 7 days to remove residual ethylene oxide and rinsed with sterile phosphate-buffered saline (PBS) (Chen Y. Z. et al., 2013). Additionally, ProRoot MTA (Dentsply Tulsa Dental Specialties, Johnson City, TN, United States of America) and GIC (FX-II, Shofu, Inc., Kyoto, Japan) were used as control materials, which were fabricated according to the manufacturer’s instructions, with powder/liquid mass ratios of 3.3:1 and 2.6:1, respectively (Chen et al., 2018).
2.2 Cell viability assay
The MG-63 cells (Institute of Cell Biology, Chinese Academy of Sciences, Shanghai, PRC) were cultured in calcium-containing MEM medium (Gibco Laboratories, Grand Island, United States) containing 10% fetal bovine serum, 0.15% sodium bicarbonate, penicillin (100 U/mL), and streptomycin (100 mg/mL) in a humidified atmosphere containing 5% CO2 at 37°C. Logarithmic growth phase MG-63 cells were seeded at a density of 3 × 104 cells per well in a 24-well plate and incubated overnight (Ceci et al., 2015; Margunato, et al., 2015). The culture medium was then removed, and transwells (diameter 6.5 mm, Corning Gilbert Inc., Glendale, AZ, United States) containing test material samples (diameter 5 mm × thickness 2 mm) were placed in the wells. An empty transwell without samples was served as the negative control group. The culture medium was changed every 3 days. After culturing for 3, 5, and 7 days respectively, the cell viability of each group was assessed using MTT assay (Chen Y. Z. et al., 2013). The optical density (OD) was measured at a wavelength of 492 nm using a microplate reader (Multiskan MK3, Thermo Labsystems Co., Shanghai, PRC). According to ISO 10993–5 (International Standards Organization, 2009), cell viability was calculated as a percentage using the following formula:
[image: image]
The cell toxicity grades were defined as follows: 0 (cell viability ≥100%), 1 (75%–99%), 2 (50%–74%), 3 (25%–49%), 4 (1%–24%), and 5 (0%) (Lü et al., 2009; Chen et al., 2018).
2.3 Alkaline phosphatase activity assay
MG-63 cells were seeded at a density of 3 × 104 cells per well in a 24-well plate and incubated overnight. The MEM medium was then replaced with osteogenic induction medium (100 nM dexamethasone, 10 mM β-glycerophosphate, and 50 μg/mL L-ascorbic acid (Sigma-Aldrich, St. Louis, MO, United States)). Transwells containing the test samples (diameter 5 mm × thickness 2 mm) were placed in the 24-well plate, and co-cultured with MG-63 cells for 3, 5, and 7 days respectively. After removing the samples, transwells and culture medium, the cells were washed twice with PBS. Then, 500 μL of 10 mM Tris-HCl buffer (pH 7.6) containing 0.1% Triton X-100 was added to each well. The ALP activity and total protein concentration of the cells were measured according to the instructions of the ALP assay kit (Nanjing Jiancheng Chemical Industrial Co., Ltd., Nanjing, China) (Chen et al., 2018). ALP activity was reported as nanomoles of p-nitrophenol produced per microgram of total protein, and the percentage of the sample group was calculated relative to the negative control group. An empty transwell was served as the negative control group.
2.4 Calcium ion concentration measurement
Samples of the three materials (diameter 5 mm × thickness 2 mm) were placed in a 24-well plate with one sample per well. Blank wells without the test materials were used as the negative control group. Each well was filled with 1 mL of MEM medium, which was changed every 3 days. After culturing for 3, 5, and 7 days respectively in a humidified atmosphere containing 5% CO2 at 37°C, 100 μL of the culture medium was collected and the calcium ion concentration was measured using an AU5800 fully automated biochemical analyzer (Beckman Coulter Inc., Brea CA, United States) (Liu H. et al., 2020).
2.5 Gene expression profiling microarray experiment
MG-63 cells were seeded at a density of 7 × 104 cells/mL in a 6-well plate with 3 mL per well. After 24 h, the MEM medium was replaced with osteogenic induction medium. Three types of test samples (diameter 20 mm × thickness 1 mm) in transwells were co-cultured with MG-63 cells for 5 days, with an empty transwell without samples serving as the negative control group. Cells were rinsed with PBS (pH 7.2) twice, and total RNA from each group was extracted using Trizol reagent (Invitrogen Corporation, Grand Island, NY, United States). The quantity and quality of RNA were measured using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States), and the RNA integrity was assessed by standard denaturing agarose gel electrophoresis. The gene expression profiles of the cells in each sample were analyzed using a whole-genome oligo microarray (4 × 44K; Agilent Technologies, Inc., Santa Clara, CA, United States) (performed by Shanghai Kangcheng Biotechnology Company). Genes with a fold change ≥2 or ≤0.5 and a p-value <0.05, compared to the negative control group, were defined as upregulated or downregulated, respectively (Lü et al., 2009; Lü et al., 2010; Lü et al., 2014).
2.6 Bioinformatics analysis
First, the differential expression genes were analyzed using the DAVID online database (https://david.ncifcrf.gov/, 6 April 2023 version) to perform Gene Ontology (GO) analysis. Then, genes related to bone and tooth development were selected from the functional categories, and further analysis was conducted on the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways in which these genes are involved. And pathways at least two differentially expressed genes involved were selected.
2.7 Real-time fluorescent quantitative PCR analysis (qRT-PCR)
Four differentially expressed genes (ENPP1, NPY, NOG and P2RX7) associated with osteogenic/odontogenic differentiation of MG-63 cells were select for qRT-PCR analysis. GAPDH was served as the internal reference, and the primer sequences were listed in Table 1. The experiment was conducted in Shanghai Kangcheng Biotechnology Company.
TABLE 1 | Sequences of the used primers for the RT-PCR experiment.
[image: Table 1]2.8 Statistical analysis
All data were presented as mean ± standard deviation (mean ± SD). Statistical analysis of the data was performed using one-way analysis of variance (ANOVA), followed by Fisher’s least significant difference (LSD) test or Dunnett’s test for multiple comparisons using SPSS software (version 11.50; SPSS Inc., Chicago, IL, United States). Differences with p < 0.05 were considered statistically significant.
3 RESULTS
3.1 Cell viability
The cell viability at different time points following the treatment with the three materials is shown in Table 2. Except for day 5 and day 7 for MTA, and day 5 for GIC (p < 0.05), there were no statistically significant differences in cell viability between the test groups and the negative control group (p > 0.05). The toxicity level of the experimental materials was classified as grade 1.
TABLE 2 | Cell viability and cytotoxicity grade for test materials in MTT assay (n = 4).
[image: Table 2]3.2 Alkaline phosphatase activity
Figure 1 shows that the ALP activity in the NRFM-Zr and MTA groups was significantly higher than the negative control on day 5 and day 7 (p < 0.05), while there was no significant difference on day 3 (p > 0.05). The ALP activity in the GIC group was significantly lower than the other three groups at all intervals (p < 0.05).
[image: Figure 1]FIGURE 1 | ALP activity of NRFM-Zr, MTA, GIC and negative control at various time intervals. Different letters above the bars indicate significant differences between the materials at the same time (one-way ANOVA followed by Fisher’s LSD test, p < 0.05).
3.3 Calcium ion concentration
The calcium ion concentration of the test materials is shown in Table 3. Among them, the calcium ion concentration NRFM-Zr was significantly higher than the other three groups at all intervals (p < 0.05), while that of GIC was lower than the other groups (p < 0.05). Compared to the negative control group, MTA showed a higher calcium ion concentration on day 3 (p < 0.05), while there were no significant differences on day 5 and day 7 (p > 0.05).
TABLE 3 | Calcium ion concentration of test materials (n = 4).
[image: Table 3]3.4 Gene expression profiling microarray experiment
Table 4 shows the number of differentially expressed genes (fold change ≥2 or ≤0.5, p < 0.05) in the NRFM-Zr and MTA groups, which were 2915 and 2254, respectively, higher than the number in the GIC group (392). Additionally, in each group, the number of downregulated genes was greater than the number of upregulated genes. Detailed gene information can be found in Supplementary Tables S1–S3.
TABLE 4 | The numbers of differentially expressed genes and their involved GO terms.
[image: Table 4]3.5 Bioinformatics analysis
3.5.1 Gene ontology functional analysis
The total number of GO functional categories involved in the differentially expressed genes in the NRFM-Zr, MTA, and GIC groups were listed in Table 4. In order to analyze the effects of these three materials on osteogenesis and odontogenesis, the functional categories related to osteogenic/odontogenic differentiation were further screened from the biological process (BP) categories. The results were presented in Table 5.
TABLE 5 | Osteogenesis-related and odontogenesis-related GO terms in NRFM-Zr and MTA treated groups.
[image: Table 5]In the NRFM-Zr group, 8 GO functional categories related to osteogenesis and 2 categories related to odontogenesis were identified, involving 92 differentially expressed genes (43 upregulated and 49 downregulated; detailed information could be found in Supplementary Table S4). In the MTA group, 6 GO functional categories related to osteogenesis and 1 category related to odontogenesis were found, involving 71 differentially expressed genes (37 upregulated and 34 downregulated; detailed information can be found in Supplementary Table S5). There were 52 common genes between the two groups. However, the GIC group did not show any GO functional categories related to osteogenesis or odontogenesis.
3.5.2 Kyoto encyclopedia of genes and genomes pathway analysis
The 92 genes identified from the NRFM-Zr group and the 71 genes from the MTA group, which were related to osteogenesis and odontogenesis as selected in Section 3.5.1, were subjected to KEGG pathway analysis. It was found that the differentially expressed genes in the NRFM-Zr group were involved in 89 pathways, while those in the MTA group were involved in 46 pathways. Among them, there were 8 pathways related to osteogenic/odontogenic differentiation in the NRFM-Zr group and 6 pathways in the MTA group. The detailed information could be found in Table 6. The pathway maps and the genes involved were shown in Figures 2, 3.
TABLE 6 | Pathways and genes associated with osteogenic/odontogenic differentiation in the NRFM-Zr and MTA Groups.
[image: Table 6][image: Figure 2]FIGURE 2 | Pathways associated with osteogenic/odontogenic differentiation and the differentially epressed genes in the NRFM-Zr Group. (A) PI3K-Akt signaling pathway. (B) MAPK signaling pathway. (C) TGF-β signaling pathway. (D) EGFR tyrosine kinase inhibitor resistance. (E) Wnt signaling pathway. (F) JAK-STAT signaling pathway. (G) ErbB signaling pathway. (H) cGMP-PKG signaling pathway. Red letters indicate upregulated genes and green letters indicate downregulated genes.
[image: Figure 3]FIGURE 3 | Pathways associated with osteogenic/odontogenic differentiation and the differentially expressed genes in the MTA Group. (A) PI3K-Akt signaling pathway. (B) MAPK signaling pathway. (C) TGF-β signaling pathway. (D) EGFR tyrosine kinase inhibitor resistance. (E) Wnt signaling pathway. (F) ErbB signaling pathway. Red letters indicate upregulated genes and green letters indicate downregulated genes.
3.6 qRT-PCR results
Figure 4 shows the fold changes of the 4 genes (ENPP1, NPY, NOG and P2RX7) associated with osteogenesis and odontogenesis from qRT-PCR and gene expression profiling microarray. The expression trends of the two methods were largely consistent, demonstrating the reliability of the gene expression profiling microarray experiment results.
[image: Figure 4]FIGURE 4 | Validation of gene expression profiling microarray results by analyzing the expression levels of four genes with qRT-PCR. (A) qRT-PCR. (B) Gene expression profiling microarray. “a” represents p < 0.05 comparing with negative control.
4 DISCUSSION
4.1 Cell viability
Given that RFMs come into direct contact with periapical tissues, ideal RFMs should present desirable cytocompatibility. The results of this study (Table 2) showed that the cell viability of NRFM-Zr co-cultured with MG-63 cells ranged from 93.26% to 98.40% at three time points. Our previous research demonstrated that the extract of freshly prepared or set NRFM-Zr exhibited good cell compatibility with L929 mouse fibroblasts (Chen et al., 2018). These results indicate that NRFM-Zr has favorable cell compatibility. Additionally, this study also showed that the cell viability of MTA (at 5 and 7 days) and GIC (at 5 days) was significantly lower than the negative control group (p < 0.05), although their cell toxicity levels were also classified as grade 1. These findings are consistent with other studies (Keiser et al., 2000; Chen Y. Z. et al., 2013; Chen et al., 2018), such as the study by Keiser et al. (2000) which demonstrated that high concentrations of MTA extract had an inhibitory effect on human periodontal ligament cell proliferation. However, other studies have shown that MTA does not exhibit cytotoxicity towards human periodontal ligament cells (Gorduysus et al., 2007).
4.2 Alkaline phosphatase activity
Apart from desirable cytocompatibility, osteogenic/odontogenic performance is another important property of RFMs. ALP activity is a marker of early differentiation of osteoblasts (Fan et al., 2015), therefore, in this study, ALP activity was used to investigate the osteogenic/odontogenic differentiation potential of NRFM-Zr. The results showed that the NRFM-Zr group at day 5 and day 7 exhibited significantly higher ALP activity compared to the negative control group (p < 0.05). Our previous research also demonstrated that the extract of NRFM-Zr significantly increased the ALP activity of Saos-2 cells (Chen et al., 2018). Similar to NRFM-Zr, MTA at day 5 and day 7 significantly increased the ALP activity of MG-63 cells (p < 0.05), which is consistent with previous studies (Chang et al., 2014). For example, Chang et al. (2014) showed that MTA increased ALP activity and promoted mineralized nodule formation in human dental pulp cells. In contrast, the ALP activity of GIC was significantly lower than the negative control at all time points. Chen et al. (2002) found that GIC and resin-modified light-cured GIC inhibited the ALP activity of human dental pulp fibroblasts. Therefore, NRFM-Zr and MTA can promote the osteogenic/odontogenic differentiation of MG-63 cells, while GIC inhibits the osteogenic/odontogenic differentiation of MG-63 cells.
4.3 Calcium ion concentration
Calcium ions may play an important role in the formation and mineralization of hard tissues, therefore, the calcium ion concentration of the materials was also tested in this study. The results showed that the calcium ion concentration of NRFM-Zr ranged from 1.45 to 4.85 mmol/L, which was significantly higher than the negative control group. The increase of extracellular calcium ion concentration could cause a dramatic increase of intracellular calcium ion concentration through calcium channels (Zayzafoon, 2006). Jung et al. (2010) further showed that HA-released Ca2+ improved the MC3T3-E1 cell differentiation by increasing bone sialoprotein and osteopontin expression through L-type calcium channel which triggered calcium/calmodulin mediated calcium/calmodulin-dependent protein kinase 2 (CaM–CaMK2) pathway. Moreover, Maeno et al. (2005) demonstrated that slightly higher concentrations of calcium ions are beneficial for osteoblast differentiation and matrix mineralization. Therefore, the calcium ions released from the main components of NRFM-Zr, hydroxyapatite and carboxylate calcium salts, are believed to promote the osteogenic/odontogenic differentiation of MG-63 cells. Similar to NRFM-Zr, MTA exhibited a higher calcium ion concentration (1.45 mmol/L) at day 3 (p < 0.05). Many studies have indicated that MTA’s promotion of osteoblast differentiation is not only associated with higher calcium ion concentration but also with alkaline pH values (Bonson et al., 2004; Matsumoto et al., 2013; Gandolfi et al., 2014). In contrast to NRFM-Zr and MTA, GIC exhibited an acidic pH and lower calcium ion concentration (0.65–1.01 mmol/L), thereby exerting an inhibitory effect on the osteogenic/odontogenic differentiation of MG-63 cells.
4.4 Gene expression profiling microarray experiment and bioinformatics analysis
To further investigate the molecular mechanisms underlying NRFM-Zr’s promotion of osteogenic/odontogenic differentiation in MG-63 cells, this study conducted comprehensive analysis using gene expression profiling microarray and bioinformatics analysis. The results of the gene expression profiling microarray showed that the number of differentially expressed genes in the NRFM-Zr (2915) and MTA (2254) groups was much higher than in the GIC group (392), indicating that the former two had a greater impact on the gene expression profile of MG-63 cells than the latter. The results of GO functional analysis on the differentially expressed genes revealed that the 8 osteogenesis and 2 odontogenesis related categories involved in the NRFM-Zr group fully encompassed the 6 osteogenesis and 1 odontogenesis related categories in the MTA group (p < 0.05). Moreover, the two groups shared 52 consistently differentially expressed genes. These results suggested that NRFM-Zr and MTA might have some similar molecular mechanisms, with NRFM-Zr exerting a broader impact. In contrast, unlike the two aforementioned materials, the GIC group did not show any osteogenesis and odontogenesis related functional categories, which supported its lack of significant promotion on osteogenic/odontogenic differentiation in MG-63 cells at the molecular level. Therefore, further discussion on GIC was not conducted in the subsequent sections.
The KEGG pathway analysis revealed that the NRFM-Zr group had more pathways (8) and a greater number of genes (24) associated with osteogenic/odontogenic differentiation compared to the MTA group (6 pathways, 19 genes). Among these pathways, 6 were common to both groups, while the NRFM-Zr group had 2 unique pathways (Table 6). This indicated that NRFM-Zr had a greater impact on the osteogenic/odontogenic differentiation of MG-63 cells compared to MTA.
4.4.1 PI3K-AKT signaling pathway and MAPK signaling pathway
From Table 6 and Figure 2, and Figure 3, it could be observed that genes involved in the PI3K-AKT signaling pathway in the NRFM-Zr/MTA group included all genes involved in the MAPK signaling pathway, EGFR tyrosine kinase inhibitor resistance pathway, and ErbB signaling pathway. Therefore, these four pathways would be discussed together.
The PI3K-Akt signaling pathway consists of PI3K and its downstream molecule Akt, which has been shown to be crucial for osteogenic differentiation, growth, and survival (Liu Y. et al., 2020). NRFM-Zr activates the PI3K-Akt signaling pathway in MG-63 cells, resulting in the downregulation of downstream genes CREB3L1, BCL2, and BCL2L11. BCL2 is located downstream of CREB3L1, and studies by Moriishi et al. (2011, 2014) had shown that low expression of BCL2 promoted osteogenic differentiation, while overexpression of BCL2 inhibited osteogenic differentiation, reduced the progression of osteoblasts, and led to osteoblast apoptosis. Therefore, the downregulation of BCL2 in this study might promote osteogenic differentiation of MG-63 cells. In addition, a study by Chen Y. T. et al. (2013) demonstrated that inhibition of Bim protein (BCL2L11) expression protected osteoblasts from apoptosis. Liang et al. (2008) also showed that partial protection against cell apoptosis could be achieved by specifically knocking out Bim in osteoblasts. In this study, the downregulation of the BCL2L11 gene might protect MG-63 cells from apoptosis. Although MTA also activated the PI3K-Akt signaling pathway in MG-63 cells, it only exhibited downregulation of the BCL2L11 gene downstream, suggesting that it might only play a role in inhibiting apoptosis, and its osteogenic differentiation potential might be lower than that of NRFM-Zr.
The MAPK signaling pathway mediates various physiological processes, including cell growth, development, proliferation, differentiation, aging, and death. Studies have shown that the MAPK signaling pathway promotes osteoblast proliferation, differentiation, and delayed apoptosis through various pathways (Luo et al., 2005; Greenblatt et al., 2022). In the NRFM-Zr group, there were 7 genes involved in this pathway, while the MTA group had 4 genes (Table 6). AREG is associated with bone physiology and intermittent parathyroid hormone treatment-mediated bone anabolic metabolism, and overexpression of AREG in osteoblasts could induce a high bone mass phenotype (Vaidya et al., 2015). FGF2, FGF4, and FGF8 belong to the fibroblast growth factor family. FGF2 not only directly participated in the regulation of osteogenic differentiation but also synergized with Wnt/beta-catenin, bone morphogenetic protein, and MAPK signaling pathways to regulate bone metabolism (Ahn et al., 2009). FGF4 could affect osteogenic differentiation through the activation of MAPK-mediated signaling pathways (Kook et al., 2013). FGF8 was an effective stimulator of Wnt/β-catenin protein activity and an important factor in tooth development (Kimura et al., 2022). Enhanced functionality of FGFR2 could enhance Erk1/2 phosphorylation in bone marrow mesenchymal stem cells (BMSCs), thereby promoting osteogenic differentiation (Zhang et al., 2022). Downregulation of FGFR3 inhibited osteogenic differentiation of BMSCs in TBXT gene mutant mice (Su et al., 2023). EGFR is a tyrosine kinase involved in regulating cell homeostasis. EGFR and its ligands regulate key biological processes in cells, such as proliferation, survival, differentiation, and migration. Downregulation of EGFR had an inhibitory effect on osteogenesis (Ge et al., 2021). Among the 7 differentially expressed genes in the NRFM-Zr group, 4 genes (upregulated AREG, FGF2, FGFR2, FGFR3) promoted osteogenic differentiation, while 3 genes (downregulated FGF4, FGF8, EGFR) hindered osteogenic differentiation. In the MTA group, there were 2 genes each that promoted (upregulated AREG, FGFR3) or hindered (downregulated FGF4, FGF8) osteogenic differentiation. Overall, NRFM-Zr (the sum of fold change of was +5.64) exhibited a greater osteoinductive effect than MTA (the sum of fold change was + 2.09) (Figure 5). The EGFR signaling pathway (EGFR tyrosine kinase inhibitor resistance pathway in this study), is an important regulatory pathway in bone regulation and plays a crucial anabolic role in bone metabolism (Zhu et al., 2011). Among the 6 differentially expressed genes involved in this pathway induced by NRFM-Zr, 4 genes (upregulated FGF2, FGFR2, FGFR3, and downregulated BCL2) were favorable for osteoblastic differentiation, while only 1 gene (downregulated EGFR) was unfavorable. In contrast, the MTA group had only 1 gene (upregulated FGFR3) that was favorable for osteoblastic differentiation. This suggested that NRFM-Zr might have a greater potential for osteoinduction compared to MTA in terms of its effect on the EGFR signaling pathway.
[image: Figure 5]FIGURE 5 | The fold changes of differentially expressed genes involved in the MAPK signaling pathway in the NRFM-Zr and MTA groups. To facilitate comparison, the fold changes of downregulated genes were represented as the negative reciprocal of their expression values.
The ErbB family couples extracellular growth factor ligands to intracellular signaling pathways that regulate various biological responses, including proliferation, differentiation, cell motility, and survival. This pathway was specific to the NRFM-Zr group and involved the upregulation of AREG and downregulation of EGFR. The fold change of AREG was greater than that of EGFR (as shown in Figure 5), indicating an overall promotion of osteoinductive effects.
4.4.2 TGF-β signaling pathway
The TGF-β signaling pathway plays a crucial role in various cellular functions, including proliferation, apoptosis, differentiation, and migration. During osteogenic differentiation, the TGF-β signaling pathway transmits signals through type I and type II serine/threonine kinase receptors (Almuraikhi, 2023).
In the NRFM-Zr group, there were 6 differentially expressed genes involved in this pathway. Among them, 4 genes (BMP5, BMP6, INHBA, and NOG) were beneficial for osteogenic differentiation (Hopwood et al., 2007; Zou et al., 2013), while 2 genes (BMP8B and CHRD) were unfavorable for osteogenic differentiation (Macsai et al., 2012; Wang et al., 2022). The MTA group also contained the same 4 beneficial genes and 1 unfavorable gene (BMP8B) for osteogenic differentiation. However, overall, NRFM-Zr (the sum of fold change was +10.02) might have a greater osteoinductive effect than MTA (the sum of fold change was + 9.42) (Figure 6).
[image: Figure 6]FIGURE 6 | The fold changes of differentially expressed genes involved in the TGF-β signaling pathway between the NRFM-Zr and MTA groups. To facilitate comparison, the fold changes of downregulated genes were represented by the negative reciprocal of their expression values.
4.4.3 Wnt signaling pathway
Wnt proteins are essential for the fundamental developmental processes in various species and organs, including cell fate specification, progenitor cell proliferation, and control of asymmetric cell division. Upon activation of the Wnt signaling pathway, β-catenin translocates to the nucleus and becomes stabilized, where it then binds to DNA-binding proteins of the TCF/LEF family and regulates osteogenesis through target genes mediated by Wnt (Sharma et al., 2022).
Both NRFM-Zr and MTA upregulate the downstream gene AXIN2 in the Wnt signaling pathway. AXIN2 facilitates the binding activity of I-SMAD and ubiquitin protein ligase, and it is involved in the regulation of centromere sister chromatid cohesion. It plays a role in multiple processes, including negative regulation of osteoblast differentiation and regulation of chondrocyte development. Previous study found that IL-35 enhanced the expression of key components, such as p-catenin and Axin2, in the Wnt/β-catenin pathway during the differentiation of mesenchymal stem cells into osteoblasts. This indicated that the upregulation of Axin2 suggested the occurrence of osteogenic differentiation (Li et al., 2023). The fold change of AXIN2 in the NRFM-Zr group (2.21) was slightly higher than that in the MTA group (2.02), suggesting that NRFM-Zr might have a slightly superior effect on osteogenic differentiation compared to MTA.
4.4.4 JAK-STAT signaling pathway
In mammals, the JAK/STAT pathway is a major signaling conduction mechanism for various cytokines and growth factors. The JAK/STAT pathway is involved in bone homeostasis and plays an important role in the proliferation and differentiation of certain cell types, including osteoblasts and osteoclasts (Sanpaolo et al., 2020). Compared to MTA, NRFM-Zr inhibited the expression of the downstream gene BCL2 in this pathway. The downregulation of BCL2 promoted osteoblast differentiation.
4.4.5 cGMP-PKG signaling pathway
cGMP is an intracellular second messenger that mediates the actions of nitric oxide and natriuretic peptides, regulating a wide range of physiological processes. Elevated intracellular cGMP levels exert their physiological effects through cGMP-dependent protein kinase (PKG), cGMP-regulated phosphodiesterases, and cGMP-gated cation channels, with PKG being a major mediator. PKG can also open mitochondrial ATP-sensitive K+ channels, leading to the release of ROS for protective effects. This pathway is specific to the NRFM-Zr group and involved the downstream gene CREB3L1, and the downregulation of CREB3L1 was unfavorable for osteoblast differentiation (Hansamuit et al., 2020).
4.5 qRT-PCR
The comparison between the validation experiments by qRT-PCR and the gene expression profiling microarray results showed that although there were certain differences in the expression levels of genes such as ENPP1, the majority of the results were consistent. This indicated that the results obtained from the gene expression profiling microarray were reliable and reproducible.
5 CONCLUSION
In this study, gene expression profiling microarray and bioinformatics techniques were employed to comparatively investigate the impact molecular mechanisms underlying osteogenic/odontogenic differentiation of three different types of root-end filling materials (hydroxyapatite-based NRFM-Zr, calcium silicate-based MTA, and GIC) on MG-63 cells. The results revealed the following findings: 1) Hydroxyapatite-based and calcium silicate-based root-end filling materials shared similar molecular mechanisms in influencing osteogenic/odontogenic differentiation. 2) NRFM-Zr may promote the osteogenic/odontogenic differentiation of MG-63 cells through eight signaling pathways including PI3K-Akt and MAPK, as well as affecting the expression of related genes in these pathways which promote differentiation and inhibit cell apoptosis. 3)The inducing efficacy of NRFM-Zr was found to be superior to MTA due to desirable cell viability, ALP activity and calcium ion concentration (Table 7).
TABLE 7 | Comparison of NRFM-Zr, MTA and GIC.
[image: Table 7]Based on the results of this study, not only have we found that NRFM-Zr appears as a suitable root-end filling material, but we have also basically elucidated its molecular mechanism in promoting osteogenic/odontogenic differentiation. However, further investigations are still needed to validate the key gene or pathway function obtained in this paper, and in vivo animal experiments need to be carried out to further verify its osteogenic/odontogenic properties and lay a foundation for future clinical applications.
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Titanium meshes are widely utilized in alveolar bone augmentation, and this study aims to enhance the properties of titanium meshes through heat treatment (HT) and the synergistic finishing technology of electric field and flow field (EFSF). Our findings illustrate that the titanium mesh exhibits improved mechanical properties following HT treatment. The innovative EFSF technique, in combination with HT, has a substantial impact on improving the surface properties of titanium meshes. HT initiates grain fusion and reduces surface pores, resulting in enhanced tensile and elongation properties. EFSF further enhances these improvements by significantly reducing surface roughness and eliminating adhered titanium powder, a byproduct of selective laser melting printing. Increased hydrophilicity and surface-free energy are achieved after EFSF treatment. Notably, the EFSF-treated titanium mesh exhibits reduced bacterial adhesion and is non-toxic to osteoblast proliferation. These advancements increase its suitability for clinical alveolar bone augmentation.
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1 INTRODUCTION
Titanium meshes are widely used for repairing complex bone defects and have shown good bone augmentation effects (Merli et al., 2015 Boyne et al., 1985). When using commercial meshes, adapting to each patient’s complicated atrophic bone structure takes considerable time and efforts, increasing the operation time and the risk of infection (Sumida et al., 2015). Compared with to prefabricated titanium meshes, additive manufacturing enables the production of customized three-dimensional titanium meshes. These meshes meet the individual needs of patients through preoperative design and digital virtual reconstruction. This approach facilitates precise bone grafting procedures, streamlines surgical processes, and shortens operation time, presenting promising clinical applications (Sumida et al., 2015).
Currently, titanium alloys such as Ti-6Al-4V (TC4) are commonly used for titanium mesh fabrication. However, the leakage of aluminum and vanadium from TC4 into the complex oral environment raises concerns about their potential harm to human bodies (Gomes et al., 2011; Rao et al., 1996). On the other hand, pure titanium offers several advantages. It is a single-element material that is lightweight with high specific strength, low thermal conductivity, minimal magnetism, x-ray translucency, excellent corrosion resistance, and favorable biological properties (Dong et al., 2020). However, pure titanium exhibits lower mechanical strength compared with titanium alloys.
In surgery, titanium meshes need to be sufficiently rigid to withstand pressure from the overlying flap, muscle movements, and chewing loads (Rakhmatia et al., 2013). Studies have suggested that an adult male individual can generate biting forces ranging from 45 to 68 kg (441.3–666.8 MPa), indicating that the bending fracture of the titanium mesh should be tested within this range (De Angelis et al., 2021). However, in the case of titanium mesh implantation, the surgical area typically does not directly bear the full force of occlusal pressures. A study suggests that stress from intraoral soft tissues can be the primary cause of displacement in bone grafting materials, leading to inadequate bone regeneration (Buser et al., 1996). Therefore, a testing pressure of 21N, which was intended to simulate the maximum force that healthy intraoral soft tissues could exert (Ulrich Sommer et al., 2014), was used to assess the mechanical performance of the titanium mesh (Lee et al., 2017) This approach provided a more realistic scenario of the conditions that the mesh was likely to encounter in clinical practice.
Selective laser melting (SLM) is a prevalent method in additive manufacturing. During the rapid cooling phase of the SLM process, significant temperature gradients are formed within the metal specimens, potentially causing deformation or curling. A proposed solution to these structural defects is HT, which has been successful in mitigating residual stresses and enhancing both the mechanical and biological properties of SLM-manufactured titanium meshes (Wang et al., 2020; Scarano et al., 2018; , 2020; Li et al., 2021). Studies indicate that HT refines grains, enhances fusion, increases the elongation rate, and improves the mechanical strength of the specimens (Wang et al., 2020; Li et al., 2021). However, to date, data on the strength characteristics of pure titanium meshes are lacking.
Furthermore, the additive manufacturing of titanium meshes results in the adherence of unmelted metal powder to the surfaces, making the surfaces highly rough and difficult to polish. The rough surfaces not only stimulate gingival attachment but can also contribute to bone adhesion, making retrieval more challenging. Once the titanium meshes are exposed to oral cavities, the rough surfaces provide favorable conditions for bacterial adhesion. Researches have shown that increased surface roughness enlarges the surface area of the materials; also, features such as pits, grooves, scratches, and cracks on rough surfaces can influence bacterial adhesion and serve as favorable sites for biofilm formation (Ribeiro et al.,2012; Santhosh Kumar et al., 2019). Highly roughened materials increase the likelihood of bacterial adherence, increasing wound healing duration and postoperative infection (Dank et al., 2019).
Various methodologies are currently employed for modifying the surface of titanium mesh, including mechanical abrasion, electrolytic polishing, sandblasting, computer numerical control machining, chemical mechanical polishing, and laser polishing (Wang et al., 2016). Notably, electrolytic polishing, in particular, is commonly employed to reduce the roughness of titanium implants produced through additive manufacturing. However, using corrosive chemicals in this approach raises concerns regarding environmental impact and safety. Electrochemical plasma polishing (ECPP) (combining conventional electrolysis with atmospheric plasma processes) has been used for removing contaminants and reducing oxide layers to address these issues (Yang et al., 2016). This synergistic technique produces exceptionally smooth and glossy surfaces with enhanced corrosion resistance. ECPP is an environmentally friendly and cost-effective approach, making it a promising choice for reducing the roughness of 3D-printed titanium implants (Zeidler et al., 2016). However, researches on ECPP for titanium mesh substrates are still limited.
This study aimed to optimize the mechanical and surface properties of additively manufactured pure titanium meshes using two methods: vacuum HT and a novel synergistic finishing technology called synergistic finishing technology of electric field and flow field (EFSF). The study evaluated the bending resistance, elongation rate, tensile strength, biocompatibility, and bacterial adhesion of the additively manufactured pure titanium meshes (before/after vacuum HT and with/without EFSF), thus providing experimental data for exploring the more promising titanium meshes.
2 MATERIALS AND METHODS
2.1 Preparation of experimental specimens
Commercially pure titanium (cpTi), which is used in current dental implants (McCracken, 1999), can be classified into four grades based on purity and oxygen content (Liu et al., 2017). These grades exhibit variations in corrosion resistance, ductility, and strength. This study selected flow-treated TA1 titanium powder (15–53 μm; Jiangsu Vilory Advanced Materials Technology Co., Ltd., China) (Table 1) as the powder material. Modeling and slicing were performed using Magics 22.0 software (Materialise, Belgium), and the Tr150 printer (Nanjing Qianzhi Intelligent Technology Co., Ltd., China) was employed for layer-by-layer laser printing under an argon atmosphere. Tables 2, 3, respectively, list the printing and HT parameters for As-built laser melting deposition parts. The printing parameters were set as follows: laser intensity of 120 W, scanning speed of 1,000 mm/s, and layer thickness of 0.030 mm. Wire cutting and support removal were conducted after printing, followed by sandblasting treatment (110-μm alumina sandblasting agent; Renfert, Germany), to refine the surface. HT was conducted in a vacuum HT furnace (RZF110014230S; Shanghai Refan High-Temperature Equipment Co., Ltd., China). Biological test specimens were prepared as circular disks with a diameter of 10 mm and a thickness of 0.3 mm (Figure 1A), as well as hexagonal mesh structures with a diameter of 2 mm (Figure 1). After ultrasonic cleaning (KQ-250DE; Kunshan Ultrasonic Instruments Co., Ltd., Suzhou, China) with deionized water, the specimens were soaked in ethanol for 3 h and then dried for further use.
TABLE 1 | Chemical composition of the TA1 alloy powder.
[image: Table 1]TABLE 2 | SLM titanium printing parameters.
[image: Table 2]TABLE 3 | HT parameters.
[image: Table 3][image: Figure 1]FIGURE 1 | (A) Biological test specimen and (B) mechanical performance test specimen.
According to the requirements of YB/T5349-2014 for the test specimens for evaluating mechanical performance, a rectangular mesh thin-plate specimen with a length of 60 mm, a width of 15 mm, and a thickness of 0.3 mm was designed using 3-matic digital software. The mesh configuration was hexagonal (Figure 1B). The designed sample was saved in ". stl” format. The design file of the 0.3-mm sample was sent to a 3D printer, and the medical-grade pure titanium TA1 powder was used to print the mechanical performance test sample 2 of the titanium mesh. The relevant HT temperature and printing parameters were based on a previous study (Li et al., 2021) and the pilot experimental results. We processed the biological and mechanical performance test samples by printing and HT based on the requirements listed in Table 1. The SLM printing process flowchart for all specimens is depicted in Figure 2.
[image: Figure 2]FIGURE 2 | SLM printing process flowchart.
The mechanical performance test specimens were categorized into two groups: the As-built group and the heat-treated HT group. The specimens for biological testing and surface performance testing were categorized into the As-built, HT, and EFSF groups. The specimens in the EFSF group underwent surface treatment, and the samples were sequentially washed with an ultrasonic cleaner (90 kHz, 90 W output power), ethanol, and deionized water. The plasma polishing equipment (SFM20D-T; Nanjing Additive Manufacturing Research Institute Development Co., Ltd., China) was used, and an appropriate amount of electrolyte (2 wt% aqueous solution, pH = 5–7) was prepared in the working tank, with the electrolyte preheated to 55°C. The cathode tool and anode specimen were connected to the cathode and anode of the power supply system, respectively. The anode specimen was fixed in the working tank, rotating at 50 rpm centered on the workpiece axis. The micro-nano bubble generation device was activated, delivering an electrolyte containing micro-nano bubbles to the appropriate position on the surface of the anode specimen. The flow rate of this device was 0.6 m³/h, and the gas dissolution rate was 10%. The plasma polishing process was initiated by activating the constant-voltage power supply set at 280 V, operating a frequency of 500 Hz, pulse width of 100 s, voltage of 350 V, current of 2.5 A, and a duration of 10 min. The workpiece was removed, cleaned, and dried after polish.
2.2 Experimental methods
2.2.1 Surface crystallographic observation
The As-built group and HT group samples were polished using standard metallographic procedures and etched with a corrosive solution (2 mL of HF + 4 mL of HNO3 + 94 mL of H2O). The microstructures were observed using a laser scanning confocal microscope (LSM800; Zeiss, Germany).
2.2.2 Mechanical testing
In the tensile test, the tensile strength and fracture elongation were measured for specimens in both the HT and the As-built groups. The test was conducted using a universal testing machine (Autograph DCS-10T; Shimadzu, Kyoto, Japan) at a crosshead speed of 1.0 mm/min. The tensile test was conducted using a video extensometer with a strain rate of 1 × 10³ s−1 at room temperature. The tensile performance of the samples was derived from the average of seven independent measurements for each group. The yield strength (σys) was calculated using the 2% offset method.
In the three-point bending test, each group contained seven samples. Three-point bending tests were performed using a computer-controlled electronic universal testing machine (MTS; MTS Systems, MN, USA) and following the requirements of ISO 7438:2020. At an ambient temperature of 28°C, a force at a rate of 1 mm/min was applied vertically on the centerline of the samples. Constant vertical pressure was applied until the specimen was fractured, and the maximum bending or breaking force was recorded. The bending strength was calculated from the linear elastic area of the stress−strain curve. The calculation formula was as follows:
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where σ represents the bending strength (MPa), F represents the maximum bending force (N), L represents the beam span (mm), b represents the sample width (mm), and h represents the sample height (mm). Seven specimens were tested for each group, and the data were presented as mean ± standard deviation.
For the As-built and HT groups, Vickers hardness (WHW Microcre Optics-Mech; Shanghai Yanrun Optomechanical Technology Co., Ltd., China) was assessed on five specimens from each group. The measurements were conducted using a 9.8-kg load and a dwell time of 10 s at five distinct locations per specimen. Vickers hardness indentations appeared as diamond-shaped marks with a central "+" symbol. The Vickers hardness was calculated by measuring the lengths of the two extended diagonals of this symbol.
2.2.3 Surface characterization
The internal scaffold and outer edge of the polished specimens were observed under a stereo microscope at a magnification of 100 times. The surface roughness of the three groups of titanium specimens was measured using a JB-4C precision surface roughness tester (Shanghai Taiming Optical Instrument Co., Ltd., Shanghai, China). Five specimens were randomly selected from each group, and three measurement points were taken on each specimen. The parameters of average roughness (Ra) and root mean square deviation (Rz) were determined. Ra corresponded to the arithmetic mean of the absolute values of the deviations of the profiles of a given sample length. Rz corresponded to the sum of the maximum peak height and the maximum valley depth within the sampling length. The water contact angle of the samples was measured at room temperature using a contact angle meter (JC 2000D2A; Shanghai Zhongchen, China) with a droplet volume of 0.013 mL, and three measurements were taken and averaged. The contact angle was measured with two different liquids, water and diiodomethane, to calculate the surface free energy (SFE). The SFE was calculated using the Owens and Wendt equation (Kasemo and Gold, 1999):
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2.2.4 Bacterial culture and adhesion
Further, 1 mL of Staphylococcus aureus (Sa) 8325-4 was placed in a test tube, and 5 mL of Luria–Bertani (LB) culture (containing 1% glucose) medium (without antibiotics) was added to it. The tube was then placed on a shaker overnight (37°C, 250 rpm, 12 h) and stored at 4°C for later use. The bacterial suspension density was adjusted to 1 × 109 CFU/mL using a serial dilution and plate counting method with 1 μL of the bacterial suspension. LB culture medium was added to the liquid until the final density reached 1 × 106 CFU/mL. The metal samples were divided into three groups: As-built group, HT228group, and heat-treated followed by EFSF group. Each group contained 8 specimens andwas further divided into a 2-h group and a 4-h group. They were placed in 24-well culture plates and sterilized with gamma radiation (25 kGy), and 10 mL of the 1 × 106 CFU/mL liquid was added to each well. After 2 and 4 h, scanning electron microscopy (SEM) and fluorescence laser confocal microscopy were performed to observe bacterial adhesion.
2.2.5 SEM observation of bacteria on different surfaces
After rinsing the samples with 0.01M phosphate-buffered saline (PBS) to remove surface-floating bacteria, the samples were transferred to six-well culture plates and 2.5% glutaraldehyde (AGAR, Stansted, UK) was added. They were then stored at 4°C overnight and washed with 0.01M PBS (twice, each time for 10 min). The samples were dehydrated with 50%, 70%, 90% ethanol, and absolute ethanol, followed by conversion with isoamyl acetate. Bacterial adhesion was observed under a Hitachi S-4800 (Hitachi, Tokyo, Japan) field emission SEM operated in secondary electron detection mode.
2.2.6 Bacterial adhesion and fluorescence microscopy counting
The samples were washed with PBS (0.01M) twice to remove loosely attached or unattached bacteria on the specimen surfaces. They were then stained with the fluorescence oxidation–reduction dye Syto 9 at 37°C for 30 min, avoiding exposure to light. The bacterial observation was performed using fluorescence laser confocal microscopy within a 1.5 × 1.5 mm2 field of view. After colony formation, the number of bacteria was counted in 10 random areas of each substrate using Image-Pro software. Data were statistically analyzed using one-way analysis of variance (ANOVA) with Tukey’s test, and the experiment was repeated three times.
2.2.7 Cell viability testing
MC3T3-E1 mouse osteoblast cells (National Collection of Authenticated Cell Cultures, China) were cultured in a humidified atmosphere at 37°C with 5% CO2. The medium used consisted of 10% fetal bovine serum and 1% penicillin/streptomycin for cell viability testing. The pretreated As-built, HT, and EFSF samples were placed in 48-well plates and immersed in 200 μL of fresh culture medium. Then, 500 μL of a cell suspension with a density of 1.0 × 104 cells/mL was evenly seeded onto the surface of each sample. Five parallel samples were prepared for each group (n = 5). All samples were placed at the bottom of the 48-well plate and immersed in 200 μL of fresh culture medium. Further, 500 μL of medium containing MC3T3-E1 cells was added to each well. The samples were divided into control and experimental groups. Additionally, 1 mL of PBS was added to the unused wells. After intervals of 1, 4, and 7 days, the culture medium was replaced with a mixed solution of 700 μL of the medium and CCK-8 solution in a 10:1 ratio. After incubating at 37°C for 2 h, 100 μL of the solution was transferred from each well to a 96-well plate, and the absorbance at 450 nm was measured using an enzyme-linked immunosorbent assay (ELISA; Sunrise-basic Tecan, Austria) reader. The cell viability was calculated as follows:
[image: image]
Toxic grade assessment was based on the six-grade toxicity rating standard (G.X. Pei et al., 2006), as listed in Table 4.
TABLE 4 | Relative growth rate and toxicity grade.
[image: Table 4]2.2.8 Statistical analysis
The statistical analysis was performed using IBM SPSS Statistics version 22.0 (IBM, NY, USA). A one-way ANOVA in conjunction with Tukey's post hoc test was employed for the statistical analysis. Each experiment was conducted in triplicate and repeated three times to ensure robustness. All results were presented as mean values accompanied by their respective standard deviations. A comparative t test was carried out at a confidence level of 95% to assess the significance of differences among the various groups. Specifically, P values <0.05 indicated significant differences.
3 RESULTS
3.1 Metallographic observation and mechanical property testing
The metallographic structure morphology of the As-built samples at 0°, 45°, and 90° is depicted in Figure 3. The emergence of ß columnar crystals was observed following direct printing of the alloy, with a width of 70–100 μm and height exceeding 1,000 μm. High-power laser confocal microscopy indicated the formation of a large number of α′ martensite needles, which were 0.5–2 μm wide. Additionally, black defect tissues were scattered throughout the structure, which were likely surface pores with incomplete crystal fusion.
[image: Figure 3]FIGURE 3 | Microstructure of the SLM-printed TA1 samples (representing results of the (A) As-built (B) HT, (a–c) are the 100x metallographic micrographs at printing angles of 0°, 45°, and 90° respectively; (d–f) are the corresponding 500x laser confocal images.
A significant fusion of grains occurred following the HT treatment (700°C for 90 min). The higher heating temperature in HT compared with the non-heat-treated state led to an increase in the size of the grains after fusion. The observation of high-power backscatter images revealed the presence of some residual α′ martensite structures within the heat-treated sample. The number of surface pores significantly reduced, and the grain boundary of the HT sample was relatively clean. The number of circular pores, which are a type of printing defect, reduced in size to 20–30 μm. Further fusion of the unfused refined grains was observed over an extended time.
The mechanical property assessment involved tensile tests performed for the As-built and HT samples. The As-built titanium mesh showed an average maximum tensile force of 297.3 ± 19.95 N and a tensile strength of 61.83 ± 4.53 MPa (Figures 4A, B). The HT samples demonstrated an increased maximum tensile force (314.0 ± 87.35 N) and tensile strength (69.83 ± 19.50 MPa) compared with the As-built samples, indicating a trend toward enhanced tensile strength with the HT protocol, despite the lack of statistical significance (p > 0.05).
[image: Figure 4]FIGURE 4 | Statistical analysis of the mechanical test. (A) Maximum tensile force. (B) Tensile strength. (C) Elongation. (D) Front view of the bending test. (E) Stress−strain curves. (F) Maximum bending force. (G) Bending strength (*p < 0.05; **p < 0.01; ***p < 0.001).
In terms of elongation, the HT samples (10.56% ± 3.11%) showed a significant increase compared with the As-built samples (4.59% ± 0.93%) (Figure 4C), reaching statistical significance (p < 0.001). The As-built titanium mesh exhibited a maximum bending force of 21.63 ± 6.936 N and a bending strength of 566.2 ± 82.90 MPa in the three-point bending tests. A slight increase was observed in the HT samples, showing a maximum bending force (26.65 ± 2.20 N) (Figure 4F) and an increase in bending strength (590.9 ± 45.36 MPa) (Figure 4G) compared with the As-built samples, despite no statistical significance (p > 0.05).
3.2 Vickers hardness testing
The Vickers hardness values are shown in Figure 5. The Vickers hardness value for the HT group was 270.8 ± 10.16 HV, whereas the Vickers hardness value for the As-built group was 282.9 ± 17.11 HV. The difference between the two groups was not statistically significant (t = 1.920, p = 0.0708).
[image: Figure 5]FIGURE 5 | Comparison of surface Vickers hardness between As-built and HT titanium meshes.
3.3 Analysis of surface morphology of EFSF-treated titanium mesh
The optical microscope and SEM images of the specimens before and after EFSF treatment are shown in Figure 6. After SLM printing, a significant amount of residual titanium powder accumulated on the surface of the printed parts, resulting in surface roughness (Figures 6A, C, E, G). The inner side of the titanium mesh scaffold exhibited the highest powder accumulation, making it challenging to remove the adhered titanium powder manually; the powder tended to aggregate along the printing direction. A relatively smooth polished surface was obtained after EFSF treatment, with most of the adhered titanium powder removed (Figures 6B, D, F, H). However, larger defects on the surface could not be polished away, and potential cracks were present.
[image: Figure 6]FIGURE 6 | High-magnification optical microscope images of As-built characterization and EFSF-treated surfaces at ×50 magnification (a, b) and at ×100 magnification (c, d), as well as SEM images of As-built and EFSF-treated surfaces at ×100 magnification (e, f) and at ×300 magnification (g, h).
Figures 7A, B illustrates the findings from the roughness tests. No significant difference was found in Ra and Rz values between the As-built and HT groups. However, a significant difference was found between the EFSF group and the other two groups (p < 0.01).
[image: Figure 7]FIGURE 7 | Roughness parameters (A) Ra and (B) Rz, SFE values (C), and water contact angle values (D) of the specimens under different treatment conditions. (E) (a) Photograph of water droplet shape on the As-built scaffold after printing, (b) on the scaffold after HT, and (c) on the scaffold surface after EFSF (*p < 0.05; **p < 0.01; ***p < 0.001).
The results concerning SFE values and wettability are detailed in Figures 7C–E. The SFE and water contact angle values showed significant differences among the three groups (all p < 0.01 except p < 0.05 between the As-built and HT groups of the water contact angle). The EFSF group presented the highest SFE value and lowest water contact angle, affirming increased hydrophilicity, followed by the HT group. In contrast, the As-built group showed the lowest SFE value and highest water contact angle.
3.4 Analysis of bacterial adhesion experiments with different treatments
In the visualization of Sa on different surfaces, SEM images were obtained after culturing for 2 and 4 h on the surfaces of the specimens in the As-built, HT, and EFSF groups (Figure 8A). SEM observations revealed that bacteria were more prone to adhere to rough surfaces. The surface of the specimens in the HT group showed a significant reduction in bacterial adhesion; further reduction was observed in the EFSF group. The EFSF group exhibited scattered distribution of Sa bacteria with occasional small bacterial clusters. In contrast, the As-built group showed a large number of bacteria with mutual aggregation, forming clustered bacterial colonies. The HT group also exhibited clustered bacterial colonies attached to irregular pits on the surface of the specimens, but with a noticeable reduction compared with the As-built group.
[image: Figure 8]FIGURE 8 | SEM and fluorescence microscopy images of TA1 specimens after specific cultivation periods and treatments. (A) (a–f) SEM images at a magnification of 5000× showing the surfaces of TA1 specimens after 2 h (a–c) and 4 h (d–f) of cultivation, respectively, for the printed As-built, HT, and EFSF groups. (B) (a–f) Fluorescence microscopy images of bacteria stained with Srty after 2 h (a–c) and 4 h (d–f) of cultivation on the surfaces of TA1 specimens, respectively, for the printed As-built, HT, and EFSF groups.
Fluorescence confocal laser scanning microscopy images in Figure 8B depicts the bacterial colonies formed on the surfaces of specimens in the As-built, HT, and EFSF groups after 2 and 4 h of cultivation. These images showed that the surfaces in the HT and EFSF groups had fewer and smaller bacterial colonies compared with the surfaces in the As-built group. In particular, the smallest number of bacteria were observed on the surface of specimens in the EFSF group compared with the other two groups.
Figure 9 presents the bacterial colony counts obtained using Image-Pro software. One-way ANOVA with Tukey’s post hoc test indicated a significant difference between the As-built and HT groups (p < 0.05), as well as between the HT and EFSF groups (p < 0.05).
[image: Figure 9]FIGURE 9 | Analysis of Sa adhesion density on the surfaces of titanium scaffolds treated by three different methods.
3.5 Cell compatibility analysis of different treatments
Figure 10A presents the proliferation histograms of MC3T3-E1 cells, obtained from the CCK-8 assay after incubation for 1, 4, and 7 days in the four groups: the As-built, HT, and EFSF groups, along with a control group (cultured on blank plates without meshes). As the incubation time increased, the cells in each group exhibited different proliferation rates. Both the HT and EFSF groups notably surpassed the cell proliferation in the As-built group, with HT exhibiting the most pronounced growth. Although the cell proliferation in the EFSF group lagged behind that in the HT group, it demonstrated significant potential to show a marked increase (Figure 10B). The optical density values, measured using an ELISA reader at a wavelength of 450 nm, gradually increased over time, indicating remarkable cell proliferation on the meshes. The relative growth rates (RGRs) of the cells and the corresponding levels of cytotoxicity are listed in Figure 10. The RGRs in the As-built, HT, and EFSF titanium mesh groups on days 1, 4, and 7 were all above 80% compared with those in the control group, indicating nontoxicity and a cytotoxicity level of 0.
[image: Figure 10]FIGURE 10 | Viability of MC3T3-E1 cells measured by CCK-8 assay at different time points in each group.
4 DISCUSSION
This study investigated the mechanical properties of additively manufactured pure titanium meshes designed for oral bone augmentation. Based on prior experiments, we assessed the impact of a specific vacuum HT temperature on the mesh’s features. This treatment significantly altered the metallographic composition of the titanium mesh, resulting in grain fusion, heightened tensile strength, enhanced fracture elongation, and reinforced bending strength. Notably, the heat-treated mesh achieved a tensile force of 314.0 N and elongation of 10.56%, compared with the measurements of 297.3 N and 4.59% in the As-built group. Remarkably, the mechanical properties of the treated meshes surpassed those of the commonly used Ti-6Al-4V (TC4) alloy (Li et al., 2022), highlighting their superior potential for clinical applications. This HT method aligned with Cheng-Lin Li’s findings (Li et al., 2021), revealing that martensite structures transitioned into equiaxed grain structures at 650°C, optimizing the mesh’s microstructure. This refined structure enhanced the mechanical reliability of the mesh, rendering it suitable for demanding clinical scenarios. The robust tensile and bending strengths evident in both heat-treated and As-built samples further validated the effectiveness of the manufacturing process.
The fracture elongation of the heat-treated samples significantly increased, with the HT group showing an improvement of approximately 130% compared with the As-built group without negatively affecting the strength. These findings were consistent with study research suggesting that HT could refine grains, enhance fusion, increase the elongation rate, and improve the mechanical strength of the additive manufactured metals (Hu et al., 2022; Zhang et al., 2021).
SLM manufacturing leads to a high degree of surface roughness. While this can be beneficial for porous titanium implants that aim to bond with adjacent bone (Tsukanaka et al., 2016; Trevisan et al., 2018), it is less ideal for temporary implants, such as titanium mesh. For these implants, a smoother surface is required to avoid tissue irritation and unwanted bone integration (Albrektsson and Wennerberg, 2004). This study harnessed the potential of an innovative technique known as EFSF to create such a smoother surface. This method ingeniously combined plasma polishing with micro-nano bubble polishing. By meticulously managing the polishing parameters and fluid dynamics, the surface roughness of the pure titanium mesh was significantly reduced by eliminating a majority of surface defects, removing the oxide layers, and eradicating residual titanium powder particles. The Ra and Rz values of the EFSF-treated surface were 0.37 ± 0.11 and 2.46 ± 0.80 μm, respectively, signifying a smooth and refined surface ideal for the application.
This study showed that the EFSF technique not only reduced the surface roughness but also increased the hydrophilicity and SFE of the titanium mesh. The smoother surfaces with higher SFE could better resist bacterial adhesion and biofilm formation compared with rougher, lower-SFE titanium surfaces (Puckett et al., 2010; Zhang et al., 2015). Bacterial adhesion is a complex process influenced by various surface features, including morphology, phase, and surface roughness. This study showed that the as-printed surfaces typically had a higher degree of roughness, which could potentially promote bacterial adhesion. This was primarily due to the fact that rough surfaces provided a more conducive environment for biofilm deposition compared with smoother surfaces (Scheuerman et al., 1998; Katsikogianni and Missirlis, 2004). Indeed, previous studies demonstrated that increased surface roughness expanded the available area for bacterial adhesion (Gharechahi et al., 2012), enabling a greater contact surface for bacteria and facilitating stronger adhesion forces and binding capabilities (Ahn et al., 2009; Almaguer-Flores et al., 2010). Moreover, in oral clinical scenarios where the titanium mesh comes into contact with the oral environment, bacteria adhering to irregular surfaces are more likely to survive for extended periods because they are shielded from natural clearance forces and oral hygiene measures. This study observed a noteworthy reduction in bacterial adhesion on the EFSF-polished titanium mesh surface. This was an encouraging finding, considering that bacterial adhesion, particularly of strains such as Sa, was a leading cause of implant-associated infections.
However, SEM observation revealed that deep scratches, defects, and uneven roughness could not be completely removed with the EFSF technique. These surface imperfections appeared to be predominantly induced by fluctuations and changes in SLM process parameters, external environment, and melt pool state (Wang, 2014; Yadollahi and Shamsaei, 2017). For titanium meshes with significant defects, it seems necessary to apply preliminary treatments, such as mechanical polishing, to the rough surface prior to EFSF processing to attain a less coarse finish. Alternatively, the EFSF may be worth considering as an intermediate polishing procedure, necessitating further exploration into its potential compatibility and combination with other polishing techniques in subsequent stages.
One potential concern associated with electrochemical plasma polishing pertains to the enrichment of cytotoxic vanadium elements on the surfaces of titanium alloy devices. However, this study demonstrated that the plasma electrolytic polishing of pure titanium, due to its single-element composition, did not adversely affect cell lifespan (Bernhardt et al., 2021). Furthermore, this study found no significant difference in cell death rates for specimens in the HT and EFSF groups, indicating their good biocompatibility (Figure 10).
Despite the promising results, further research should be conducted to refine these improvement methods. The crucial next steps are exploring different polishing parameters and conducting comprehensive biocompatibility assessments, including in vivo implantation and cytotoxicity testing. Additionally, long-term clinical observations and studies are necessary to ascertain the effectiveness and safety of these improvement techniques in practical oral implant surgeries.
5 CONCLUSION
This study illuminated the advantageous impact of both HT and EFSF polishing on titanium mesh samples, crafted using additive manufacturing with pure titanium (TA1). The application of HT at 700°C for 90 min significantly bolstered the mechanical properties of the mesh, whereas the use of EFSF processing effectively mitigated surface roughness. Importantly, both these treatments demonstrate biocompatibility, as they show no deleterious effects on osteogenic cells. Additionally, these treatments have the potential to improve resistance against bacterial adhesion, which is a crucial parameter for successful implant surgery.
The insights gained from this study might lay the foundation for a future where the aforementioned treatments can substantially improve the properties of titanium mesh for oral implant surgeries. However, further investigations should focus on assessing the long-term clinical outcomes of these treatment methods.
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Bioactive glasses (BGs) are ideal biomaterials in the field of bio-restoration due to their excellent biocompatibility. Titanium alloys are widely used as a bone graft substitute material because of their excellent corrosion resistance and mechanical properties; however, their biological inertness makes them prone to clinical failure. Surface modification of titanium alloys with bioactive glass can effectively combine the superior mechanical properties of the substrate with the biological properties of the coating material. In this review, the relevant articles published from 2013 to the present were searched in four databases, namely, Web of Science, PubMed, Embase, and Scopus, and after screening, 49 studies were included. We systematically reviewed the basic information and the study types of the included studies, which comprise in vitro experiments, animal tests, and clinical trials. In addition, we summarized the applied coating technologies, which include pulsed laser deposition (PLD), electrophoretic deposition, dip coating, and magnetron sputtering deposition. The superior biocompatibility of the materials in terms of cytotoxicity, cell activity, hemocompatibility, anti-inflammatory properties, bioactivity, and their good bioactivity in terms of osseointegration, osteogenesis, angiogenesis, and soft tissue adhesion are discussed. We also analyzed the advantages of the existing materials and the prospects for further research. Even though the current research status is not extensive enough, it is still believed that BG-coated Ti implants have great clinical application prospects.
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1 INTRODUCTION
Bioactive glass (BG) can repair, restore, replace, and help regenerate tissue through the combination of tissues and materials. BG has uniform particle size and great adhesion with irregular sizes and shapes. Furthermore, its inherent biocompatibility and high strength make it an ideal biomaterial (Manam et al., 2017). After contact with biological fluids, some ions are released on the surface of the BG particles, which can regulate the osmotic pressure and pH value around the implant, thereby damaging the cell wall structure of bacteria and inducing antibacterial activity (Allan et al., 2002; Coraça-Huber et al., 2014; Drago et al., 2018). BGs also have appropriate biodegradability and particles are easily absorbed. In addition, this material has good bioactivity, which can promote osteoinduction and thus rapidly form bone-like structures. However, when compared to human bone tissue, BG is more brittle. Due to its poor mechanical properties, BG is not suitable for the load-bearing areas (Cannillo et al., 2009; Yanovska et al., 2011). The mentioned properties make it ideal for use in toothpaste, bone grafts, scaffolds, drug delivery systems, soft tissue engineering, and biomaterial coatings (Hench, 2006; Asif et al., 2014).
Titanium (Ti) alloys have better biocompatibility than other metal implants. Ti does not cause rejection after direct contact with bone tissue nor does it have negative effects or other bioelectronic reactions on biological organs. When compared with stainless steel and cobalt-based metals, Ti has lower modulus and better corrosion resistance while the corrosion resistance of metals and the biocompatibility of corrosion products can reflect metal’s own biocompatibility (Long and Rack, 1998). Their inertness made them virtually unreactive to the surrounding tissue environment, resulting in low cytotoxicity. The hydroxyapatite (HA) layer is often coated on the Ti alloy surface, which leads to the combination with the host collagen fiber, demonstrating Ti alloy’s osteointegration. The oxide layer on their surface is equipped with excellent corrosion resistance (Escalas et al., 1976). For mechanical property aspects, Young’s modulus of Ti alloy is much smaller than that of other metallic biomaterials, such as stainless steel, thereby reducing the stress shielding effect (Niinomi, 1998). Due to their excellent biocompatibility, corrosion resistance, and mechanical properties, Ti alloys can be applied as orthopedic and stomatological implants for arthroplasty and implantology. However, due to their intrinsic inertness, Ti alloys cannot form a close connection at the interface between the implant and host tissue. Meanwhile, the low wear resistance causes implants to loosen (Long and Rack, 1998). The inability of Ti alloys to achieve both shear strength and ductility greatly limits their application as implant materials in joint replacement (Chen and Thouas, 2015). The physical and chemical properties of the implant surface are crucial and play an important role in the osseointegration process between the bone and the implant. Therefore, surface modification of titanium implants can greatly reduce their limitations in clinical application (Geng et al., 2021a).
The surface modification of Ti using BG can improve osteointegration and osteogenesis (Gomez-Vega et al., 2001; López et al., 2016), which combines the substrates’ excellent mechanical properties with BG coatings’ biological properties (Solai et al., 2011). In fact, HA is still a common material for titanium alloy coatings. Apatite has the same inorganic composition as bone tissue and has been widely used in the field of bone transplantation and studied as a coating material (Geng et al., 2021b). Both BG and HA have good biological properties and excellent osteoconductivity. However, BG has better osteogenesis properties than HA coating materials (Dhinasekaran et al., 2021). BG coatings lead to apatite layer formation on the surface and thus improve close integration with both human hard and soft tissues (Sanz-Herrera and Boccaccini, 2011) and help in bone growth (Moreira et al., 2018; Vuornos et al., 2019). Furthermore, the ions released by BGs in bodily fluids can stimulate angiogenesis and wound healing (Cohrs et al., 2019; Zhang et al., 2019). Multiple manufacturing technologies have been investigated to coat Ti alloys with BG, such as electrophoretic deposition (Estrada-Cabrera et al., 2019), electrochemical deposition (Balamurugan et al., 2009), pulsed laser deposition (PLD) (Wang et al., 2018), dip coating deposition (Safaee et al., 2021), magnetron sputtering (Berbecaru et al., 2010), thermal spraying (Herman et al., 2000), and laser cladding (Comesana et al., 2010). Doping different ions in BG can improve the specific properties of the coating, such as magnesium ions (Mg2+), zinc ions (Zn2+), and strontium ions (Sr2+). Many recent studies have shown that Sr2+ can promote bone formation and inhibit osteoclast absorption; therefore, this element is often doped into implants or their coatings to improve the osteogenic performance of the implants (Geng et al., 2021a; Geng et al., 2022). Besides, BG coatings, when combined with other biomaterials, can improve biological properties. Drug-loaded chitosan BG coatings exhibit good cellular activity, antimicrobial capacity, and osteogenic activity (Patel et al., 2012).
In a previously published review relevant to BG coatings, Oliver et al. (2019) summarized the performance improvement of BG coatings on medical metallic implants. Maximov et al. (2021) listed different methods of BG preparation as well as coating technologies. Baino and Verné (2017) specifically discussed the different clinical areas of application of BG coatings on biomedical implants. In this systematic review, the authors have searched and screened relevant articles and summarized and analyzed the characteristics of the included studies, the manufacturing technologies of BG coatings on Ti implants, and the properties of BG coatings. Previous research status that included study types is also included in this review. This systematic review aims to evaluate the properties of BG-coated Ti implants versus bare Ti implants and systematically adds up previous coating technology and relevant parameters as the influencing factors for BG coatings on Ti implants, providing a theoretical basis for future studies.
2 MATERIALS AND METHODS
2.1 Inclusion and exclusion criteria
The inclusion and exclusion criteria were framed based on the PICOS model. In vivo studies and clinical trials, and in vitro studies that investigated both biocompatibility and bioactivity were included in the assessment. Studies applying Ti or its alloys coated with bioactive glasses or the composite coatings on the Ti implant containing bioactive glasses were included in this review. The outcome indicators discussed in this review contain biocompatibility, bioactivity, and antibacterial properties, which are shown in Figure 1. Biocompatibility refers to 1) cytotoxicity and cell activity, 2) hemocompatibility, 3) anti-inflammatory properties, and 4) bioactivity. Bioactivity comprises 1) osteointegration, 2) osteogenesis, 3) angiogenesis, and 4) soft tissue adhesion.
[image: Figure 1]FIGURE 1 | Outcome indicators for assessment.
Articles published in the last 10 years were included. There are no restrictions on the research type. Articles not published in English and whose full texts were unavailable were excluded.
2.2 Literature search and screening
Four databases, namely, PubMed, Embase, Scopus, and Web of Science, were searched in this study. The search strategy is shown in Table 1.
TABLE 1 | Searching strategies and results in the database.
[image: Table 1]Duplicates were removed using Endnote X9.3.2. The first screening was performed by filtering the title and abstract and inclusion of studies was determined after reading the full texts. The screening was done following the inclusion and exclusion criteria and was performed by two independent authors. Any conflict was resolved by a third author.
2.3 Data extraction
Data were collected using Microsoft Excel. The extracted data included substance material and samples’ shapes and sizes, glass models and composites, experimental subjects, manufacturing methods, and special process parameters. Other included information can be seen in detail in the following contents.
The data were extracted independently by two researchers, and any problems were solved through discussion and a third author's help.
3 CHARACTERISTICS OF INCLUDED STUDIES
3.1 Basic information
The process of literature screening is shown in Figure 2. After screening, 49 articles were included in this systematic review. The characteristics of the included studies are shown in Table 2.
[image: Figure 2]FIGURE 2 | Flowchart for literature searching.
TABLE 2 | Characteristics of included studies.
[image: Table 2]Ti-6Al-4V, which has been widely applied in orthopedic prostheses and dental implants, is the most widely applied alloy in the included studies. Pure Ti has also been investigated. Bioactive glasses 45S5, S35P5 (Massera et al., 2012), and 58S (Sepulveda et al., 2002) are the most commonly studied basic bioactive glass.
3.2 Study type
3.2.1 In vitro studies
In vitro experiments were introduced in 43 studies, and the cell types tested are listed in Table 3. Among all in vitro studies, human osteosarcoma cells, pre-osteoblast MC3T3-E1 cells, mesenchymal matrix cells, stem cells, and fibroblasts have been widely used.
TABLE 3 | Characteristics of in vitro cell experiments.
[image: Table 3]Being derived from malignant bone tumors, various types of osteosarcoma cell lines were isolated due to bone tumor categories, for example, U2OS, Saos-2, and MG-63 (Matter et al., 2021). According to their properties of having a higher capacity to help matrix mineralization, being easier to culture, having a more stable phenotype (Rau et al., 2020), and having a faster proliferation rate (Abushahba et al., 2020), they were frequently used for fabricating the osteoblast models. The pre-osteoblast MC3T3-E1 cell line is generated from mouse primary osteoblast culture (Nesabi et al., 2021), which displays similar behavior toward primary osteoblasts and, thus, shows better osteogenic differentiation (Ye et al., 2017). Mesenchymal matrix or stem cells, which are derived from a variety of tissues such as the bone marrow and adipose tissue, are multipotent adult cells (Zhang et al., 2016) and can differentiate into different cell lines. Adipose-derived mesenchymal stem cells (MSCs) are more frequently used because they are abundant and the collection process is simpler and does not cause great trauma (Chen et al., 2014), and this leads to their wide application prospects in regenerative medicine (Palangadan et al., 2014). Such MSCs can also be used to study the osteogenic differentiation potential of glass materials and to study the ability to synthesize certain specific proteins (Rau et al., 2020). Involved in granulation tissue formation, fibroblasts are connective tissue cells that synthesize collagen fibers and matrix components and are essential in the wound healing process (Avcu et al., 2018) and mediation of soft tissue integration (Patel et al., 2019). The test on fibroblasts can illustrate a material's potential application in soft tissue repair.
3.2.2 In vivo studies
For animal tests, the characteristics of the in vivo studies that were included are listed in Table 4. Many included studies have chosen New Zealand rabbits, and the included surgical sites were the femur, rabbit tibia, and mandible for dogs or pigs. Rabbits are the most commonly used animals due to their size and growth speed. Less soft tissue is found around rabbits' tibia, which is easy to operate on, while the femur has sufficient bone marrow cavity and is, thus, suitable for studying internal fixation of fractures (Guimarães et al., 2020). However, the small size of the bone has led to a reduction in the number and size of implants and, consequently, their style types are also reduced. Pig mandibles have a similar regeneration rate, morphology, and masticatory mechanics to that of humans, and human-sized dental implants are allowed (Zarghami et al., 2020). Even though mini pigs can overcome the problem of being overweight, they are very aggressive and difficult to tame. Dog mandibles are commonly used in dental implant models for assessing bone regeneration around implants (Zarghami et al., 2021). We can use human-sized dental implants in larger dogs that can actively cooperate with rehabilitation treatment programs (Guimarães et al., 2020). However, ethical issues deserve further discussion due to the harm of medical experiments to dogs.
TABLE 4 | Characteristics of animal experiments.
[image: Table 4]3.2.3 Clinical studies
For clinical trials, BG-coated implants are mainly applied in orthopedics and stomatology, and the relative information is shown in Table 5. To date, clinical trials have revealed the effectiveness of BG-coated implants in total hip arthroplasty and dental implantation. In the 10-year retrospective studies carried out by Orita et al. (2022) through clinical evaluation and radiographic assessment after hip arthroplasty surgery, BG-coated implants were proven to have a better survival rate and wear resistance. In the prospective studies by Mistry et al. (2016), by comparing the osteogenesis around dental implants, the BG-coated dental implants contributed to new bone generation.
TABLE 5 | Characteristics of clinical trials.
[image: Table 5]4 COATING MANUFACTURING TECHNOLOGY FOR BGS ON TI IMPLANT SURFACE
4.1 Substrate pretreatment
Substrate pretreatment plays an important role in bio-interaction (Pattanaik et al., 2012), which can improve corrosion resistance (Kim et al., 1996) and osteointegration (Buser et al., 2012; Fischer and Stenberg, 2012). Surface roughness can also be increased as well as the adhesion between substrate and coating. Sandblasting is a simple, low-cost method (Zhou et al., 2016). Aluminum oxide and silicon carbon can be injected onto the substrate using high-speed compressed air, which improves the surface roughness. Sandblasting combined with acid etching forms a microporous structure and removes the residual abrasive particles (Pattanaik et al., 2012). Chemical pretreatments are also performed. Alkali and heat-treated implants, which apply hydroxide at high temperatures, form a titanate layer on the Ti surface. This improves the connection between the bone tissue and the implant and enables higher implant stability (Nishiguchi et al., 2003). The porous nanostructures can also increase the bond strength between coatings and substrates (Nesabi et al., 2021). Surface topology is an important surface structure that can effectively regulate the behavior of cells. Numerous studies have shown that rough or micro-/nano-sized topological structures can effectively improve cell behavior, thereby enhancing the integration ability between implants and bone interfaces (Geng et al., 2021a). Micro-arc oxidation can generate a uniform, rough, and porous oxide layer, which contributes to a tighter connection between substrate and coatings (Ma et al., 2016). Among the different coating technologies, polishing and sandblasting the titanium substrate to increase its surface roughness, followed by cleaning the substrate with distilled water, acetone, or ethanol, are the more common pretreatment procedures.
4.2 Pulsed laser deposition
PLD is performed under confined conditions. The schematic diagram is shown in Figure 3A. The pulsed molecular laser source can be used to sinter bioactive glass. In a physical coating preparation process, the precise ratio of the coating components can be guaranteed, and the prepared coatings are more uniformly attached. To ensure uniform adhesion and prevent laser single-point substrate surface corrosion, the target is usually coated in a rotary manner (Ma et al., 2016; Wang et al., 2018; Wang et al., 2020).
[image: Figure 3]FIGURE 3 | Coating manufacturing technologies of (A) PLD and (B) magnetron sputtering. The figures were redesigned based on other studies (Torrisi et al., 2007; Calderon Velasco et al., 2016).
Table 6 shows the process parameters of the included studies. In the included studies, PLD was usually performed under an environmental temperature of 200°C–800°C. The substrate temperature mainly regulates crystal composition and physiochemical and biological properties by changing the alignments of the target material on the surface and the bonding level of the coating (Figure 4) (Serra et al., 2004; Wang et al., 2020). When the substrate temperature reaches 200°C, the BG coating gains the best mechanical properties and surface appearance and can best bond with the substrates (Serra et al., 2004; Zhao et al., 2008). However, another study has proven that coatings formed under 700°C have the best biological properties (Dhinasekaran et al., 2021). To reduce the overlap between the laser and vapor that it generates, the angle of incidence of the laser projection on the substrate is maintained at 45° (Shaikh et al., 2019).
TABLE 6 | Parameters for pulsed laser deposition in the included studies.
[image: Table 6][image: Figure 4]FIGURE 4 | (A) SEM morphologies of films under different PLD process parameters: (a) 600°C; (b) 800°C; (c,d) 600°C + 800°C. (B) 3D surface topographies of the substrate and coatings. The figures were obtained with permission from Avcu et al. (2018) and Wang et al. (2020).
Coatings formed by PLD have a dense surface, a better chemical composition ratio of BG (Ledda et al., 2016), and a microsphere (Palangadan et al., 2014). The nanostructure on the surface can help in implant osteointegration (Rau et al., 2020). PLD mixed with micro-arc oxidation enables the porous morphology of coatings, which results in a better surface appearance and structure (Ma et al., 2016).
4.3 Magnetron sputtering
Magnetron sputtering is usually performed under low-pressure conditions, where the deposition chamber is filled with gas, which usually comprises argon (Ar) (Figure 3B). Ar atoms are ionized to produce Ar+ and new electrons, with the electronic field accelerating the electrons that bombard the targets and sputter the ions from the target atoms. After deposition, the substrate is heated to optimize the coatings (Shi et al., 2008).
The distance between the substrate and target may influence the deposition rate. A closer distance means a higher deposition rate. However, the increased momentum of the charged particles leads to an increase in the substrate temperature (Maximov et al., 2021). The acceleration voltage, heat treatment time, vacuum pressure, and filling gas also have an impact on the process (Wolke et al., 2005; Popa et al., 2017).
Magnetron sputtering makes the thickness of the coating uniform and adjustable and results in higher adhesion and purity of the coating (Shi et al., 2008), which makes it suitable for covering large areas of the substrate, and the technology is easily scalable to the industrial level under alternating current conditions (Popa et al., 2015).
4.4 Dip coating
Dip coating technology is usually combined with sol–gel, which is a process of preparing bioactive glass (Figure 5A). The glass precursor is obtained from a solution of metal alkoxides and nitrates in ethanol, which is subjected to sufficient hydrolysis and condensation reactions by stirring (Catauro et al., 2016), and the substrates are then immersed in gel. In other cases, the prepared glass is mixed into the solution and infiltrates the substrates. After dipping, drying and calcination are performed to remove excess material and stabilize the coating.
[image: Figure 5]FIGURE 5 | Coating manufacturing technologies of (A) dip coating and (B) EPD. The figures were redesigned based on other studies (Bohner and Lemaitre, 2009; Boccaccini et al., 2010; Bakhshandeh and Amin Yavari, 2018; Sultana et al., 2021).
Various conditions such as the extraction speed, dipping times, viscosity of sol, and process of drying influence the coating formation (Brown, 1989). The extraction speed is directly related to the coating thickness. The slower the speed, the thinner the coating and the more the original shape of the substrate can be maintained.
When compared with others, dip coating can be performed under lower temperatures, and the process is cheaper and easier. The coatings are more uniform and have higher purity, which stabilizes the substrate's shape (Fu et al., 2011; Catauro et al., 2016; Fu et al., 2017a). Other components, such as nanoparticles, mesoporous agents, and antimicrobial agents added to the solution, may lead to complications in the coating structure and composition (Tian et al., 2016; Rivadeneira and Gorustovich, 2017).
4.5 Electrophoretic deposition
Electrophoretic deposition (EPD) forms a coating by applying a direct current or alternating current electric field between two electrodes, causing charged particles to be dispersed in suspension and move in the direction of the substrate electrode (Figure 5B). The particles are deposited in an orderly manner on the substrate (Wang et al., 2014; Sultana et al., 2021). Heat treatment at 800°C–900°C makes the coatings denser and more stable (Ananth et al., 2013; Khanmohammadi et al., 2020).
Table 7 shows the parameters in the process of EPD in the included studies. The factors affecting the properties of coatings prepared via EPD can be concluded as solutions’ stability, conductivity (Zhitomirsky et al., 2009), and BG powder concentration. The distance between the electrodes, applied electric field voltage, deposition time, temperature, and pH all influence the deposited coatings. Changes in the BG concentration in the solution may increase the electrophoretic mobility, and adjustments made in the deposition parameters can make the coatings denser and more uniform (Jugowiec et al., 2017).
TABLE 7 | Parameters for electrophoretic deposition in included studies.
[image: Table 7]4.6 Hydrothermal deposition
Hydrothermal deposition is a multiphase reaction of dissolution and recrystallization of materials under high temperature and pressure with an aqueous solution as the reaction system in a closed autoclave, leading to the formation of precipitates (Pore et al., 2021). This method can be used for the preparation of powders and as a coating technique for materials.
The process essentially involves attaching thermocouples and pressure sensors to the reactor assembly, setting the parameters, and heating the reactor. Subsequently, pressure builds up and the coating is deposited on the sample in a supercritical environment (Ali et al., 2018).
The method is simple and inexpensive and can be used to synthesize coatings with uniform thickness, orientation, and shape directly in an aqueous solution (Valanezhad et al., 2015). The coating structure can be controlled by changing the synthesis parameters. However, with this method, it is not easy to control the crystal structure formed, and due to the environmental requirements of high temperature and high pressure, it is more dependent on the experimental equipment.
5 BIOCOMPATIBILITY AND ANTIBACTERIAL PROPERTIES
5.1 Cytotoxicity and cell activity
Cytotoxicity is the killing of cells by chemicals without involving the cellular mechanisms of apoptosis or necrosis. After implantology, ions that reach the cytotoxic concentration leach out of the glass coating and interact with the cells (Al-Noaman et al., 2012). As an important indicator to assess the safety of biological materials, cytotoxicity is assessed by in vitro studies that simulate the survival environment of cells. A lower cell survival rate indicates higher cytotoxicity, indicating clinical risk (Wataha et al., 1994). Cell viability above 70% is usually considered non-cytotoxic (Wei and Ding, 2017). The release of large amounts of alkaline ions can have adverse effects on living cells. The increase in pH at the implantation site is accompanied by the dissolution of bioactive glass, which increases by-products and ultimately leads to toxic effects on the surrounding tissues (Jones, 2013). The adverse effect causes tissue reactions such as inflammation, necrosis, induction of immunity, and carcinogenesis (Costa, 1991).
Cytotoxicity is influenced by the substance and doped content in the glass coating. BG doped with silver ions, cobalt oxide, and titanium dioxide has shown that the doping of cobalt oxide causes higher cytotoxicity than that of silver and titanium dioxide (Lung et al., 2021). This is mainly because cobalt ions induce oxidative stress and activate intracellular nicotinamide adenine dinucleotide phosphate (NADPH) oxidase to produce ROS, which causes oxidative damage to cells (Chattopadhyay et al., 2015) and affects cell morphology and viability (Fleury et al., 2006). A high level of silver in the coating increases the level of released nitrate and improves its cytotoxicity (Catauro et al., 2015).
Cell activity refers to the ability of cells to maintain or resume normal physiological activities, such as cell adhesion, proliferation, migration, differentiation, and metabolism (Patel et al., 2019), which is affected by environmental factors, such as cell culture parameters, attached drugs, and growth factors. Cell adhesion refers to the cellular ability to contact and bind to adjacent cells or the extracellular matrix (ECM) (Humphries et al., 2009). Cell spreading is the behavior of cells on the surface of a biomaterial, which is influenced by certain protein molecules (Cuvelier et al., 2007). Cell proliferation is the process of cell division by DNA replication and other reactions under the action of cycle regulators, resulting in an increase in cell numbers, which is the basis for normal tissue development and maintenance (Xynos et al., 2001). Cell migration is the movement of cells after receiving a certain signal or concentration gradient of a substance and is essential for proper immune response and wound repair (Trepat et al., 2012). The morphological and functional changes that occur because of the selective expression of cellular genes are defined as cell differentiation (Ponzetti and Rucci, 2021).
BG 45S5 is generally regarded as the gold standard for bioactive glass, and its ionic lysate induces adhesion and proliferation of cells (Abushahba et al., 2020). Calcium silicate-based materials release calcium and silicate ions, which induce osteoblast proliferation by gene activation (Catauro et al., 2016). Uniform coatings give the best cell metabolic, whereas inhomogeneous coatings, where some cells are in direct contact with the Ti matrix, are less biocompatible (Catauro et al., 2016). However, studies have shown that, when compared with HA coatings, BG-coated samples lead to the rupture and contraction of cells (Dhinasekaran et al., 2021). The surface roughness and profile of the coatings influence cell adhesion and proliferation (Gaweda et al., 2018). Fluorescence staining was performed on cells to observe the effect of BG coatings on the distribution of cytoskeleton, a typical sub-apical localization of the cytoskeleton around the cell membrane can be found. This phenomenon confirms the adhesion and proliferation ability of the cells and demonstrates that BG coatings contribute to the differentiation of the Caco-2 cell line [Figure 6A(a,b)] (Ledda et al., 2015). Doping zinc oxide into BG 45S5 stimulates osteoblasts proliferation and, thus, improves the combination between the implants and bone tissue (Ishikawa et al., 2002; Oki et al., 2004). BG-coated implants doped with Ag2O increase cell viability. A large number of cells can be observed on the surface with Ag2O in 0.008 % mol/mol, which may have resulted from the release of nitrate ions (Catauro et al., 2015). On the surface of composite coatings comprising chitosan and BG, more cell adhesion, a higher rate of proliferation, and an extended and expanded cytoskeleton can be observed (Patel et al., 2019; Zarghami et al., 2021). On the surface of yttria-stabilized zirconia (YSZ)-BG composite coatings, a large coverage of osteoblasts can be observed, with many filamentous adhesions between the cells and visible nodule formations, which is an early feature of cell differentiation [Figure 6A(c,d)]. However, increasing the relative content of YSZ in the coating decreases the cell activity, as more yttria Y3+ ions are released (Ananth et al., 2013).
[image: Figure 6]FIGURE 6 | (A), (a,b) Actin distribution in the Caco-2 cell line: cells seeded on the RKKP film surfaces and plastic Petri dishes (CTR: critical temperature resister, a semiconductor ceramic material). (c, d) Morphological aspects of MG-63 osteoblast cells cultured on YSZ-BG-coated Ti6Al4V. (c) Cells on 1YSZ-2BG are similar, but the osteoblasts are well spread and present cytoplasmic extensions forming a continuous surface layer. (d) Cell morphology on 2YSZ-2BG coating is similar to (c), but filopodial extensions are fewer. The figures were obtained with permission from Ananth et al. (2013) and Ledda et al. (2015). (B) Representative histological images of non-decalcified sections are obtained by methylene blue acid fuchsin staining. Blue arrows, neovascularization; white arrows, the Haversian system; WB, woven bone; LB, lamellar bone. The figures were obtained with permission from Zhang et al. (2021).
In in vivo experiments, after the formation of HA on the surface, five stages of biological events occurred: 1) growth factors adsorption, 2) bone progenitor cells adhesion, 3) proliferation, 4) differentiation, and 5) production of the extracellular matrix, which enhances bone healing (Popa et al., 2015). The surface roughness contributes to a larger cell attachment area. It has been observed that cell density and bone healing in implants with rough surfaces are significantly better than in those with smooth surfaces (Klyui et al., 2021). Dissolved ions such as Ca, Mg, and Si can activate the expression of bone-related genes by regulating bone-related cell growth and metabolism (Taguchi et al., 2019; Zhang et al., 2021). The wettability and hydrophilicity of the surface also promote cell proliferation (Soares et al., 2018).
5.2 Hemocompatibility analysis
Hemocompatibility is the ability of blood to tolerate a material without causing significant adverse blood reactions when the material is in contact with blood (Nalezinkova, 2020). The main adverse blood reactions involve thrombosis. The absorbance of blood proteins on the surface of the materials triggers a series of cascade reactions, resulting in thrombosis, and the coagulation cascade spreads rapidly, leading to death in severe cases (Manivasagam et al., 2021). Hemolysis, which reflects hemocompatibility, is caused by adverse reactions to any toxic substance that comes in contact with blood (Dhinasekaran et al., 2021). The percentage of hemolysis (hemolysis%) is calculated on the basis of the following formula:
[image: image]
If the hemolysis% of a sample is <2%, it is non-hemolytic; a hemolysis% between 2% and 5% indicates that it is slightly hemolytic; if the hemolysis% >5%, it is considered hemolytic. Materials that are blood compatible are considered to have a hemolysis% less than 5%.
Studies have demonstrated that the hemolysis% of BG powders in all concentrations is lower than that of HA at the same concentrations, while more red blood cells (RBCs) are ruptured with BG coating. This may be due to the release of sodium ions from the BG coating, causing RBCs to rupture and, thus, exhibit hematotoxicity, which is corrected by washing after coating (Durgalakshmi et al., 2020; Dhinasekaran et al., 2021). Bargavi et al. (2022) found that BG coatings doped with various concentrations of alumina (Al) exhibited non-hemolytic properties and improved hemocompatibility when compared to pure BG coatings, where BG coatings doped with 10% Al had the best hemocompatibility. The hemocompatibility of BG coatings doped with zirconia (Zr) has also been investigated. With an increase in Zr concentration, the hemolysis% of the coating slightly decreased; while BG coatings doped with 5% and 10% Zr showed non-hemolysis, BG coatings doped with 15% Zr showed slight hemolysis (hemolysis % <2.5%) (Bargavi et al., 2020). Generally, BG-coated implants show great hemocompatibility.
5.3 Anti-inflammatory properties
Inflammation is an immune response of the body to resist harmful irritation, which helps maintain tissue homeostasis during injury or infection (Medzhitov, 2010; Wu et al., 2019; Chang and Xiong, 2020); however, excessive inflammatory responses form fibrous capsules that prevent implants' osteointegration. Therefore, superior anti-inflammatory property is critical for implant success.
There is no significant difference in the expression of anti-inflammatory factors in human amniotic mesenchymal stromal cells (hAMSCs) on RKKP glass-ceramic coating when compared with the control group, which indicates that the coating did not affect the expression of hAMSCs' anti-inflammatory factors (Ledda et al., 2016). Wu et al. (2014) found that bioactive Sr2MgSi2O7 (SMS) ceramic coatings exhibited superior anti-inflammatory effects compared to HAp coatings, and their mechanism of inhibiting the inflammatory response may be due to the 1) inhibition of the Wnt5A/Ca2+ pathway, which enhances the inflammatory response by decreasing the Ca2+ concentration or 2) inhibition of inflammatory cytokine expressions by the Toll-like receptor (TLR) pathway, which induces an immune response by the release of Mg2+ and Sr2+ (Figures 7A a–c).
[image: Figure 7]FIGURE 7 | (A), (a) Fold changes of WNT5A/Ca2+ pathway-related genes: WNT5A and Fz5. (b) Fold changes of Toll-like pathway-related genes: MyD88, TICAM1, and TICAM2. (c) Western blotting analysis of CaMKII and IκB-α expression. *significant difference by comparing RAW 264.7 cells cultured in SMS coating with HA (p < 0.05). The figures were obtained with permission from Wu et al. (2014). (B) Typical optical images of antibacterial test results of the coated samples against Staphylococcus aureus: (a) 0 Ag, (b) 5 Ag, (c) 10 Ag, and (d–f) their corresponding glass wafer samples: 0 Ag, 5 Ag, and 10 Ag: Ag/Ca atomic ratios of 0%, 5%, and 10%, respectively. The figures were obtained with permission from Fu et al. (2017).
For in vivo experiments, the inflammatory response of the host to the implant is a normal bodily reaction, often manifested as a local inflammatory response and vascular congestion, which disappears after some time (Taguchi et al., 2019). The gingival index determines the inflammatory status by observing the gingival condition, while the periodontal pocket is a manifestation of the pathological inflammatory response (Löe, 1967; Donos, 2018). In clinical trials, in follow-up survey statistics, the gingival index and depth of periodontal pockets were smaller in BG-coated groups, which showed a higher success rate of implantology (Mistry et al., 2016).
5.4 Bioactivity properties
5.4.1 Osteointegration
Osteointegration, also known as osseointegration, mainly describes the level of direct connection between an artificial implant and bone tissue without an intermediate fibrous connective tissue layer (Brånemark et al., 1977; Goriainov et al., 2014). A good interface between the implant and bone is an important factor in the formation of dense new bone and, thus, for the osseointegration of both (Agarwal et al., 2015; Hu et al., 2019; Sang et al., 2022). The wettability and surface energy of a material can change the binding of implants to osteoblasts after implantation (Chen et al., 2011).
In animal experiments, BG coating improved implant wettability and enhanced cell viability in the early stages of bone healing, thus significantly increasing bone-to-implant contact (BIC) and bone mineral density (BMD) (Soares et al., 2018), with new bones being formed around the implant and closely combined with the bone tissue (Taguchi et al., 2019). Strontium-substituted bioactive glass (SrBG) coating can stimulate bone formation by releasing dissolved products, showing a superior bone fixation effect (Newman et al., 2014). Reparative osteogenesis formed around the BG/HA/TCP composite coating implants (Klyui et al., 2021), and a perfect fusion with the bone tissue could be observed around the HA/BG/wollastonite (WS) composite coating implant (Wang et al., 2020). However, some studies have also found that in HA/BG coatings, when the concentration of BG is increased, a faster dissolution rate of BG leads to new bone damage and limits the combination of implants and bone tissue (Wang et al., 2018). Only BG containing a certain weight percentage, that is, 40–60wt% SiO2, can promote osteogenesis (van Oirschot et al., 2014).
In clinical trials, good bone ingrowth can be found near the implants in BG-coated hip implants (Orita et al., 2022). The bone regeneration around the oral implants is better, with osteoid formation and increased mineralization, which is specifically reflected in the higher median interface density (MID), discrete interface density (DID), and interface radiodensity (IFD) observed at 6 months (Mistry et al., 2016).
5.4.2 Osteogenesis
Osteogenesis refers to bone tissue formation, which is a complex procedure of osteo-development. Bone matrix mineralization and secretion are eternal procedures controlled by osteoblasts (Popa et al., 2015). Based on the included studies, osteogenesis mainly reflects on apatite formation in simulated body fluid (SBF), positive osteoblasts response, and rapid increase in new bone formation and mineralization in vivo.
5.4.2.1 Apatite formation in SBF
BG and doped ions in the coating significantly affect apatite formation in SBF. Phosphate in BG can promote apatite formation in SBF (Li et al., 2021). Mesoporous bioactive glass (MBG) coatings with an ordered mesoporous structure exhibit more evident apatite deposition than BG coatings (Zhang et al., 2016).
Ananth et al. (2013) observed more calcium phosphate particle deposition by increasing the relative content of BG in YSZ-BG composite coatings, which may be due to the promotion of apatite nucleation by the Si–OH group in the BG coating (Figure 8A). Increasing the BG content in chitosan/BG composite coatings also enhances the osteo-biological activity of the coating (Avcu et al., 2018). A high SiO2 content reduces the dissolution rate of BG and influences surface apatite formation, which indicates that the formation of surface apatite can be improved by reducing the content of SiO2 and doping an appropriate amount of Ag and Co (Lung et al., 2021). However, Ag+ is smaller in size than Ca2+ and binds more firmly with unbridged oxygen, so high Ag content is not conducive to the formation of HA (Catauro et al., 2015). The BG-Al composite coating was created using the sol–gel method, and with an increase in Al concentration, the growth rate of apatite accelerated (Bargavi et al., 2022).
[image: Figure 8]FIGURE 8 | (A) SEM images of the 1YSZ-2BG–coated Ti6Al4V alloy, which was immersed in SBF for various time durations (days): (a) 3, (b) 7, (c) 14, and (d) 21. (B) SEM images of bone formation on the three substrates and EDX elemental maps labeled calcium (blue), carbon (red), and phosphorous (blue) to identify the presence of the mineral. The figures were obtained with permission from Ananth et al. (2013) and Boschetto et al. (2020).
5.4.2.2 Osteocyte experiments
A material's influence on cellular behavior is essential in osteogenesis. The connection between the bone in vivo has two steps: first, the generation of a carbonate HA layer on the glass surface, to which the osteogenesis-related cells will subsequently respond. The dissolution products of BG modulate the proliferation and differentiation of cells to accelerate the integration of bone (Crush et al., 2021). In vitro cellular experiments reveal the production of intracellular osteogenic markers and assess the osteogenic activity of BG. The maturation of osteoblasts is categorized into proliferation, differentiation, and mineralization (Owen et al., 1990). In the proliferative stage, cells express genes that regulate the cell cycle and growth and form the ECM. Alkaline phosphatase (ALP), which is expressed in the initial differentiation stage, and osteopontin (OPN), which is expressed in the initial mineralization stage, induce matrix maturation and mineralization, and their increased expressions in osteoblast markers promote mineral deposition (Saino et al., 2010).
Ions released by BG dissolution can stimulate gene expression (Hench et al., 2020), which indicates that glass components have a significant impact on cells’ proliferation and differentiation. Si and Ca groups play a more important role in osteo-associated cells’ differentiation and proliferation than P and Na groups (Su et al., 2019). Cell inoculation on BG-coated surface significantly increased the content of mineralized matrix deposition (Figure 8B) (Boschetto et al., 2020), markers of early differentiation such as ALP and RUNX2, and expression of osteocalcin (OCL), which is expressed in late differentiation (Ledda et al., 2016). It has also been shown that the mesoporous physical structure of glass promotes the effective release of Ca and Si ions, leading to a higher level of cell differentiation (Zhang et al., 2016; Ye et al., 2017). When compared with uncoated Ti and BG-coated implants, more collagens were released in osteoblasts co-cultured with zirconia-containing BG-coated implants because the BG-Zr composite mediates collagen synthesis by changing the pH through an ion-release mechanism (Bargavi et al., 2020). Meanwhile, a higher pH also favors bone formation processes, which include the cross-linking of collagen chains and subsequent deposition of HA (Wang et al., 2011; Bargavi et al., 2020).
5.4.2.3 In vivo trials
Osteogenesis in clinical trials contributes to the complete restoration and biomechanical properties of natural bone (Santos et al., 2009). Mechanical stabilization and appropriate host response are essential to ensure osteogenesis (Lavenus et al., 2015).
The intrinsic mechanism of osteogenesis is inextricably linked to the ion release process of the BG coating. The silica-rich layer on BG coatings leaches into the local tissue fluid, regulating the osteoblast cycle and allowing rapid osteogenesis and mineralization, which increases peri-implant osteogenesis and mineralization (Xynos et al., 2000; Hench and Greenspan, 2013). Ion dissolution products containing Ca, Mg, and Si bioactive glasses activate the expression of bone-related genes such as bone morphogenetic proteins (BMPs) and vascular endothelial growth factor (VEGF), stimulating osteogenesis and angiogenesis (Huang et al., 2009; Sun et al., 2009; Gu et al., 2011; Hoppe et al., 2011; Saffarian Tousi et al., 2013; Zhai et al., 2013; Henstock et al., 2015; Shamsi et al., 2017; Naseri et al., 2018; O’Neill et al., 2018; Zafar et al., 2019; Zhou et al., 2019).
In animal tests, BG-coated implants show active areas on the surface that serve as the origin of osteogenesis, forming bones with better morphology, maturity, quantity, and thickness than in control groups, and with more rapid and effective osteogenesis (Figure 6B) (Taguchi et al., 2019; Zhang et al., 2021). It has also been shown that a more mature new bone was observed around BG-coated implants in the early stages of bone healing, but as the healing time increased, the advantage of BG-coated implants was no longer evident, since surface roughness affects the adhesion, migration, and differentiation of osteoblasts and thereby the osteogenesis process (Soares et al., 2018).
Poly (co-glycolide propionate)/BG (PBG) nanocomposite coatings induce more than 85% in bone formations. On HA/BG/WS composite coatings, the formation of surface bone tissue has been observed (Wang et al., 2020), while BG composite coatings with 30 wt% HA (pure) and 20 wt% TCP (tricalcium phosphate) show a larger area of bone formation around the implant (Klyui et al., 2021). Furthermore, the peri-implant osteogenic capacity may be related to the implant site and animal species, and the bone quality and quantity at the implant site may interfere with possible significant differences between experimental groups (van Oirschot et al., 2014).
5.4.2.4 Clinical trials
In clinical trials, BG-coated groups show a higher success potential: the least marginal bone loss (MBL), the highest IFD in both low- and high-density bone tissue, and a better deposition and mineralization of new bone tissue around the implant (Mistry et al., 2016). Furthermore, BG-coated hip implants have better bone growth conditions with excellent survival rates and wear resistance (Orita et al., 2022).
5.4.3 Angiogenesis
Angiogenesis, also known as vascular regeneration, is the sprouting and remodeling of neovascularization in the original vascular network (Huang and Nan, 2019), which is essential for tissue repair after implantation (Mehdikhani-Nahrkhalaji et al., 2015; Nowak-Sliwinska et al., 2018; Klyui et al., 2021). The formation of vessels helps transport oxygen, nutrients, minerals, and osteoprogenitor cells over long distances, contributing to bone healing (Zhang et al., 2021). Cerium oxide and BG doped with 2% Zn nanocomposite coatings exhibit superior pro-vascular regenerative capacity and the mechanism is related to the regulation of the hypoxic response and structural reorganization of cells (Matter et al., 2021). Increasing the porosity of BG-coated porous scaffold, reducing the thickness of the coating, and improving the surface roughness all provide space for new bone formation, contributing to angiogenesis (Zhang et al., 2021).
5.4.4 Soft tissue adhesion
After implantation, soft tissue reaction leads to the formation of a fibrous capsule, which contacts the implant without adhesion, allowing relative movement between the implant and the surrounding tissue. Appropriate soft tissue adhesion holds the implant stably in the surrounding tissue (Lee et al., 2010), which limits hematoma and abscess formation and prevents infection (Lee et al., 2010; Zigterman et al., 2019).
Surface roughness, coating composition, and structural design of the implants are the main factors affecting soft tissue adhesion (Lee et al., 2010; Zigterman et al., 2019). The ceria and BG doped with 2% Zn nanocomposite coatings reduce the biomineralization behavior to adapt to soft tissue while inducing the generation of vascular endothelial cells without cytotoxicity to gingival fibroblasts. It can promote rapid wound healing and exhibit superior soft tissue regeneration abilities in subsequent scratch assays (Matter et al., 2021). During oral implantology, the surrounding blood clot adheres firmly to BG-coated implants, indicating that BG-coated implants have higher wettability and stronger adhesion to the surrounding soft tissue than machined bare titanium implants (Mistry et al., 2016).
5.5 Antibacterial properties
Antibacterial properties are an essential characteristic in grafts implanted clinically, which refers to the grafts’ ability to reduce microbial growth on their surfaces. The formation of a biofilm is the first stage of bacterial growth, which also inhibits the proliferation of osteoblasts.
Better antibacterial properties are reflected in larger bacterial inhibition zones, lower reduction rates, fewer colony-forming units, and lower minimum inhibitory concentrations. A study has shown that as the content of silver ions in the coating increased, the number of bacteria on the sample surface decreased significantly and the bacterial inhibition area on the surface became larger [Figures 7B(a–f)] (Fu et al., 2017b). The cobalt- and Ti-doped glass coatings have better antibacterial properties than traditional 58S glass (Lung et al., 2021). As more zirconium oxide is added to samples, they exhibit a higher ability to inhibit bacterial growth (Bargavi et al., 2020), whereas borate-based glass exhibits worse antibacterial properties (Rau et al., 2020). Glass composited with drugs can help eradicate bacteria (Zarghami et al., 2021). By observing bacteria in saliva on the implant surface, Costa et al. (2020) found that fewer pathogenic bacteria were observed on the surface.
The antibacterial property is mainly increased by doping silver and other metallic ions in the manufacturing of chitosan composted coatings and in combination with antibiotics like tetracycline and vancomycin. The inhibition of bacteria by silver ions is mainly due to direct contact, which results in the deformation of cell membranes (Lung et al., 2021) and ROS in bacteria (Fu et al., 2017b). The electrostatic effects leading to changes in cell membrane permeability, thereby influencing cell signal transduction and production of ROS, are the main reasons for antibacterial properties caused by metallic compounds (Lung et al., 2021). Due to the slow-release behavior, BG containing chitosan and vancomycin has higher bactericidal effects (Zarghami et al., 2020). Chitosan increases cell membrane permeability, leading to the release of intracellular substances and thus causing cell death (Ordikhani et al., 2016). The composite coating of bioactive glass as a drug carrier can also significantly improve antimicrobial properties. BG has a rougher surface (Matter et al., 2021) and creates a more alkaline biological environment (Echezarreta-López and Landin, 2013; Brauer, 2015) through dissolution and ion release, where bacteria grow poorly.
In in vivo experiments, the plaque index and gingival recession were assessed to evaluate the degree of oral hygiene (Silness and Löe, 1964; Kassab and Cohen, 2003). A clinical trial proved that patients with BG-coated implants have reduced plaque index and gingival recession and, therefore, reduced occurrence of oral disease (Mistry et al., 2016).
6 CONCLUSION AND FUTURE PROSPECTS
Bioactive glasses are widely researched because of their good biological properties; however, poor mechanical properties limit their clinical applications. Suitable coating technologies are essential for the performance of glass coatings’ relevant properties. This work systematically reviews the coating technology of BG on the surface of Ti and its alloys and summarizes the principles of the technology, relevant parameters, and their relative advantages, providing a reliable basis for coating technology selection. BG coatings exhibit excellent cell compatibility, antibacterial and anti-inflammatory properties, and higher levels of osseointegration and osteogenesis, which indicate that BG coatings on Ti and its alloys have excellent biocompatibility and bioactivity. The doping of ions and compounding with other substances significantly improve the coatings’ performances.
However, BG-coated Ti and its alloy implants face many challenges nowadays. Adding antibacterial ions, such as Ag and Co, and compositing with drugs, such as tetracycline and vancomycin, can improve the antibacterial properties of metal implants. However, the overuse of metal ions may cause cytotoxicity and limit cell metabolism, which leads to negative tissue reactions. Therefore, the balance of antibacterial properties and cytotoxicity requires further study for coating optimization. In terms of physical properties, there are significant differences in the coefficients of thermal expansion between metals and glass materials that can lead to cracking and failure of coatings. Improving the compatibility of substrates and coatings also relies on further research.
In vitro experiments can filter suitable implant biomaterials in the first stage, which prevents excessive euthanization of laboratory animals and simplifies the quantification of experimental results. However, cellular metabolites cause peripheral tissue reactions, and in vitro studies cannot test the subsequent biological effects. Animal experiments can assess the influence of coated implants on the surrounding and distant organs while controlling different pathological models and loading conditions, making them important pre-clinical research. For BG-coated implants, advanced clinical applications require more animal experiments and clinical trials.
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The construction of an antibacterial biological coating on titanium surface plays an important role in the long-term stability of oral implant restoration. Graphene oxide (GO) has been widely studied because of its excellent antibacterial properties and osteogenic activity. However, striking a balance between its biological toxicity and antibacterial properties remains a significant challenge with GO. ε-poly-L-lysine (PLL) has broad-spectrum antibacterial activity and ultra-high safety performance. Using Layer-by-layer self-assembly technology (LBL), different layers of PLL/GO coatings and GO self-assembly coatings were assembled on the surface of titanium sheet. The materials were characterized using scanning electron microscope (SEM), Fourier transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS) and contact angle test. The antibacterial properties of Porphyromonas gingivalis (P.g.) were analyzed through SEM, coated plate experiment, and inhibition zone experiment. CCK-8 was used to determine the cytotoxicity of the material to MC3T3 cells, and zebrafish larvae and embryos were used to determine the developmental toxicity and inflammatory effects of the material. The results show that the combined assembly of 20 layers of GO and PLL exhibits good antibacterial properties and no biological toxicity, suggesting a potential application for a titanium-based implant modification scheme.
Keywords: graphene oxide, ε-poly-L-lysine, antibacterial, biocompatibility, layer-by-layer self-assembly
1 INTRODUCTION
Implant restoration has become a crucial method for replacing missing teeth due to its excellent function and aesthetic effects (Jiang et al., 2020; Li et al., 2022b). However, 42%–43% patients will suffer from peri-implant mucositis after oral implant restoration, and 20%–22% patients will suffer from peri-implantitis (Lee et al., 2017; Onclin et al., 2022; Suzuki et al., 2023). What is more concerning is that peri-implant mucositis can further develop into peri-implantitis (Herrera et al., 2023). Peri-implantitis is a progressive inflammatory disease that causes irreversible damage to the soft and hard tissues around the implant, threatening the long-term survival of implants (Schwarz et al., 2018; Cai et al., 2019). Research has shown that the accumulation and colonization of bacterial biofilms around implants are an important cause of peri-implant inflammation (Cai et al., 2019; Qian et al., 2020), and once colonized, bacteria become difficult to remove (Yu et al., 2022). The long-term survival of implants requires that implant materials possess excellent osteogenesis, antibacterial properties, and biocompatibility (Shao et al., 2022). While titanium is widely used in the production of dental implants (Souza et al., 2019), it lacks osteogenic and antibacterial properties (Ji et al., 2023). Therefore, an increasing number of researchers are beginning to modify the implant surface to prevent peri-implant diseases.
Graphene oxide (GO) is a new type of two-dimensional carbon material that holds significant potential in the field of biomedicine (Yousefi et al., 2017; Gusev et al., 2019). GO possesses a unique amphiphilic structure that can interact with cells or growth/differentiation factors, accelerating the adhesion, growth and differentiation of bone marrow stem cells (Wei et al., 2017), neural stem cells (Lin et al., 2020), and induced pluripotent stem cells (Saburi et al., 2019; Ricci et al., 2022). Studies have reported that when GO is used as a scaffold or coating material, it can enhance the regeneration of bone and cartilage (Li et al., 2022b). Additionally, direct contact of GO with bacteria can activate mechanisms such as nano-knife (Sun et al., 2020), encapsulation or capture (Du et al., 2022), oxidative stress (Liu et al., 2011), and has an evident antibacterial effect on both Gram-negative and Gram-positive bacteria (Pulingam et al., 2019). However, the inhibitory ability of GO to planktonic bacteria around the implant is limited (Pandit et al., 2023). Furthermore, the antibacterial activity of GO is concentration-dependent, meaning that at high concentrations, GO may induce biotoxicity. To address the issue of low bactericidal efficiency of GO with non-biotoxic concentrations, consideration was given to loading ε-poly-L-lysine (PLL) onto the titanium surface.
ε-poly-L-lysine (PLL) is a cationic polypeptide polymerized from 25–35 L-lysine (Wang et al., 2021). Presently, it finds extensive applications in the fields of food preservation and medicine (Zhang et al., 2018a). PLL exhibits high antibacterial activity and broad-spectrum effects. Studies have confirmed its efficacy against various Gram-negative bacteria, Gram-positive bacteria, fungi, and viruses (Bankar and Singhal, 2010). Additionally, PLL possesses water solubility, biodegradability, and shows no human or environmental toxicity, demonstrates extremely high safety (Wang et al., 2021). Consequently, PLL is considered to be a safe agent by the United States Food and Drug Administration, and is approved for food preservation in the United States, China, Japan, and other countries (Zhang et al., 2018a; Li et al., 2022a).
To effectively control the deposition amount of PLL and GO, layer-by-layer self-assembly technology (LBL) demonstrates significant technical advantages due to its simple process and mild preparation conditions (Zhang et al., 2018b). LBL utilizes electrostatic interactions to alternately adsorb positively/negatively charged polyelectrolytes on the surface of materials, forming composite multilayer films where the biological activities of the components do not interfere with each other (Lv et al., 2014; Alkekhia et al., 2020). Moreover, LBL offers the advantage of accurately controlling the thickness of the film on a nano-scale and can delay the release of drugs while maintaining sustained antibacterial ability, making it a promising coating method (Gentile et al., 2015). Numerous studies have demonstrated that biologically active coatings containing GO, constructed using LBL techniques, exhibit significant effects in areas such as cardiovascular stents and bone implants. Research by Xu et al. (Xu et al., 2021) illustrates that polydopamine/GO/type I collagen nanofilms exhibit strong capabilities for controlled release of bioactive substances, enhancing not only protein adsorption but also promoting osteogenic differentiation of rat bone marrow-derived mesenchymal stem cells. Furthermore, studies indicate that the greater the number of nanofilm layers, the more pronounced the osteogenic differentiation effect (Xu et al., 2021). Studies by Gao et al. indicate that chitosan/heparinized GO multilayer films can promote adhesion and proliferation of endothelial cells, demonstrating good blood compatibility and corrosion resistance, thus providing new insights for the development of cardiovascular stent materials.
The objective of this study is to assemble PLL and GO on the surface of a titanium sheet to enhance antibacterial properties. The optimal number of assembly layers with good biocompatibility was determined through in vivo and in vitro experiments. This study introduces novel approaches to address peri-implant diseases and enhance the long-term retention of implants.
2 MATERIALS AND METHODS
2.1 Materials
PLL was procured from Shanghai Aladdin Biochemical Technology Co., Ltd. The sheet diameters of GO, carboxylated graphene oxide (GO-COOH) and aminated graphene oxide (GO-NH2) are all less than 500 nm and these materials were obtained from Jiangsu Xianfeng Nanomaterials Technology Co., Ltd. Titanium sheets (purity 99.99%) were supplied by Taizhou Senno Material Technology Co., Ltd. Preosteoblasts MC3T3-E1 used in the experiment were obtained from ATCC. Luzhou Keyang Biotechnology Co., Ltd. provided Porphyromonas gingivalis, as well as culture media and reagents for cell and bacterial experiments. The zebrafish and breeding materials used in the experiment were obtained from the zebrafish technology platform of the Public Experimental Technology Center of Southwest Medical University.
2.2 Fabrication of composite coatings on titanium surface
Pure titanium sheets were processed into circular samples with a diameter of 15 mm and a thickness of 1 mm, and their surfaces were polished with #800, #1200, and #2000 silicon carbide paper under running water. Then, they were ultrasonically cleaned in acetone, ethanol, and deionized water for 15 min and dried at 60°C for 24 h. As shown in Figure 1 (Figure 1 was drawn by Figdraw), to obtain active titanium sheets (ATi), the samples were soaked in 5 M sodium hydroxide (NaOH) solution at 60°C for 24 h, then rinsed with distilled water 3 times and dried for use. Half of the samples were soaked in 1 mg/mL PLL for 10 min, rinsed with deionized water, followed by nitrogen drying. Subsequently, they were immersed in 1 mg/mL GO for 10 min, rinsed, and dried, thereby constructing a bilayer membrane structure. The above steps were repeated to obtain multilayer samples with different layers, labeled as (P/G)10, (P/G)20, (P/G)30. Similarly, the other half of the samples were alternately immersed in 1 mg/mL of GO-COOH and 1 mg/mL of GO-NH2, and the film assembly process was repeated to obtain (G/G)10, (G/G)20, (G/G)30.
[image: Figure 1]FIGURE 1 | Individual assembly of GO and combined assembly of GO and PLL on the titanium surface. Assembly process of P/G and G/G on the titanium surface. (A) Pure titanium. (B) Titanium surface with negative charge after alkali activation. (C) Deposition of positively charged PLL. (D) Deposition of negatively charged GO. (E) Deposition of positively charged GO-NH2. (F) Deposition of negatively charged GO-COOH. Repeat (C) (D) or (E) (F) to achieve the desired number of layers.
2.3 Characterization of samples
As shown in Figure 2A (Figure 2 was drawn by Figdraw), the surface morphology of the samples was characterized by scanning electron microscopy (SEM, Thermo Fisher, USA), and the chemical composition of the samples was collected and analyzed by energy dispersive X-ray spectroscopy (EDS, AMETEK,USA). The chemical composition of the modified surface was analyzed using the attenuated total reflection attachment (ATR) of Fourier transform infrared spectroscopy (FTIR, Beifen-Ruili, China) and X-ray photoelectron spectroscopy (XPS, Thermo Fisher ScientificK-Alpha, USA). Three samples were selected for each group, and 5 μL of deionized water droplets were placed on the surface of the sample at room temperature. The water contact angle was measured by contact angle measuring instrument (KRUSS, DSA25, Germany) and photographed.
[image: Figure 2]FIGURE 2 | Experimental operation diagram. (A) Characterization of samples. (B) Evaluation of antibacterial ability. (C) Cytotoxicity assays. (D) In vivo toxicity assessment.
2.4 Evaluation of antibacterial ability
2.4.1 Observation of bacterial morphology
P.g was anaerobically cultured in BHI broth at 37°C to logarithmic growth stage, and the concentration of bacterial suspension was adjusted to 1.0 × 106 CFU/mL for later use. Samples from each group were placed face up in a 12-well plate, 200 μL of bacterial suspension was applied to the surface of the sterilized sample and carefully transferred to an anaerobic incubator for 2 h of cultivation. After stable bacterial adhesion, 0.8 mL of BHI medium was added to each well for further cultivation. The sample was co-cultured with bacteria for 24 h, then, the surface of the sample was washed with aseptic PBS twice to remove unattached bacteria. Subsequently, 2.5% glutaraldehyde was fixed for 20 min, rinsed with PBS, followed by ethanol gradient dehydration and drying. The surface of the sample was sprayed with gold, and the microscopic morphology of P.g on the surface of each group was observed by SEM.
2.4.2 Antibacterial rate
The bacterial suspension was co-cultured with the samples for 24 h. After washing off the suspended bacteria, the samples were placed in 1 mL PBS and vortexed for 10 min to collect the adhered bacteria on the surface of the sample. The concentration of bacterial suspension was adjusted to 1.0 × 103 CFU/mL. A 100 μL bacterial suspension was evenly spread on BHI solid medium, and after anaerobic culture for 48 h, the antibacterial rate was calculated using the following formula.
[image: image]
2.4.3 Inhibition zone test
A 100 μL bacterial suspension was uniformly inoculated on the surface of the BHI solid medium. After sterilization, each sample was carefully placed face down in BHI medium and anaerobically cultured for 48 h. The inhibition of each sample against the surrounding bacteria was recorded.
2.5 Cytotoxicity assays
MC3T3-E1 cells were incubated with α-MEM medium containing 10% fetal bovine serum (FBS), 100 U/mL penicillin and 100 ug/mL streptomycin in a 5% CO2 incubator at 37°C. The culture medium was changed every 2 days and passaged at a ratio of 1:3. After sterilization, the samples of each group were immersed in α-MEM medium for 1 week, and 1 mL of leaching solution was collected for each sample. The extraction medium was prepared with different leaching solutions instead of α-MEM and FBS in a 9:1 ratio. Well-grown cells were cleaned with PBS, digested by pancreatic enzymes, and then centrifuged to produce a 1×104/mL cell suspension. A 100 μL cell suspension was inoculated into 96-well plates with three compound wells in each group. After culture for 24 h, the previous medium was discarded, and the prepared extraction medium was added. After another 24 h, 100 μL medium containing 10% CCK-8 was added to each well. After incubation for 2 h, the absorbance was determined at the wavelength of 450 nm using an enzyme labeling instrument.
2.6 In vivo toxicity assessment
The zebrafish involved in the experiment were sourced from the Zebrafish technology platform of the Public Experimental Technology Center of Southwest Medical University. Wild-type AB zebrafish were fed with newly hatched harvest insects twice a day in a zebrafish culture system with a constant temperature of 28°C and a light-dark photoperiod of 14:10 h. After reaching the adult stage, healthy male and female fish of similar size were selected for mating and egg laying. The fertilized eggs were sorted under the microscope (Nikon, Japan). Sodium hypochlorite disinfectant (0.003%) and sterilized embryo culture water containing 0.3 × Danien’s buffer were alternately added to the culture plate for 5 min each. The disinfectant should completely submerge the embryos, and the plate should be gently shaken to ensure full contact. Subsequently, the disinfectant was filtered, and sterilized embryo culture water was added and washed twice to ensure complete removal of sodium hypochlorite. Samples were placed in a 12-well plate, and embryos 6 h after fertilization were directly exposed to the surface of the test material. There were 10 embryos in each group, and the experiment was conducted twice. The embryos were incubated in a constant-temperature incubator. At 72 hpf, the incubation and mortality of the embryos were observed and recorded under a stereomicroscope. At 120 hpf, the heart rate, body length and developmental morphology of zebrafish were observed and recorded under 0.1% (w/v) tricaine solution anesthesia. After the experiment is completed, embryos are euthanized by freezing at −20°C for ≥24 h. All experimental procedures were conducted under the approval of the Ethics Committee of Southwest Medical University (License Number: 20220819–006).
2.7 Immunotoxicity assessment
The potential inflammatory and myelotoxic (neutropenia) effects of GO and PLL-modified titanium sheets were investigated using transgenic Tg (lyz:DsRed2) zebrafish embryos expressing red fluorescent protein (GFP) in neutrophils. This enabled direct observation of the impact of the study material on the emergence and accumulation of neutrophils in exposed tissues or internal organs. The transgenic zebrafish were bred to the adult stage following the feeding methods described above. Embryos were exposed to the test material at 36 hpf, then incubated at 28°C. At 120 hpf, the exposed embryos were imaged under a fluorescence microscope (Leica, Wetzlar, Germany), and the ImageJ program was used to assess the presence of neutrophils relative to the control group (based on fluorescence intensity). The experiment was performed twice, using five embryos in each group. The experimental procedures have been approved by the Ethics Committee of Southwest Medical University. Statistical analysis.
2.8 Statistical analysis
All data were presented as the mean ± standard deviation. Group comparisons were conducted using one-way ANOVA with Tukey’s test in GraphPad Prism (GraphPad Software, United States). Statistical significance was determined at *p < 0.05.
3 RESULTS AND DISCUSSION
3.1 Synthesis and morphology of materials
Implant restoration has greatly improved the quality of life of patients, and the growing sophistication of implantation technology has led to an increasing number of implant restorations. However, peri-implant disease remains a serious complication that jeopardizes the long-term survival of implants (Rokaya et al., 2020). This is due to the lack of real periodontal ligaments and blood supply around the implant, bacteria are more likely to invade the surrounding tissue, and inflammation progresses more rapidly (Herrera et al., 2023). The chemical composition of the implant surface can influence the adhesion of proteins and bacteria (Yu et al., 2022). Therefore, proper modification of titanium surface to inhibit bacterial adhesion and growth is a method worth considering (Suzuki et al., 2023).
LBL technology has found extensive application in the functionalization of biomaterials. It has the capability to alter the surface properties of the substrate, thereby improving or enhancing tissue function. Recently, LBL technology has been introduced into the manufacturing of implant coatings (Gentile et al., 2015; Liu et al., 2022). PLL and GO-NH2 in aqueous solution are positively charged, while GO and GO-COOH are negatively charged, which makes it possible to deposit GO and PLL functional films on titanium surface by LBL technology (Guo et al., 2021). In order to make GO and PLL firmly combine on the surface of titanium sheet, firstly, the surface of titanium sheet was treated with 5 mol/L NaOH to make it full of negative charges (Kokubo and Yamaguchi, 2015). As depicted in Figure 3, the surface of pure titanium sheet is relatively smooth and dense, with the surface elements predominantly composed of titanium. After alkali activation treatment, the content of oxygen increased to 43.31%, the surface has a honeycomb grid structure and there are a lot of cracks, which was consistent with the phenomenon observed by He et al. (Kokubo and Yamaguchi, 2015; He et al., 2022; Jiang et al., 2023). After loading a layer of PLL, the bottom and surface of the fissure groove seem to be covered with fog, which is a very small PLL deposition. After completing the assembly of a PLL/GO, some cellular grids are blocked by materials. By alternately assembling different layers, the control of GO dosage is realized, which intuitively shows that with the increase of assembly layers, the pores and cracks on the surface of titanium sheet are gradually filled up. In Groups (P/G)10 and (G/G)10, although only a few cracks are not completely blocked by materials, the direction of the cracks at the bottom can be clearly seen. The surface gaps in the (P/G)20 and (G/G)20 groups were completely filled, while the surfaces of the (P/G)30 and (G/G)30 groups slightly protruded, exhibiting an appearance similar to that of crumpled paper. After PLL and GO are assembled, C and N elements begin to appear, C is provided by PLL and GO, and N comes from PLL. In the GO self-assembly groups, the presence of C and N elements indicates the successful assembly of GO-COOH and GO-NH2, where N comes from GO-NH2 (Table 1).
[image: Figure 3]FIGURE 3 | SEM morphology observation of titanium sheet surface. (A) The surface of pure Ti is smooth and dense. (B) After alkali activation, numerous mesh pores and cracks appear. (C) After depositing a layer of PLL, the surface of the titanium sheet is covered with extremely small PLL, presenting a foggy appearance. (E) After depositing a layer of P/G, some pores are blocked by the material. (F) (G) (H) After assembling 10, 20, and 30 layers of P/G, the pores and cracks are gradually filled and leveled. (D) After depositing a layer of GO-COOH, most of the pores are blocked. (I–L) After assembling 1, 10, 20, and 30 layers of G/G, the surface pores and cracks disappear with the increasing number of layers.
TABLE 1 | Elemental compositions of the different samples.
[image: Table 1]3.2 FTIR
The samples deposited with PLL exhibit a C=O stretching vibration peak at 1,640 cm-1, and an NH bending vibration peak at 2,923 cm-1, confirming the successful bonding of PLL to the sample surface (Guo et al., 2021). On the surface of the sample adsorbed with GO, characteristic peaks of oxygen-containing functional groups such as C=O (1,640 cm-1), C-OH (1,390 cm-1) and C-O-C (1,060 cm-1) appear, confirming the presence of GO coating on the modified material (Suo et al., 2019) (Figure 4). The sample assembled from GO-NH2 and GO-COOH shows characteristic peaks of GO, such as C-C (1,647 cm-1), C=C (cm-1), C-O-C (1,060 cm-1), and C-OH (1,390 cm-1). Additionally, characteristic peaks of carboxyl groups, C=O (1,640 cm-1), and amino groups, N-H (1,574 cm-1), as well as C-N (1,210 cm-1) peaks, are observed on the surface, indicating the success of the self-assembly. Moreover, with the number of assembly layers exceeding 10, the intensity of the C-O-C vibration peak of GO and the CH2 vibration peak of PLL also increase, indicating an increase in the relative content of PLL and GO (Figure 4A).
[image: Figure 4]FIGURE 4 | (A) FTIR spectra of the P/G group. (B) FTIR spectra of the G/G group.
3.3 XPS analysis
The surface chemical composition of samples was thoroughly analyzed using XPS technology. As shown in Figure 5A, three primary characteristic signals, Ti, C, and O, can be clearly identified in Ti and ATi samples, with the C and O signals originating from contaminant amino acids that were not completely removed from the sample surfaces. It is noteworthy that the XPS analysis results reveal that the O signal on the titanium surface increased after alkaline activation. Furthermore, on all samples treated with self-assembly, the characteristic Ti signal was no longer present, and only signals corresponding to C, N, and O were observed, with the C signal intensity being significantly higher than that on the Ti and ATi surfaces (Figures 5B,C). This phenomenon indicates that GO and PLL were uniformly deposited on the pure titanium surface, and its thickness exceeded the detection range of XPS. As shown in Figures 5F–I, samples such as (P/G)10, (P/G)20, (P/G)30, (G/G)10, (G/G)20, and (G/G)30 exhibited extremely similar high-resolution C1s spectra. The C1s spectrum contained six main peaks, corresponding to O-C=O (289.1 eV), C=O (287.9 eV), C-O (286.6 eV), C-N (285.5 eV), C=C (289.1 eV), and C-C (284.7 eV) chemical states. The nitrogen in these peaks originated from PLL and GO-NH2, while the carbon originated from PLL and GO-COOH.
[image: Figure 5]FIGURE 5 | Surface chemical characteristics of different titanium samples: (A) XPS spectra of Ti and ATi surfaces; (B) XPS measurement spectra of (P/G)10, (P/G)20, (P/G)30 surfaces; (C) XPS measurement spectra of (G/G)10, (G/G)20, (G/G)30 surfaces; (D–K) High-resolution C1 peak fitting of surfaces of different titanium samples.
3.4 Contact angle measurement
The water contact angle on the surface of titanium sheet is approximately 70.47° ± 1.95°. After alkali activation, the surface becomes super-hydrophilic, with a contact angle of about 18.87° ± 4.7°, significantly different from that of the pure titanium surface (Figure 6A). This difference is attributed to the abundant hydroxyl (-OH) groups generated after alkali activation, interacting with water molecules to form hydrogen bonds, facilitating the spreading of water droplets on the titanium surface. With the layer-by-layer assembly of PLL and GO, the water contact angle gradually increases but remains significantly lower than that of pure titanium. We hypothesize that the hydroxyl groups on the titanium sheet surface are gradually consumed, and the van der Waals force produced by the interaction of carboxyl, amine, hydroxyl and other polar functional groups on the newly deposited PLL and GO surface is weak. Unfortunately, although a significant decrease in contact angle was observed when GO self-assembled a layer, the 10, 20 and 30 layers observed in the experiment all showed contact angles similar to those of pure titanium (Figure 6B). Studies have shown that hydrophilic surfaces with water contact angles less than 60° exhibit better cell binding and diffusion rates than hydrophobic surfaces (Jurak et al., 2021). Li et al. also pointed out that a rough hydrophilic titanium surface can reduce the production of pro-inflammatory factors by neutrophils (Abaricia et al., 2020). It can be observed that the biocompatibility of PLL and GO modified titanium tablets is better than that of pure titanium and GO modified titanium sheet alone, resulting in less tissue irritation and inflammation.
[image: Figure 6]FIGURE 6 | (A) Statistical analysis of water contact angles for the P/G group (n = 3). (B) Statistical analysis of water contact angles for the G/G group (n = 3). (C) Morphology of water droplets on different surfaces. (*p < 0.05).
3.5 Antibacterial activity
3.5.1 SEM morphology of bacteria
P.g is considered to be the main periodontal pathogen associated with peri-implantitis (Pérez-Chaparro et al., 2016; Alves et al., 2022). After 24 h of co-cultivation with P.g, the number and morphology of bacteria on the titanium sheet surface were observed using SEM (Figures 6, 7). P.g on the surface of Ti and ATi titanium sheets grew well, covering almost the entire material surface, with smooth bacteria displaying neat edges and an oval shape. In both the P/G and G/G groups, it was observed that with the increase of loading layers, P.g grew from chain-like head-to-tail connection to sporadic form, and bacterial rupture and deformation became ubiquitous (shown by black arrows). Interestingly, compared to the P/G group with the same number of layers, the G/G group showed more bacterial rupture and deformation, although the number of bacteria was relatively higher. GO can produce ROS damage cellular components through oxidative stress, but it is in the state of suspension (Shi et al., 2016). In this experiment, GO tended to cause physical damage to the bacterial membrane by exerting membrane stress through its sharp edges.
[image: Figure 7]FIGURE 7 | SEM image of bacteria. The black arrow shows ruptured and deformed bacteria.
3.5.2 Inhibition zone test
The ZOI method was employed to assess the inhibitory ability of the material on the growth of P.g. As shown in Figure 8A, only a tiny circular area free of bacteria was observed around the G/G group with all layers, showing no significant difference compared to the pure Ti group. On the contrary, obvious bacteriostatic ring appeared around the P/G modified titanium sheet, and the diameter of bacteriostatic ring increased with the increase of loading layers. This indicates that GO has difficulty diffusing from titanium sheet, while PLL can smoothly diffuse around the titanium sheet smoothly and effectively inhibit the growth of P.g. Literature has pointed out that PLL can not only act on cell wall and cell membrane system, but also target genetic materials, enzymes and functional proteins, causing disruptions in material, energy and information transmission within cells and ultimately leading to cell death (Wang et al., 2021).
[image: Figure 8]FIGURE 8 | (A) Inhibition zone test and statistical analysis of each group (n = 3); (B)Colony count and inhibition rate statistics (n = 3). (*p < 0.05).
3.5.3 Antibacterial rate
The bacteriostatic rate of P.g was evaluated by plate counting method. The antibacterial rate of the control group was defined as 0, and the results revealed that the bacteriostatic rates of (P/G)10, (P/G)20, (P/G)30 were 30.1% ± 2.69%, 63.5% ± 8.92%, 88.99% ± 6.43%, (G/G)10, (G/G)20, (G/G)30 were 7.26% ± 2.33%, 54.5% ± 5.03%, 84.15% ± 7.44%, respectively (Figure 8B). GO has bacteriostatic ability either alone or in combination with PLL, but the bacteriostatic effect is limited when the content is low. At the same number of layers, the bacteriostatic ability of the group P/G was better than that of the group G/G, which indicated that the combined self-assembly of GO and PLL is a more effective antibacterial strategy. This approach can exert an antibacterial effect on the bacteria adhered to the implant surface as well as those suspended around the implant.
3.6 Cytotoxicity assays
Osteoblasts play a crucial role in osseointegration. They adhere, spread, proliferate, and differentiate on the surface of implant materials, ultimately mineralizing into bone and forming a solid union with the bone implants. The murine-derived osteoblast cell line MC3T3-E1 is commonly employed for studying the biocompatibility of bone implants (Czekanska et al., 2012). As can be seen from Figure 9, with an increase in the number of film layers, the cell survival rate of the experimental group showed a decreasing trend compared with the control group. The cell viability of groups (P/G)20, (G/G)20 and (G/G)30 showed a significant decrease at both 24 h and 48 h. A large number of studies (Pang et al., 2017; Pulingam et al., 2020) have shown that cytotoxicity is positively correlated with the concentration of graphene oxide. This is because PLL itself can be degraded into essential amino acids for the human body, suggesting that cytotoxicity comes from GO and is concentration-dependent. Moreover, as long as the assembly of PLL and GO does not reach 30 layers, it remains relatively safe for MC3T3-E1 cells and can be used in oral implant repair.
[image: Figure 9]FIGURE 9 | (A) The cell survival rate of MC3T3-E1 cells in each group at 24 h (n = 3). (B) The cell survival rate of MC3T3-E1 cells in each group at 48 h (n = 3). (*p < 0.05).
3.7 In vivo toxicity assessment
Zebrafish have up to 70% genomic homology compared to the human genome (Howe et al., 2013; Miyawaki, 2020). Moreover, zebrafish possess excellent characteristics such as in vitro fertilization and development, embryo transparency, and easy breeding. Hence, it stands out as an exceptional model organism for evaluating the biocompatibility and therapeutic efficacy of new biological materials (Feng et al., 2022). When wild type (AB) zebrafish were co-cultured with titanium sheets during the highly material sensitive early embryonic stage (6 hpf), there was no significant increase in embryo mortality in all experimental groups compared with the control group. Under normal conditions, most embryos would break through the chorions to complete incubation at 72 hpf, however, there was a delay in hatching (Figure 10A) observed in the (P/G)30, (G/G)20, and (G/G)30 group. This is consistent with the results of Chen et al., they confirmed that GO will adsorb on the surface of the chorion, blocking the pores between the chorionic processes, and gradually form an anoxic environment in the embryo, which leads to the delay of hatching (Chen et al., 2020). In addition, studies have shown that GO induces edema in the pericardium and yolk sac, which disrupts the activity of hatching enzymes and may be another reason for delayed hatching (Chen et al., 2016). The heart is the earliest organ that occurs and functions in the process of embryonic development, and the heart rate is the most intuitive reaction of the normal function of the heart (Chen et al., 2020). However, when the embryos developed to 120 hpf, the heart rate decreased in (G/G)30 groups (Figure 10B), the body surface of zebrafish in (G/P)30, (G/G)20, (G/G)30 groups was no longer smooth (Figure 10E), There seems to be floc shedding and adhesion, and there are many developmental deformities, including pericardial edema, yolk sac edema, and tail deformity. In addition, a reduction in body length was observed in the (P/G)30, (G/G)20, and (G/G)30 group (Figure 10C). In the study by Chen et al., zebrafish embryos exposed to 1 mg/L GO also showed a significant reduction in heart rate (Chen et al., 2016). This suggests that high concentrations of GO may produce certain cardiotoxicity to zebrafish, which in turn affects growth and development.
[image: Figure 10]FIGURE 10 | (A) Zebrafish embryo hatching rate (n = 3). (B) Zebrafish heart rate (n = 10). (C) Body length of zebrafish in each group (n = 15). (D)growth and development morphology of zebrafish in each group. (E) Analysis of neutrophil fluorescence intensity in transgenic zebrafish. (F) Appearance of neutrophils under fluorescence microscope (n = 10). (*p < 0.05).
3.8 Immunotoxicity assessment
Taking advantage of the transparent nature of zebrafish embryos, the neutrophils of transgenic zebrafish Tg (lyz:DsRed2) are labeled red by fluorescent proteins, which can be used to evaluate the early inflammatory response and immunotoxicity that we are very concerned about when planting. After 120 hpf direct exposure, (P/G)30 and (G/G)30 groups showed a significant increase in neutrophils (Figure 10D), and the fluorescence was mainly concentrated in the yolk sac, heart and periocular area (Figure 10F). It has been reported that once GO enters the embryo, it will selectively locate the yolk sac, heart, eye and tail, affecting the early development of the embryo, and the incidence of early malformation increases with the increase of GO concentration.
4 CONCLUSION
This study successfully performed separate assemblies of 10, 20, and 30 layers of GO on the titanium surface, as well as combined assemblies of GO and PLL. The results indicate that self-assembly of GO with more than 10 layers exhibits good antibacterial performance, and the joint assembly of GO and PLL demonstrates superior antibacterial efficacy under the same layer conditions. Additionally, assemblies of P/G with less than 30 layers and G/G with less than 20 layers exhibit safe biological properties, without causing cytotoxicity, developmental toxicity, and immunotoxicity. Considering the balance between antibacterial performance and biological toxicity, the combined assembly of GO and PLL with 20 layers presents a promising choice for designing and optimizing titanium-based implants.
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Study D Coating  Coating Solution Anode  Cathode  Distance Work Time  Temperature Coating
method  component between the  voltage (V) (min) thickness
electrodes (um)

(mm)

Chitosan (05 g/L), bioactive | Titanium | Titanium | 10 15 0 - e Ondikhani

s (03 gL, vancomycin and Simehi
(gL o1)
Chitosan (05 gL, bioactve 5556
s (05 91)

Ondikhani2016 - Chitosan (05 g/L), bioactive | Titanium | Titanium | 10 15 10 Room = Ondikhani
gass (05 L) in 1 vol% acetic temperature etal. 016)

acid in deionized water

Chitosan (05 gL, bioactve 15 0
glass (03 g/, vancomyein in

1 vol% acetic acid in deionized

water

Chitosan (05 g1, bioactve 10 (for chitosan), | 20 128
s (05 gL, vancomyein 15 (or chitosan/

05 1gl, 158/ 2g) bioactive gass

1 vol% acetc acid n deionized composite)

Ananth2013 (CMP,POY, | 1)5wi% YSZ [yiasabiied | Platinum | TAMV | 10 w0 5 Room — D45 1205 Anamhetal.
510,240, sircoia (YS2)], 2 1YSZ-28G. temperature Qo3
(5 W% YSZ-10 wi% BG) in
isopropanal [bioactive
sass (BG)]

1) 10w YSZ, 2) 2Y57.28G
(10 W% YSZ, 10 wt% BG) in
sopropancl

Pate2019 Mesoporous Mesoporous bioglass Stinless | Pure 0 2 Lsmin  — 3 |- Pacl vl
bioglass nanopariices (025 L), sl | tanium o)
nanoparies, | chitosn (050 g1)
chitosan

Mesoporaus bioghss
nanopartices (050 /),
itosan (050 g1)

Mesoporous bioglass
manopariicles (075 g/L).
chitosan (0.50 g1)

Aveuois - Chitosan (05 g/L), micro-4555 | T6AMY | TieAMV | 10 468101520 3 Room 45 |- Aveueral
bioactive glass (05 g/L), nano- | lloy temperature ois)
bioglass (05 /L), acetic acid
(1 volt),deionized water (20 vl
%), ethanol (79 vol%)

Chitosan (05 gL, nano-
bioglass (05 g/L), acetc acid

(1 vo1%),deionized water (20 vl
%), ethanol (79 vol%)

Chitosan (05 g/L), micro-4555
bioactive glass (05 1), acetic
acid (1 vol%), deionized water
20 vol), ethanol (79 vol%)

Cosa2020 | PEO 5105, G20, CaCOs, | C:HNa:OLP (00010 M), PueTi | Stel - 00 7 BoCL1SC |~ | nam Costa etal.
Naz0, P.0; NaiSiO, SHO (0014 M), (2020)
CH,O,Ca (020 M), NaNO,
(050 M), Gt Nas OGP
(0.0010 M), Na;EDTA2H,0
0025 M)
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Cell type

Human V208
osteosarcoma cell line
MG-63
Saos-2

Pre-osteoblast MC3T3-E1 cell line
Fibroblasts cells NIH3T3 murine fibroblast cells
1L-929 mouse fibroblast cell line

Normal human dermal fibroblasts
(NHDFs)

Human gingival fibroblast (HGF)

cells

Mesenchymal stem | —

cell (MSC)
Rabbit adipose derived
(rADMSC)

Equine adipose tissue derived
(ADMSC)

Bone marrow (BMSCs)

Human amniotic mesenchymal
stromal cells (hAMSCs)

Human bone marrow stromal
cells (hBMSCs)

Rabbit bone marrow stromal cells
(rBMSCs)

Others Human erythrocyte cells

Rat osteoblasts

Human umbilical endothelial cell
(HUV-EC-C) line

Test aim

Impact of biomaterials on osteogenesis and cell
reaction mechanism

Model to investigate osteoblast function

Possibility of cells to restore tissue injury and
regulate bone regeneration

Investigate possibility of cell treatment and
applications in regenerative medicine

Biosafety assessment for clinical application

Stimulate osteointegration

Stimulate blood treatments in early surgery
period

Ref.

Shaikh et al. (2019)

Ananth et al,, 2013; Ordikhani and Simchi, 2014; Ordikhani
et al., 2016; Gaweda et al,, 2018; Rastegari and Salahinejad,
2019; Su et al,, 2019; Dhinasekaran et al,, 2021; Bargavi et al,,
2020; Bargavi et al., 2022

Boschetto et al. (2020)

(Fu et al., 2017; Patel et al,, 2019 Abushahba et al., 2020;
Guimardes et al,, 2020; Zarghami et al, 2020; Lung etal., 2021;
Nesabi et al., 2021; Safaee et al., 2021; Zarghami et al., 2021)

(Catauro et al,, 2015; Catauro et al,, 2016)

(Mistry et al,, 2016; Wang et al., 2018; Su et al.,, 2019)

Matter et al. (2021)

Costa et al. (2020)

Popa et al. (2017)

Palangadan et al. (2014)

Rau et al. (2020)

Wu et al. (2014)

Ledda et al. (2016)

Ye et al. (2017)

Zhang et al. (2016)

(Bargavi et al,, 2020; Dhinasekaran et al., 2021; Bargavi et al.,
2022)

Chen et al. (2014)

Matter et al. (2021)

Human bone progenitor cell
(HBCs)

Murine-derived macrophage cell
line RAW 264.7 cells

Osteoclasts (derived from RAW
264.7 cells)

Caco-2 human colon carcinoma
cell line

Human dental pulp stem cells
(DPSCs)

Stimulate osteointegration
Study mechanism of body immunity protection
and regulate process of osteointegration

Regulate osteointegration

Investigate cell therapy and strategies for
regenerative medicine

Possibility of cell therapy

Matter et al. (2021)

Wu et al. (2014)

Wu et al. (2014)

Ledda et al. (2015)

Popa et al. (2015)
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Study ID  Application Basic information about animals Number (animal numbers/  Intervention

field site numbers)
(surgery
type) Species  Sex Weight Substrate  Control Experimental  Control  Experimental
material  group group group group
Zhang019 | Femoralbone | NewZelnd | — | — Approsimacly | Femur  TOAWY  24(8) 21 18) Coned ‘Coated with CaO- | Taguchi et al. (2019)
defect rabbi 30k eylinders with HA MEO-510, -based
diameter: bioactive glss-
2mm, ceramic
ength: 6
Newnan, 5. Skeletl NewZaland | Male | Gmonthsold | 3538k | Disalfemur | TOAWV  27(7) 7@ Coned Conted with SrBG | Newnan et al. (2014)
Daons recomsructve | rabibit and eplinders with HA
surgery proimal | diameter
tibia 35 mm,
engih:
62mm
Zhang21 | Femoralbone | New Zeahnd | Male | Mature Average weight | Disal T 602 s Uncosted Ti. | Conted with Zhang et al. (2021)
defect rabbi of 25k (D = | femorl | porous ALy BGIMBG
03k condyle | cylinders
diameter: 5,
engih:
10 mn,
porosity: 68%
Wang20 | Thilbone  NewZahnd |~ Gmosthsod | 335k TeAw = = Conted with HA/ | Wang et al. 2020)
defect rabbi plate: 5 mm BGAWS composite
2mmx fims
Tonm
Wang0ls | Thilbone  NewZahnd  — | — = Tiba T - = HA and BG composite fims (50% HA | Wang et al. (2018)
defect rabbit plate: 5 mm +10% BG flm: 30% HA + 20% BG
2mm x fim: 20% HA + 80% BG fim
o
Mehdikha New Zeland | Male | 810 months bia Pure taniom 20 for PBGHA | 20 Uncoated | Conted with Mehdikhani-Nahrkbali
Nahrkhali rabbi nanocompasite pure Ti PRGHA el @ois)
M2015 contng, nanocomp
20 vithout PBG
contng nanocomposite
van Mondiwlar | Beagledogs | —  I-2yawold | 10-i2kg Sacwnpe  — 1669) = Costed with van Oirschot et al. (2014)
Oirchot2014 | implanttion pure tianiom diferent raios of
implants HA and BG (HA,
diamete HABGLow, and
34, HABGHigh)
engih:
10mm
Soarc2018 | Mandbulsr  Beogledogs | Male | Approimatly | — Rightand | Morsetaper  10.(20) 0@ Abswce | Conted with AE | Soares et al. (2018)
implantaton 15 years of age e pure tianium implants | surface
mandile | implants fanctionalzed with
diameter: BFIS
35 mm,
ength: 7
Kiyu22l | Femoralbone | Wisarras  Male | — 2015 | Lower Pure Ti Four for exch group (24 i toal) | 1) Uncoated implan; 2) brasive- | Klyui et al. (2021)
defect femur part | cylinders surfaced implant with SIC powder
diameter: with pure HA; ) with HA
2mm, composies; ) with composi
engih 4 mm, material—BG, 50wt pure HA
30 w% TCP, 20 wt¥s 6) with
composite material—BG, 63 wi%;
HA combination, 35 wi%
Van Boncconduction Dutch Saanen | — | 2imonhs | kg Spinal TeGALY 10 (40)forcach | 10 (10) Machined Ti, | Conted ith van Oirschot et (2016)
Oirscho2016 | chamber casstte | milk goats wnsverse | rectngular  group PIDHA | hydroxyapate/
model on the samples; 12 plasma- biactve gass
ot transverse 95 1 mm sproyed HA
process widh: contng, and
05 mm biomimetic
HA coating
van lac bore defect, | Suanen gosts | Female | 24 months | 60 kg Uaccet | Cylindrial  8G28 () | 8 () Uncosted with | Conted with van Oirschot . (2016)
Oirichot2016 | osteotomics screw-type grtblasted | hydroxyapatt!
pure tianium acidetched | bioative gass
implants surface, conted
diameter: with
40 mm, hydeosyapatite
length:
12mm
Pops A | Mandiblar  Pigs - I- - Mondilar | TAV  — - Uncoated | RE-MS costing | Popa et l. (2015)
caos implantaton bone dental srews with BG/RE-MS
diameter: 5G contng +
35 mm, PDHT
engi:

10 mm
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Surgery
type

Total hip
arthroplasty

Dental implant
i human jaws

Study
o]

Orita2022

Mistry2016

Study type

Retrospective
study

Prospective
dinical wrials

Patients

Surgical
site

Hip joint

Incior areas of
anterior
maxila and
mandible

Number

99 patents
(116 hips)

62 patents
(126 sites)

35 males

27 females

Inclusion criteria

Received cementless
implants, followed up for
atleast 10 years

Age limited to
18-58 years, and anterior
incisor area allows for the
same implants; minimal
bone requiremens of

6 mm in alveolar ridge
widihand 18 mm inridge
height

Interventions and comparisons

Substrate
material

Pure tianiom hip
implants

TIOAV screw
endosseous implant
(soe: 35 and 4 mm.
diameter x 11 and
13 mm length,
respectvely)

Control  Experimental group
group

Uncoated  Cementles glas-ceramics.
pure tianium | containing apatite and
wollastonite (AW-GC)

Uncoated | Coated with BAG (10
TOAUV; | 59.1% GO 192%, PO,
conted 5.46% B,0, 9:4%, TiO;

with HAp | 1% and Na,0 2224%)

Outcome indicator

1) Hip joint function; 2)
stress shielding; ) extent
of ostealysis: 4) steady-
state wearrate; 5)survival
e

1) New osscous tissue
depostion: ) bone los;
3) plaque index 1)

gingalindex 5) probing
pocket deph; ) gingival

Orita
etal
(02)

Mistey
etal
016
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Study D Chamber condition Laser parameter. Deposition parameter

Gas Pressure  Emission Repetition Pulse Base Deposition Substrate Laser fluence

(Pa) wavelength  rate (H2) duration (ns) ~ distance time h) temperature (O (J/cm?)
(mm)

Ledda, M. 2016 | Vacuum Ledda et al. (2016)

Ma 2016 Vacuum 1x0 1064 10 7 w0 1 20 - Ma et al. 2016)
Pangadan, R Controlled oxygen | 10° 355 10 - s 1 0 = Palangadan et al.
2014 atmosphere (o14)
Wang2020 | Argon gas 5 8 5 - = = a0rso0 s Wang et a. 2020)
Wang2018 | Vacuum 3x 10 28 5 20 = 1 @ = Wang e al. 018)
Ledd 205 — = 52 10 1 » 2 0 » Ledda etal. (015)
Shaikh 2019 Vacuum 2x10° s 0 . 50 ' RT 020 - Shakh etal. 2019)
Dhinasdarsn Vacuum 1o 355 0 - - = 0 . Dhinaselarsn
200 el @o21)

Rau 2020 Vacuum 10+ s 10 B » 5 - 2 Rau et al. 2020)
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Database Searching strategy®

PubMed (((bioglass [Title/Abstract]) OR (bioactive glass [Title/Abstract]))AND ((ti [Title/Abstract]) OR (titanium [Title/ Abstract]))) 19
Embase (titanium:ti,ab, kw OR tiztiabykw) AND (bioglass:ti,ab, kw OR bioactive glass:tiab,kw) 19
Web of Science (TS=(titanium) OR TS=(t})) AND (TS=(bioglass) OR TS=(bioactive glass)) 566
Scopus (TITLE-ABS-KEY (titanium) OR TITLE-ABS-KEY (ti)) AND (TITLE-ABS-KEY (bioglass) OR TITLE-ABS-KEY (Bioactive glass)) s
After Duplicates were removed 816

“Time filters were set from 2013 to present.
That the bold values indicates the number of studies retrieved in different databases according to the searching strategy.
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Study ID

Shaikh2019

Catauro2016.

Ananth2013

Dhinasckaran2021

Fu2017 ()

Gaweds2018.

Patel2019

Su2019

Fu2017 ()

Ledda2016

Chen, X C2014.

Ordikhani, E2014

Palangadan,
R2014

Ondikhani2016

Popaz017

Rastegari2019.

Boschetto2020

Lung2o21

Matter2021

Rau2020

Abushahba2020

Nesabi2oat

Yeor7

Saface2021

Zhang201s

Aveuo1s

Guimaries2020

Zarghami2020

Costa2020

Zarghami2oz

Bargavi2022

Bargavi2020

We, €. T2014

Catauro, M2015

Ledda, M2015

Mistry2016

Soares2018

Kiyui2021

vanirschot2016
@

vanOirschot2016
®)

Wang201s

Mehdikhani
Nahrkhalai,
M2015

Popa, A. C2015

Zhang2015

Newman, §.

D20t

Wang2020

Zhang2021

vanOirschot2014

Onn2022

Titanium alloy
substrate.

TH6ALAY

Pure i
(commercially
grade 4)

TiALAY.

Pure i

Pure i

Ti6ALAY.

Tianium
(grade TAZ)

Pure Ti

Ti6ALAY.

Tianium

(biomedical grade)
g

Tianium

Pure T

TH6AL4V.

THOALAV (grade 5)

Pure Ti (grade 2)

TE6ALAV (medical
grade)

Pure i

Pure Ti (grade )

Pure Ti (medical
grade)

TH6ALY (medical
grade 23)

Pure Ti

(commercilly
medical grade)

TH6ALAY.

Ti6ALAY.

Pure Ti (grade 4)

Pure Ti (biomedical
grade)

Pure Ti (grade 2)

Pure Ti (biomedical
grade)

Pure Ti (grade 2)
Pure Ti
TiALY.

Pure Ti (grade 4)

Pure Ti

TH6ALAV (clnical)

Titanium (in vivo)

TioALAV.

TH6ALAY

THoALAV.

TH6ALAY

Pure Ti (grade 2)

TEGALAV: pure Ti
(grade 1)

Ti6ALAY.

Ti6AL4Y.

Ti6ALY.

T6AL4V (medical
grade 23)

Pure i

TIGAIZNDITa08Mo.

Sample
shape
and size

Disks;
diameter:
S,

thickness
220mm

Plate: 10 x
1052 mm’

Plate: 10 x
10x
025 mm®

Plate: 10 x
10x
12 mm

Plate: 10 x
1051 mm’

Plate: 10 x
10x
12 mm

Plate 1%
e

Plate: 10 x
12x
2mm;

oylinders;
diameter:

254 .
length
254mm

Plate: 10 x
20
045 mm®

Plate 15 x
1052 mm’

Plate: 10 x
2%
045 mm®

Plate: 10 x
10mm

Disks;
diameter:
254 mm
and
thickness:
51 mm

Disks;
diameter:
15 mm,
thickness
Tom

Plate 1%
T

Plate: 10 x
1051 mm’

Disks
diameter:
12,
thickness
T mm

Cylinders;
diameter:

10 mm,

height:

10mm

Plates 10 x
1051 mm’

Plate: 10 x
1052 mm’

Plate
762
4%
2

Plate 4 x
2mm?

Plate 5 x
5x
07 mm'

Disks
diameter:
10mm,
thickness
2mm

Plate 5 %
5x
07 mm'

Plate: 20 x
1051 mm’

Plates 2 %
Tem?

Plate: 10 x
1052 mm’

Plate 1 %
et

Screw;
diameter:
35 mm,
length

11 mm and.
diameter:
Amm,
length

13 mm

vivo; disks,
diameter:
10mm

(in vitro)

Cylinders;
diameter:
2mm,
length

A (in
vivo; plate:
20xx
Lo’

in vitro)

Plate 12 x
9 Lmm'

Cylindrical
screw-type;
diameter:
40 mm,
lengt
12mm

Disks;
diameter:
20 mm,
thickness
Tmm

Piece: 20 x
10mm®

Serews:
diameter:
35 mm,
engi:
10mm (in
vivo; disks,
area: e’
(in vitro)

Cylinders;
diameter:
2mm,
lengt
6mm

Cylinders;
diameter:
35 mm,
leng:
62mm

Plate 5 %
2 Lmm

Cylinders;
diameter:
5,
leng
10mm

Cylindrical
screw type;
diameter:
34 mm,
length
10mm

Glass model

Bioglass 4555

Bioglass 4585

Black glasses

RKKP glass-ceramic

C20-MgO-Si0y based multphase glass-

ceramic M2

Bioactive tiphasic glass-ceramic
composition (HAS)

$10,-C10-MgO bioactive glases

Bioglass 4555

s
Agses
Coses
Tises

As2s

Silicate glases 13-93

Borate glsses 13-93-B3

Bioglass 4555

Z

By

s85

Vitryxa” Bioactive Glass (bioactive glass

Biogas 4555)

Nano-bioglas (Schott NE-180 glas)

Bioactiv gass nanoparticls (BGNs)

Bioglass 4555

SEMSEO; (SMS) ceramic

Calcium silicate glass coatings
contaning Ag.

RKKP glass-ceramic composition

ssapi

ssapt

Bioglass 455

ES

C20-MgO-Si0;-based biosctive glass-

SBG

Bioglass 4585

BG $53P4

Glass component (wt%)

Si0,

5
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