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This study investigated the mechanical properties and antibacterial properties of hexagonal boron nitride and titanium dioxide (h-BN-TiO2) nanocomposite modified traditional glass ionomer cement. The mechanism of formation of the h-BN-TiO2 nanocomposite was elucidated by conducting molecular dynamics (MD) simulations using the Material Studio (MS) software. Furthermore, synthesis of h-BN-TiO2 nanocomposite by the original growth method using hexagonal boron nitride nanosheets (h-BNNs) and titanium dioxide nanoparticles (TiO2 Nps) and characterization using TEM and AFM to determine their particle sizes, morphologies, and structures. The mechanical properties and antibacterial efficacies of the glass ionomer cement composites were analyzed based on the different mass fractions (0, 0.3, 0.7, 1.1, and 1.5 wt%) of the h-BN-TiO2 nanocomposite. The results showed when the concentration of the h-BN-TiO2 nanocomposite was 1.1 wt%, the Compressive strength (CS) and Vicker hardness (VHN) were 80.2% and 149.65% higher, respectively, compared to the glass ionomer cement without any h-BN-TiO2 nanocomposite. Also, the increase in the concentration of the h-BN-TiO2 nanocomposite led to a decrease in both the coefficient of friction (COF) and solubility, but a 93.4% increase in the antibacterial properties of the glass ionomer cement composites. The cell survival rate of each group was more than 70% after 48 h, but the difference was not statistically significant (p > 0.05). Therefore, the h-BN-TiO2 nanocomposite served as a reinforcing material for glass ionomer cement, which can be useful in clinical dentistry and provide a new strategy for improving the clinical utility of glass ionomer cement.
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1 INTRODUCTION
Since the 1970s, glass ionomer cement (GIC) has received significant attention as a dental restorative material in clinical practice due to its anti-caries effect, biocompatibility (Nicholson et al., 1991), excellent bonding with dentin (Nicholson, 2016; Yamakami et al., 2018), and simplicity of handling (Nicholson et al., 2020). However, GIC undergoes initial dehydration and has a high swelling rate, both of which are disadvantages that have significantly limit the mechanical and antibacterial properties of GIC (Moshaverinia et al., 2009a; Brito et al., 2010; Sun et al., 2018). To overcome these shortcomings, researchers have experimented with various methods to improve the mechanical properties of GIC. One effective method entailed incorporating organic additives, such as methacryloyl, N-vinylcaprolactam, N-vinylpyrrolidone-modified acrylic acid copolymer, and fluorapatite, into GIC to increase the mechanical strength of GIC through chemical bonding (Simmons, 1990; Moshaverinia et al., 2008a; Moshaverinia et al., 2008b; Moshaverinia et al., 2008c; Moshaverinia et al., 2009b; Moshaverinia et al., 2019; Randhawa and Patel, 2020b; Randhawa and Patel, 2020c). However, these methods are finite, and there is still significant room for improving the mechanical properties of the GIC.
In recent years, nanoflake or nanoparticle rigid materials, such as fluorapatite (FAp) nanoparticles (NPs) (Ching et al., 2018), calcium fluoride (CaF2) (Xu et al., 2010), titanium dioxide (Zhang and Gao, 2001), and hydroxyapatite (Moheet et al., 2018), have demonstrated to be ideal candidates as nanoscale fillers, as their incorporation into dental materials has led to the effective reinforcement of dental substrates. While one study reported that adding CaF2 nanoparticles to resin-modified GIC (RMGIC) improved the mechanical properties of the RMGIC (Moreau and Xu, 2010), the insolubility of CaF2 reduces the ability of GIC to release fluoride. Hexagonal boron nitride (h-BN) is a 2D material like graphite, has excellent thermal, mechanical, and tribological properties (Randhawa and Patel, 2020c). Kawaljit Singh Randhawa et al. report that with the increase of content of h-BN, the COF and wear rate of composites decreased up to 4 wt% due to transfer film formation and lubricious effects of h-BN fillers (Randhawa and Patel, 2020a). Surprisingly, h-BN in nanoscale usually exhibit some unique properties in physical and chemical aspects compared with bulk h-BN materials. Some studies reported that hexagonal boron nitrides nanaosheets (h-BNNs) have received significant attention as a two-dimensional nanomaterial because of their excellent mechanical properties and biological safety (Czarniewska et al., 2019; Yue et al., 2019). In addition, h-BNNs are white powders, which enable them to be an ideal filler for medical materials, especially dental materials, with aesthetic requirements. Lee B et al. prepared boron nitride nanoplatelets/alumina (BNNP/ATZP) ceramic composites by spark plasma sintering (SPS) technology after mixing alumina powder with BNNs prepared by ball milling (Lee et al., 2020), after which a 27% increase in the bending strength of the composites, as well as a 37.5% increase in the fracture toughness, were achieved. Farooq et al. prepared a composite by functionalized hexagonal boron nitride nanosheets (h-BNNSs-OH) with polymethyl methacrylate (PMMA), which led to a 70% increase in the ultimate tensile strength (UTS) of the functionalized BN/PMMA (Farooq et al., 2020). Despite these advancements, only a few studies have investigated the addition of rigid nanomaterials to improve the mechanical properties of GIC.
Since traditional GIC are capable of releasing fluoride into the surrounding tissue, they have inherent antibacterial and anti-caries properties (Wiegand et al., 2007; Hasan et al., 2019). However, the release of fluoride would also be accompanied by the depletion of fluoride on the surface of the filling to form insoluble particles in the interior of the filling, making it inadequate to achieve long-term antibacterial effects. Recently, GIC composites have been prepared by the addition of antimicrobial agents or materials, such as dimethylamine lauryl methacrylate (DMADDM) (Zhang et al., 2015; Wang et al., 2016), chlorhexidine, and antibiotics (Abdallah et al., 2020), to increase the antibacterial and anticaries properties of the GIC (Yesilyurt et al., 2009). However, achieving a controlled rate release and the terminal depletion of drug represent the bottlenecks that limit the utility of GIC composites in clinical application. In addition, the clinical application of these materials is further restricted by the risk of drug resistance and the potential to produce superbugs (Varela et al., 2021). Thus, the development of emerging antibacterial nanomaterials would be highly advantageous to improve the antibacterial properties of GIC. Elsaka et al. reported that the addition of 2, 3, 5, and 7 wt% TiO2 NPs to GIC was effective for inhibiting bacterial growth, and the compressive strength and microhardness of the GIC composites increased by 17% and 4%, respectively, over the unmodified GIC (Elsaka et al., 2011). Nida Hamid et al. reported that GIC containing 3 wt% TiO2 NPs caused an increase in the inhibition rate of Streptococcus mutans (S.mutans) by 30% (Hamid et al., 2019). Chen B. et al. prepared ZnO/Ag hybrid microspheres that demonstrated excellent antibacterial activities, with a minimum inhibition concentration (MIC) and a minimum biotic concentration (MBC) of Staphylococcus aureus of 40 and 80 µg/ml, respectively (Chen et al., 2020). Since the antibacterial properties of these nanomaterials were dependent on their surface characteristics, such as the mechanical damage to bacteria caused by electrostatic forces (Hajipour et al., 2012), they exhibit long-term and non-fading antibacterial properties while eliminating the risk of bacterial resistance. While the aforementioned methods were effective for improving the antibacterial performance of GIC, there remains a lack of effective methods for synergistically improving both the antibacterial and the mechanical properties of GIC.
Given the outstanding mechanical effect of h-BNNs and the inherent antibacterial properties of TiO2 NPs, this study investigated the combination of h-BN and TiO2 by first-principles calculations of density functional theory. The ball-milling and the thermal hydrolysis of Titanium oxysulfate were used to prepare h-BN-TiO2 nanocomposite to construct a two-dimensional and zero-dimensional nanocomposite system. Subsequently, the synthesized h-BN-TiO2 nanocomposite was added to GIC in a certain proportion, aiming not only to enhance GIC effectively achieved a substantial improvement in the mechanical and antibacterial properties of traditional GIC (Figure 1), but also to provide a novel insight into the development of more GIC enhancement methods.
[image: Figure 1]FIGURE 1 | Schematic diagram of synthesis and performance evaluation h-BN-TiO2/GIC composites.
2 MATERIALS AND METHODS
2.1 Molecular Dynamics Analysis of Hexagonal Boron Nitride and Titanium Dioxide
We utilized molecular dynamic (MD) simulations to analyze the changes in the molecular structure and reaction system energy during the recombination of h-BN and TiO2 to better understand the reaction mechanism. Based on the first principles of density functional theory (DFT), we calculated the adsorption energy of TiO2 (anatase type, 101 face) onto the h-BN using the Forcite+ module in MS package. Three systems were constructed: 1) the anatase-TiO2 model, 2) the monolayer h-BN model, and 3) the h-BN-TiO2 composite model. The structural and size parameters of TiO2 and h-BN inputted into the software program were derived from the literature and were used to optimize the geometric structures of TiO2 (Supplementary Figure S1, S2) and h-BN (Supplementary Figure S3, S4). The initial h-BN-TiO2 composite structure was the (101) TiO2 surface adsorbed onto the h-BN. Simulations were carried out under the NVT ensemble, and each system was simulated for 100 ns. The adsorption energy of anatase-TiO2 on h-BN was calculated after the reaction reached equilibrium using the following equation:
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The adsorption energy of the TiO2 onto the h-BN was calculated by selecting the final XML schema definition (XSD) structure of the TiO2 and the h-BN from the MD simulations and subtracting the TiO2 energy from the total energy of the h-BN-TiO2 system and then subtracting the h-BN energy.
2.2 Preparation of Hexagonal Boron Nitride and Titanium Dioxide Nanocomposite
2.2.1 Preparation and Exfoliation of Hexagonal Boron Nitride Nanosheets
The h-BNNs were prepared by a widely used physical method with controlled numbers of the layer. The 0.2 g h-BN (Sigma-Aldrich, American) powder was dispersed in a mixture of 100 ml of ethanol (Damao Chemical Reagent Factory, Tianjin, China) and 100 ml of deionized water, to prepare a large amount of stripped h-BNNs by mechanical ball milling.
2.2.2 Preparation of Hexagonal Boron Nitride and Titanium Dioxide Nanocomposite
The precursor of amorphous hydrate was prepared through the aqueous phase reaction of titanyl sulfate (TiOSO4, Sigma-Aldrich, American) and 10% ammonium hydroxide solution (NH3·H2O, Damao Chemical Reagent Factory, Tianjin, China) in an ice bath until a pH value of 6 is attained. The white precipitate was separated by centrifugation and washed with deionized water in three cycles to remove the sulfate ions. The fresh precipitate was mixed with a predefined volume of exfoliated h-BNNs suspension in water and subsequently refluxed at 80°C for 5 h to produce white precipitates. Using the method, samples of h-BN-TiO2 nanocomposite were prepared.
2.3 Characterization of Hexagonal Boron Nitride and Titanium Dioxide Nanocomposite
The particle size and the morphology of the h-BN-TiO2 nanocomposite were inspected using the transmission electron microscope (TEM, Tecnai F30, FEI, Hillsboro, American) and the atomic force microscope (AFM, Multimode 8-HR, BRUKER, American). The crystal structure of the h-BN-TiO2 nanocomposite was characterized by X-Ray diffraction (XRD, Smart APEX Ⅱ, BRUKER, German) patterns and the Raman spectra were measured using the micro confocal Raman spectrometer (LabRAM HR Evolution, HORIBA Jobin Yvon S.A.S, Paris, France) with 532 nm laser excitation.
2.4 Preparation of Hexagonal Boron Nitride and Titanium Dioxide/Glass Ionomer Cement Composite
Commercial GIC (Chang Shu Shang Chi Dental Materials, Chang Shu, China) was selected for this study. The powder are composed of silica (SiO2), CaF2, sodium fluorosilicate (Na2SiF6), aluminum oxide (Al2O3), and aluminium phosphate (AlPO4); the liquid are composed of polyacrylic acid, tartaric acid, and deionized water. The prepared h-BN-TiO2 and GIC powders were weighed when the ratio of h-BN-TiO2 to the GIC powder was 0, 0.3, 0.7, 1.1, 1.5 wt%, respectively. The quantitative h-BN-TiO2/GIC powder and GIC liquid were mixed on a ratio of 2:1. The mixture was thoroughly shaken and quickly transferred to the mold for compression, after it was formed and the sample was stored at 100% relative humidity at 37°C for 24 h.
2.5 Characterization of Hexagonal Boron Nitride and Titanium Dioxide/Glass Ionomer Cement Composites
2.5.1 Mechanical Performance Test of Hexagonal Boron Nitride and Titanium Dioxide/Glass Ionomer Cement Composites
2.5.1.1 Vicker Hardness Test
The VHN test was conducted on each group of 5 specimens with a diameter and thickness of 10 mm and about 5 mm, respectively using a Vicker Hardness Tester (HV-1000IS, SIOMN, Shanghai, China) with a load of 100 g and a dwelling time of 10 s, and the average results were analyzed. The diagonal length of each indentation was measured directly using a graduated eyeglass Lens. The VHN was obtained using the following Formula 5:
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Where d is the length of the diagonals (mm) and F denotes the load (N).
2.5.1.2 Cs Test
A cylinder (4 mm in diameter, 6 mm in high) made from quartz glass molds was the compression specimen. The CS test was performed on a universal testing machine (312 Frame, Test Resources, United States) at a rate of 0.5 mm/min (Sun et al., 2018). The CS was calculated based on the following formula:
[image: image]
where F is the load at the fracture point (N) and r denotes the radius of the cylindrical specimen (mm).
2.5.1.3 Friction Experiment
Three samples of each ratio (10 × 4 × 6 mm) were prepared and cured for 24 h. Zirconia ceramic balls with a diameter of 6 mm were selected for testing on the UMT-2 friction testing machine (UMT-2, CETR, American). The experimental parameters are set as follows: the loading force, speed, frequency, test time, and the running distance of the sample were 5 N, 10 mm/s, 2 Hz, 20 min, and 5 mm, respectively (Sun et al., 2018). The COF was automatically calculated by computer software.
2.5.2 Scanning Electron Microscope Observation
To evaluate the morphology of the materials, the scanning electron microscope (SEM, Nova200 NanoLab, FEI, Eindhoven, Nederlanden) was used to analyze the fractured surfaces of pure GIC and h-BN-TiO2/GIC composites.
2.5.3 Evaluation of Solubility
Five specimens were prepared for each group and immersed in artificial saliva at 37°C. The samples were taken out after 1, 7, 14, 28, and 35 days, respectively, and the surface was rinsed with deionized water. After drying, the comparison of the weights before and after immersing in artificial saliva were done to calculate solubility of per sample weight. The associated calculations were presented in the following equation:
[image: image]
where M1 denotes the weight of the soaked sample after x days (1 = 1, 7, 14, 28, 35), M0 is the row weight of the specimen.
2.5.4 Evaluation of Biological Performance
2.5.4.1 Direct Contact Test
The DCT method (Sun et al., 2018) was used to evaluate the h-BN-TiO2/GIC composites against Streptococcus mutans (S. mutans, ATCC®700610). Round samples and glass slides with a diameter of 10 mm were prepared, cleaned and disinfected with 75% alcohol. Then 100 μL bacterial suspension with a concentration of 106 CFU/ml was drawn and dropped onto the sample surface until the glass slide was covered. After incubation in a biochemical incubator (SHP-150PY, Jing hong, Shanghai) for 24 h, the sample and the surface of the slides were washed with PBS; Subsequently, the washing solution was diluted 100 times for the plating test and the analysis of the data. The measurement was replicated thrice in each group, and the loss of viability (VL) in the S.mutans was calculated as follows:
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where Nm denotes the numbers of colonies corresponding to the blank group and Nx (x = 0, 0.3, 0.7, 1.1, 1.5) corresponds to the h-BN-TiO2/GIC (0 wt%), h-BN-TiO2/GIC (0.3 wt%), h-BN-TiO2/GIC (0.7 wt%), h-BN-TiO2/GIC (1.1 wt%) and h-BN-TiO2/GIC (1.5 wt%) composites, respectively.
2.5.4.2 Scanning Electron Microscope Observation
The sample preparation method was the same as above. The disinfected h-BN-TiO2/GIC specimen was placed in the pore cell culture plate, S.mutans suspension was added and subsequently incubated in a biochemical incubator for 4 h. After fixing in 2.5% glutaraldehyde (Sigma-Aldrich, American) and dehydrated in graded ethanol, the sample was observed using SEM after spraying with gold.
2.5.4.3 Cytotoxicity Testing
The cytotoxicity of the sample was detected through the evaluation of the effect of the sample on the viability and morphology of mouse fibroblasts (L-929, Shanghai Cell Bank, Chinese Academy of Sciences) in vitro. The sample preparation and sterilization methods were the same as before. Based on ISO standard, the extract was prepared with DMEM serum-free (Sigma-Aldrich, American) cell culture medium with a specific surface area/volume ratio of 3 cm2/ml, and the eluate was prepared by incubating for 24 h in a biochemical incubator. The cells were seeded in a 96-well cell culture plate at a cell culture medium concentration of 5×103/(100 μl) per well and adhered to the wall after 24 h of culture. Subsequently, the medium is replaced with 100 μl of sample eluate and with the addition of 10 μl of tetramethylammonium salt (MTT tetrazolium salt; Sigma-Aldrich, American) to each well. The incubation period is continued for 24, 48, and 72 h in a biochemical incubator, and absorbance was measured at 490 nm using the enzyme-labeled method. The experiment was replicated thrice.
2.6 Statistical Analysis
All statistical analysis were conducted using GraphPad Prism (V6.01, GraphPad Software, San Diego, CA, United States) and Origin (2019, Origin Lab, Northampton, Massachusetts, United States) Windows version. Tukey’s test was used in the subsequent multiple comparisons, the difference was considered significant when p < 0.05, and the difference was very significant when p < 0.001. All determinations were independently replicated thrice to ensure reproducibility.
3 RESULTS
3.1 Characterization of Hexagonal Boron Nitride and Titanium Dioxide Nanocomposite
The MD simulations of the adsorption of TiO2 onto the h-BN are shown in Figure 2. There refer to the molecular models of h-BN (Figure 2A) and TiO2 (Figure 2B) after structural optimization. Figures 2C,D show the final XSD structure of the TiO2 and the h-BN from the MD simulations. It was found by calculation that the adsorption energy of TiO2 onto the surface of h-BN was –235 kcal/mol, indicating that the adsorption process was exothermic.
[image: Figure 2]FIGURE 2 | Heterostructures of h-BN and TiO2 (A,B), h-BN-TiO2 side views (C) and top views (D).
The morphologies of the h-BNNs and TiO2 NPs were observed by TEM. Figure 3A shows that the h-BN featured a thin and transparent two-dimensional nanostructure with a lateral dimension ranging from 200 nm to 1 μm, while the TiO2 NPs exhibited diameters ranging from ranging from 20 to 200 nm after growing in situ on the surface of the h-BNNs. The lattice fringes of the TiO2 NPs were observed under high magnification (Figure 3B). To further investigate the unique structure of the h-BN-TiO2 nanocomposite, AFM was used to observe the three-dimensional morphology. Figure 3C shows that the h-BNNs and TiO2 NPs form a rivet structure with a minimum thickness of 4.0 nm (Figure 3D). In addition, the Raman spectrum confirmed the existence of an h-BN-TiO2 nanocomposite (Figure 3E). In previous studies, the Raman spectra of h-BNNs featured peaks near 1,364.84 cm−1 (Czarniewska et al., 2019), and anatase TiO2 NPs peaks were located at 144 cm−1 (Eg1), 197 cm−1 (Eg2), 393 cm−1 (B1g), 512 cm−1 (B1g + A1g), and 635 cm−1 (Eg3) (Choi et al., 2005), all of which were consistent with the peaks in the Raman spectrum of the h-BN-TiO2 nanocomposite in this study. In addition, the XRD patterns of h-BN-TiO2 nanocomposite are shown in Figure 3F. All these diffraction peaks match well with the standard values of h-BN (PDF#73-2095) and TiO2 (PDF#85-1501) and were highly consistent with the Raman spectroscopy results.
[image: Figure 3]FIGURE 3 | TEM analysis of h-BN-TiO2 by low (A) and high (B) magnification images. And the prepared h-BN-TiO2 (C,D) were observed by AFM. Raman spectrometry (E) and XRD patterns (F) of prepared h-BN-TiO2.
3.2 Mechanical Properties of the Hexagonal Boron Nitride and Titanium Dioxide/Glass Ionomer Cement Composites
Figures 4A,B show the VHN and CS results of the h-BN-TiO2/GIC with 0, 0.3, 0.7, 1.1, and 1.5 wt% loading of the h-BN-TiO2 nanocomposite. Compared to the 0 wt% h-BN-TiO2/GIC composite, the CS of the h-BN-TiO2/GIC composite (0.3, 0.7, 1.1, 1.5 wt%) increased by 32.8%, 64.5%, 80.2%, and 52.6%, respectively, while the VHN increased by 25.6%, 77.9%, 149.65%, and 56.5%, respectively. The VHN and CS of the 1.1 wt% h-BN-TiO2 were the highest of all the nanocomposites, while the values began to decline from 1.5 wt%. The VHN and CS of the 1.1 wt% h-BN-TiO2/GIC were 149.65% and 80.2% higher than the 0 wt% h-BN-TiO2/GIC (p < 0.001).
[image: Figure 4]FIGURE 4 | Mechanical properties and solubility of h-BN-TiO2/GIC composite (0, 0.3, 0.7, 1.1, 1.5 wt%). (A) Vicker hardness (in HV); (B) Compression stress (in MPa); (C) the real-time COF; and (D) solubility (%).
Next, the friction performance of the nanocomposites were assessed. The changes in the coefficient of friction (COF) of the h-BN-TiO2/GIC composites over time were shown in Figure 4C. The COF of the h-BN-TiO2/GIC composites were more stable throughout the friction tests, and the friction curves generated from the data were smooth without fluctuations. The COF of the h-BN-TiO2/GIC composite (0.3, 0.7, 1.1, 1.5 wt%) were lower than the 0 wt% h-BN-TiO2/GIC starting from 380 s, with the 1.1 wt% h-BN-TiO2/GIC exhibiting the highest friction resistance.
3.3 Solubility of Hexagonal Boron Nitride and Titanium Dioxide/Glass Ionomer Cement Composites
Figure 4D shows the average solubilities of the h-BN-TiO2/GIC (0, 0.3, 0.7, 1.1, 1.5 wt%) composites on days 1, 7, 14, 21, 28, and 35. The figures showed that the solubility of pure GIC was higher than the solubilities of the GIC composites on each day. During the first day of the solubility experiments, there were no significant differences among the h-BN-TiO2/GIC composite groups. However, lower solubilities of the nanocomposite were manifested after extending the soaking duration and increasing the amount of h-BN-TiO2. The 0.7 wt% and 1.1 wt% h-BN-TiO2/GIC composites exhibited the lowest solubilities after day 14.
3.4 Characterization of the Prepared Hexagonal Boron Nitride and Titanium Dioxide/Glass Ionomer Cement Composites
SEM images of the h-BN-TiO2/GIC (0, 0.3, 0.7, 1.1, 1.5 wt%) composites were acquired after undergoing compressive strength tests at low magnification (×500, Figure 5). The h-BN-TiO2 nanocomposite was found to be uniformly dispersed throughout the GIC but could easily be distinguished from the GIC material. Some cracks and pores were observed on the fracture surfaces of all samples, but only a few of these structures were observed in the pure GIC without h-BN-TiO2 nanocomposite.
[image: Figure 5]FIGURE 5 | The SEM images of the fractured surfaces of h-BN-TiO2/GIC composites after the compression test with h-BN-TiO2 nanocomposite concentration of (A) 0 wt%, (B) 0.3 wt%, (C) 0.7 wt%, (D) 1.1 wt%, (E) 1.5 wt%.
3.5 Evaluation of Biological Performance
Figure 6(A–F) displays the antibacterial efficacy of the h-BN-TiO2/GIC composites (0, 0.3, 0.7, 1.1, 1.5 wt%). Although the GIC had a certain degree of antibacterial effect, the h-BN-TiO2/GIC composites (0.3, 0.7, 1.1, 1.5 wt%) showed a stronger antibacterial effect. Compared with the blank non-bacterial samples, the antibacterial rates of h-BN-TiO2/GIC composites (0.3, 0.7, 1.1, 1.5 wt%) were 14.5%, 38.4%, 67.2%, 93.4%, and 76.9%, respectively (Figure 7C). Based on the loss of viability of S.mutans in the GIC composites containing different concentrations of the h-BN-TiO2 nanocomposite, we find the nanocomposites had a better antibacterial effect than pure GIC without h-BN-TiO2 nanocomposite.
[image: Figure 6]FIGURE 6 | S. mutans colonies on agar of blank group (A), h-BN-TiO2/GIC (0 wt%) and h-BN-TiO2/GIC (0.3 wt%), h-BN-TiO2/GIC (0.7 wt%), h-BN-TiO2/GIC (1.1 wt%), h-BN-TiO2/GIC (1.5 wt%) composites (B–F), respectively.
[image: Figure 7]FIGURE 7 | The SEM micrograph of the colony of representative samples from the groups of h-BN-TiO2/GIC: 0 wt% h-BN-TiO2/GIC (A) magnification ×3,000; 0 wt.%h-BN-TiO2/GIC (B), magnification ×5,000; 1.1 wt.%h-BN-TiO2/GIC (D), magnification ×3,000; 1.1 wt.%h-BN-TiO2/GIC (E), magnification ×5,000; The influence of different concentrations of the h-BN-TiO2/GIC composites on the loss of viability in S. mutans (C) and the cell viability of the L-929 cells cultured in h-BN-TiO2/GIC extract (F).
The S. mutans adhered to and aggregated on the surface of the GIC after 4 h of incubation and SEM images were obtained. Figures 7A,D (magnification ×3,000) and Figures 7B,E (magnification ×5,000) represented the 0 wt% and 1.1 wt% h-BN-TiO2/GIC composites, respectively. 1.1 wt% the h-BN-TiO2/GIC composite shows that the number of viable bacteria substantially decreased and the morphologies of bacteria damaged compared with 0 wt% h-BN-TiO2/GIC composite.
The extent of cell damage by the nanocomposite was evaluated using MTT assays at while culturing the bacteria for 24, 48, and 72 h (Figure 7F). After co-culturing the cell strain L929 and the extracts of h-BN-TiO2/GIC composite, the cell viability of 0 wt% h-BN-TiO2/GIC reached up to 70% at 24 h. Although the h-BN-TiO2/GIC composites (0.3, 0.7, 1.1, 1.5 wt%) had lower viability at 24 h, the cell viability also increased after 48 and 72 h. The nanocomposites did not significant affect the viability of the L929 cells (p > 0.5), indicating that the h-BN-TiO2/GIC composites were biologically compatible.
4 DISCUSSION
The poor mechanical and antibacterial properties of traditional GIC limit the utility of this restorative material in clinical applications. However, the addition of nanomaterials into the GIC matrix as dispersion enhancers have the potential to significantly improve the respective performances of traditional GIC.
In this study, h-BNNs were combined with TiO2 NPs to obtain a zero-dimensional-two-dimensional nanocomposite system, after which we theoretically studied the mechanism of formation of the GIC composites comprising the h-BNNs and TiO2 nanocomposite, with emphasis on the impact of the h-BN-TiO2 nanocomposite on the performance of the GIC. The theoretical and experimental results both established that, although a two-dimensional structure similar to graphene was formed, the delocalization of the electrons throughout the h-BN were completely different compared to graphene. The h-BN prepared by the ball-milling was negatively charged (Fu et al., 2013), and the surface charge of the TiO2 NPs depended on the pH value of the solution. In an acidic medium, the surface of the TiO2 NPs is positively charged (Hoffmann et al., 1995); therefore, the positive charge of the surface of the TiO2 NPs enabled the stable formation of a h-BN-TiO2 nanocomposite structure with the negatively charged h-BN monolayer through electrostatic interactions in this work. In addition, mechanical cutting forces caused the thin, multilayered h-BNNs to separate into single h-BN layers, creating a structural basis for the cohesiveness between the TiO2 NPs and h-BNNs, which is also important for enhancing the electrostatic attraction. The adsorption energy of the TiO2 NPs onto the h-BNNs in the h-BN-TiO2 composite was calculated to be –235 kcal/mol through MD simulations. This negative adsorption energy indicated that the two-dimensional-zero-dimensional heterostructure had a lower energy and a more stable configuration, implying that the experimental preparation of the nanocomposite resulted in a reduction in entropy. Therefore, this method could be used for the effective preparation of the h-BN-TiO2 nanocomposite.
The h-BN-TiO2 nanocomposite was prepared using ball-milling and thermal hydrolysis methods. TEM and AFM images showed that the h-BN-TiO2 nanocomposite exhibited a rivet-like structure composed of two-dimensional nanosheets with thicknesses of 200 nm–1 µm and zero-dimensional nanoparticles with diameters of 20–200 nm. In addition to the prevention of the agglomeration of the h-BNNs, SEM confirmed not only the rivet-like structure of the h-BN-TiO2 nanocomposite but also that the h-BN-TiO2 nanocomposite were uniformly dispersed throughout the GIC matrix. Furthermore, significant improvements in the CS and VHN of the h-BN-TiO2/GIC composite compared to the traditional GIC were observed, which indicated that the h-BN-TiO2 nanocomposite had a significant impact on the mechanical properties of GIC. Compared to the GIC without the h-BN-TiO2 nanocomposite (0 wt% h-BN-TiO2/GIC), the VHN and CS of the 1.1 wt% h-BN-TiO2/GIC increased by 149.65% and 80.2%, respectively, which were the highest of all of the h-BN-TiO2/GIC composites; furthermore, the CS and VHN values decreased as the concentration of the h-BN-TiO2 in the composite increased to 1.5 wt%.
There were three potential mechanisms by which h-BN-TiO2 nanocomposite enhanced the performance of the GIC substrate. First, because the ultra-thin h-BN-TiO2 nanocomposite was evenly dispersed in the GIC matrix, when the composite was subjected to external stress, the rigid nanosheets effectively functioned as conductors for the external stress, resulting in the reinforcement of the composite. Second, the discrete rivet-like structures of the TiO2 NPs were tightly embedded within the thin layer of the h-BNNs by adsorption manifested by electrostatic interactions; when subjected to external stress, the TiO2 NPs distributed throughout the surface of the h-BNNs not only effectively dissipated the stress but also prevented excessive external stress from removing the h-BNNs from the substrate, thereby enhancing the mechanical strength of the GIC substrate. Third, there was a good combination between TiO2 NPs as additional polyacrylic polymer attachment sites and the GIC matrix; therefore, when the TiO2 NPs were removed from the GIC matrix by external stress, a large amount of local stress needed to be dissipated to effectively strengthen the GIC. However, when the concentration of the h-BN-TiO2 nanocomposite was higher than 1.1 wt%, the nanomaterials tended to have lower surface energies, making it easier for them to combine via van der Waals forces. The agglomeration of the materials decreased their surface energy until reaching a stable energy, making it impossible to effectively achieve uniform dispersion throughout the GIC. The agglomerated nanocomposites became a significant source of defects that manifested concentrated local stresses in the GIC. When subjected to external stress, the GIC first broke from the stress concentration; therefore, the defects caused by the agglomeration reduced the mechanical strength of the GIC.
This study also evaluated the effects of the concentration of the h-BN-TiO2 nanocomposite on the friction coefficient of the GIC. As the amount of h-BN-TiO2 nanocomposite was increased, the COF of GIC composites became decrease. The nanomaterial containing 1.1 wt% of the h-BN-TiO2/GIC composite had the lowest wear coefficient, confirming that the h-BN-TiO2 nanocomposite improved the wear resistance of GIC. Also, the addition of the h-BNNs into simultaneously enhanced the stiffness and toughness of the GIC matrix, thereby preventing the GIC matrix from propagating along cracks caused by friction. Furthermore, the addition of the h-BN-TiO2 nanocomposite into the GIC matrix reduced the distance between the particles and effectively protected the matrix, thereby reducing the incidence of peeling and improving the overall wear resistance of the material. Since the friction experiments were mainly performed on the surfaces of the samples, and the results obtained were consistent with the surface hardness trends, we speculated that the increase in surface hardness might potentially be the cause of the increased friction performance.
Solubility is an important factor affecting the mechanical and antibacterial properties of dental materials. The GIC surface gradually erodes after being in contact with various liquids, resulting in the dissolution of the chemical components of the matrix. Importantly, GIC has a high dissolution rate during the initial curing period (Brito et al., 2010). The main reason for this is that, during the curing process, the anions within the GIC matrix can interact with sodium ions to form soluble compounds, resulting in continuous dissolution. However, we found that the solubility of GIC composites gradually decreased as the concentration of the h-BN-TiO2 nanocomposite increased, likely because the addition of the h-BN-TiO2 nanocomposite reduced the internal pores of the GIC, and they acted as a micro-separator, causing the material to form a porous structure, which subsequently increased the stability of the GIC matrix and reduced its dissolution rate. As we all know, environmental humidity and water absorption have a significant impact on the mechanical properties of materials (Randhawa and Patel, 2021), especially in the oral environment for dental materials. However, due to the limitations of experimental conditions in this study, the water absorption and ambient humidity are not discussed, which is also one of the limitations of in the paper. It is well-known that traditional GIC has fluoride-releasing properties, but the fluoride-releasing capacity of GIC in the oral cavity is the highest within the first two months of implantation, after which it gradually decreases (Sidhu and Nicholson, 2016). Although, GIC can absorb free fluoride ions in the oral cavity and store them for later release (Hasan et al., 2019). However, these trace amounts of fluoride ions are not enough to inhibit the formation of biofilms. In addition to being highly biocompatible, the 1.1 wt% h-BN-TiO2/GIC composite we developed effectively killed 93.4% of the total S.mutans bacteria. SEM observation of the bacteria morphology after conducting the antibacterial efficacy experiments revealed that the GIC composites compromised the integrity of the bacteria cell membranes, which was evident because the bacteria exhibited a pronounced ruffled appearance. This result was mainly attributed to the synergistic antibacterial effect of the h-BN-TiO2 nanocomposite. The antibacterial properties of the nanocomposite were derived from two different mechanisms. First, the sharp edges of the boron nitride nanosheets caused mechanical damage to the bacterial cell membrane, causing cell deformation and lysis. Second, the electrostatic effect between the positively charged TiO2 NPs and the negatively charged cell membrane disrupted the inherent functions of the bacterial cell membrane (Sondi and Salopek-Sondi, 2004; Devanesan and AlSalhi, 2021), leading to the eventual death of the bacteria. In this study, we only tested the antibacterial effects of the h-BN-TiO2/GIC composites over 24 h; thus, the long-term antibacterial effects of the composites and its effect on the occurrence of secondary caries need to be further studied. Another limitation of this study involves the lack of understanding of the long-term aging performance of the h-BN-TiO2/GIC composite. Therefore, it is necessary to further explore the long-term effects of the h-BN-TiO2/GIC composites to ensure the viability of its clinical application.
5 CONCLUSION
In this study, we successfully prepared a two-dimensional-zero-position nanocomposite system composed of h-BNNs and TiO2 NPs and simulated the formation of the composite from the h-BN and TiO2 components at the atomic scale using MD simulations. The combination of the h-BN-TiO2 nanocomposite with the GIC was enabled through electrostatic forces, and the nanocomposite particles were uniformly dispersed throughout the GIC matrix. Moreover, the addition of 1.1 wt% of the Compressive strength (CS), Vicker hardness (VHN) and antibacterial properties were 80.2%, 149.65%, and 93.4% higher, respectively. The increase in the concentration of the h-BN-TiO2 nanocomposite led to a decrease in both the frictional coefficient and solubility. In addition, the material exhibited excellent biocompatibility and satisfied the biomedical requirements. Thus, this study provided a novel method for enhancing the performance of GIC.
Further studies are required to investigate the long-term aging performance of the h-BN-TiO2/GIC composites and water absorption. Also, different test conditions can be selected to test the effect of environmental conditions on the properties of h-BN-TiO2/GIC composite.
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