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Abstract

:

Glass ionomer cement (GIC) is composed of anionic polyacrylic acid and a silica-based inorganic powder. GIC is used as a filling material in the decayed cavity of the tooth; therefore, compatibility with the tooth tissue is essential. In the present study, we aimed to improve the histocompatibility of GIC by introducing nano-hydroxyapatite (nHA), a component of teeth, into a silica-based inorganic powder. CFAS-nHA was prepared by chemically bonding nanorod hydroxyapatite (nHA) to the surface of calciumfluoroaluminosilicate (CFAS). The synthesis of CFAS-nHA was confirmed using Fourier transform infrared spectroscopy (FTIR) and scanning electron microscopy (SEM). The prepared CFAS-nHA was mixed with polyacrylic acid and cured to prepare GIC containing nHA (GIC-nHA). Cytocompatibility tests of GIC-nHA and GIC were performed using osteoblasts. Osteoblast activity and bone formation ability were superior after GIC-nHA treatment than after control GIC treatment. This enhanced histocompatibility is believed to be due to the improvement of the biological activity of osteoblasts induced by the HA introduced into the GIC. Therefore, to enhance its compatibility with dental tissues, GIC could be manufactured by chemically bonding nHA to the surface of GI inorganic powder.
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1. Introduction


Glass ionomer cement (GIC) has various applications in dentistry, including use as a bonding agent for restorative materials, liners, fissure sealants, and orthodontic brackets for permanent and primary teeth [1]. Compared with previously used materials, dental restoration approaches using GIC have been developed. The GIC comprises a mixture of silica-based inorganic powders and anionic polyacrylic acid. GIC, which exhibits hydrophilicity owing to the characteristics of silica powder with many hydroxyl groups, can effectively absorb the liquid remaining at the bottom of the fissure compared to composite resins, thus adhering well to the tooth enamel [2]. Although GIC is actively utilized in dental restorations because of its high adhesion to teeth, there is a need for further improvement in terms of its brittleness, abrasion resistance, bending, and tensile strength [3]. It has been reported that the wear resistance or brittleness of GIC can be improved via the introduction of polyalkenoic acid [4] or nanosized bioceramics [5]. Among them, nanosized biomaterials have shown promising potential for improving the strength, gloss, and aesthetics of dental filling materials compared to conventional modifiers [6]. In recent years, there have been many reports focused on improving the mechanical strength of GICs through the introduction of hydroxyapatite (HA) [7,8]. HA has a chemical structure that closely resembles that of human teeth and skeletal systems [9]. Recent advances in HA synthesis technology has enabled the synthesis of HA of various sizes and shapes [10,11,12], facilitating their application as biocompatible fillers that resemble natural teeth. In addition to exhibiting unique radiopaque properties [13], HA plays an important role in orthopedic surgery because of its excellent biological activity and osteoconductivity. Furthermore, research has been conducted to enhance the antibacterial activity of GIC through the use of HA. Praveen et al. [14] added 8% HA powder to an existing glass ionomer (GC Fuji Type IX gold label, GC Corporation, Tokyo, Japan) and combined it with liquid polyacrylic acid to obtain cylindrical GIC test specimens. They reported that GIC with 8% HA demonstrated higher antibacterial activity than GIC without HA through antibacterial testing using Streptococcus mutans. Haider et al. [15] investigated the topographical effects of HA on the physiological activity of osteoblasts by preparing nanocomposites. They added spherical HA (sHA) and nanorod HA (nHA) to the poly(lactic-co-glycolic acid) scaffold. Based on the results of studying the interaction between the nanocomposite and osteoblasts, they concluded that the HA-containing nanorod scaffold further promoted osteoblast bioactivity. In this study, nHA was chemically bonded to the surface of calciumfluoroaluminosilicate (CFAS), a solid component of GIC, using the biocomponents L-glutamic acid (G) and albumin (Alb) as spacers. The progress of the surface reaction was confirmed by attenuated total reflectance Fourier transform infrared (ATR-FTIR) and scanning electron microscopy (SEM). The resulting CFAS-nHA powder was mixed with polyacrylic acid and UV-cured to prepare the disc-shaped GIC-nHA. The cytocompatibility and bone formation ability of the GIC and GIC-nHA discs were investigated using pre-osteoblasts.




2. Materials and Methods


2.1. The Preparation of Materials


The following materials were purchased from Sigma Aldrich Chemical Company (St. Louis, MO, USA): 3-Aminopropyltriethoxysilane (A), L-glutamic acid, N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), fluorescein isothiocyanate (FITC), and bovine serum albumin. The nHA was synthesized according to previously described procedures [10,15]. The mouse MC3T3-E1 cell line was purchased from the Korea Cell Bank (Seoul, Republic of Korea) and stored in liquid nitrogen until cell seeding. The MC3T3-E1 cell line is a cultured mouse osteoblast cell line derived from mouse embryo pre-osteoblasts; it is capable of differentiating into osteoblasts. A phosphate-buffered saline (PBS) solution (pH 7.4) containing Na2HPO4, KH2PO4, NaCl, and KCl was acquired from Sigma-Aldrich. CFAS, a solid powder used in the preparation of GIC, was provided by Professor Sukyoung Kim of Yeungnam University, Republic of Korea. The XRD pattern of the CFAS was broad and showed poor crystallinity. The nHA was chemically bonded to the surface of the CFAS for use as a solid component of the GIC. The liquid component of GIC (acquired from GC International, Tokyo, Japan, GC Fuji II LC) was used as the polyacrylic liquid component to prepare the GIC. The MC3T3-E1 cells were cultured in α-minimum essential medium (α-MEM) supplemented with 10% fetal bovine serum and 1.0% penicillin G-streptomycin at a temperature of 37 °C. Under a 5% CO2 atmosphere, the culture medium was replaced every other day. 3-(4,5-Dimethylthiazol-2 yl)-2,5-diphenyltetrazolium bromide (MTT) was acquired from Sigma-Aldrich (United States). The presence of nHA on the surfaces of the solid particles was observed using SEM (Hitachi S-400, Tokyo, Japan).




2.2. Synthesis and Surface Modification of CFAS


We used the sol–gel method described by Khiri et al. [16] to prepare the CFAS. The compositions of the ingredients used to prepare the CFAS are shown in Table 1. Initially, 23.89 mL of tetraethylorthosilicate was dissolved in 400 mL of ethanol. Subsequently, an aqueous solution (100 mL) containing aluminum nitrate, calcium nitrate, and ammonium dihydrogen phosphate was added dropwise. Finally, rapid addition of fluorosilicic acid followed by stirring the mixture at 80 °C for 4 h resulting in the formation of a gel-like product. The gel was then dried for 24 h at a temperature of 80 °C and then heat-treated for 10 min at a temperature of 750 °C. After heat treatment, the sample was quenched in water, powdered, and sieved to obtain a micrometre-sized sample (Figure 1).



To incorporate the primary amino groups on the surface of the CFAS particles, a mixture of aminopropyltriethoxysilane (A) and distilled water in a 1:9 ratio was prepared, and 0.06 g was added to the mixture. The mixture was subjected to ultrasonication for 30 min. Subsequently, acetic acid was used to set the pH of the reaction solution at 4.5–5.0. The reaction solution was maintained at 90 °C for 2 h under flowing nitrogen. The reactants were then transferred to distilled water and ultrasonicated for 5 min to remove unreacted A. The resulting CFAS with immobilized A (CFAS-A) was dried under reduced pressure for 12 h at a temperature of 25 °C.




2.3. Surface Modification of nHA


Transmission electron microscopy (TEM) analysis of nHA synthesized according to a previously reported method [15] showed that it was rod-shaped with a length of 30–150 nm (Figure 2). nHA particles contain numerous hydroxyl groups on their surfaces [16,17]. In this study, we aimed to chemically bind nHA particles to the surfaces of CFAS microparticles via a chemical reaction. These solid–solid reactions have low reactivity because they occur in heterogeneous systems [18]. To increase the surface reactivity of the nHA particles and improve their dispersibility in aqueous solutions, albumin was chemically coupled to the nHA surface. The carboxyl group present in the side chain of the introduced albumin molecule was reacted with the CFAS particles (Figure 3). For this purpose, nHA-G (nHA into which L-glutamic acid was introduced) was first prepared by reacting L-glutamic acid with hydroxyl groups on the nHA surface [19]. L-glutamic acid was dissolved in an aqueous solution at pH 5. Then, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (0.5 g, 0.25 wt%) and N-hydroxysuccinimide (0.5 g, 0.25 wt%) was added and stirred for 4 h at room temperature, resulting in the activation of the carboxyl group of L-glutamic acid. Next, nHA (0.5 g) was added and the mixture was stirred for 24 h. Finally, the reaction mixture was centrifuged to obtain the precipitate. After washing the precipitate three times with deionized water, it was lyophilized to obtain nHA-G [19].



The resulting nHA-G was mixed with distilled water, stirred for 1 min, and allowed to stand. No precipitate was observed with the naked eye when observing the solution. The nHA particles aggregated in an aqueous solution and formed precipitates. However, when L-glutamic acid was bound to the surface, nHA aggregation did not occur, and the dispersibility of the particles improved, indicating that precipitation did not occur. Despite the improved dispersibility of nHA, to increase its reactivity with microsized CFAS solid particles, the spacer introduced on the nHA surface must be sufficiently long and dynamically mobile in an aqueous solution [20]. Therefore, we attempted to bind water-soluble albumin to the surface of nHA-G as a second spacer [21]. We dissolved 0.06 g of albumin, acting as a chain extender, in 100 mL of deionized water. Thereafter, 0.1 g each of EDC and NHS was added and stirred for 2 h at a temperature of 25 °C, resulting in the activation of the carboxyl group of albumin. The nHA-G particles (0.5 g) were then added to the albumin solution, and the mixture was allowed to react for 24 h. The reaction solution was placed on a semi-permeable membrane (MWCO: 100,000) and dialyzed to separate the unreacted albumin. It was then washed thrice with deionized water. The resulting product was termed as albumin-immobilized nHA (nHA-Alb). Albumin immobilized on the nHA surface in an aqueous solution not only exhibited dynamic motion but also contained several carboxyl groups. Therefore, it is expected that the probability of a chemical bond forming between the primary amino group of A immobilized on the CFAS surface and albumin immobilized on nHA increases. The ATR-FTIR spectra of albumin chemically bound to the nHA particle surface and nHA-Alb chemically bound to the CFAS surface were obtained using a Galaxy 7020A device (Mattson, Fremont, CA, USA).




2.4. Chemical Bonding of nHA to the CFAS Surface


The chemical bonding of nHA-Alb to CFAS-A was performed as follows (Figure 4): nHA-Alb (0.5 g) was added to 100 mL of an aqueous solution containing 0.5 g of EDC (0.25 wt%) and 0.5 g of NHS (0.25 wt%). By stirring at 25 °C for 6 h, the carboxyl group of albumin was activated. CFAS-A was then added to the aqueous solution and stirred mechanically for 24 h. The reaction mixture was then centrifuged at 1200 rpm for 10 min to precipitate CFAS-nHA. Distilled water was added to the precipitate and centrifugation was repeated to remove any unreacted activator. The introduction of nHA into the CFAS was confirmed by ATR-FTIR spectroscopy. Additionally, the surface morphology of CFAS-nHA was examined using FE-SEM on a Hitachi 400 instrument (Tokyo, Japan).




2.5. Preparation of GIC-nHA Discs


GIC-nHA discs were prepared as follows (Figure 5): 1 g of CFAS-nHA was placed on a paper mixing pad and a commercially available liquid component (0.5 g) of GIC (GC International, Japan, GC Fuji II LC) was added dropwise and mixed. After mixing for 30 s, the cells were transferred to a single well of a 24-well culture dish. After that, LED Spotlights (470 nm blue) were irradiated for 20 s to proceed with photopolymerization to manufacture a GIC-nHA disc. A control sample was prepared by photopolymerization in the same manner using CFAS (0.5 g) and a liquid component (0.5 g) from the GC Fuji II LC. After preparing the experimental specimens, we left them for 2 days under UV clean benches before the cell culture experiment.




2.6. Cytocompatibility of GIC-nHA


Using a standard protocol, we investigated the adhesion, proliferation, and osteogenic characteristics of MC3T3-E1 cells to confirm the effects of nHA incorporation into GIC.



2.6.1. Cell Adhesion


We evaluated the cellular response of MC3T3-E1 cells (4 × 104 cells/mL) on disc surfaces by seeding them onto the GIC and GIC-nHA discs. The cells were cultured in a humidified atmosphere for 24 h using α-MEM. After removing the supernatant, the cells were washed with PBS and fixed with a 2.5% glutaraldehyde solution for 10 min. The samples were then dehydrated and dried using a critical-point dryer. Before capturing SEM images, the samples were sputter-coated with Au.




2.6.2. MTT Assay


MC3T3-E1 cells were cultured on the GIC and GIC-nHA discs for 3 days. Afterwards, the viability of the cells was measured through MTT assay. This assay relies on the reduction of MTT, a yellow water-soluble tetrazolium dye primarily produced by mitochondrial dehydrogenases, to purple formazan crystals [22]. For MTT analysis, sterilized disc samples were plated in 24-well dishes, 500 μL of non-osteogenic α-MEM was added, and MC3T3-E1 cells were seeded onto each disc at a density of 1.2 × 104 cells/cm2. After three days of culture, the supernatant was removed and two subsequent washes of the scaffold with PBS solution were conducted sequentially. Cell-seeded scaffolds were cultured in 500 μL of MTT solution (500 μg/mL) at 37 °C for 4 h, followed by the removal of the supernatant. The generated purple formazan crystals were dissolved for 10 min using 250 μL of dimethyl sulfoxide. Wells injected with MC3T3-E1 cells without discs served as positive controls, whereas empty wells without cells served as negative controls. The absorbance of the extract was recorded at 570 nm based on 690 nm for the medium using a Synergy HT multidetection microplate reader (Synergy HT; BioTek, Shoreline, WA, USA). The amount of formazan generated was determined using a microplate reader. Data from negative controls were subtracted from the measurements. The number of viable cells was correlated with optical density, and cell viability was assessed by normalizing the values to those of the positive control wells.




2.6.3. Cytotoxicity


The cytotoxicity of GIC and GIC-nHA was evaluated by seeding cells at a density of 2.0 × 104 cells/mL onto both discs. The discs were then incubated in Dulbecco’s Modified Eagle Medium (DMEM) at 37 °C in a 5% CO2 atmosphere for 1 or 2 days. Afterwards, 5 μL of calcein-AM (4 mM in anhydrous DMSO) and 20 μL of ethidium homodimer III (2 mM in DMSO/H2O) were added to 10 mL of PBS solution and thoroughly mixed to prepare the staining solution, which was then used to stain the cells [19,23]. After removing the DMEM from the culture wells, both the GIC and GIC-nHA discs were washed twice with PBS solution two times. A large amount of the staining solution was added to fully cover the cells. The discs were then incubated in the dark at room temperature for an additional period. After 30 min, the staining solution was removed and the cells were washed three times with PBS [19]. Finally, the cells were preserved in PBS until observation under a confocal laser scanning microscope. Live and dead cells were simultaneously assessed using calcein-AM (494 nm excitation wavelength) and ethidium homodimer III (530 nm excitation wavelength).




2.6.4. Actin Cytoskeleton Assay


Osteoblasts were seeded onto GIC discs at a concentration of 2 × 104 cells/mL and cultured for 3 days. The cells were then fixed with 4% paraformaldehyde solution. The cells were then washed with PBS containing 0.05% Tween-20. Subsequently, the samples were permeabilized with 0.1% Triton X-100 in PBS solution for 15 min at 25 °C. After permeabilization, the samples were incubated in a mixture of 1% bovine serum albumin (BSA) and PBS for 30 min. After washing the cells 2–3 times with PBS, 5(6)-tetramethylrhodamine isothiocyanate (TRITC)-conjugated phalloidin (Millipore, Burlington, MA, USA, Cat. No. 90228) was added, and the cells were incubated at ambient temperature for 30 min. Finally, a confocal laser scanning microscope (Model 700, Carl Zeiss, Oberkochen, Germany) was used to capture fluorescence images [24].




2.6.5. Von Kossa Assay


Using the von Kossa assay, we assessed the calcium deposition response of MC3T3-E1 cells cultured on the GIC and GIC-nHA discs. MC3T3-E1 cells were seeded in 24-well culture plates at a density of 5 × 104 cells/mL and cultured for 14 days in α-MEM at 37 °C in a humidified atmosphere of 5% CO2. After gently washing the discs three times with PBS for 5 min each, they were fixed in 10% formaldehyde for 30 min. Afterwards, each disc was washed thrice with distilled water for 10 min each, followed by treatment with 5% AgNO3 solution and exposure to UV irradiation for 5 min. The GIC discs were washed twice with PBS to remove the remaining AgNO3 and soaked in 5% Na2S2O3 solution for 5 min. After washing the GIC discs twice with distilled water, digital images of the stained cells were captured using an optical microscope equipped with a camera (Nikon E 4500, Minato, Japan) [22].





2.7. Statistical Analysis


The experiments were performed in triplicates, and all data were expressed as means ± standard deviation. Statistical analyses were conducted using Student’s two-tailed test and Scheffe’s test for multiple comparisons using IBM SPSS (version 20.0; IBM Corp., Armonk, NY, USA). Differences with p-values < 0.05 were considered statistically significant.





3. Result


3.1. Immobilization of nHA on CFAS Particle Surface


ATR-FTIR is a recommended method for confirming whether biomolecules such as amino acids or proteins have been introduced to the surface of solid particles such as CFAS or nHA [25]. Figure 6 shows the results of the ATR-FTIR measurements after the surface modification of nHA and CFAS. The infrared spectrum of the nHA sample showed typical apatite modes near 1086, 1021, 961, 600, and 562 cm−1 [25]. In the ATR-FTIR spectrum of nHA-Alb, obtained by binding L-glutamic acid to nHA, followed by binding to albumin, the carbonyl stretching vibration of the ester formed by the reaction between the hydroxyl group of nHA and the carboxyl group of L-glutamic acid appeared at 1707 cm−1. Furthermore, peaks attributed to amides I and II of the introduced albumin appeared at 1647 cm−1 and 1545 cm−1, respectively [26]. The characteristic peak of nHA-Alb appeared in the IR spectrum of CFAS-nHA, indicating that nHA was chemically bonded to the CFAS surface (Figure 6).



Figure 7 shows SEM images of the CFAS surface before (a) and after (b) the chemical bonding of nHA. The CFAS surface showed a nanoporous structure (Figure 7a), whereas the CFAS-nHA surface had nanorod nHA bound to the surface (Figure 7b). As such, nHA bound to the CFAS surface is expected to play a major role in improving histocompatibility when used as a filling material for hard tooth tissues [27].




3.2. Cytocompatibility of GIC-nHA


The GIC was prepared using CFAS and polyacrylic acid. The GIC-nHA was prepared from CFAS-nHA and polyacrylic acid. After culturing the osteoblasts on the two samples for 24 h, they were observed by SEM. As shown in Figure 8, the osteoblasts were well spread on the GIC (Figure 8a) and GIC-nHA (Figure 8b) samples after 24 h.



Osteoblasts were cultured in GIC and GIC-nHA samples for 24 and 48 h and then stained using calcein-AM and ethidium homodimer III dye; the results are shown in Figure 9 and Figure 10. No red fluorescence was observed in the GIC or GIC-nHA samples. These results indicated that the GIC and GIC-nHA samples were not toxic. Additionally, as shown in Figure 10, the number of cells attached to GIC-nHA was much higher than that attached to GIC. This is believed to be because the introduction of CFAS-nHA into the GIC promotes cell proliferation.



MC3T3-E1 cell proliferation in GIC and GIC-nHA was assessed using an MTT assay [28]. According to the MTT analysis, the proliferation rate of MC3T3-E1 cells cultured on the GIC-nHA sample for 3 days was significantly higher than that on the GIC (Figure 11). This result indicates that the immobilization of nHA on the surface of CFAS not only enhances adhesion but also provides better opportunities for cell proliferation. This may be because nHA acts as an extracellular matrix.



Actin microfilaments, which constitute the cytoskeleton, play a crucial role in cellular processes, cell shape determination, and cell attachment patterns. When cells attach to the extracellular matrix, they form filopodia. They are guided into their position by actin and interact with the plasma membrane [29]. Figure 12 shows confocal microscopy images of osteoblasts on the GIC (a) and GIC-nHA (b) discs. These results suggested that osteoblasts in both GIC and GIC-nHA exhibited a highly organized cytoskeleton.



Figure 13 shows the results of the von Kossa analysis performed after culturing the osteoblasts in the GIC and GIC-nHA samples for 14 days. Bone nodules are considered as specific markers of osteoblast differentiation. In von Kossa analysis, calcified areas were stained as black spots. According to the von Kossa analysis, more bone nodule formation was observed in GIC-nHA (Figure 13b) than in GIC (Figure 13a). These results indicated that HA triggered and accelerated osteoblast differentiation [30].





4. Discussion


Glass ionomer cement (GIC) has been recognized as an ideal dentin substitute because of its ability to exhibit anti-cavity properties, form stable ionic bonds, and aid the remineralization process. Initially developed for grade 5 cavity restorations, GIC is now being expanded for use as a permanent adhesive, base, grade 1 and 3 filling, and as core and fissure sealants. To be effective as dental filling materials, GIC must withstand high loads. Light-cured GIC exhibits high mechanical strength and is suitable for areas where occlusal forces are applied. Additionally, light-cured GIC offers advantages such as reduced curing time, which significantly reduces the overall clinical chair time. However, formulations of light-cured material are associated with the cytotoxicity of resin monomers; this limits their clinical use near the dental pulp. In this case, traditional self-curing GICs have been used instead of light-cured GICs. Many studies have aimed at improving the mechanical properties of GIC composed of polyacrylic acid-based resins and silica-based inorganic particles [3,31,32]. However, while numerous studies have examined the mechanical properties of GIC in direct contact with the enamel or dentin, few have reported the tissue compatibility of GIC. As silica-based inorganic powder, a key component of GIC, differs chemically from enamel or dentin, long-term tissue compatibility between GIC and teeth is crucial.



Hydroxyapatite (HA) is an inorganic mineral found in bones and teeth that contributes to structural strength and bone regeneration. It has been reported that HA induces a favourable immune response [33], exerts an angiogenic effect on defective bone tissue [34], and activates osteoblasts and osteoclasts to accelerate the differentiation of these cells, resulting in bone tissue remodelling. [35]. A study was conducted to improve the histocompatibility of GIC by introducing HA into an inorganic solid powder of a glass ionomer. Noorani et al. [36] investigated the cytotoxicity of GICs containing 5% HA-SiO2, Fuji IX GP, and Fuji II LC. Fuji IX GP exhibited the lowest cytotoxicity, HA-SiO2-GIC showed medium toxicity, and Fuji II LC showed the highest toxicity, which was attributed to the residual unreacted monomers [37]. This study suggests that the introduction of 5% HA-SiO2 into GIC was insufficient to effectively suppress toxicity.



CFAS are inorganic particles tens of micrometres in size. nHA is an inorganic particle that is several tens of nanometres in size. These two types of high-density inorganic particles easily precipitate in aqueous solution; therefore, no reaction occurs between the two particles. First, we introduced primary amino groups by reacting 3-aminopropyltriethoxysilane on the CFAS surface. In addition, L-glutamic acid was chemically bonded to the nHA surface to introduce an organic spacer on the CFAS surface. By binding L-glutamic acid to nHA, the water dispersibility of nHA-G was slightly improved, but the water dispersibility of nHA-G was still low [38]; therefore, no reaction occurred between the two particles. After trial and error, albumin was selected as the second linker. When albumin was combined with nHA-G, the water dispersibility of nHA-Alb significantly improved. Thus, the reaction between CFAS-A and nHA-Alb was successful [21]. Chemical bonding between the CFAS surface and nHA was confirmed using ATR-FTIR spectroscopy, and the presence of nHA on the CFAS particle surface was directly confirmed using a scanning electron microscope [39].



GIC can dissolve upon exposure to acidic media. Jaiswal et al. [40] measured the weight of GIC after immersion in drinking water and distilled water, which is similar to the acidic environment of the oral cavity, for a certain period. It has been reported that solubility increases when immersed in acidic beverages. Further research is required on the hydrolysis and abrasion resistance of the GIC-nHA prepared in this study in an oral environment. Kumar et al. [41] investigated the interactions between various HA discs and osteoblasts. Cell adhesion, proliferation, and metabolic activity are significantly increased in HA with charges developed on its surface. Polarizing HA discs and generating positive and negative charges on their surfaces can affect the in vitro response and activity of osteoblasts [41]. It has been reported that when a charge is generated on the HA surface, cell adhesion increases within 4 h and cell proliferation increases over a period of 7 days. From this, it can be seen that adding charge to the HA surface resulted in a significant increase in metabolic activity. Simply physically mixing nHA with CFAS can cause phase separation; therefore, nanosized nHA cannot be uniformly sprayed onto the microsized CFAS surface. In this study, the activity of fibroblasts was improved by nHA-CFAS, which was introduced as the main component of GIC by chemically bonding nHA to the surface of CFAS, an artificial mineral.



Oliva et al. [42] compared the response of cultured human osteoblasts to five commercially used glass ionomer cements (Ketac-Fil Aplicap, Ionocem, GC Fuji II, GC Fuji II LC, and Vitremer 3M). Most glass ionomer cements tested showed biocompatibility, except for Vitremer 3M, and proliferated and expressed biochemical markers of the osteoblast phenotype. As in the above study, Figure 8 shows that the osteoblasts were well spread on both the GIC and GIC-nHA samples after 24 h of culture. After culturing osteoblasts on GIC and GIC-nHA discs for 24 and 48 h, dead and live cells were observed under a confocal laser microscope. Staining with calcein-AM and ethidium homodimer III revealed that neither GIC nor GIC-nHA discs were toxic, as only live (green-stained) cells were observed (Figure 9 and Figure 10). Additionally, more osteoblasts adhered to the GIC-nHA disc than to the GIC disc, likely because of the increased affinity of osteoblasts from the HA for binding to the inorganic powder component of GIC. The MTT assay, performed after culturing osteoblasts on GIC and GIC-nHA discs for 3 days, revealed greater cell proliferation on GIC-nHA than on pristine GIC; this was attributable to nHA enhancing osteoblastic cell growth [41].



Von Kossa staining, used to quantify calcium-like mineralization in cell cultures, showed darker black images for the GIC-nHA discs than for the GIC discs after 14 days of osteoblast culture (Figure 13). This suggests an increased osteoblast affinity for GIC-nHA due to nHA on the CFAS surface [43,44].



In the present study, the complete setting time of the light-cured GIC was not measured post-light curing. This is a limitation, as the setting process continues beyond the initial light curing phase through a chemical setting reaction. According to other studies, the complete chemical setting of light-cured glass ionomer cement typically takes 24 h to 7 days, depending on the specific formulation and environmental conditions [1,45]. For example, Sidhu et al. [1] report that while initial light curing substantially hardens the material, the chemical setting continues and typically completes within 24 h to several days. These findings suggest that researchers should consider a prolonged observation period post-light curing to fully understand the setting characteristics of GICs. Future studies should aim to measure the physical properties of the material at various intervals post-light curing to better understand the setting process. This will help provide clearer guidelines for clinical application and expected performance timelines.



The use of CFAS-nHA in GIC-nHA significantly enhanced its biocompatibility compared to conventional GIC. The introduction of nanohydroxyapatite (nHA) effectively supported cell compatibility and proliferation, as demonstrated by the MTT assays and von Kossa staining. The chemical bonding between CFAS and nHA improves the water dispersibility and ensures uniform particle distribution, indicating potential improvements in the mechanical properties. This study aimed to overcome the long working time and poor physical properties of conventional GIC, as well as the limited use of light-cured GIC due to its lower biocompatibility. Future research should explore the long-term tissue compatibility of GIC-nHA in vivo to validate these findings and optimize the properties of GIC by adjusting the nHA concentration and exploring other potential linkers. The development of GIC formulations tailored for specific dental applications may lead to broader clinical use and improved patient outcomes.




5. Conclusions


In conclusion, in the present study, we synthesized CFAS-nHA by chemically bonding nHA to the surface of CFAS, a silica-based solid particle. GIC-nHA was prepared by mixing CFAS-nHA with polyacrylic acid, a liquid component of Fuji II LC. Additionally, CFAS was mixed with the liquid components of Fuji II LC to prepare the GIC. If nano-HA is combined with the silicate-based inorganic powder of commercialized GIC using the spacer method proposed in this study, nHA-GICs with improved tooth tissue compatibility can be manufactured in large quantities. Culturing osteoblasts on GIC-nHA and GIC discs and examining cell activity and osteogenic potential revealed that GIC-nHA exhibited higher cell activity and osteogenic potential than GIC. This was attributed to the chemical bonded to the surface of GIC’s silica-based solid GIC powder, which promoted osteoblast activity. Chemically combining the surface of silica-based solid particles with nHA and using it as a GIC component could improve the histocompatibility of GIC.
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Figure 1. SEM image of calciumfluoroaluminosilicate (CFAS) microparticles prepared in the present study. 
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Figure 2. TEM image of nHA used in the present study synthesized by the chemical precipitation method (reference [15] is cited for the picture). 
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Figure 3. Schematic diagram showing the surface modification of nHA using L-glutamic acid and albumin as linkers. 
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Figure 4. Schematic diagram showing the chemical bonding of nHA on the surface of CFAS microparticles. 
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Figure 5. Schematic diagram showing the manufacturing process of glass ionomer disc using polyacrylic acid and surface-modified CFAS powder. 
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Figure 6. ATR-FTIR spectra of albumin-bound nHA (nHA-Alb) and nHA-bound CFAS (CFAS-nHA). 






Figure 6. ATR-FTIR spectra of albumin-bound nHA (nHA-Alb) and nHA-bound CFAS (CFAS-nHA).



[image: Coatings 14 00893 g006]







[image: Coatings 14 00893 g007] 





Figure 7. SEM images of CFAS microparticles before (a) and after (b) the chemical bonding of nHA. 
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Figure 8. SEM images of osteoblasts cultured for 24 h in GIC (a) and GIC-nHA (b). 
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Figure 9. Live and dead assay of MC3T3-E1 cells cultured for 24 h in the presence of GIC (a) and the GlC-nHA (b). The cells were stained with calcein AM and ethidium homodimer III. Initial cell number = 1.2 × 104/mL. 
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Figure 10. Live and dead assay of MC3T3-E1 cells cultured for 48 h in the presence of GIC (a) and the GlC-nHA (b). The cells were stained with calcein AM and ethidium homodimer III. Initial cell number = 1.2 × 104/mL. 
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Figure 11. MTT assay of MC3T3-E1 cells cultured for 3 days in the presence of GIC and GIC-nHA in α-MEM. Initial cell concentration: 1.2 × 104/mL. 
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Figure 12. Confocal microscopy images of the actin filaments of osteoblasts cultured for 3 days in the presence of GIC (a) and GIC-nHA (b) (magnification, ×400). 
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Figure 13. Von Kossa staining of osteoblast cells cultured on GIC (a) and GIC-nHA (b) for 14 days. The calcium-containing areas are stained in black. 
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Table 1. Feed ratio of calciumfluoroaluminosilicate microparticles.
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	Ingredient
	Chemical Formula
	Molar Ratio
	50 mmol

(Amount Used in the Experiment)





	Tetraethylorthosilicate
	Si(OC2H5)4
	2.133
	23.89 mL



	Ammonium dihydrogen phosphate
	NH4H2PO4
	0.160
	0.92 g



	Fluorosilicic acid
	H2SiF6
	0.167
	2.95 mL



	Aluminum nitrate
	Al(NO3)3
	2.200
	41.27 g



	Calcium nitrate
	Ca(NO3)3
	1.000
	11.81 g
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