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Abstract

:

The surface of titanium (Ti) dental implants must be modified to improve their applicability, owing to the biological inertness of Ti. This study aims to use sandblasting as a pretreatment method and prepare a hydroxyapatite (HA) coating on Ti to improve its biocompatibility and induce bone bonding and osteogenesis. In this paper, sandblasted Ti discs were coated with α-tricalcium phosphate (α-TCP) via Er:YAG pulsed laser deposition (Er:YAG-PLD). An HA coating was then obtained via the hydrothermal treatment of the discs at 90 °C for 10 h. The surface characteristics of the samples were evaluated by SEM, SPM, XPS, XRD, FTIR, and tensile tests. Rat bone marrow mesenchymal stem cells were seeded on the HA-coated discs to determine cellular responses in vitro. The surface characterization results indicated the successful transformation of the HA coating with a nanorod-like morphology, and its surface roughness increased. In vitro experiments revealed increased cell attachment on the HA-coated discs, as did the cell morphology of fluorescence staining and SEM analysis; in contrast, there was no increase in cell proliferation. This study confirms that Er:YAG-PLD could be used as an implant surface-modification technique to prepare HA coatings with a nanorod-like morphology on Ti discs.
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1. Introduction


Titanium (Ti) and its alloys have developed as commonly utilized materials in the field of oral implantation because of their excellent chemical stability, mechanical properties, and biocompatibility [1,2]. Nevertheless, because Ti and its alloys form a mechanical lock with tissues, the surface of these materials presents a certain degree of biological inertness. Studies indicate that surface modification may provide Ti surfaces with biological functionality, and research into the formation of early osseointegration with bone tissue is well advanced [3]. Common methods of Ti surface modification include physical, chemical, and biochemical methods, and the success of these procedures can be observed as alterations in surface morphology, chemical composition, surface roughness (Ra), and hydrophilic characteristics [4]. Implant modification can promote the surface adhesion, proliferation, differentiation, and mineralization of bone cells and shorten the implantation cycle of the implants, thereby achieving earlier and more stable osseointegration between the device and bone tissues [5]. Sandblasting is an excellent surface pretreatment method in engineering; it uses compressed air to form high-speed jets and spray particles of different sizes on the surface of an implant, in order to change its Ra and surface area, ultimately promoting cell adhesion, cell proliferation, and osseointegration capacity [6,7]. The resulting material shows extensive application prospects in the field of orthopedic biology.



Several researchers have identified hydroxyapatite (HA) as a bioactive substance with good biocompatibility and osteoconductivity [8]. HA has a similar composition to bone tissue, has corrosion resistance, has excellent osteogenic and osseointegration properties, and is also biodegradable [9]. Nano-HA shows stable performance under a physiological environment and high chemical activity, which is beneficial in increasing its biological activity; moreover, the large surface area of the material is conducive to cell attachment and growth [10]. Nano-HA secretes a variety of osteogenic differentiation factors and provides crystal nuclei for bone conduction during bone cell calcification and bone formation. The synthesis methods of nano-HA mainly include water-phase synthesis, chemical precipitation, hydrothermal reaction, the sol–gel method, natural combustion, and microemulsion, among others [11]. However, HA has poor mechanical properties; thus, it is not a load-bearing implant material. Ti and other alloys show excellent mechanical properties, but they are biologically inert. Thus, the preparation of HA-based bioceramic coatings on the surface of Ti and its alloys has important theoretical and practical significance [12].



The erbium-doped yttrium aluminum garnet (Er:YAG) laser is a hydrodynamic biological laser system [13,14] that is widely used in clinical settings for oral enamel repair, skin freckle removal, etc. [15,16]. When a target is irradiated by the laser, the laser energy is transferred to the coaxial water–air mixture. The activated water mist produces water molecules with ultrahigh energy. These water molecules act on the target so that the particles are separated into smaller particles and deposited on a Ti plate [17,18]. A previous study [19] revealed that Er:YAG pulsed laser deposition (PLD) can be used to coat α-tricalcium phosphate (α-TCP), β-TCP, HA, and other materials on Ti plates; specifically, α-TCP could be successfully attached to these plates. However, the literature indicates that α-TCP lacks osteoinductive ability [20]. Researchers often employ the hydrothermal method to convert α-TCP to HA [21,22,23,24,25,26]. In addition, the hydration rate of α-TCP is affected by various factors, such as solvent type, reaction temperature and binding, and initial pH. The reaction processing conditions also largely determine the microstructure of HA. [27,28]. In a previous study, for example, HA was prepared at temperatures of 60, 70, 80, and 90 °C, and the complete conversion of α-TCP to HA was observed at 90 °C. [29]



After the implantation, attachment, proliferation, differentiation, and mineralization of cells on the implant surface, all of which directly affect implant osseointegration [22,30], the cellular responses of the material must be evaluated. Previous studies used these cells to evaluate the cellular activity and osteogenic ability of the material [23,31,32,33].



This study aimed to use sandblasting as a pretreatment method and prepare HA coatings on Ti discs via Er:YAG-PLD. The surface characteristics and cell viability of the samples were then evaluated. The results of this work may provide a novel approach to improve the biocompatibility of bone implants and induce their bone bonding and osteogenesis.




2. Materials and Methods


2.1. Fabrication of the Hydroxyapatite Coating


Ti discs (diameter, 15 mm; length, 1 mm) were used in the present study. The discs were polished for 1 min using SiC abrasive papers (800# and 1200#), followed by an MG400-CS micro grinding machine (Meiwafosis, Tokyo, Japan). The Ti discs were then sandblasted (blast-Ti) as a pretreatment method to increase their Ra. Following sandblasting, the discs were ultrasonically cleaned with acetone, ethanol, and deionized water for 10 min each, and then dried for 4 h in room-temperature air (20–25 °C). PLD was performed with an Er:YAG laser unit (Erwin AdvErl Unit; Morita Manufacturing, Kyoto, Japan) with a straightened C400F contact tip (Morita Manufacturing, retrofit) (Figure 1a). Details of the unit specifications are provided in a previous study [21]. Approximately 150 mg of α-TCP powder (Taihei Chemical Industrial, Osaka, Japan) was weighed and placed in a hydraulic press (0.3 MPa for 60 s) to form targets (diameter, 5 mm; thickness, 7 mm) for PLD. The α-TCP target was irradiated by the Er:YAG laser unit with a pulse energy of 300 mJ/pulse, under the same conditions applied in a previous study [17]. The gross appearance of α-TCP coatings deposited by Er:YAG-PLD with pulse frequencies of 1, 3, and 5 pps for 3 s is shown in Figure 1b. When the pulse frequency was 3 pps, the particle size of the powder was fairly small; when the pulse frequency was increased to 5 pps, the deposited range of separated particles was too large for controllable deposition. Thus, laser irradiation was conducted at a pulse energy of 300 mJ/pulse and a frequency of 3 pps in the present study. To achieve a megascopic α-TCP coating on the blast-Ti (α-TCP-Ti), we manually moved the Er:YAG-PLD handpiece horizontally. The coated Ti discs were then soaked in water and placed in a 90 °C incubator for 10 h [22] to obtain the HA-coated samples (HA-Ti). For in vitro experiments, all samples were sterilized in an autoclave at 160 °C for 3 h. The fabrication procedure of the HA coating is illustrated in Figure 1c.




2.2. Characterization


Scanning electron microscopy (SEM, S-4800; Hitachi, Tokyo, Japan) was used to examine the surface morphology and microstructure of the prepared materials. The SEM samples were coated with a very thin and conductive Os layer using an Os coating machine (HPC-20; Vacuum Device, Ibaraki, Japan). The mean average Ra and three-dimensional surface topography of the samples were assessed by scanning probe microscopy (SPM, SPM-9600; Shimadzu, Kyoto, Japan). X-ray photoelectron spectrometry (XPS, ESCA-5600; ULVAC-PHI, Kanagawa, Japan) was used to analyze the surface chemical states and elemental composition of the samples. Energy-dispersive X-ray spectroscopy (EDS, JED-2300, JEOL, Tokyo, Japan) was used to determine the elements present in the samples. X-ray diffractometry (XRD, Ultima IV, Rigaku, Tokyo, Japan) was used to determine the crystallinity of the coatings. The analysis was performed using Cu Kα radiation at 40 kV and 100 mA; the scan speed was 2°/min, the incidence angle was 1°, and the 2θ range was 3–80°. Fourier-transform infrared (FTIR) spectroscopy (IRAffinity-1S; Shimadzu) was used to establish the presence of two groups of phosphates (–PO43−) found in the samples. The Z-axis pull test was used to measure the binding strength of the coatings. After adhering a stainless steel rod (diameter, 3 mm) to the coatings with epoxy glue, the sample was mounted to the jig of an all-purpose joint tensile tester (EZ Test, Shimadzu). Tensile loads were applied to the specimens at the rate of 0.5 mm/min until failure.




2.3. Cell Cultures


In this study, the femurs of 8-week-old male rats were harvested, and the rat BMMSCs (rBMMSCs) (Shimizu Laboratory Supplies Co., Kyoto, Japan) were cultured in a 75 cm2 flask with Eagle’s minimum essential medium (E-MEM; Nacalai Tesque, Inc., Kyoto, Japan) containing 10% fetal bovine serum (Nacalai Tesque, Inc.) and an antibiotic–antimycotic solution (Nacalai Tesque, Inc.) at 37 °C, according to the protocol described in a previous article [34]. In vitro investigations were conducted using cells from the third and fourth generations. After digestion with 0.5 g/L trypsin, the cells were resuspended and inoculated at a density of 5 × 104 cells/well in 24-well plates containing Ti, TCP-Ti, and HA-Ti. The criteria of Osaka Dental University for animal testing were followed in this study (Approval No. 21-09002).




2.4. Attachment and Proliferation of Cells


Cell attachment and proliferation were determined using the CellTiter-Blue® Cell Viability test kit (Promega, Madison, WI, USA) according to the manufacturer’s instructions. Cell attachment was determined at three time points of 3, 12, and 24 h, and cell proliferation was determined after 3, 7, and 14 d. The culture medium was removed, and the samples were washed twice with PBS and treated with 50 µL of CellTiter-Blue® reagent diluted with 250 µL of PBS. After 1 h of culture at 37 °C in a 5% CO2 environment, 100 µL of the reagent was applied to each well of a 96-well plate. A microplate reader was used to determine the fluorescence of the solutions at 560 and 590 nm (SpectraMax M5; Molecular Devices, San Jose, CA, USA).




2.5. Morphology of Cells


Confocal laser scanning microscopy after fluorescent labeling and SEM after critical -point drying were used to examine cell morphology.



After a 24 h incubation period, the cells were stained with fluorescent dye. We removed the medium from the 24-well plates, rinsed the cells thrice with PBS, fixed them in 1 mL of 4% paraformaldehyde (PFA) solution, and then re-plated them. Next, 0.2% (v/v) Triton X-100 was added to the cells, which were subsequently incubated for 30 min at room temperature (20–25 °C) after the initial 20 min treatment. Thereafter, the cells were treated with Blocking One reagent for 30 min at room temperature and stained with Alexa Fluor® 488 and 4′,6-diamidino-2-phenylindole at 37 °C in the dark for 1 h. The labeled cells were washed thrice with PBS. A final examination of actin filaments and cell nuclei was carried out using a confocal laser scanning microscope (LSM700; Carl Zeiss AG, Wetzlar, Germany).



The cell samples were processed for SEM to evaluate their pseudopodia and extracellular morphology. The culture medium was removed from the 24-well plates after 24 h of incubation. The cells were washed thrice with PBS and fixed for 2 h in 1 mL of a 4% PFA solution at 4 °C. The PFA solution was withdrawn, and the cells were rinsed thrice with PBS and successively dehydrated with a graded series of ethanol solutions (50%, 60%, 70%, 80%, 90%, and anhydrous) for 10 min each time. They were then dried in a critical-point dryer (HCP-1; Hitachi) and coated with Os using an ion-sputtering machine (HPC-20; Vacuum Device) for SEM examination after immersion in 3-methylbutyl acetate for 30 min (S-4800; Hitachi).




2.6. Statistical Analysis


The surface characterization and cell culture experiments were performed in triplicate. All quantitative data are presented as means ± SD. The results were analyzed by one-way analysis of variance and Bonferroni’s post hoc test using GraphPad Prism 8.0 software (GraphPad Prism, San Diego, CA, USA); p < 0.05 was regarded as statistically significant, while p < 0.01 was considered highly significant.





3. Results


3.1. Characterization of the Hydroxyapatite Coating


Figure 2 shows the gross appearance of Ti, blast-Ti, α-tricalcium phosphate (α-TCP)-Ti, and hydroxyapatite (HA)-Ti. The Ti surface (Figure 2a) appeared smooth and shiny; by contrast, the surface of blast-Ti (Figure 2b) was rough. The surfaces of α-TCP-Ti (Figure 2c) and HA-Ti (Figure 2d) were covered with a white film.



The SEM results clearly revealed that the HA coating could be obtained via the hydrothermal treatment of the α-TCP coating. The same phenomenon was observed in a previous study [30]. Figure 3a shows the micromorphology of commercial Ti. Figure 3b shows that the Ti surface became rough after sandblasting. Figure 3c shows the micromorphology of the α-TCP coating, which has a block structure. The HA coating, which is shown in Figure 3d, had a microstructure composed of nanorods with diameters of approximately 100 nm; this coating was obtained from the transformation of α-TCP. The cross-section of an HA crystal column is approximately hexagonal, as shown in Figure 3e,f.



The topographical features of Ti, blast-Ti, α-TCP-Ti, and HA-Ti are shown in Figure 4a–d, respectively. Figure 4e reveals that the Ra values of blast-Ti and α-TCP-Ti are 190.14 and 219.41 nm, respectively, which are clearly higher than those of Ti (91.44 nm) and HA-Ti (156.88 nm). Moreover, the Ra of Ti was much lower than that of HA-Ti (* p < 0.05).



The exact stoichiometric phase formation of the samples was determined via EDS analysis, the results of which are depicted in Figure 5. The compositional analysis revealed the peaks of Ca, P, O, and C on the surface of HA-Ti. The atomic percentages of Ca and P and the ratio of Ca:P are shown in Figure 5. The average Ca:P ratio was 1.23 ± 0.05, which indicated that the HA coating on the HA-Ti sample was Ca-deficient. The results of elemental mapping showed that Ca, P, and O were uniformly distributed in the samples; a dense region along the rod-like structure of HA could also be observed.



The chemical compositions of Ti, blast-Ti, α-TCP-Ti, and HA-Ti are shown in Figure 6. The wide-scan XPS spectra (Figure 6a) of Ti and blast-Ti revealed the characteristic peaks of O 1s, Ti 2p, and C 1s; by comparison, the XPS spectra of α-TCP-Ti and HA-Ti revealed the characteristic peaks of O 1s, Ca 2p, Ca 2s, C 1s, P 2s, and P 2p. The O 1s peak was observed at 530.11 eV, the Ti 2p peak at 457.00 eV, the Ca 2p and Ca 2s peaks at 438.33 and 346.56 eV, respectively, the C 1s peak at 284.33 eV, and the P 2s and P 2p peaks at 189.44 and 135.00 eV, respectively. The high-resolution spectra of Ca 2p, O 1s, and P 2p are shown in Figure 6b–d, respectively.



The XRD patterns of Ti, blast-Ti, α-TCP-Ti, and HA-Ti are shown in Figure 7a. The XRD measurements of the out-of-plane and in-plane geometries of the thin films were obtained to describe the crystal structures of the thin-film crystals, referred to HA (JCPDS NO.72-1243) and α-TCP (JCPDS NO.09-0348). In the in-plane XRD pattern shown in Figure 7b, the peaks observed at 20° and 35° are attributable to the (200), (111), (002), (102), (210), (211), (112), (300), and (202) reflections of HA and the (150), (202), (132), (510), (170), (530), (043), and (080) reflections of α-TCP, respectively. The XRD pattern of HA-Ti was consistent with that of standard HA. These results indicate that we had successfully prepared an HA coating on Ti.



The FTIR spectra of the samples are shown in Figure 8. The bending vibration mode of –PO43− is responsible for the absorption bands at 1097.9, 1024.6, 961.0, 601.7, and 560.1 cm−1. The absorption bands of –OH− could be observed at 3588.0 and 638.3 cm−1. These results confirm the successful formation of HA on the Ti discs.



Figure 9 shows the tensile test results of the HA coating on the sandblasted Ti. The adhesive strength of the coating was approximately 1.4 MPa.




3.2. Attachment and Proliferation of Cells


Figure 10 shows the extent of cell growth on Ti, α-TCP-Ti, and HA-Ti. Compared with pure Ti incubated for 3 h, 12 h, 24 h, 3 d, 7 d, and 14 d, α-TCP-Ti exhibited an evident inhibitory effect on rBMMSC adhesion and growth. This finding indicates that α-TCP is cytotoxic to a certain extent. HA-Ti showed higher levels of cell attachment compared with the Ti discs at 3, 12, and 24 h; however, this sample showed lower levels of cell proliferation compared with Ti at 3, 7, and 14 d.




3.3. Morphology of Cells


The morphology of cells incubated for 24 h on Ti, α-TCP-Ti, and HA-Ti is shown in Figure 11. Compared with Ti and α-TCP-Ti, HA-Ti showed the largest number of adhered cells. The number of cells adhered on α-TCP-Ti was comparably less than that adhered on HA-Ti. Moreover, the pseudopodia of cells cultured on HA-Ti stretched extensively and in different directions.



The morphology of the cells after 24 h of culture was examined via SEM. The cells attached and spread close to the surface of the specimens (Figure 12). Compared with those on Ti (Figure 12a) and blast-Ti (Figure 12b), the cells on HA-Ti (Figure 12c) had numerous cytoplasmic extensions and filopodia, and spread along the uneven surface of the sample. Higher magnification images of a specific area of the HA-Ti sample (marked by the orange rectangular area in Figure 12c) clearly revealed the morphology and number of cellular pseudopods (marked by red arrows).





4. Discussion


In the present study, Er:YAG-PLD was used to produce an α-TCP coating on sandblasted Ti discs. A nanorod-like HA coating was then successfully obtained via the hydrothermal treatment of the discs at 90 °C for 10 h. Previous research [24,32] has demonstrated that the hydrolysis of α-TCP is a dissolution and precipitation process; a schematic of the hydrolysis of α-TCP to HA is shown in Figure 13.



SEM confirmed the nanorod-like microstructure of HA, as confirmed by an earlier study, which demonstrated a typical flower-like morphology under low magnification [30]. The SPM results showed that the HA coating had a higher Ra compared with Ti, which is favorable for surface cell attachment [6,7]. Identical results were obtained by other authors [34]. Although the Ra of blast-Ti and α-TCP-Ti was higher than that of Ti and HA-Ti, bone healing around an implant also depends on other factors, such as surface topography and chemical composition, which influence cell reactions. The elemental composition of the coatings was determined by EDS and XPS, and Ca, P, and O were detected. We found that the Ca:P ratio was low; the reason(s) for this this could be investigated in a future study. The results of XRD and FTIR confirmed that the HA coating had been successfully prepared on the Ti discs. The microstructure, elemental composition, object–image composition, and functional group structure results collectively confirmed the successful deposition of an HA film on the surface of the Ti discs. Because the bonding strength of the implant surface coating can affect the osseointegration between the implant and bone tissue, we evaluated the mechanical properties of the coating via a tensile test. According to this study [35], the bonding strength between HA-coated titanium and bone tissue is ~3.5 MPa. Further optimization of the experimental conditions is necessary in order to enhance the coating stability of HA.



rBMMSCs were cultured on the coated discs to evaluate their cell behavior. Previous studies showed that nano/microstructured HA has a similar composition and structure to natural bone tissue [36,37,38,39], and can obviously promote the adhesion, proliferation, differentiation, and mineralization of osteoblasts [40]. Nano/microstructured surfaces can enhance the osteogenic differentiation of osteoblasts, even in the absence of osteogenic supplements [41,42]. Based on these studies, we speculated that cell attachment on the HA-coated specimens would be more extensive than that in the other groups after 24 h of culture, owing to the nanorod-like morphology and roughness of HA; however, we observed that the cell viability of the HA-Ti samples on days 3, 7, and 14 was lower than that of the control group. This finding may be related to the dissolution of the HA film; previous studies have confirmed that HA can easily be dissolved [43]. The morphology of the cultured cells was observed by fluorescence staining and SEM. rBMMSCs cultured on the HA-Ti samples clearly exhibited good adhesion and spreading, showing numerous cytoplasmic extensions and filopodia, and interconnections along their uneven surface. These results suggest that HA-Ti is beneficial for cell growth. A similar phenomenon was observed in an earlier study [44].



Er:YAG-PLD could be used to produce HA coatings with a nanorod-like morphology on Ti. This surface modification technique may be useful to obtain microstructured coating materials for implant surfaces. HA coatings are used as bioactive materials that can not only directly promote osteogenesis, but also induce bone differentiation [45,46]. Further cell differentiation experiments with HA coatings should be undertaken. The acid resistance and stability of the films also requires further research and evaluation. In future work, we will prepare HA films on sandblasted implant surfaces and evaluate their osteogenic potential via in vivo experiments.




5. Conclusions


In summary, surface modification is required in order to endow implant surfaces with bioactivity and improve their osteogenesis.



In this study, Er:YAG PLD was used as a pretreatment method, and α-TCP was used as a precursor. An HA coating with a nanorod-like structure was obtained via the hydrothermal treatment of α-TCP-coated Ti discs at 90 °C for 10 h. The prepared HA coating showed a certain degree of roughness, and the XRD and FTIR results indicated that the degree of α-TCP hydrolysis was relatively complete under the reaction conditions employed in this study.



The HA coating promoted better cell adhesion and expansion on the Ti surface, owing to its nanostructure and biological activity, which are beneficial for endowing implant surfaces with good biocompatibility.



Because the HA coating is affected by many factors, methods to develop stable HA coatings should be explored in future work. The osteogenic response in implants is a complex process. Thus, osteogenic differentiation experiments and in vivo experiments are needed in order to verify the osteogenic effect of HA coatings on Ti implants.
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Figure 1. (a) The straightened C400F contact tip. (b) Gross appearances of the α-TCP coatings. (c) Fabrication procedure of the HA coating. 
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Figure 2. Gross appearance of (a) Ti, (b) blast-Ti, (c) α-tricalcium phosphate (α-TCP)-Ti, and (d) hydroxyapatite (HA)-Ti discs. 
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Figure 3. Scanning electron micrographs of (a) Ti, (b) blast-Ti, (c) α-TCP-Ti, and (d)–(f) HA-Ti discs. (f) Magnification of the area marked by the yellow rectangle in (e). 
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Figure 4. Scanning probe micrographs of (a) Ti, (b) blast-Ti, (c) α-TCP-Ti, and (d) HA-Ti discs. (e) Roughness (Ra) values of Ti, blast-Ti, α-TCP-Ti, and HA-Ti discs. The data shown are means ± SD (n = 3); * p < 0.05. 
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Figure 5. Energy-dispersive X-ray spectroscopy and elemental mapping (Ca, P, O) of the HA-Ti discs. 
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Figure 6. X-ray photoelectron spectra (XPS) of Ti, blast-Ti, α-TCP-Ti, and HA-Ti discs: (a) Wide-scan XPS of the material surfaces. (b) High-resolution spectra of Ca 2p. (c) High-resolution spectra of O 1s. (d) High-resolution spectra of P 2p. 
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Figure 7. (a) X-ray diffraction patterns of Ti, blast-Ti, α-TCP-Ti, and HA-Ti discs. (b) Magnification of the spectra of α-TCP-Ti (blue) and HA-Ti (green) marked by the black circle in (a). 
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Figure 8. (a) FTIR spectrum of an HA-Ti disc. (b) Magnification of the spectrum marked by the blue rectangle in (a). 
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Figure 9. Stress–displacement curves for the deposited HA coating. 
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Figure 10. Cell attachment and proliferation of rat bone marrow mesenchymal stem cells on Ti, α-TCP-Ti, and HA-Ti discs (n = 3); * p < 0.05, *** p < 0.001, **** p < 0.0001. 
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Figure 11. Morphological analysis of rat bone marrow mesenchymal stem cells attached to (a) Ti, (b) α-TCP-Ti, and (c) HA-Ti discs after 24 h of culture. Actin filaments (green) were labeled with Alexa Fluor® 488, and nuclei (blue) were stained with 4′,6-diamidino-2-phenylindole. 
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Figure 12. SEM of rat bone marrow mesenchymal stem cells attached to (a) Ti, (b) α-TCP-Ti, and (c) HA-Ti discs after 24 h of culture. Higher magnification images of the area marked by the orange rectangular area in (c) clearly revealed the morphology and number of cellular pseudopods on HA-Ti (marked by red arrows). 
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Figure 13. The schematics for hydrolysis of α-TCP to HA. 
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