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Abstract

:

In recent years, studies on the surface of titanium implants have shown that hydrophilic properties have a positive effect on bone binding, warranting further investigation into the maintenance and restoration of hydrophilic properties. In this work, a hydrophilic surface was obtained by plasma oxidation on the surface of sandblasted and acid-etched (SLA) titanium discs. We aimed to determine the effect of sodium hydroxide (NaOH) treatment on the maintenance and restoration of the surface hydrophilicity of titanium discs, as well as the relationship between the changes in hydrophilic properties on titanium surfaces and their biological properties. The results show that the treatment of hydrophilic surfaces with SLA, plasma oxidation, and NaOH treatments tend to enhance the early stages of cell adhesion, proliferation, and differentiation. Those results provide important guidance that SLA, plasma oxidation, and NaOH treatments can be used to restore the hydrophilic property of Ti that has been stored under room temperature and atmospheric pressure conditions.






Keywords:


dental implant; hydrophilicity; surface modification; sodium hydroxide; osseointegration












1. Introduction


Compared with fixed partial dentures or removable dentures, implant-supported prostheses provide comfort and good esthetics and have therefore earned a favorable reputation from both patients and dentists [1]. Good biocompatibility, ideal soft and hard tissue integration, adequate mechanical strength, and physiologic transmission of masticatory forces to bone are necessary to achieve good functionality for dental implants [2]. One of the critical elements that influences the long-term functioning of dental implants is osseointegration. However, the bone–implant contact percentage has remained around 45%–65% [3,4]. Therefore, improvement of the osseointegration rate is increasingly being pursued by dentists. In recent years, clinicians have been more eager to get early osseointegration after implantation in order to shorten the repair time and reduce the risk of failure.



A series of papers indicated that the generation and maintenance of bone around an implant are closely related to the biological activity of the dental implant surfaces, which is determined by the physical and chemical properties. From the perspective of tissue engineering, implant surface microstructure appears to work as a scaffold for osseointegration [5,6]. Optimization of the scaffold plays a pivotal role in determining how many osteogenic cells are attracted to the local environment with preferable expressions of the necessary biological signals, eventually leading to an improved peri-scaffold bone formation [7]. Titanium and titanium alloys are generally accepted and applied in terms of dental implant materials. In recent years, some scholars have suggested that titanium could be replaced with polyetheretherketone (PEEK) as a dental implant material. However, unmodified PEEK is less osseoconductive and bioactive than titanium [8]. However, Ti and Ti alloys are inert materials that cannot be chemically bonded with bone tissue. Therefore, many subtractive and additive techniques have been introduced to alter the surface morphology of implants, such as sandblasting, acid etching, oxidizing, or combinations of these techniques [9,10,11]. Sandblasting and acid etching (SLA) is one of the most commonly used methods.



In general, wettability on micro-structured surfaces decreases when generated by sandblasting, acid etching, or oxidizing [12]. The presence of micro-and/or nanostructures, as found on newly developed surface modifications, might also modulate hydrophilicity and the corresponding biological response [13]. Att and Hori confirmed that the protein adsorption capacity, osteoblast adhesion, proliferation, differentiation, and the osseointegration ability decreased with a prolonged preservation time [14,15]. Studies have shown that the decrease in bioactivity may be due to contamination by hydrocarbons. Kilpadi and Serro corroborated that hydrocarbons in the air, water, or cleaning fluid can be continuously adsorbed onto the surface of the material so that the Ti discs are likely to have a significant decrease in hydrophilic properties during storage [16,17]. Lu also showed that hydrocarbon contamination reduces the hydrophilicity of Ti discs, which is not conducive to the adhesion and proliferation of osteoblasts [18].



In clinical applications, the implants have likely been stored for a certain period of time, and the hydrophilicity of the implant surface could have been reduced, thereby leading to altered biological properties. Stefano Tugulu et al. [19] stored titanium discs with superhydrophilic surfaces in alkali solution and found that the contact angle of the titanium surface was greatly reduced after alkali treatment, indicating that alkali treatment could maintain the hydrophilicity of the titanium surface. Studies have shown that the –OH group is the main reason for the hydrophilicity of TiOx thin films [20]. The process of alkali treatment occurring on the surface of TiO2−x is mainly due to the protonation and dephosphorization of Ti–OH and Ti–O–Ti [21]. The materials used in this study were super hydrophilic Ti discs prepared by plasma oxidation and NaOH. The aim of the present study was to determine the effects of SLA, plasma oxidation, and NaOH treatment on the restoration and maintenance of the hydrophilicity of the Ti discs, which is critical to allow clinical implants to achieve proper osseointegration.




2. Materials and Methods


2.1. Preparation of Ti Samples


Disc-shaped Ti samples (10 and 15 mm in diameter, 1.5 mm in thickness) were prepared from commercially pure grade-4 titanium (provided by the College of Machinery and Automation, Northeast University, Shengyang, China). The Ti discs were ultrasonically cleaned with acetone, anhydrous ethanol, and dH2O for 5 min each. The SLA surface was prepared by sandblasting with TiO2 (large grits of 0.25–0.50 mm) followed by acid etching at 100 °C for 20 min. The mixed acid contained 60% H2SO4, 10% HCl, and deionized water with a volume ratio of 1:1:2. The NaOH solution had a concentration of 0.1 mol/L. After soaking in 0.1 mol/L NaOH solution, the Ti discs was cleaned with deionized water for 10 s. After sandblasting and acid etching, the samples were subjected to plasma oxidation treatment. Before oxidation, they were cleaned by Ar plasma to remove the impurities adsorbed on the surface of the samples. By using plasma-enhanced chemical vapor deposition (PECVD) equipment (RF-500, Cross-Tech Equipment Co., Ltd., Shanghai, China), the oxygen plasma produced by vacuum glow discharge bombarded the surface of SLA samples, resulting in the generation of super hydrophilic TiOx thin films. Non-thermal atmospheric pressure plasma (NTAPP) oxidation treatment was carried out at a constant voltage, using a homemade pulse DC power supply with 200 W. The DC bias voltage was 400 V, and the oxidation time was set in the range of 60 min. The working pressure was 6.5 Pa, and the volume flow ratio of O2 and Ar was 1 (Ar = 5 sccm). After sample preparation, Ti discs were assigned to 4 groups: (1) control group SLA Ti discs were stored for 10 days at room temperature and atmospheric pressure (SLA group); (2) SLA Ti discs were stored for 10 days at room temperature and atmospheric pressure and were immersed in 0.1 mol/L NaOH solution for 10 s (SLA/NaOH-10s group); (3) SLA Ti discs oxidized by electrolytic plasma were stored for 10 days at room temperature and atmospheric pressure and were immersed in 0.1 mol/L NaOH solution for 10 s (SLA-PECVD/NaOH-10s group); (4) SLA Ti discs oxidized by electrolytic plasma were immersed in 0.1 mol/L NaOH solution for 10 days (SLA-PECVD/NaOH-10d group). In addition, SLA Ti discs oxidized by electrolytic plasma and immersed in 0.1 mol/L NaOH solution for 200 days (SLA-PECVD/NaOH-200d) were prepared for the testing of surface characterization.




2.2. Surface Characterization


The surface morphology of the samples was observed using a scanning electron microscope (SEM; SSX-550, Shimadzu, Kyoto, Japan). The hydrophilicity of the surfaces was evaluated by the contact angle (CA) of 1 μL ddH2O using an automatic contact angle measurement device (SL200B, Shanghai, China).



The chemical composition of the Ti sample surface was evaluated by X-ray photoelectron spectroscopy (XPS, ESCALAB250, Thermo VG Company, Waltham, MA, USA), and Al Kα (1486.6 eV) X-rays were used as the source with the following parameters: 50 eV, 150 W, and a vacuum degree of 6.0 × 10−8 mbar.



The crystalline structures of the coating before and after machining were investigated by X-ray diffraction (XRD, PW304060, PANalytical B.V. Company, Almelo, the Netherlands) with a Cu Kα1 source.




2.3. Osteoblastic Cell Culture


The MC3T3-E1 cell lines derived from rat calvarial osteoblastic cells were provided by the Central Laboratory of the School of Stomatology, China Medical University, Taichung, Taiwan. The cells were cultured in an α-MEM culture medium (Hyclone, UT, USA) containing 10% fetal bovine serum (FBS), 100 U/mL penicillin G, and 100 μg/mL streptomycin at 37 °C in 5% CO2 and 95% humidity. An inverted microscope (OLYMPUS, C-35AD, Tokyo, Japan) was used to observe the growth condition of the cells. At 80% confluency, cells were detached using 0.25% trypsin-EDTA to prevent contact inhibition. The culture medium was renewed every 72 h.




2.4. Protein Adsorption Assay


Bovine serum albumin (BSA; Genview, Calimesa, CA, USA) and human fibronectin (Fn; Prospec, East Brunswick, NJ, USA) were used as model proteins. A previously established bicinchoninic acid-based colorimetric detection method (BCA, Biotech Department of Ding Guo Changsheng, Beijing, China) was used to detect the protein adsorption efficiency by following the instructions of the kit [22]. Fn and BSA were pipetted and spread on each sample surface of the Ti discs for each group, and incubated for 3, 6, and 24 h at 37 °C under sterile humidity conditions. Any unadhered protein was removed by rinsing three times with PBS. The specimens were stored in the 96-well cell culture plates with 200 μL of sodium dodecyl sulfate (SDS; 1 wt % Genview, USA) and shaken in a rocking bed (WD-9405B, Beijing, China) for 1 h. Then, the solution containing nonadherent proteins was removed and mixed with 200 μL BCA at 37 °C for 30 min [14,23,24]. Then, standard curves were established according to the optical density (OD), which was quantified with a microplate reader (TECAN, Infinite 200, Yamato, Japan) at 562 nm. Then, the protein adsorption rate was acquired by interpolating the protein content from the standard curve.




2.5. Cell Attachment Assay


Three samples from each group were cultured in the 6-well cell culture plates (1 piece/well). A total of 5 × 104 MC3T3-E1 cells were cultured at 37 °C in 5% CO2 and 95% humidity and detected at each time point (6, 24, and 48 h). Ti discs from the four groups were transferred to new 6-well cell culture plates and fixed in 2.5% buffered glutaraldehyde. Next, the specimens were gradient dehydrated by ethanol, rinsed twice with distilled water, and dried in air. SEM was performed to confirm the absence of cell remnants on the substrates.




2.6. Cell Proliferation Assay


A total of 2 × 104 MC3T3-E1 cells were cultured at 37 °C in 5% CO2 and 95% humidity and detected at each time point (1, 3, 5, and 7 days). Samples were transferred to a new 24-well cell culture plates and rinsed twice with PBS. Then, cells were fixed in 800 μL culture fluid and 200 μL MTT (Sigma, Deisenhofen, Germany) at 37 °C. The MTT experiment is to measure the viability and number of living cells by dyeing the living cells and measuring the OD value. After 4 h of culture, 1 mL dimethyl sulfoxide (DMSO, Sigma, Germany) was added and the samples were shaken for 10 min under the condition of strict light avoidance. Two hundred microliters of cell suspension was obtained from each group to place into a 96-well plate to detect the absorbance of each pore at a wavelength of 490 nm by the ELISA meter and to determine the vigor of the osteoblasts.




2.7. Cell Differentiation Assay


The alkaline phosphatase (ALP) activity of cultured osteoblasts was examined by a colorimetric assay. A total of 2 × 104 MC3T3-E1 cells were cultured at 37 °C in 5% CO2 and 95% humidity, and detected at each time point (3, 5, 10, and 15 days). Samples were transferred to new 24-well cell culture plates and rinsed twice with PBS. Then cells were fixed in trypsin (Hyclone, USA) for 3 min and collected with centrifugation. Twenty microliters of Triton X-100 (0.1%) was added, and the supernatant was carefully collected by centrifuging at 4 °C (12,000 rpm, 5 min). Fifty microliters of Buffer A and 50 µL of Buffer B were added (KGI Nanjing Biological Products Company, Nanjing, China) and cultures were incubated at 37 °C for 15 min. Then, a 200 μL cell suspension was obtained from each group and transferred into a 96-well plate, and then absorbance was read at 520 nm with an ELISA meter, and the content of ALP was determined. A BCA protein assay kit was also used to determine the protein adsorption efficiency by following the instructions. Three microliters of cell suspension and 200 μL of BCA solution were fixed and cultured for 30 min at 37 °C. The protein adsorption efficiency was established according to the optical density (OD), which was quantified with a microplate reader at 562 nm. The ALP activity was calculated by the following formula:


ALP activity(mg/gprot)=OD(test)−OD(blank)OD(standard)−OD(blank)× concentration of phenolics(0.003mgmL)protein concentration of sample(gprotmL).



(1)








2.8. Cell Morphology and Morphometry


A total of 2 × 104 MC3T3-E1 cells were cultured at 37 °C in 5% CO2 and 95% humidity and detected at each time point (1, 2, 4, and 24 h). The Ti discs from the four groups were rinsed three times with PBS and fixed in 2.5% buffered glutaraldehyde at 4 °C. Then, samples were treated with 20 μL 0.1% Triton X-100 for 2 min and stained with phalloidin overnight. Fluorescence microscopy (Nikon 80i, Tokyo, Japan) was used to examine cell morphology and cytoskeletal arrangement.




2.9. Statistical Analysis


SPSS 17.0 software was used for all statistical analyses. Based on the results from previous studies [24,25,26,27], data from at least three independent experiments were used. Group means and standard deviations were used to calculate each parameter. The results obtained for the four groups were analyzed using one-way analysis of variance (ANOVA). A p-value of less than 0.05 was considered statistically significant.





3. Results


3.1. Morphology of Ti Surfaces


The low-magnification and high-magnification SEM images for the four samples (SLA, SLA-PECVD, SLA-PECVD/NaOH-10d, and SLA-PECVD/NaOH-200d) showed similar microrough surfaces (Figure 1). The surfaces of these samples showed a typical microtopographic configuration with irregular crater holes with diameters of 10–30 μm and traffic fusion between holes. No morphological changes were found on the SLA-PECVD surfaces compared with the SLA. The SEM images of PECVD, SLA-PECVD/NaOH-10d, and SLA-PECVD/NaOH-200d indicated that NaOH storing did not change the micropore structure on the surfaces of these discs.



XPS provided the elemental compositions of the SLA-PECVD sample and the SLA-PECVD/NaOH-10d sample. The F peak may be caused by some HF acid remaining in the sample during acid etching. The Fe peak may be the impurity component in the matrix material, or its presence may be caused by contamination in the treatment process. In contrast, the surfaces of the lye-stored samples were covered by foreign depositions with clear peaks representing Na (Figure 2). The XPS spectra showed clear peaks of Ti2p, O1s, and C1s for the two Ti discs’ surfaces. In addition to these elements detected on the surfaces, the lye-stored surfaces showed spectra matching the Na1s (1.50%) listed in Table 1. The Ti2p, C1s, and O1s XPS spectra of the surfaces of the SLA-PECVD and SLA-PECVD/NaOH-10d samples are shown in Figure 3.



In the SLA-PECVD/NaOH-10d group, the Ti2p XPS spectra were divided into four components with binding energies of 464.4, 458.6, 463.5, and 457.9 eV, which are respectively ascribed to Ti4+2p1/2, Ti4+2p3/2, Ti3+2p1/2, and Ti3+2p3/2. There was no change in the valence state, which is the same as the result of plasma oxidation. However, according to the area of each peak, the proportion of Ti in each valence state was different. As shown in Table 2, the proportion of Ti3+2p3/2 on the surface of the SLA-PECVD/NaOH-10d sample decreased by 6% compared with that of SLA-PECVD sample, while the proportions of other valence states increased. The proportions of TiO2 and Ti2O3 were 52.09% and 47.94% in the SLA-PECVD/NaOH-10d sample, and the corresponding ratios for SLA-PECVD were 46.74% and 53.26%, respectively. Therefore, NaOH storage did not change the valence state of Ti discs, mainly in the presence of +4 and +3 valence, but the contents of both changed.



Different from the SLA-PECVD sample, for the SLA-PECVD/NaOH-10d sample, only three O1s spectral peaks were obtained after the Gauss peak fitting treatment. Regarding the O1s peaks, the peaks corresponding to Ti–O (TiO2), Ti–O (Ti2O3), and the hydroxyl group (Ti–OH) had binding energies of 529.6, 530.3, and 531.7 eV, respectively. It can be seen from Table 3 that the oxygen on the surface of SLA-PECVD/NaOH-10d Ti discs mainly existed in the form of TiO2 and Ti2O3 in proportions of 44.42% and 40.77%. The level of Ti–OH dropped immediately after lye storage, from 22.90% to 14.84%. The change in the ratio of the Ti–OH group may have been caused by the higher rate of CA of the sample after NaOH solution treatment.



As shown in Table 4, the C1s XPS spectra of the SLA-PECVD/NaOH-10d sample were divided into two components with binding energies of 284.68 and 288.31 eV, which were ascribed to C–H and COO/C=O. C mainly existed in the form of C–H, with a ratio as high as 98.2%, which is why the content of C on the surface of the samples was relatively high. These results suggest that the Ti sample more easily adsorbed the organic components in the air after several days of alkali storage [28], which is also the reason why the CA of Ti sample rose faster than that of plasma oxidation.



In order to further analyze the changes in Ti ions at the valence bonds and the content in the deeper oxide layer, an XPS sputtering analysis of TiOx surface was carried out. It can be seen from Figure 4 that the ratio of TiOx content began to increase when the thickness was 40 nm. The contents of TiOx and Ti were both almost at 50 nm, which indicated that the thickness of the oxide coating was about 50 nm. However, at room temperature, the thickness range of Ti film formed in the air was in the range of 5.5~5.7 nm [28].



The XRD patterns of SLA-PECVD and SLA-PECVD/NaOH-10d are shown in Figure 5. The diffraction peak of TiOx was not detected on the surface of Ti samples by acid etching and plasma oxidation, but the intensity of the diffraction peak of Ti changed. It was also found that the diffraction peak intensity of Ti on the surface of the sample decreased at 2θ at 35.1°, 40.2°, and 63.0°, and increased slightly at 38.4° after alkali solution treatment. The reasons for these changes need to be studied further.



The contact angles for H2O were 64.3 ± 3.9, 7.88 ± 1.7, 45.9 ± 2.9, and 3.1 ± 0.2 degrees on the SLA, SLA/NaOH-10s, SLA-PECVD/NaOH-10s, and SLA-PECVD/NaOH-10d surfaces, respectively, indicating the super-hydrophilic status in the SLA-PECVD/NaOH-10d group (contact angle < 5°) (Figure 6).




3.2. Protein Adsorption Capacities of Ti Discs


The results of protein adsorption capacities for BSA and Fn are shown in Figure 7. After 3, 6, and 24 h of culture, the protein adsorption rates on the surface of the four groups all increased over time. ANOVA showed that at each time point, the protein adsorption rates of the four groups from high to low were SLA-PECVD/NaOH-10d > SLA-PECVD/NaOH-10s > SLA/NaOH-10s > SLA. The protein adsorption capacity of BSA for the SLA/NaOH-10s group (8.902 ± 0.435) was higher than that observed in the SLA group (5.401 ± 0.282) after 3 h incubation (p < 0.05). It deserves to be mentioned that the value for SLA/NaOH-10s (12.803 ± 0.565) was less than that for SLA-PECVD/NaOH-10s (17.252 ± 1.202) at 24 h, although SLA/NaOH-10s was more hydrophilic than SLA-PECVD/NaOH-10s. No significant differences were observed in the protein adhesion capacity (BSA) of SLA-PECVD/NaOH-10s samples and SLA-PECVD/NaOH-10d samples. However, the rates of Fn adsorption to Ti were significantly different among the groups (p < 0.05). The results of BCA show that plasma oxidation and NaOH treatment promote the adsorption of protein.




3.3. Cell Adhesion Capacities of Ti Discs


After 6 h of culture, the filopodium structures of osteoblasts were observed on the Ti surfaces of three groups—SLA-PECVD/NaOH-10d, SLA-PECVD/NaOH-10s, and SLA/NaOH-10s—by SEM at 5000× and 10,000× (Figure 8). Moreover, the pseudopodium of the SLA-PECVD/NaOH-10d group was longer than that of the other groups, but osteoblasts of SLA group of osteoblasts had not been observed in SLA group, and there was no such structure. As shown in Figure 8, after 24 h of cell culture, we observed that the filopodium had grown to lamellipodium on the surfaces of the SLA-PECVD/NaOH-10d, SLA-PECVD/NaOH-10s, and SLA/NaOH-10s groups, while the filamentous structure had just appeared on the SLA group. Forty-eight hours later (Figure 8), osteoblasts were lamellae structure in the groups of SLA-PECVD/NaOH-10s, SLA/NaOH-10s, and SLA, while in the SLA-PECVD/NaOH-10d group, cells completely adhered to the surface of Ti discs. Osteoblasts were observed (SEM at 50,000×) to stretch out and protrude into the gap of the Ti surface to form an anchor structure which adhered firmly to the surface of Ti discs.




3.4. Proliferation and Differentiation of Osteoblasts on Ti Discs


The MTT results of each group varied over time, as shown in Figure 9a. After 1, 3, 5, and 7 days of cell culture, the number of osteoblasts of the four groups all increased gradually over time. At the fourth time point, the order of cell proliferation from high to low was SLA-PECVD/NaOH-10d > SLA-PECVD/NaOH-10s > SLA/NaOH-10s > SLA. Moreover, the proliferation of osteoblasts was relatively slow at 1, 3, and 5 days. On the seventh day, the cells on the surfaces of the four groups significantly increased. The MTT values for the samples of the SLA/NaOH-10s group (0.270 ± 0.001) were higher than those observed for the SLA group (0.231 ± 0.020) after 7 days of incubation (p < 0.05). The values of the SLA-PECVD/NaOH-10d group were higher than those of the SLA-PECVD/NaOH-10s group at 1 and 5 days after seeding (p < 0.05). Interestingly, the MTT values of SLA/NaOH-10s (0.100 ± 0.003) were less than those of SLA-PECVD/NaOH-10s (0.115 ± 0.011) on the fifth day, although SLA/NaOH-10s samples were more hydrophilic than SLA-PECVD/NaOH-10s samples.



Total ALP activity was measured after 3, 5, 10, and 15 days of culture, as shown in Figure 9b. The ALP activity of osteoblasts on the surface of the four groups all increased with a slow and uniform trend. The sequence was consistent with the MTT results. The ALP values in cell differentiation less in SLA than in SLA/NaOH-10s at four detection points (p < 0.05). The values of SLA-PECVD/NaOH-10d were higher than those of SLA-PECVD/NaOH-10s, the values of and SLA-PECVD/NaOH-10s were higher than those of SLA/NaOH-10s at 3, 5, and 15 days, respectively (p < 0.05).




3.5. Morphological Observation of Cytoskeleton


The images were taken by fluorescence microscope under a 20× field of vision, as shown in Figure 10. After 1 h of incubation, we observed larger MC3T3-E1 cells with extended actin filaments that were spindle-shaped on the SLA-PECVD/NaOH-10d and SLA-PECVD/NaOH-10s Ti discs, while on the SLA/NaOH-10s and SLA titanium surface, actin filaments of the cells were more circular. Among them, the spreading area of osteoblasts on the surface of SLA-PECVD/NaOH-10d group was larger than that of the other three groups, and almost all cells were spread out. After 4 h of culture, the spreading cell area of the four groups increased significantly, and the order of the spreading area was SLA-PECVD/NaOH-10d > SLA-PECVD/NaOH-10s > SLA/NaOH-10s > SLA. All the cells in the field of vision were enlarged and the extension length was evidently increased, and there was no significant difference in the shape and size of cells among the Ti discs from different groups at 24 h after seeding.





4. Discussion


It has been demonstrated that implant surfaces with micro-and/or nanostructures are associated with increased production of cell adhesion molecules, bone-related extracellular matrix proteins, and distinct cellular signals, which may benefit the bioactivity and osseointegration of the implants [4,14,15,18,29,30,31]. At the micro-and/or nanostructure level, Jaw’s hierarchical structure is imitated in terms of surface modification by the implants, which are available in the clinical setting [32]. In both short-term osseointegration of implants and long-term clinical application, the surface roughness, chemistry, and hydrophilicity of the implants play important roles. Previous research has shown that Ti surface hydrophilicity increases, the adsorption of fibronectin in the extracellular matrix (ECM) is facilitated, and cell adhesion and proliferation accelerate, including in osteoblastic cells [33,34,35,36]. PECVD treatment can improve the surface hydrophilicity of materials [37], but the effect cannot be maintained for a long time as there is no special reserve on the surface of TiOx film, which makes it easy for materials to adsorb hydrocarbons in the air and became hydrophobic. Thus, it is necessary to find an effective preservative. A study has shown that sodium titanate and rutile can be formed on the surface of Ti through soaking in NaOH solution, which determines the bioactivity of the surface [38]. However, the effects of this bioactive surface layer on the activity of osteoblasts and their mechanisms are still unclear. The objective of this study was to evaluate the effect of NaOH treatment on the maintenance and restoration of the surface hydrophilicity of Ti discs, and the relationship between the changes in hydrophilic properties on the titanium surfaces and the biological properties. The CA analysis indicated that the SLA-PECVD/NaOH-10d group has a super-hydrophilic status. No morphological changes were found on the super-hydrophilic surfaces of Ti discs. Under in vitro conditions, osteoblasts cultured on Ti discs showed a sequence of biological events as follows: cell adhesion, proliferation, differentiation, and mineralization [23]. Our investigation showed that super-hydrophilic surfaces were superior to other groups in these respects. The results tell us that, in terms of shelf storage, NaOH storage has an effect on the biological aging of dental implants.



The surface modification of materials can be divided into physical, chemical, and combinations of physicochemical methods. Physical modification mainly changes the micro-morphology of the implant surface through processes such as sandblasting and acid etching. Chemical modification mainly changes the chemical composition of the implant surface in order to facilitate the adsorption of cells and biologically active macromolecules around implants through processes such as anodic plasma oxidation, dispersed deposition of calcium phosphate crystals, and sputtering coating and plasma oxidation [39,40,41]. Since smooth implants are inferior to their microrough counterparts, the biological response of bone is influenced by the surface topography of the implants [42]. The PECVD technique used in this study is a simple, controllable, and cost-effective way to prepare a predictable coating with micrometer structure, large thickness, high hardness, and superior wear resistance. SLA surface treatment is one of the most widely used methods in the field of implant surface modification [43,44]. A series of papers confirmed that the submicron and nanostructures of SLA increase the adhesion and proliferation of cells and the percentage of bone–implant contact [45,46,47]. In the present study, a physicochemical method (SLA-PECVD) was used, which prepared hydrophilic surfaces that promoted the adhesion and proliferation of osteoblast [48]. Therefore, the microstructure of Ti surface should not be changed by PECVD. In this paper, there were no obvious differences in the surface morphologies of the four groups of Ti discs, which indicated that they all had optimized scaffolds. However, there was no special reserve on the surface of TiOx film, which made it easy for materials to adsorb hydrocarbons in the air and became hydrophobic. This result is consistent with that shown for N2 plasma by Matsubara [49].



Among the many surface modifications of Ti implants, such as sandblasting, acid etching, oxidizing, or combinations of these techniques, more attention has been paid to the increase of surface hydrophilicity [50]. In recent years, the biological effect of the hydrophilic surfaces of Ti materials on osteoblasts has been gradually recognized by researchers. However, less is known about the intrinsic wettability of bone and how best to mimic such a property. In the present study, the hydrophilicity of the material was maintained and restored in different ways, and the hydrophilicity was found to have the order SLA < SLA/NaOH-10s < SLA-PECVD/NaOH-10s < SLA-PECVD/NaOH-10d, indicating a super-hydrophilic status for the SLA-PECVD/NaOH-10d group. However, the comparison of hydrophilicity between the same materials with the same processing technology showed the order SLA-PECVD/NaOH-10d > SLA-PECVD/NaOH-10s, SLA/NaOH-10s > SLA. The implant surface interacted with bioactivators, and then through the binding of the active recognition sites between the cell and the factors, the interaction information between the material and the cell was transferred into the cell, thus regulating the expression of related genes [51]. Protein adsorption directly affects the adhesion, proliferation, and differentiation of osteoblasts, so the ability of a material to adsorb proteins could reflect its biological activity. Albumin plays an important role in transporting biomolecules with low water solubility (including lipophilic molecules and calcium ions) to regulate the blood volume. Albumin lipid regulates the amplitude of intracellular calcium ions, stimulates the proliferation of osteoblasts [52], and enhances the fibronectin–integrin interaction [53]. Fn is an important extracellular matrix protein, which can promote cell adhesion and expansion. It has been shown that the higher the hydrophilicity of the material is, the stronger its ability to promote protein adsorption is [7,54]. In this experiment, the rates of Fn adsorption to Ti were significantly different among these groups (p < 0.05). The protein adsorption capacity of BSA for the SLA/NaOH-10s group (8.902 ± 0.435) was higher than that observed for the SLA group (5.401 ± 0.282) after 3 h of incubation (p < 0.05). It was interesting that the values of the SLA/NaOH-10s group (12.803 ± 0.565) were less than those of the SLA-PECVD/NaOH-10s group (17.252 ± 1.202) at 24 h, although the SLA/NaOH-10s group was shown to be more hydrophilic than the SLA-PECVD/NaOH-10s group. It is likely that the TiOx film can affect protein adsorption, but further investigation is needed to verify this assumption. In addition, the mechanism of how the hydrophilic properties of the Ti surface affect protein adsorption needs to be studied further.



Studies have shown that, compared with hydrophobic surfaces, the proliferation, differentiation, osteoblast adhesion, and bone mineralization of hydrophilic surfaces can be significantly improved in the early stages [44,55]. Under in vitro conditions, the expression levels of ALP and the osteogenic differentiation products OCN and OPN were significantly higher on the surface of super-hydrophilic SLA than on SLA, and the levels of TGF-β1 and PGE2, which are related to osteogenesis, were also higher than those on the surface of SLA [56]. According to the SEM images, the filopodium structures of osteoblasts were observed on the Ti surfaces of the SLA-PECVD/NaOH-10d, SLA-PECVD/NaOH-10s, and SLA/NaOH-10s groups. Moreover, the pseudopodium of the cells cultivated on the SLA-PECVD/NaOH-10d group samples was longer than that of the other groups, but the osteoblasts of the SLA group exhibited a stretching morphology, and there was no such structure at 6 h after seeding. It is well known that cells must adhere to the surface of the material before they can migrate, differentiate, and proliferate further. MTT is a sensitive and convenient method for determining the number of living cells. So, MTT values increase with an increase in cell attachment. The MTT values for the SLA/NaOH-10s group (0.270 ± 0.001) were higher than those observed for the SLA group (0.231 ± 0.020) after 7 days of incubation (p < 0.05). Similarly, the values of the SLA-PECVD/NaOH-10d were higher than those of the SLA-PECVD/NaOH-10s group at 1 and 5 days after seeding (p < 0.05). It deserves to be mentioned that the MTT values of SLA/NaOH-10s (0.100 ± 0.003) were less than those of the SLA-PECVD/NaOH-10s group (0.115 ± 0.011) on the fifth day, although SLA/NaOH-10s samples were shown to be more hydrophilic than SLA-PECVD/NaOH-10s samples. ALP values in cell differentiation were lower in SLA than in SLA/NaOH-10s at four detection points (p < 0.05). The values of SLA-PECVD/NaOH-10d were higher than for SLA-PECVD/NaOH-10s and the values of SLA-PECVD/NaOH-10s were higher than those of SLA/NaOH-10s at 3, 5, and 15 days, respectively (p < 0.05). The above results show that the better hydrophilicity of the materials prepared by a given technology, the higher the corresponding biological properties are. Hydrophilic surfaces were shown to promote the adhesion, proliferation, and differentiation of osteoblasts on the surface of Ti discs, and the results are the same as those in the previous study [25]. It is worth pointing out that for the SLA/NaOH-10s and SLA-PECVD/NaOH-10s groups, the MTT values of SLA/NaOH-10s were less than those of SLA-PECVD/NaOH-10s, although SLA/NaOH-10s were more hydrophilic than SLA-PECVD/NaOH-10s. This difference is likely due to the oxidation film having a certain effect on the biological properties and this requires further investigation.



Several studies have found that the inevitable storage of Ti implants in sterile, gas-permeable packaging during commercial distribution can result in substantially reduced protein adsorption capacity, chemotaxis-like remote attracting and adhering capabilities for osteoblasts, and changes in other bioactivity parameters relevant to osteoblast function, regardless of the surface topography [57,58]. The approaches used in this study enhanced the hydrophilicity of implants through producing clean surfaces. However, Hashimoto et al. [59] reported that clean surfaces are in a metastable state, and thus, a completely clean surface cannot be obtained, because ambient conditions will easily cause re-contamination. This is because some organic impurities can contaminate the Ti implant surface during shelf storage, for example hydrocarbons and polycarbonyls [17,60,61]. Hayashi R et al. [62] reported that the amount of surface carbon is inversely proportional to the surface hydrophilicity, which is not unfavorable for osteoblast activity. However, in this study, the presence of C on the surface of Ti discs after soaking in NaOH solution mainly existed in the C–H form, with a ratio of as high as 98.2%. This could be due to the exposure of the Ti4+ sites, as these exposed cationic sites can contribute to the increase in the hydrophilicity and promote interactions between the proteins and cells [24]. According to the report by Xiong L B et al. [63], Ti3+ surface defects (TSD) represent one of the most important surface defects in TiO2. Just like the results of this study, the content of Ti4+ increased from 46.74% to 52.09%.



It has been reported that, in a group clinical case, hydrophobic BAE surfaces were hydrophilized by alkali treatment [64], and the result was that the implants gained a good implant stability quotient (ISQ) and vertical bone volume up to one year after loading. In this study, the SLA-PECVD/NaOH-10d group was stored in NaOH liquid directly after being made in a vacuum chamber. The samples had not been exposed to air from beginning to end, and their surfaces were super-hydrophilic. However, the SLA-PECVD/NaOH-10s group was stored in the air directly, even when they were treated with NaOH liquid for a short time, so the super-hydrophilic state could not be restored. It is concluded that the hydrophilicity of Ti discs can be maintained by storage in NaOH solution. The results also showed that the hydrophilicity of SLA/NaOH-10s group was significantly higher than that of the SLA group, suggesting that NaOH liquid has a positive effect on the maintenance and restoration of hydrophilicity on the surface of pure Ti.




5. Conclusions


In this in vitro study, the results of the CA test showed that the superhydrophilicity of Ti surfaces can be effectively maintained by long-term storage in 0.1 mol/L NaOH solution. However, the surface hydrophilicity of Ti discs exposed to air can be restored to a certain extent by NaOH solution, but the superhydrophilic state cannot be restored. Combined with the SEM results of the four groups, this indicated that the surface morphology of Ti discs did not change in the process. Our results showed that the hydrophilicity of samples prepared by the same technology could enhance the protein adsorption capacity and the ability to adhere, proliferate, differentiate, and spread osteoblasts. Our findings also suggest that hydrophilicity on the surface of the materials is beneficial to the biological activity of osteoblasts. Because the Ti samples used in our study were small round discs, the results of this study may not be applicable to a structurally complex dental implant. Therefore, further in vivo experiments are warranted to investigate whether these in vitro results are applicable in clinical settings to ensure the long-term survival or possibility of early loading of dental implants.
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Figure 1. The surface morphologies of the four samples: (a) SLA sample; (b) SLA-PECVD sample; (c) SLA-PECVD/NaOH-10d sample; (d) SLA-PECVD/NaOH-200d sample. No morphological changes were found on the surfaces of the four samples. 
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Figure 2. XPS spectrum on the surface of the SLA-PECVD (a) and SLA-PECVD/NaOH-10d (b) samples. The surface of SLA-PECVD/NaOH-10d sample was covered by foreign depositions with clear peaks representing Na. 
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Figure 3. The Ti2p (a), C1s (b), and O1s (c) XPS spectra of the surfaces of the SLA-PECVD and SLA-PECVD/NaOH-10d samples. 
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Figure 4. XPS sputtering analysis of TiOx surface to further analyze the change of Ti ions at the valence bonds and the content in the deeper oxide layer. The contents of TiOx and Ti were both almost 50% at 50 nm, which indicated that the thickness of the oxide coating was about 50 nm. 
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Figure 5. The XRD patterns of SLA-PECVD and SLA-PECVD/NaOH-10d samples. The diffraction peak of TiOx was not detected on the surface of Ti samples by acid etching and plasma oxidation, but the intensity of the diffraction peak of Ti changed. 
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Figure 6. The contact angles for H2O on the SLA, SLA/NaOH-10s, SLA-PECVD/NaOH-10s, and SLA-PECVD/NaOH-10d surfaces. The SLA-PECVD/NaOH-10d sample appeared to have a super-hydrophilic status. 
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Figure 7. The results of protein adsorption capacities for bovine serum albumin (BSA) (a) and human fibronectin (Fn) (b). *: p < 0.05, indicating a statistically significant difference among the groups. 






Figure 7. The results of protein adsorption capacities for bovine serum albumin (BSA) (a) and human fibronectin (Fn) (b). *: p < 0.05, indicating a statistically significant difference among the groups.



[image: Coatings 09 00222 g007]







[image: Coatings 09 00222 g008 550]





Figure 8. The structures of osteoblasts on the Ti surfaces of four groups as measured by SEM at 5000× and 10,000× after 6, 24, and 48 h of culture: (a) SLA sample; (b) SLA/NaOH-10s sample; (c) SLA-PECVD/NaOH-10s sample; and (d) SLA-PECVD/NaOH-10d sample. 
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Figure 9. The MTT: (a) results and total alkaline phosphatase (ALP) and (b) activity of four groups. * p < 0.05, indicating a statistically significant difference among the groups. 
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Figure 10. The images of fluorescence microscope under a 20× field of vision at 1, 4, and 24 h of incubation: (a) SLA sample; (b) SLA/NaOH-10s sample; (c) SLA-PECVD/NaOH-10s sample; and (d) SLA-PECVD/NaOH-10d sample. 
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Table 1. Elemental composition (at.%) determined by XPS analysis of the SLA-PECVD and SLA-PECVD/NaOH-10d samples.
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	Ti Discs
	Ti
	C
	O
	Na





	SLA-PECVD
	6.16
	43.94
	36.41
	–



	SLA-PECVD/NaOH-10d
	10.97
	49.23
	38.31
	1.48
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Table 2. Binding energy, area, and proportion of the Ti2p peaks for the SLA-PECVD and SLA-PECVD/NaOH-10d samples.
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Ti Discs

	
Ti4+2p1/2

	
Ti4+2p3/2

	
Ti3+2p1/2

	
Ti3+2p3/2






	
SLA-PECVD

	
Eb/eV

	
464.3

	
458.4

	
463.4

	
457.8




	
area

	
6207.7

	
18,771.7

	
6915.8

	
21,548.0




	
r/%

	
11.62

	
35.12

	
12.94

	
40.32




	
SLA-PECVD/NaOH-10d

	
Eb/eV

	
464.4

	
458.6

	
463.5

	
457.9




	
area

	
11,608.4

	
32,829.5

	
11,876.4

	
29,007.8




	
r/%

	
13.61

	
38.48

	
13.92

	
34.00
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Table 3. Binding energy, area, and proportion of the O1s peaks for the SLA-PECVD and SLA-PECVD/NaOH-10d samples.
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Ti Discs

	
Ti–O (TiO2)

	
Ti–O (Ti2O3)

	
Ti–OH

	
C–O






	
SLA-PECVD

	
Eb/eV

	
529.8

	
530.5

	
531.2

	
532.0




	
area

	
46,458.9

	
49,070.2

	
31,972.9

	
12,095.6




	
r/%

	
33.3

	
35.2

	
22.9

	
8.7




	
SLA-PECVD/NaOH-10d

	
Eb/eV

	
529.6

	
530.3

	
531.7

	
–




	
area

	
53,142.9

	
48,769.3

	
17,718.9

	
–




	
r/%

	
44.42

	
40.77

	
14.81

	
–
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Table 4. Binding energy, area, and proportion of the C1s peaks for the SLA-PECVD and SLA-PECVD/NaOH-10d samples.
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Method

	
SLA-PECVD

	
SLA-PECVD/NaOH-10d




	
C–H

	
C=O

	
C–H

	
C=O






	
Eb/eV

	
284.65

	
289.01

	
284.68

	
288.31




	
area

	
59,223.7

	
4907.5

	
57,695.6

	
1056.3




	
r/%

	
92.35

	
7.65

	
98.20

	
1.80
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