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Abstract

:

The improvement of peri-implant epithelium (PIE) adhesion to titanium (Ti) may promote Ti dental implant stability. This study aims to investigate whether there is a positive effect of Ti hydrothermally treated (HT) with calcium chloride (CaCl2), zinc chloride (ZnCl2), and strontium chloride (SrCl2) on promoting PIE sealing. We analyzed the response of a rat oral epithelial cell (OEC) culture and performed an in vivo study in which the maxillary right first molars of rats were extracted and replaced with calcium (Ca)-HT, zinc (Zn)-HT, strontium (Sr)-HT, or non-treated control (Cont) implants. The OEC adhesion on Ca-HT and Zn-HT Ti plates had a higher expression of adhesion proteins than cells on the Cont and Sr-HT Ti plates. Additionally, the implant PIE of the Ca-HT and Zn-HT groups revealed better expression of immunoreactive laminin-332 (Ln-322) at 2 weeks after implantation. The Ca-HT and Zn-HT groups also showed better attachment at the implant–PIE interface, which inhibited horseradish peroxidase penetration. These results demonstrated that the divalent cations of Ca (Ca2+) and Zn (Zn2+)-HT improve the integration of epithelium around the implant, which may facilitate the creation of a soft barrier around the implant to protect it from foreign body penetration.
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1. Introduction


Titanium (Ti) dental implants are becoming more widely used in edentulous treatments. However, successful oral implant treatments depend on bone contact and the seal between the implant and surrounding gingival tissue [1]. A solid seal between the implant surface and epithelium is necessary to prevent bacterial invasion [2].



A previous study reported that the cell adhesion for epithelial sealing could be affected by different topographies of the implant surface [3]. Hemidesmosome (HD), a multi-protein complex, is a crucial cell adhesion structure that could enable the stable adhesion of epithelial cells to the underlying basement membrane [4,5]. HDs containing laminin-332 (Ln-332) in the basement membrane play a key defensive role against peri-implant tissue breakdown [6,7]. Moreover, Ln-332 could associate intracellularly with plectin, which interacts, in succession, with the keratin filament system [8].



Ti is used as a dental implant material as it has stable mechanical properties and excellent biocompatibility [9]. Numerous Ti implant surface modification techniques accelerate bone contact on implant surfaces by changing the surface topography. Alternatively, previous studies found that a roughened surface had a negative effect on epithelium cell adhesion [10] and that roughened surfaces often promote dental plaque accumulation on an implant surface. Among the many surface modifications of Ti, hydrothermal treatments have been demonstrated to improve bioactivity and osteoconductivity [11]. Hydrothermal treatments are easily applied to materials and the processing requirements are an oven, a pressure pot, and different solutions that are inexpensive.



Calcium (Ca) ions are crucial for cell-to-substrate interactions [12]. Moreover, our previous study demonstrated that the calcium chloride (CaCl2) hydrothermal treatment of a Ti implant impacted on epithelial sealing [13]. In addition, zinc (Zn) showed itself to be effective in promoting osteoblast proliferation [14], inhibiting bone resorption by decreasing osteoclastogenesis [15]. Moreover, Zn was found to be effective in enhancing laminin and collagen type IV, which is important for the assembly of the basement membrane [16]. The hydrothermal treatment of Ti with divalent strontium (Sr) can accelerate the process of osteogenesis [17]. Therefore, in the present study, we hypothesize that the hydrothermal treatment of Ti with Ca and Zn divalent cation solutions may promote the regeneration of epithelial tissue around the Ti implant. The aim of this study is to evaluate the efficacy of the hydrothermal treatment of Ti with the divalent cations of Ca, Zn, and Sr for epithelial tissue sealing and resistance to exogenous penetration.




2. Materials and Methods


2.1. Hydrothermal Treatment of Ti Plates and Implants


Commercially pure titanium plates (15 mm diameter, 1 mm thickness, Japan Industrial Specification Class 1, H 4600, 99.9 mass %, Figure 1a) with a mirror-polished surface were used for the in vitro study. For the in vivo study, screw-shaped, pure titanium implants (2 mm diameter, 4.5 mm in length, 2.5 mm transmucosal, and 2 mm intrabony; Japan Industrial Specification Class 1, equivalent for ASTM grade I; Sky Blue, Fukuoka, Japan, Figure 1b) with a machined surface were utilized. Hydrothermal treatment, which requires an oven, a pressure pot (including a hydrothermal unit), and different solutions, was applied in the present study. The plates and screw-shape implants were washed in an ultrasonic bath with 100% acetone, distilled water, and 99.5% ethanol before hydrothermal treatment. There were four experimental groups: (1) the control (Cont) group of Ti samples without hydrothermal treatment; (2) the calcium hydrothermally treated (Ca-HT) group of Ti samples that were treated at 200 °C for 24 h with 15 mL of a 10 mmol/L aqueous solution of calcium chloride (CaCl2) in a hydrothermal unit (HU-50, SAN-AI Kagaku, Nagoya, Japan), as previously investigated [11,18,19]; (3) the Zn-HT group of Ti samples treated at 200 °C for 24 h with 15 mL of a 10 mmol/L aqueous solution of zinc chloride (ZnCl2) in a hydrothermal unit and; (4) the Sr-HT group of Ti samples treated at 200 °C for 24 h with 15 mL of a 10 mmol/L aqueous solution of strontium chloride (SrCl2) in a hydrothermal unit. To prevent surface contamination of the samples, all samples were washed with distilled water and stored under vacuum after treatment.




2.2. X-ray Photoelectron Spectroscopy Analysis of the Surface Characteristics


The surface of the experimental samples was analyzed by X-ray photoelectron spectroscopy (XPS) (K-alpha, ThermoFisher Scientific, East Grinstead, UK). All binding energies were referenced to the carbon 1s component at 285.0 eV. Overlapping peak images in the XPS spectra were separated by a computer-aided method.




2.3. Epithelial Cell Culture


An oral epithelial cell (OEC) culture was previously described [20]. Briefly, oral mucosa isolated from 4-day-old Wistar rats was incubated with dispase (1 × 103 IU/mL) dissolved in Mg2+ and Ca2+-free phosphate-buffered saline (PBS) at 4 °C for 12 h. The oral epithelium was then isolated individually and dispersed by pipetting 10 times. The solution was filtered by a 40 µm cell strainer and directly seeded on the Ti plates. OECs were then cultured in defined keratinocyte serum free medium (DK-SFM; Gibco, Grand Island, NY, USA) and were grown in a humidified atmosphere of 5% CO2 at 37 °C. Immunofluorescence staining and adhesion of the OECs were analyzed 4 days after seeding (Figure 1c).




2.4. Immunofluorescence Staining for Adhesion Proteins


After 4 days of culture, OECs seeded on Ti plates were fixed with 4% paraformaldehyde for 10 min and pretreated with 0.5% Triton X-100 (Novocastra Laboratories, Newcastle-upon-Tyne, UK) for 3 min. The samples were then incubated with a polyclonal mouse anti-rat Ln-332 antibody (1:100 dilution, Santa Cruz Biotechnology, CA, USA) overnight at 4 °C. Samples were subsequently incubated with a fluorescein isothiocyanate (FITC)-labeled secondary antibody (1:100 dilution; Chemicon International, Billerica, MA, USA) at 37 °C for 2 h. Actin filaments were stained with tetramethylrhodamine isothiocyanate (TRITC)-conjugated phalloidin (1:100 dilution, Sigma-Aldrich, St. Louis, MO, USA) at 37 °C for 1 h. Imaging was performed using fluorescence microscopy (BZ-9000; Keyence, Osaka, Japan).




2.5. OEC Adhesion Evaluation


OEC adhesion assays were conducted as described in our previous report [18]. Briefly, non- or weakly attached OECs were removed by shaking (5 min × 3 at 75 rpm) using a rotary shaker (NX-20, Nissin, Tokyo, Japan) in DK-SFM medium. Adherent cells were measured as a percentage of the initial count. Attached OECs were counted by using a cell count kit (Cell Count Reagent SF, Nacalai Tesque, Kyoto, Japan). Absorbance at 450 nm was measured using a spectrophotometer (NJ-2300, Biotech, Tokyo, Japan) after the addition of a cell count reagent for 2 h at 37 °C.




2.6. Animals and Implantation


Male Wistar rats (5 weeks old, each weighing 120–130 g, n = 8 for each group) were used for all groups according to the animal care guidelines established by Kyushu University (A29-227-0). A required sample size of eight was determined by performing a power analysis based on our previous studies [21,22].



Our previous studies outline the implantation details using Wistar rats [23,24]. Briefly, under systemic and local anesthesia, the first molar of the right maxillary was extracted and, one week later, the experimental screw-shaped titanium implant was screwed into the extraction socket. After extraction and implantation, each rat was injected with buprenorphine (0.05 mg/kg) intramuscularly to alleviate suffering during surgery. The experimental rats were given powdered food and water and were maintained in a temperature-controlled room until euthanasia 2 weeks after implantation (Figure 1d).




2.7. Tissue Preparation and Immunohistochemistry


As previously described in our study [25], the rats were sacrificed and perfused with 4% paraformaldehyde fixative followed by an immersion in 10% ethylene diamine tetra-acetic acid (EDTA) at 4 °C for 3 days. The peri-implant tissue or periodontal oral mucosa was peeled from the right maxilla or implant and these isolated soft tissue samples were immersed in a 20% saccharose solution at 4 °C for 1 day followed by a 30% saccharose solution at 4 °C for 1 day. The samples were then inserted in O.C.T compound (Sakura Finetek, Tokyo, Japan) at 4 °C for 2 h, and then the samples were cut into 10-µm thick palate-buccal sections using a cryostat cooled to −20 °C. The avidin–biotin complex (ABC) procedure used for immunohistochemical staining was previously described [26]. The peroxidase transformed diaminobenzidine (DAB, ABC-DAB; Vector Laboratories, CA, USA) into a dark brown precipitant, revealing the localization of Ln-332. After lightly counterstaining with hematoxylin, the sections were photographed.




2.8. Horseradish Peroxidase (HRP) Topical Application


To assess the peri-implant epithelial sealing capacity, horseradish peroxidase (HRP) (50 mg/mL, type11, molecular weight approximately 40,000 Da; Sigma-Aldrich), a penetrative exogenous substance, was applied topically around the implant 2 weeks after implantation. The procedure of the HRP application was similar to that in our previous study [27]. Briefly, cotton balls were immersed in HRP dissolved in a buffered saline and the cotton was placed at the gingival margin around the experimental implant as gently as possible to prevent damage to the interface between the implant and gingiva. The HRP solution was continuously dripped onto the cotton balls every 10 min for 60 min.




2.9. Histochemistry of HRP


The rats were euthanized after 60 min and the samples were treated the same as the immunohistochemistry described in Section 2.7. Several 10-µm-thick sections were rinsed with 0.01 M PBS followed by incubation in a peroxidase staining DAB kit (Nacalai Tesque) for 30 min at room temperature. To evaluate the localization of HRP penetration, all sections were observed using light microscopy and the distance between the top of the peri-implant sulcular epithelium and the bottom of the staining was measured by linear measurements.




2.10. Statistical Analysis


Our experiment used 8 samples in each group, and an a priori Shapiro–Wilk test was performed to test for normality. One-way analysis of variance (ANOVA) with Scheffe’s post hoc was performed. Values of p < 0.05 were considered to be statistically significant. Data are indicated as the means ± standard deviation (SD). The statistical analysis (including 95% confidence intervals (95% CI)) was carried out with SPSS Statistics 19 software (IBM, Armonk, NY, USA).





3. Results


3.1. Surface Characteristics of the Specimens


The Ca, Zn, and Sr spectra on the surface of the Ca-HT, Zn-HT, and Sr-HT Ti plates are shown in Figure 2, with clear Ca2p, and Zn2p, and Sr3d peaks observed in the three experimental groups.




3.2. Expression of Adhesion-Related Proteins in the Immunofluorescence Staining


The immunoreactive expression of Ln-332 in the Cont and experimental groups is shown in Figure 3a. The diffusely scattered signals of the Ln-332 immunoreactive area of the epithelial cytoplasm in the Zn-HT group were stronger than those in the other groups. The Ln-332 expression was nearly the same in the Ca-HT group compared with the Zn-HT group. Additionally, more actin filaments were observed in the OECs on Zn-HT than in the other groups. The actin filaments were weakly developed in the Cont and Sr-HT groups.




3.3. OEC Adhesion Assay


The OEC adhesion rates (%) of Cont, Ca-HT, Zn-HT, and Sr-HT groups were, respectively, 29.78 ± 2.43 (95% CI = 28.23–31.33), 46.66 ± 3.61 (95% CI = 44.04–48.27), 53.18 ± 4.27 (95% CI = 50.46–55.89), and 30.50 ± 2.10 (95% CI = 29.47–32.19). The Zn-HT and Ca-HT groups exhibited more adhered OECs than the Sr-HT and Cont groups that were statistically the same (Figure 3b).




3.4. Localization of Ln-332 in the Peri-Implant Epithelium (PIE)


The Ln-332 expression was observed as a band along the interface between the implant and PIE (Figure 4a). A previous study demonstrated that the interface between the dental implant and PIE can be divided into three portions: upper, middle, and lower [28]. The length of Ln-332 (μm) in Cont, Ca-HT, Zn-HT, and Sr-HT groups was, respectively, 415.46 ± 8.26 (95% CI = 395.92–435.00), 609.87 ± 10.87 (95% CI = 584.17–635.58), 563.07 ± 11.02 (95% CI = 537.01–589.15), and 454.69 ± 10.01 (95% CI = 430.84–478.54). In the Ca-HT and Zn-HT groups, Ln-positive staining was along the implant–PIE interface in the lower portion and even expanded into the middle portion. However, in the Sr-HT group, the length of Ln-positive staining was limited compared with the other two experimental groups. In addition, the length of the Ln-positive staining band in the Cont group was not obvious and was restricted to the lower area; this was significantly different in the Ca-HT and Zn-HT groups (Figure 4b).




3.5. Evaluation of HRP Penetration


HRP was used for evaluating the sealing ability of the epithelial attachment around the Cont and experimental implant groups. The distance of HRP penetration (μm) in the Cont, Ca-HT, Zn-HT, and Sr-HT groups was, respectively, 1305.62 ± 61.95 (95% CI = 1159.13–1452.11), 927.38 ± 51.46 (95% CI = 805.70–1049.05), 1013.13 ± 44.66 (95% CI = 907.53–1118.72), and 1246.63 ± 36.85 (95% CI = 1162.50–1333.76). The distinct HRP reactions were limited to nearly the same area in the apical and middle portion of the epithelial attachment around the Ca-HT and Zn-HT group implants (Figure 5a). However, in the Cont group, the HRP reaction penetrated the epithelial layer and deeper into the connective tissue. Among the three experimental groups, the HRP reactions in the Sr-HT group invaded more deeply than in the other two experimental groups but had almost the same penetration compared to the Cont group (Figure 5b).





4. Discussion


In this study, hydrothermal treatments were performed to introduce Ca, Zn, or Sr on the surface of Ti. A previous study indicated that the hydrothermal treatment, regardless of the cation type, could enrich the surface with hydroxyl groups [18]. Another study demonstrated that the hydroxyl groups of the Ti surface could significantly enhance protein adsorption [29]. In addition, the adsorption of the adhesion protein can be promoted on a hydrophilic surface through the attachment of hydroxyl groups on the Ti surface [30,31]. Thus, we chose a hydrothermal treatment as an easy and inexpensive procedure to ameliorate epithelium adhesion to Ti implants. As previously demonstrated, a rougher surface has a negative effect on the adhesion of oral epithelial sealing [10]. However, with the hydrothermal treatment, we easily generated a divalent cation-rich outer surface with minimal surface topographical alterations [19]. This treatment may facilitate oral epithelial tissue cell adhesion to Ti implants.



The state of Ca, Zn, or Sr on the surface of Ti needs to be elucidated (i.e., whether they are ions, crystals, etc.). However, as our first in vitro experiment demonstrated (Figure 2), we detected Ca, Zn, and Sr peaks on the Ti surface. In our previous study, a calcium-related crystal structure was not observed using thin-film X-ray diffractometry [32]. Other studies have demonstrated that Zn- and Sr-HT of Ti implants also release ions [33,34]. Therefore, the state of the Ca, Zn, and Sr on the hydrothermally treated Ti implants could be a coupling scheme between Ti and these divalent cations, which may easily be released from the Ti surface. We then investigated the hydrothermal treatment of Ti with these aqueous divalent cations to facilitate PIE sealing around the implant.



Ln is a crucial protein known for its great wound healing ability in the formation of epithelium after implantation. Basal lamina attaches epithelial cells to the implant surface through HD. In addition, epithelial cells can produce Ln that enhances adhesion between epithelial cells and a substrate [35]. A previous study demonstrated that Ln can induce epithelial cell migration via integrins at the leading edge [36]. Additionally, Ln can also accelerate adhesion cells via integrin α6β4 of the regenerating oral mucosa [37]. Therefore, Ln localization can be an evaluation of early epithelial sealing and can be critical to promoting cell migration and healing of an epithelial wound [6].



Zn is one of the most prominent elements in wound healing modulation and is an important component in cell physiology [38]. Moreover, Zn2+ has the biggest impact of enhancing laminin binding, which is crucial to regulating specific cellular functions [16]. A previous study has shown that Madin-Darby Canine Kidney (MDCK) cells, an epithelial cell from canine kidneys, can immediately secrete extracellular matrix proteins, such as Ln-332, after seeding onto a substrate [39], and another study demonstrated that Zn can promote actin filament immigration in the MDCK cells, which accelerates the epithelial cells’ adhesion ability [40]. As a confirmation, in this study, the Zn-HT group indicated the strongest expression of Ln-332 and actin-F with immunofluorescence staining and the best adhesion of epithelial cells, even better than the Ca-HT group (Figure 3a,b). Moreover, the localization of the Ln-332 immunohistochemical staining area on Zn-HT was longer compared with the Cont and Sr-HT groups at the PIE–implant interface (Figure 4b). Thus, the hydrothermal treatment with Ca and Zn could provide better epithelial attachment to a Ti implant surface in PIE sealing.



Previous studies have shown that a binding molecule, heparan-sulfate proteoglycan (HSPG), may play a crucial role between the Ti implant and epithelium when Ti implants penetrate the oral mucosa and adsorb Ca ions on the Ti surface [18]. HSPG is also regarded as a binding mediator between adhesion proteins (such as Ln) on the epithelial cell membrane [41,42]. Our previous study also showed that positively charged Ca2+ may adsorb instantly onto the Ti surface via minus hydroxyl groups upon implantation [13]. Subsequently, HSPG might adsorb the Ca ions in the Ca-HT of Ti, which enhanced cell attachment on the Ti surface.



The Sr-HT group indicated limited Ln-332 localization and weak inhibition of HRP penetration compared with the other two experiment groups. Previous research reported that hydrothermal treatment with SrCl2 could promote osteogenesis [34]. However, Sr2+ has no significant effect on HSPG translocation [43], which indirectly means that Sr ions released from the Ti surface may not adsorb the HSPG more strongly or quickly than the Ca ion release. Thus, the hydrothermal treatment with Sr may not significantly accelerate epithelial sealing compared with the Ca-HT and Zn-HT groups.



In this study, we used the HRP penetration analysis to easily visualize the histology. The molecular size of HRP is approximately 40,000 Da, which is similar to that of lipopolysaccharides, and HRP has been diffusely applied as an alternative for endotoxins. The optical HRP penetration distance could be correlated to the strength of the epithelial sealing [27]. Indeed, the HRP penetration of the Zn-HT group was deeper than that of the Ca-HT group; however, the penetration was obviously shorter than the Cont and Sr-HT groups (Figure 5b). The Zn-HT and Ca-HT groups had strong epithelium adhesion and secure sealing with the Ti implant surface, which could protect against external stimuli encountered in clinical applications.



There are some limitations of this study. The first limitation is that we only applied one time period and temperature to the hydrothermal treatment processing. Our previous study demonstrated that temperatures less than 200 °C and processing times less than 24 h resulted in less bone tissue adhesion to Ti [19]. Thus, we may choose a higher temperature or longer processing time for future treatments. Another limitation is that we only used a 2-week in vivo experiment to observe the epithelial sealing. Longer implant durations should establish whether the hydrothermal treatment with these divalent cations of the Ti surface improve long-term function.




5. Conclusions


Hydrothermal treatment of Ti with Zn and Ca ion aqueous solutions showed early peri-implant epithelial sealing after implantation. The epithelial sealing was not promoted by hydrothermal treatment of Ti with a Sr ion aqueous solution. This study indicates that the Zn and Ca ion hydrothermal treatments can provide Ti implants with protection against external oral stimuli.







Author Contributions


Conceptualization, Y.A., I.A., and X.Z.; methodology, I.A., Y.A., and K.K.; validation Y.A., and I.A.; formal analysis, X.Z., T.Z., J.H., and I.A.; investigation, X.Z., T.Z., J.H., and I.N.; data curation, X.Z., J.H., and I.A.; writing—original draft preparation, X.Z., and I.A.; writing—review and editing, Y.A., I.A.; supervision, Y.A., and K.K. All authors have read and agreed to the published version of the manuscript.




Funding


This study was supported in part by KYOCERA Corporation, Kyoto, Japan.




Acknowledgments


The authors appreciate the technical support from the Department of Biomaterials, Faculty of Dental Science, Kyushu University, Fukuoka, Japan.




Conflicts of Interest


I.A. belongs to the Division of Advanced Dental Devices and Therapeutics, Faculty of Dental Science, Kyushu University. This division is endowed by GC Corporation, Tokyo, Japan. GC Corporation had no specific roles in the conceptualization, design, data collection, analysis, decision to publish, or preparation of the manuscript. All other authors declare that they have no competing interests.




References


	



Berglundh, T.; Lindhe, J.; Marinello, C.; Ericsson, I.; Liljenberg, B. Soft tissue reaction to de novo plaque formation on implants and teeth. An experimental study in the dog. Clin. Oral Implants Res. 1992, 3, 1–8. [Google Scholar] [CrossRef] [PubMed]

	



Berglundh, T.; Lindhe, J.; Ericsson, I.; Marinello, C.P.; Liljenberg, B.; Thomsen, P. The soft tissue barrier at implants and teeth. Clin. Oral Implants Res. 1991, 2, 81–90. [Google Scholar] [CrossRef] [PubMed]

	



Diener, A.; Nebe, B.; Luthen, F.; Becker, P.; Beck, U.; Neumann, H.G.; Rychly, J. Control of focal adhesion dynamics by material surface characteristics. Biomaterials 2005, 26, 383–392. [Google Scholar] [CrossRef] [PubMed]

	



Borradori, L.; Sonnenberg, A. Structure and function of hemidesmosomes: More than simple adhesion complexes. J. Investig. Dermatol. 1999, 112, 411–418. [Google Scholar] [CrossRef]

	



Litjens, S.H.; de Pereda, J.M.; Sonnenberg, A. Current insights into the formation and breakdown of hemidesmosomes. Trends Cell Biol. 2006, 16, 376–383. [Google Scholar] [CrossRef]

	



Goldfinger, L.E.; Hopkinson, S.B.; deHart, G.W.; Collawn, S.; Couchman, J.R.; Jones, J.C. The alpha3 laminin subunit, alpha6beta4 and alpha3beta1 integrin coordinately regulate wound healing in cultured epithelial cells and in the skin. J. Cell. Sci. 1999, 112, 2615–2629. [Google Scholar]

	



Stern, I.B. Current concepts of the dentogingival junction: The epithelial and connective tissue attachments to the tooth. J. Periodontol. 1981, 52, 465–476. [Google Scholar] [CrossRef]

	



Rousselle, P.; Lunstrum, G.P.; Keene, D.R.; Burgeson, R.E. Kalinin: An epithelium-specific basement membrane adhesion molecule that is a component of anchoring filaments. J. Cell Biol. 1991, 114, 567–576. [Google Scholar] [CrossRef]

	



Brånemark, P.I.; Adell, R.; Breine, U.; Hansson, B.O.; Lindström, J.; Ohlsson, Å. Intra-osseous anchorage of dental prostheses: I. Experimental studies. Scand. J. Plast. Reconstr. Surg. 1969, 3, 81–100. [Google Scholar] [CrossRef]

	



Atsuta, I.; Ayukawa, Y.; Furuhashi, A.; Ogino, Y.; Moriyama, Y.; Tsukiyama, Y.; Koyano, K. In vivo and in vitro studies of epithelial cell behavior around titanium implants with machined and rough surfaces. Clin. Implant Dent. Relat. Res. 2014, 16, 772–781. [Google Scholar] [CrossRef]

	



Nakagawa, M.; Zhang, L.; Udoh, K.; Matsuya, S.; Ishikawa, K. Effects of hydrothermal treatment with CaCl2 solution on surface property and cell response of titanium implants. J. Mater. Sci. Mater. Med. 2005, 16, 985–991. [Google Scholar] [CrossRef] [PubMed]

	



Varani, J.; Gibbs, D.F.; Inman, D.R.; Shah, B.; Fligiel, S.E.; Voorhees, J.J. Inhibition of epithelial cell adhesion by retinoic acid. Relationship to reduced extracellular matrix production and alterations in Ca2+ levels. Am. J. Pathol. 1991, 138, 887–895. [Google Scholar] [PubMed]

	



Oshiro, W.; Ayukawa, Y.; Atsuta, I.; Furuhashi, A.; Yamazoe, J.; Kondo, R.; Sakaguchi, M.; Matsuura, Y.; Tsukiyama, Y.; Koyano, K. Effects of CaCl2 hydrothermal treatment of titanium implant surfaces on early epithelial sealing. Colloids Surf. B Biointerfaces 2015, 131, 141–147. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.; Ito, A.; Sogo, Y.; Li, X.; Oyane, A. Zinc-containing apatite layers on external fixation rods promoting cell activity. Acta Biomater. 2010, 6, 962–968. [Google Scholar] [CrossRef]

	



Hie, M.; Tsukamoto, I. Administration of zinc inhibits osteoclastogenesis through the suppression of RANK expression in bone. Eur. J. Pharmacol. 2011, 668, 140–146. [Google Scholar] [CrossRef]

	



Ancsin, J.B.; Kisilevsky, R. Laminin interactions important for basement membrane assembly are promoted by zinc and implicate laminin zinc finger-like sequences. J. Biol. Chem. 1996, 271, 6845–6851. [Google Scholar] [CrossRef]

	



Dang, Y.; Zhang, L.; Song, W.; Chang, B.; Han, T.; Zhang, Y.; Zhao, L. In vivo osseointegration of Ti implants with a strontium-containing nanotubular coating. Int. J. Nanomed. 2016, 11, 1003–1011. [Google Scholar] [CrossRef]

	



Okawachi, H.; Ayukawa, Y.; Atsuta, I.; Furuhashi, A.; Sakaguchi, M.; Yamane, K.; Koyano, K. Effect of titanium surface calcium and magnesium on adhesive activity of epithelial-like cells and fibroblasts. Biointerphases 2012, 7, 27. [Google Scholar] [CrossRef]

	



Zhang, L.; Ayukawa, Y.; Legeros, R.Z.; Matsuya, S.; Koyano, K.; Ishikawa, K. Tissue-response to calcium-bonded titanium surface. J. Biomed. Mater. Res. A 2010, 95, 33–39. [Google Scholar] [CrossRef]

	



Shiraiwa, M.; Goto, T.; Yoshinari, M.; Koyano, K.; Tanaka, T. A study of the initial attachment and subsequent behavior of rat oral epithelial cells cultured on titanium. J. Periodontol. 2002, 73, 852–860. [Google Scholar] [CrossRef]

	



Yasunami, N.; Ayukawa, Y.; Furuhashi, A.; Atsuta, I.; Rakhmatia, Y.D.; Moriyama, Y.; Masuzaki, T.; Koyano, K. Acceleration of hard and soft tissue healing in the oral cavity by a single transmucosal injection of fluvastatin-impregnated poly (lactic-co-glycolic acid) microspheres. An in vitro and rodent in vivo study. Biomed. Mater. 2015, 11, 015001. [Google Scholar] [CrossRef]

	



Narimatsu, I.; Atsuta, I.; Ayukawa, Y.; Oshiro, W.; Yasunami, N.; Furuhashi, A.; Koyano, K. Epithelial and Connective Tissue Sealing around Titanium Implants with Various Typical Surface Finishes. ACS Biomater. Sci. Eng. 2019, 5, 4976–4984. [Google Scholar] [CrossRef]

	



Atsuta, I.; Ayukawa, Y.; Furuhashi, A.; Yamaza, T.; Tsukiyama, Y.; Koyano, K. Promotive effect of insulin-like growth factor-1 for epithelial sealing to titanium implants. J. Biomed. Mater. Res. A 2013, 101, 2896–2904. [Google Scholar] [CrossRef] [PubMed]

	



Ikeda, H.; Yamaza, T.; Yoshinari, M.; Ohsaki, Y.; Ayukawa, Y.; Kido, M.A.; Inoue, T.; Shimono, M.; Koyano, K.; Tanaka, T. Ultrastructural and immunoelectron microscopic studies of the peri-implant epithelium-implant (Ti-6Al-4V) interface of rat maxilla. J. Periodontol. 2000, 71, 961–973. [Google Scholar] [CrossRef] [PubMed]

	



Atsuta, I.; Yamaza, T.; Yoshinari, M.; Mino, S.; Goto, T.; Kido, M.A.; Terada, Y.; Tanaka, T. Changes in the distribution of laminin-5 during peri-implant epithelium formation after immediate titanium implantation in rats. Biomaterials 2005, 26, 1751–1760. [Google Scholar] [CrossRef] [PubMed]

	



Atsuta, I.; Yamaza, T.; Yoshinari, M.; Goto, T.; Kido, M.A.; Kagiya, T.; Mino, S.; Shimono, M.; Tanaka, T. Ultrastructural localization of laminin-5 (gamma2 chain) in the rat peri-implant oral mucosa around a titanium-dental implant by immuno-electron microscopy. Biomaterials 2005, 26, 6280–6287. [Google Scholar] [CrossRef]

	



Yamaza, T.; Kido, M.A.; Kiyoshima, T.; Nishimura, Y.; Himeno, M.; Tanaka, T. A fluid-phase endocytotic capacity and intracellular degradation of a foreign protein (horseradish peroxidase) by lysosomal cysteine proteinases in the rat junctional epithelium. J. Periodont. Res. 1997, 32, 651–660. [Google Scholar] [CrossRef]

	



Atsuta, I.; Ayukawa, Y.; Furuhashi, A.; Narimatsu, I.; Kondo, R.; Oshiro, W.; Koyano, K. Epithelial sealing effectiveness against titanium or zirconia implants surface. J. Biomed. Mater. Res. A 2019, 107, 1379–1385. [Google Scholar] [CrossRef]

	



Feng, B.; Chen, J.Y.; Qi, S.K.; He, L.; Zhao, J.Z.; Zhang, X.D. Characterization of surface oxide films on titanium and bioactivity. J. Mater. Sci. Mater. Med. 2002, 13, 457–464. [Google Scholar] [CrossRef]

	



Zhu, L.; Ye, X.; Tang, G.; Zhao, N.; Gong, Y.; Zhao, Y.; Zhao, J.; Zhang, X. Biomimetic coating of compound titania and hydroxyapatite on titanium. J. Biomed. Mater. Res. A 2007, 83, 1165–1175. [Google Scholar] [CrossRef]

	



Roach, P.; Farrar, D.; Perry, C.C. Interpretation of protein adsorption: Surface-induced conformational changes. J. Am. Chem. Soc. 2005, 127, 8168–8173. [Google Scholar] [CrossRef]

	



Ayukawa, Y.; Oshiro, W.; Atsuta, I.; Furuhashi, A.; Kondo, R.; Jinno, Y.; Koyano, K. Long term retention of gingival sealing around titanium implants with CaCl2 hydrothermal treatment: A rodent study. J. Clin. Med. 2019, 8, 1560. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Xiong, W.; Zhang, C.; Gao, B.; Guan, H.; Cheng, H.; Fu, J.; Li, F. Enhanced osseointegration and antibacterial action of zinc-loaded titania-nanotube-coated titanium substrates: In vitro and in vivo studies. J. Biomed. Mater. Res. A 2014, 102, 3939–3950. [Google Scholar] [CrossRef] [PubMed]

	



Chen, X.; Chen, Y.; Shen, J.; Xu, J.; Zhu, L.; Gu, X.; He, F.; Wang, H. Positive modulation of osteogenesis on a titanium oxide surface incorporating strontium oxide: An in vitro and in vivo study. Mater. Sci. Eng. C Mater. Biol. Appl. 2019, 99, 710–718. [Google Scholar] [CrossRef] [PubMed]

	



Kinumatsu, T.; Hashimoto, S.; Muramatsu, T.; Sasaki, H.; Jung, H.S.; Yamada, S.; Shimono, M. Involvement of laminin and integrins in adhesion and migration of junctional epithelium cells. J. Periodont. Res. 2009, 44, 13–20. [Google Scholar] [CrossRef]

	



Kainulainen, T.; Hakkinen, L.; Hamidi, S.; Larjava, K.; Kallioinen, M.; Peltonen, J.; Salo, T.; Larjava, H.; Oikarinen, A. Laminin-5 expression is independent of the injury and the microenvironment during reepithelialization of wounds. J. Histochem. Cytochem. 1998, 46, 353–360. [Google Scholar] [CrossRef]

	



Ryan, M.C.; Tizard, R.; VanDevanter, D.R.; Carter, W.G. Cloning of the LamA3 gene encoding the alpha 3 chain of the adhesive ligand epiligrin. Expression in wound repair. J. Biol. Chem. 1994, 269, 22779–22787. [Google Scholar]

	



Lansdown, A.B.; Mirastschijski, U.; Stubbs, N.; Scanlon, E.; Agren, M.S. Zinc in wound healing: Theoretical, experimental, and clinical aspects. Wound Repair Regen. 2007, 15, 2–16. [Google Scholar] [CrossRef]

	



Zuk, A.; Matlin, K.S.; Hay, E.D. Type I collagen gel induces Madin-Darby canine kidney cells to become fusiform in shape and lose apical-basal polarity. J. Cell Biol. 1989, 108, 903–919. [Google Scholar] [CrossRef]

	



Mills, J.W.; Zhou, J.H.; Cardoza, L.; Ferm, V.H. Zinc alters actin filaments in Madin-Darby canine kidney cells. Toxicol. Appl. Pharmacol. 1992, 116, 92–100. [Google Scholar] [CrossRef]

	



Carulli, S.; Beck, K.; Dayan, G.; Boulesteix, S.; Lortat-Jacob, H.; Rousselle, P. Cell surface proteoglycans syndecan-1 and -4 bind overlapping but distinct sites in laminin alpha3 LG45 protein domain. J. Biol. Chem. 2012, 287, 12204–12216. [Google Scholar] [CrossRef]

	



Mizushima, H.; Takamura, H.; Miyagi, Y.; Kikkawa, Y.; Yamanaka, N.; Yasumitsu, H.; Misugi, K.; Miyazaki, K. Identification of integrin-dependent and -independent cell adhesion domains in COOH-terminal globular region of laminin-5 alpha 3 chain. Cell Growth Differ. 1997, 8, 979–987. [Google Scholar] [PubMed]

	



Takeuchi, Y.; Yanagishita, M.; Hascall, V.C. Effects of MgCl2 on the release and recycling of heparan sulfate proteoglycans in a rat parathyroid cell line. Arch. Biochem. Biophys. 1992, 298, 371–379. [Google Scholar] [CrossRef]








[image: Materials 13 02038 g001 550] 





Figure 1. (a) Photographs of the control (Cont), calcium hydrothermally treated (Ca-HT), Zn-HT, and Sr-HT group plates (bar = 2 mm). (b) Photographs of the Cont and experimental groups’ Ti implants: Cont, Ca-HT, Zn-HT, and Sr-HT groups (bar = 2 mm). (c) Experimental protocol for the in vitro study. Rat oral epithelial cells (OECs) were analyzed for changes in the cell morphology 4 days after seeding on the samples. (d) Experimental protocol for the in vivo study. The implants were placed 1 week after tooth extraction. The structure of the peri-implant epithelial tissue around the implant was observed after 2 weeks of implantation. 
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Figure 2. X-ray photoelectron spectroscopy (XPS) spectra of the Ca-HT, Zn-HT, and Sr-HT Ti plates. (a) Ca2p peaks were observed between 340 eV and 360 eV (Ca). (b) The Zn2p peaks were observed between 1015 eV and 1050 eV (Zn). (c) The Sr3d peaks were observed between 130 and 140 eV (Sr). 
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Figure 3. Adhesion of OECs to Cont, Ca-HT, Zn-HT, and Sr-HT Ti plates. (a) Localization of the adhesion-related proteins in OECs on the Cont, Ca-HT, Zn-HT, and Sr-HT Ti plates. Plates were incubated with mouse anti-rat laminin-332 (Ln-332) IgG followed by a fluorescein isothiocyanate-conjugated anti-mouse IgG secondary antibody (green). Actin filaments (Actin-F) were labeled with tetramethylrhodamine isothiocyanate-conjugated phalloidin (red) (bar = 40 μm). (b) The OEC adhesion ratio. Each bar represents the mean ± SD. One-way ANOVA with Scheffe’s post-hoc test; * p < 0.05 between the indicated groups. 
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Figure 4. Immunohistochemical micrographs of Ln-332 localization in the peri-implant epithelium of the Cont, Ca-HT, Zn-HT, and Sr-HT groups after 2 weeks. (a) Arrowheads indicate the positive area of Ln-332 staining around the Cont, Ca-HT, Zn-HT, and Sr-HT implants (bar = 100 μm). IS, implant space; CT, connective tissue; PIE, peri-implant epithelium; PISE, peri-implant sulcular epithelium. (b) Length of the Ln-332 positive area on the samples. One-way ANOVA with Scheffe’s post hoc test; * p < 0.05 between the indicated groups. 
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Figure 5. Horseradish Peroxidase (HRP) penetration of the peri-implant structure around Cont and the experimental implants 2 weeks after implantation. (a) Localization of HRP penetrating the peri-implant structure of the samples. The length of the arrow indicates the depth of the HRP penetration (bar = 150 μm). IS, implant space; CT, connective tissue; PIE, peri-implant epithelium; PISE, peri-implant sulcular epithelium. (b) The HRP penetration depth distance 2 weeks after implantation. One-way ANOVA with Scheffe’s post hoc test; * p < 0.05 between the indicated groups. 
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