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Abstract:



In this paper, the surface modification of titanium alloys Ti-15Mo, Ti-13Nb-13Zr, and Ti-6Al-7Nb is presented as a material for dental implants. The conditions of the plasma electrolytic oxidation process and alkali treatment were designed in this way to enhance the biological properties of the surface of promising Ti alloys. The differences in their surface morphology and, consequently, in their biological properties were discussed. The bioactivity of the samples was examined in vitro using simulated body fluid, and Saos-2 osteoblast cells. On all the samples, characteristic apatite particles were formed. However, compared to as-ground, natively-oxidized bare alloys, the plasma electrolytic oxidation (PEO)-modified surface of the Ti-13Nb-13Zr alloy showed the highest cytocompatibility for Saos-2 osteoblast cells, and a beneficial gain of cytocompatibility was also achieved in the treated sample of Ti-6Al-7Nb. In contrast, the modification of the Ti-15Mo alloy did not influence the adhesion and proliferation of osteoblast cells.






Keywords:


titanium alloys; anodization; alkali treatment; cytocompatibility












1. Introduction


Long-term implants should exhibit cytocompatibility and bioactivity for potential application in bone tissue engineering. Bone implants are usually made of titanium. Their surface should favor cell adhesion and allow for ion exchange, which is necessary for tissue integration. The penetration of cell fluids into the titanium surface, and not disturbing the bone remodeling process, is also crucial [1].



For Ti-based materials, different techniques are used for their surface treatment; e.g., ion implantation, physical or chemical vapor deposition, electrophoresis, or anodization were the selected compounds formed on the metal surface. A plasma electrolytic oxidation (PEO) process is a kind of anodization process for the formation of a very good adhesive and porous layer [2]. The solution for Ti-based materials might be designing a surface with a desirable microstructure and chemical composition [3,4,5]. Selected compounds might be incorporated into the porous oxide layer formed on the substrate. This method of surface treatment might be cost-effective (the cost depends on the price of chemical reagents and mainly on the price of substrate), not time-consuming, and easily reproducible [6,7]. Surface treatment of these materials by the PEO process enhances the osseointegration process and creates antibacterial properties, due to the incorporation of desirable compounds into the layer [8,9]. In medical applications, titanium alloys might be used, such as Ti-xMo and Ti-xNb-xZr. Selected β-phase and α + β phase Ti alloy presents mechanical properties close to the selected natural bone (e.g., Ti-15Mo alloy or Ti-13Nb-13Zr) [10,11]. The mentioned titanium alloys are composed only of biocompatible elements and, thus, products of their corrosion are not a health problem for humans [12]. Implants made by titanium or Ti-6Al-4V alloy are currently available at the market; however, producers are still looking for new materials that will present multifunctional properties (mechanical and biological). On the other hand, many papers present coatings to protect surface of Ti-6Al-4V against corrosion in human body fluid. Coatings might exhibit high adhesion to the substrate, but during implantation process into bone, the protective layer might be destroyed. Accumulation of the ions released from the Ti-6Al-4V alloy are accumulated in tissue around implanted material [13]. Aluminum plays a role in encephalopathy, osteomalacia, and anemia. It was reported that aluminum phosphate compounds induce cytotoxic effects for the HT-29 cell line at very low concentration (25 μg/mL) [14]. Zaffe et al. [15] reported that aluminum evolved from a Ti-6Al-4V implant caused local inflammation in parts of lamellar bone. In addition to selected ions, which might be released from materials, it was proven that TiO2 nanoparticles are accumulated in the cortex and hippocampus of the brain causing problems in the central nervous system [16]. Particles of TiO2 with dimensions less than 100 nm may induce apoptosis and inflammation and change the gene expression of selected cells. Thus, investigations on whether the material will be corrosion-resistant, or if corrosion products will be inert for living tissue, are desirable.



Formation of porous titanium oxide coatings is beneficial for bone tissue integration. However, new coatings, including multilayer ceramic coatings, are still being sought to improve cell adhesion and new bone formation. It was reported that small amounts of wollastonite (CaSiO3) enhances osteoblast cell proliferation [17]. Addition of Si also induced apatite formation [18]. Proliferation and alkaline phosphatase activity (ALP) was improved when the TiO2 porous layer was doped by Si ions using plasma immersion ion implantation [19]. Hu et al. [20] reported that deposition of calcium silicate on the TiO2 layer by electron beam evaporation increased osteoblast cell MG-63 viability up to seven days. It was also found that the nanostructure of biomimetic material formed on macroscale coatings improves bone cell functions and osteogenic capacity. The mesoporous structure of coatings also increased bone anchorage with the implant [21]. A dual microstructure (macro and nano) was formed using a two-step technique, e.g., plasma electrolytic oxidation and hydrothermal treatment or alkali treatment. The characteristic nano-flake structure was formed on the Ti plates due to only immersion of the substrate in sodium hydroxide and then hydrothermally treated in CaHPO4 solution. It should be mentioned that the effect of surface treatment strongly depended on the substrate (chemical composition of Ti alloy) and the methods of surface pretreatment [22]. A favorable nanostructure might also be prepared using anodization and dip coating. Biological investigations showed higher interaction of cells with macro- and mesoporous surfaces compared to smooth surfaces [23]. Additional surface treatment did not decrease the attachment of the oxide layer to the substrate, which is important for the quality of implant.



Mesoporous structure promotes bone cells attachment, while macropores promote the osseointegration process [24]. The synergistic effect between micro and nano-topography surfaces was evaluated using canine bone marrow mesenchymal stem cells (BMMSCs) [25]. Bone cell adhesion and proliferation were promoted by functional groups, which allowed for adsorption of proteins and bone cells. A post-grafting technique might improve cell differentiation, for example, due to the presence on surface –NH2 groups. In addition to topography and chemical composition, a large number of other parameters induce or limit cytocompatibility of the surface; thus, the materials are still evaluated experimentally.



To obtain the multifunctional properties of Ti alloys, their surface may also be enriched using selected drugs used in dentistry, like doxycycline, clindamycin, vancomycin, or gentamycin, which might be loaded into the biomaterial. However, the formation of the layer with the biologically-active substance needs additional techniques for coating formation and control of drug release. In this paper, we proposed another additional surface treatment—an alkali treatment. Immersion of the PEO layer in 1 M of NaOH caused slight changes in the surface morphology, which was favorable for bone cell adhesion. The methods might also be applied to modify the surface of three promising vanadium-free titanium alloys, Ti-15Mo, Ti-13Nb-13Zr, and Ti-6Al-7Nb. The evaluation of bioactivity, cytocompatibility of these layers was conducted.




2. Experimental


2.1. Formation of Coatings


Titanium alloys Ti-15Mo, Ti-13Nb-13Zr, and Ti-6Al-7Nb (BIMO Metals, Wroclaw, Poland) were anodized and alkali-treated according to the procedure, which is presented in detail in [26]. The condition to obtain the most favorable microstructure and chemical composition for materials, which may find application for dental implants, was determined. An anodizing bath was composed of calcium hypophosphite and wollastonite powder. After anodization, all the anodized Ti samples were immersed in a 1 M of NaOH solution at 60 °C for 8 h.




2.2. Bioactivity and Cytocompatibility


2.2.1. Simulated Body Fluid


Bioactivity investigations were performed in a protein-free simulated body fluid (SBF) with an ion concentration simulating that of human blood plasma [27]. The SBF solution contained the following ions at the respective concentrations (mM·dm−3): Na+ 142, K+ 5, Mg2+ 1.5, Ca2+ 2.5, Cl− 147.8, HCO3− 4.2, HPO42− 1.0, and SO42− 0.5. The SBF was prepared by dissolving reagent-grade NaCl, NaHCO3, KCl, K2PO4·3H2O, MgCl2·6H2O, CaCl2, and Na2SO4 in distilled water, which was adjusted to a pH of 7.40 using tris(hydroxymethyl) aminomethane and 1 M of HCl at 36.5 °C. After the PEO process, the specimens were immersed in the SBF for a total of four weeks. After each week, the formation of apatites was analyzed by observations using a scanning electron microscope (SEM, Hitachi TM-3000, Tokyo, Japan; accelerating voltage = 15 kV). Before SEM observation, the samples were covered by a thin gold layer (Cressington Sputter Coater 108 Auto, Cressington Scientific Instruments UK, Watford, UK).




2.2.2. Cytocompatibility


Cell Culture


Human osteosarcoma cell line Saos-2 (ATCC® HTB-8, Rockville, MD, USA) was cultured in McCoy’s 5A medium (Biowest, Nuaillé, France) supplemented with 10% (v/v) heat-inactivated fetal calf serum (FCS), 1% penicillin/streptomycin at 37 °C in 5% CO2, in a 95% air atmosphere with 100% humidity. The culture medium was changed every three days. The cells were passaged by lifting with trypsin/ethylenediaminetetraacetic acid (EDTA) and cultivated until they reached 80% confluence. They were then centrifuged and resuspended in complete medium before they were plated on the samples.




Initial Cell Adhesion and Cell Morphology


The samples were washed three times with 70% ethanol and complete McCoy’s culture medium. The washed samples were placed in 24-well tissue culture plates (Falcon, Becton Dickenson and Company, Franklin Lakes, NJ, USA), and then 5 × 104 cells per sample (in 1 cm3 complete McCoy’s medium) were added and incubated for 24 h. Cells were maintained at 37 °C in a humidified incubator in an atmosphere of 5% CO2. Cells were washed twice with cold phosphate-buffered saline (PBS) in order to remove the non-adherent cells and then fixed with paraformaldehyde. Subsequently, the cells were permeabilized with 0.1% Triton X-100 and rinsed three times with PBS. The nonspecific binding sites were blocked in 1% (w/v) bovine serum albumin (BSA) in PBS with 0.1% Triton X-100 (PBST). To observe the cell adhesion and the overall morphology of the adhering cells, the actin filaments of the cells were stained with rhodamine-conjugated phalloidin (Invitrogen Molecular Probes, Carlsbad, CA, USA). To label the nuclei, the cells were pretreated with a fluorescent dye that binds to the DNA by intercalation, Hoechst No. 33342 (Invitrogen, Carlsbad, CA, USA), at a concentration of 0.3 µg·cm−3. The morphology of the cells was examined by confocal laser scanning microscopy (Zeiss Cell Observer SD Spinning Disk Yokogawa CSU-X1A 5000; lasers: 405, 488, 561, and 635 nm; and an EMCCD iXon3 885 camera, Andor Technology, Belfast, Northern Ireland, UK).




Statistical Analysis


Each sample was visualized under a 100× oil immersion lens, and six fields of view were randomly chosen for analysis. Experimentation was carried out for three independent samples. The images were processed, and the cell counts were obtained using ImageJ (NIH, Bethesda, MD, USA). ANOVA tables with a multiple-comparison Fisher’s test were determined to assess significant differences between the field of view (FOV) (* p < 0.05).




Scanning Electron Microscopy at a Low Voltage (LV-SEM)


Scanning electron microscopy of the cells cultured on modified alloys was processed at a low accelerating voltage of the primary beam without any coating of the samples.



The samples were rinsed with PBS at room temperature and fixed with 2.5% glutaraldehyde in 0.1 M of cacodylate buffer for 30 min at room temperature. The samples were washed five times for 10 min in 0.1 M of cacodylate buffer at room temperature and redirected to dehydration in a series of ethanol solutions in steps at 25%, 40%, 60%, 80%, 99.8%, and 99.8%, each lasting 1 h at 4 °C.



All the samples designed for imaging at room temperature underwent critical point drying with 99.8% ethanol exchanged for liquid CO2 in an automatized manner (CPD300 AUTO, Leica Microsystems, Vienna, Austria) and were imaged with a cross-beam scanning electron microscope equipped with a Schottky field-emission cathode (Auriga 60, Carl Zeiss, Oberkochen, Germany) at a 1.2 kV accelerating voltage. A dual-imaging mode was applied with simultaneous recording of the secondary electrons SE2 (Everhart-Thornley detector), SE1 (In-Lens detector), and back-scattered electrons energy-filtered with a low cut-off electrostatic grid filter (energy-selective BSE detector, EsB). The EsB detector ensured the electron yield as a function of the retarding (negative) cut-off potential of the detector grid. The retarding potential was set to a level of 100 eV energy lower than the energy of the primary beam (1100 eV retarding potential filter when a primary beam of 1200 keV was used) depending on the sample. For all the imaged samples, the material contrast was achieved with an EsB detector by recording the back-scattered electrons with low energy losses (low-loss BSE, LL-BSE) in real-time and simultaneously with other detectors. The material contrast (EsB with retarding grid potential) could be reliably correlated with topographic features (ET and In-lens detectors) on the samples and served as the major source of information regarding the biological objects on the studied substrate.



The images represent electron EsB energy-filtered maps and are correlated with the Everhart-Thornley or in-lens detection directly from the sample surfaces and without coating or any additional contrast applied to approach the native composition of the bio-sample and original substrate composition as closely as possible.







3. Results and Discussion


The conditions for the surface treatment were chosen based on our previous investigation and the results presented in [26]. The microstructure of the coatings of the Ti alloys was different due to the chemical composition of the Ti alloy, which influences the oxide layer formation. Thus, the results of the alkali treatment were also variable. To improve the biocompatibility of the oxide layers, the post-treatment using an alkali solution was provided. Two different solutions, such as NaOH and KOH, was used for the formation of nano-flake structures of biomimetic compounds on the top of the porous oxide layer. The concentration of these solutions and the temperature of the sample incubation influence the formation characteristics of the flakes on the top of the oxide layer. Finally, we confirmed that immersion of anodized Ti alloy samples in a solution containing 1 M NaOH of 60 °C for 8 h was the most favorable for anodized surfaces. Titanium alloy samples after anodization and the alkali treatment process were labeled as follows: TM-AT, TNZ-AT, and TAN-AT for Ti-15Mo, Ti-13-Nb-13Zr, and Ti-6Al-7Nb alloys, respectively.



Figure 1 presents the representative SEM images of the treated Ti alloy surfaces.


Figure 1. Morphology of the anodized and alkali-treated Ti-15Mo (A); Ti-13Nb-13Zr (B); and Ti-6Al-7Nb alloy (C).
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All the coatings were porous, however, the morphology of the treated Ti-15Mo alloy was slightly different compared with coated Ti-13Nb-13Zr and Ti-6Al-7Nb alloy surfaces. The chemical composition of the layers was also determined by the kind of treated Ti surface. All the coatings were mainly composed of Ca, P, and Ti compounds as determined by X-ray photoelectron spectroscopy (XPS) spectroscopy [26]. It was confirmed that on all of the surfaces, the titanate-based compounds were formed. However, the Na 1s line could not be precisely defined on the XPS spectra, and it was not clear that Na–O or Na–OH was formed on treated surfaces. For all of the coatings the Si atom was detected, and its line corresponds to the structure of wollastonite (CaSiO3) particles, incorporated into oxide layers from the anodizing bath. The Ca–O bond was detected for all coatings, which also corresponds to CaSiO3. The highest concentration of calcium and oxygen atoms was determined for the TAN-AT sample, then for TNZ-AT surface, and the least for TM-AT.



Most of the coating was in the amorphous phase due to the presence of amorphous anatase (TiO2) and disordered incorporated particles of wollastonite. Wollastonite particles were melted and closed in the oxide layer during the surface anodization. The coating formed on the Ti-15Mo alloy was less porous and more compact. This titanium alloy was also anodized at a lower voltage (350 V) compared with the condition for the surface treatment of the two other Ti alloys. The conditions of the surface treatment were evaluated based on our previous investigations, which are presented in [26]. The influence of type of titanium alloys on the anodization results and the further surface modification (e.g., the formation of the ceramic coating) were presented in [28]. The differences in the coating morphologies determined the formation of apatite and biological properties.



Bioactivity and Cytocompatibility of the Coatings


The titanium alloy samples were immersed in simulated body fluid at 37 °C for four weeks. Figure 2 presents the morphologies of the coatings after each week of immersion. After one week, small spherical particles were formed on the TM-AT.


Figure 2. SEM (Scanning Electron Microscopy) images of the coated TM-AT, TNZ-AT, and TAN-AT samples after one (A,E,I), two (B,F,J), three (C,G,K) and four (D,H,L) weeks immersion in SBF (Simulated Body Fluid) solution.
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The apatite particles were better distributed than those on the TAN-AT surface. Formed particles were larger and covered the large part of the PEO-layer compared with the result observed for the TM-AT surface. After two weeks, the particles grew on the TM-AT and TAN-AT samples. The surface of TAN-AT was completely covered by the apatite layer. On the TNZ-AT, small irregular particles of apatite were observed after two weeks of the sample’s immersion. The particles of apatite had grown on the TM-AT and TNZ-AT surfaces during three and four weeks of immersion. The characteristic round particles of apatite covered almost all the surfaces. On the TAN-AT surface, the apatite was formed faster and generated additional apatite layers. Similar results were reported by Wei et al. [29]. The anodized and chemically-treated surface in the NaOH solution enhances the formation of apatite, and this mechanism has been addressed in several publications and serves for the assessment of the surface bioactivity [30,31,32]. In vivo, the apatite layer does not occur on the surface, and the osteoblast cells are mainly responsible for matrix production and tissue mineralization [33,34].



The adhesion of the osteoblast-like Saos-2 cells to the reference and modified titanium alloy samples was investigated after 24 h of culture. The cells were well adhered on all the surfaces (Figure 3).


Figure 3. Fluorescence microscope images of cells after 24 h of culture on (A) TM; (B) TM-PEO; (C) TM-AT; (D) TNZ; (E) TNZ-PEO; (F) TNZ-AT; (G) TAN; (H) TAN-PEO; and (I) TAN-AT samples; bar = 20 µm. Staining occurred using rhodamine-conjugated phalloidin.
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The cells were well distributed on the surfaces with no obvious changes in their appropriate morphology. The number of cells was similar between the reference sample of the TM and TNZ and the samples after plasma electrolytic oxidation (Figure 4).


Figure 4. The cell numbers of Saos-2 cells adhered on the surface of the original TM, TAN, and TNZ and the treated titanium alloys’ surface after 24 h of incubation. The bars represent the means and the error bars represent the standard deviations for n = 6 FOV, * p < 0.05.
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For the TAN-PEO sample, the number of adhered cells was lower compared to the unmodified surface of titanium alloy (TAN). Alkali treatment of the anodized samples influenced the number of adhered Saos-2 cells. The highest number of cells adhered to the TNZ-AT sample. The TNZ-AT surface was completely covered by cells (Figure 3F). Immersion of the anodized TAN sample in the NaOH solution increased the number of adhered cells. The surface area of the TNZ and TNZ-PEO (Figure 3D,E) were confluently covered by adhered cells. Immersion of the TM-PEO sample in the alkali solution was not favorable for the adhesion of Saos-2 cells.



The morphologies of the osteoblast cells adhered on the surfaces of TNZ, TNZ-PEO, and TNZ-AT samples were examined using a scanning electron microscope with three detection systems which allowed for correlated identification of several complementary aspects of cell features. The topography of the cells that were imaged by SE-2 electron detection (ET-detector) showed high confluence of the cell layer on the TNZ and TNZ-PEO substrates (Figure 5A,D, respectively) with less dense coverage on TNZ-AT (Figure 5G).


Figure 5. SEM imaging of cells cultivated on reference (TNZ) or modified alloys (TNZ-PEO, TNZ-AT). The topography of the cells, imaged by SE-2 electron detection (ET-detector) (A,D, respectively), with less dense cell coverage on TNZ-AT (G). The lateral polarity was visualized with SE1 detection (In-Lens SE1 detector) (B,E,H, respectively) with polarized tensegrity induced in the cells by anisotropic geometry of the TNZ substratum (B), whereas the surface coatings in TNZ-PEO (E) and TNZ-AT (H) efficiently masked the underlying alloy texture with observed isotropic contours of the cells. The intercellular spaces visualized with energy-filtered detection (EsB detector) allowed visualization of the fine filopodia, which form multiple intercellular direct contacts (C,F,I). A strong impact of the substratum texture’s anisotropy in the case of TNZ was prevented with modification of the surfaces (TNZ-PEO and TNZ-AT) and, thus, promised an easier response to local cues and better adaptation of the cells to an organism’s bone architecture.
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On the three substrates, the cells acquired a flattened phenotype and were well spread, which demonstrated signs of favorable bio-compatibility of all three applied functionalization methods. The clear difference in the lateral polarity of the cells was observed between the non-functionalized (TNZ) and functionalized surfaces (TNZ-PEO and TNZ-AT), which were best visible with SE1 detection (In-Lens SE1 detector), as shown Figure 5B,E,H, respectively. The non-coated TNZ surface that shows the texture of the parallel grooves forced the cells to elongate their contours and their nuclei along the direction of the grooves and indirectly speak for polarized tensegrity induced in the cells by the anisotropic geometry of the TNZ substratum (panel B). In contrast, the surface coatings in TNZ-PEO (panel E) and TNZ-AT (panel H) efficiently masked the underlying alloy texture and overlaid it with their own isotropic perforated texture that directly affected the cell lateral polarization with the isotropic contours of the cells. The inter-cellular spaces were best visualized with an energy-filtered detection (EsB detector), and the EsB-generated chemical contrast between the substrata and the cells. EsB detection helped visualize fine filopodia with which the cells established mutual multiple direct contacts (Figure 5C,F,I). A strong impact of the substratum texture’s anisotropy will presumably affect the geometry of the cellular component on implants that may limit adaptive processes in the case of TNZ in future in situ applications. In contrast, the modified surfaces (TNZ-PEO and TNZ-AT) enable better responsiveness of the cells to an organism’s spatial cues, such as tissue strain and stresses, which are critical for endogenous bone architecture. TNZ-PEO and TNZ-AT promise better responsiveness to the natural mechanical architecture of the organism than non-modified TNZ, and the latter strongly limits the force homeostasis of the tissue by overriding it with artificial alloy texture (Figure 5). On these samples, the highest number of the cells adhered after 24 h of incubation.



The surface roughness, wettability, chemical composition, and charge of the surface influence the reaction at the interface of the biomaterial/reagents and the cell adhesion. The mechanisms of bone formation can be divided into two main stages: primary and secondary osteogenesis (ossification) [35]. During the first step, the endochondral ossification occurs, which is a combination of the ground substance with fibril (10–20 nm of diameter) bundles of collagen [36]. High concentrations of various ions are delivered, and the process of mineralization starts. The mineralization is first unorganized and forms a “woven” tissue structure. Collagen type-I that is present in the ground substance is not organized into lamellae yet. The clusters of hydroxyapatite are not deposited within the collagen of the surrounding proteoglycan matrix. It was reported that collagen type-I does not appear to play a direct role in the mineralization process during the first stage [36]. In the second phase, the primary woven bone tissue undergoes remodeling into highly organized tissue, such as parallel-fibered bone, which makes up the osteons of the Harversian canal system. The nanoscopic platelets of hydroxyapatite become oriented and aligned within the collagen fibers, and osteons become densely packed. In the second step, osteoblast secrete collagen fibrils (with a diameter of approximately 80 nm) and collagen fibers undergo a progressive mineralization process. The surface properties of biomaterial implanted into the bone should allow for the adsorption of ions, proteins, and cells. The porous and easily wettable surface is more favorable for bone formation due to possibility of the matrix fluid penetration into the material.





4. Conclusions


Alkali treatment is a favorable method for PEO layers to change their biological properties in a fast and simple manner. The final effect of the titanium alloys’ surface modification strongly depends on their chemical composition. The anodization process, and then immersion in the NaOH solution, might be designed to obtain a desirable biological response.



The treated surface of the TNZ alloy was the most cytocompatible with Saos-2 cells. Alkali treatment of the anodized TNZ surface allows the highest number of cells to adhere. The alkali treatment of the TM and TAN surfaces was not favorable for cell adhesion, but the surfaces were also not cytotoxic. On all the samples, the cells were well adhered without any change in morphology.
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