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Abstract

:

Lacking osseointegration and peri-implantitis induced by bacterial infiltration are the pivotal issues for the long-term clinical success of implants. In order to improve the bioactivity and antibacterial properties of implant materials, volcano-shaped microporous TiO2 coatings doped with Zinc (Zn) were fabricated via a micro-arc oxidation (MAO) method on pure titanium (Ti). The microstructure, morphology, and chemical composition of the Zn-doped coatings were systematically studied. In cell culture tests, the formed coatings promoted the adhesion and proliferation of bone mesenchymal stem cells (BMSCs), exhibiting good biocompatibility. The antibacterial experiments revealed that Zn-TiO2 coatings possess excellent antibacterial properties against Staphylococcus aureus (S. aureus) and Porphyromonas gingivalis (P. gingivalis).
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1. Introduction


Titanium (Ti) and its alloys are used in orthopedics, cardiovascular medicine, dentistry, and other applications because of their excellent mechanical properties and biocompatibility [1]. However, in recent years, several clinical issues, such as biomaterial-associated infections, peri-implantitis, and prosthetic joint infections, have been reported for Ti [2]. The biofilm formation due to bacterial adhesion was recognized as the major cause of these infections [3]. Once a biofilm is formed, pathogens are difficult to eliminate. The only way to solve the problem is to remove the contaminated implant from the patient. Prevention is the most effective approach to prevent implant-associated infections with antibacterial surface implants [4]. Therefore, antimicrobial surface coatings have attracted much attention due to the development of their surface properties to prolong the service life of implants.



There are many methods to modify the surface of a dental implant, such as HA coating, titanium plasma spray, sandblasted large-grit and acid-etching, micro-arc oxidation (MAO), etc. Among these methods, micro-arc oxidation (MAO) is one of the cost-effective and versatile ways to modify the surface of metallic implants with complex geometries [5]. MAO is a relatively simple technique with low cost compared to other surface modification methods. It can produce an oxide ceramic layer in situ on a metal substrate [6,7]. The TiO2 coating fabricated by MAO is generally on the micro/nanoscale, which can significantly reduce the elasticity modulus of Ti [8]. These porous structures can also reduce the elastic modulus of the implant surface, promote bone cell adhesion, and enhance implant–bone bonding [9]. In addition, a porous-structure coating prepared by MAO has been proven to favor cell adhesion and proliferation [10,11]. MAO results in a changed surface topography and a controllable thickness of the native oxide layer, which is suitable for osseointegration. The most striking characteristic of MAO is the formation of interconnecting pores, which can increase protein adsorption and stimulate osteoblast migration, resulting in faster osseointegration [12]. Some elements can be easily incorporated into the surface of titanium-based coatings via MAO, conferring dual functionalization and improving the compatibility of titanium alloys’ characteristics, such as their antibacterial properties and biocompatibility [13].



Antibacterial agents, such as antibiotics [14], organic cation compounds [15], and metal elements [16,17], have been incorporated on the implant surface to prevent the formation of biofilm. Among them, Zinc (Zn) is known as one of the most effective agents because of its excellent antibacterial effects. In addition, Zn is an important trace element for the human body, which can enhance cell proliferation, osteoblast marker gene expression, osteogenic function, and alkaline phosphatase (ALP) activity [18,19]. Although Zn possesses excellent antibacterial properties, it also exhibits a high cytotoxic threshold [20]. Excessive zinc doping will cause cytotoxic effects in osteoblasts, while moderate zinc doping can promote the osteogenic differentiation of cells [21]. Hence, the quantitative control of the incorporation of Zn will achieve a dual function on the Ti surface by MAO.



P. gingivalis is recognized as being most closely related to the development of peri-implantitis and even the ultimate loss of dental implants [22]. S. aureus is a frequent commensal of the nares and skin and is considered a transient oral resident, which is identified at higher numbers in biofilm obtained from implants with peri-implantitis than in healthy peri-implant conditions [23,24]. The biological rationale of S. aureus. in peri-implantitis is the capacity to attach onto titanium surfaces [25] and contribute to biofilm-associated and medical-device-related infections [26]. Therefore, an evaluation of the antibacterial effects of implants against P. gingivalis and S. aureus can determine its scope of application.



In this study, Zn-incorporated coatings (Zn-MAO) on the dental implant surface were prepared by a micro-arc oxidation technique, and the chemical stability was analyzed. Meanwhile, the cell biocompatibility and the antibacterial capacities of the coatings against P. gingivalis and S. aureus were evaluated in vitro.




2. Materials and Methods


2.1. Preparation of Zn-Doped TiO2 Coating (Zn-MAO)


We gradient polished the pure titanium discs with a diameter of 14 mm (thickness: 1.5 mm) to 1200 mesh. Then, we ultrasonically washed these titanium specimens with acetone and distilled water, and dried at 40 °C. We prepared the Zn-MAO coatings using a DC power supply in constant voltage mode. The MAO electrolyte solution consisted of 20 g/L trisodium phosphate dodecahydrate (Na3PO4·12H2O), 4 g/L potassium hydroxide (KOH), 10 g/L EDTA disodium, and zinc acetate. We set the concentration of zinc acetate ((CH₃COO)₂Zn) as 0 g/L, 0.05 g/L, 0.1 g/L, and 0.25 g/L, and recorded them as 0Zn-MAO, 0.05Zn-MAO, 0.1Zn-MAO, and 0.25Zn-MAO, respectively, according to Table 1. During MAO process, we used the stainless-steel plate as the cathode plate and the titanium sample as the anode. We maintained the temperature of electrolyte at 15 °C via circulating water treatment system. We conducted the fabrication under a constant voltage of 400 V for 4 min. After MAO, we washed the specimens with acetone and alcohol, then dried at room temperature.




2.2. Surface Characterization


We observed the surface morphology of the coatings by scanning electron microscope (SEM, Quanta FEG 450, Hillsboro, OR, USA). We analyzed the surface and cross-sectional elemental compositions of the MAO coatings by energy-dispersive X-ray spectroscopy (EDS, Octane SDD, EDAX, Los Angeles, CA, USA). We performed the phase composition of all coatings by X-ray diffraction (XRD, D8 ADVANCE, Bruker, Munich, Germany). We subjected the coatings to X-ray microanalysis system (XPS, ESCALAB 250 Xi, Thermo Scientific, Cambridge, UK) to evaluate the changes in the chemical state of Zinc on the surface of Zn-doped coatings. We analyzed the hydrophilicity of the coatings (n = 4) by a contact angle meter (Dataphysics, OCA20, Stuttgart, Germany). We carried out the Zn2+ release experiments in saline at 36.5 °C for 0–4 weeks; then, we measured via inductively coupled plasma-optical emission spectrometry (ICP-OES, Optima 5300 DV, Perkin Elmer, Waltham, MA, USA). We measured three samples in each group.




2.3. Cytocompatibility for Zn-Doped Coating (Zn-MAO)


2.3.1. Preparation of Cell


In this study, we used four-week-old Sprague–Dawley (SD) rats to isolate and culture BMSCs. We isolated bone marrow from mice’s tibias and suspended it in 10% fetal bovine serum (FBS, Gibco, Carlsbad, CA, USA) and 1% penicillin–streptomycin–amino acids (PS, Gibco). We used an atmosphere of 5% CO2 and 37 °C to culture the primary cells for 48 h. Following that, we collected BMSCs from the bottom of the dishes. Every three days, we replaced the medium. In the following experiments, we used cells between passage 3 and 6.




2.3.2. Cell Viability Assays


We used a CCK-8 kit to detect the proliferation of BMSCs cultured on the surface of Zn-doped coatings. The seeding density was 7 × 104 cells/mL in 24-well plates. After 1, 3, and 5 days of culture, we measured cytotoxicity. Proliferation trials involved changing the medium every other day. After the prescribed incubation time, we added CCK-8 dye to each well; then, we cultured the plates for another 2 h at 37 °C. At last, we measured the optical density (OD, n = 5) at 450 nm by a plate reader. We employed five samples for each coating in the test.



After incubating the cells for 3 days, we washed with PBS, fixed with 4% paraformaldehyde for 10 min at room temperature, and then dehydrated in ethanol for 10 min per gradient, followed by vacuum drying. After gold sputtering, we observed the samples via SEM (Quanta FEG 450) for cell growth morphologies.





2.4. Antibacterial Properties of Zn-Doped Coating (Zn-MAO)


2.4.1. Preparation of Bacteria


We selected S. aureus (ATCC25923), the representative species of gram-positive bacteria, as the bacteria for the antibacterial experiment; furthermore, we selected P. gingivalis (ATCC 33277) as the representative species of gram-negative bacteria. We cultivated all species with brain heart infusion (BHI). We cultured P. gingivalis anaerobically with 80% N2, 10% H2, and 10% CO2, and cultured S. aureus aerobically at 37 °C. For each bacterium, we adjusted the concentration of inoculation to 106 colony-forming units and counted CFU/mL for antimicrobial assays.




2.4.2. Plate-Counting Method


We evaluated the antibacterial effects of Zn-doped coatings by the plate-counting method. We inoculated bacteria suspension (200 μL) on the surface of the Zn-MAO coating. We tightly covered the surface of the sample with a sterilized cover-slip to ensure adequate contact between bacteria and samples, and incubated at 37 °C and 5% CO2 for 24 h. We washed specimens with 1 mL of PBS to remove the bacteria in the cell culture dish.



We evenly spread 50 μL of the remaining bacterial suspension on Columbia AGAR plates and further incubated for 24 h. After that, we counted each group’s colony-forming units (CFU). We carried out the experiments three times, and CFU was the average of three results.



We observed the bacterial growth morphology on Zn-MAO by SEM. We washed the bacterial cells with PBS after incubating on the surface for 24 h, fixed with 4% paraformaldehyde for 10 min at room temperature, and then dehydrated in ethanol for 10 min per gradient, followed by vacuum drying. After gold sputtering, we observed the samples via SEM (Quanta FEG 450) for bacterial growth morphologies.





2.5. Statistics


We repeated all assays at least three times. We collected and expressed data as the mean ± standard deviation. We considered statistical significance difference at * p < 0.05 and ** p < 0.01.





3. Results


3.1. Surface Characterization


Figure 1A shows the surface topography of the coatings deposited in different electrolytes. After the MAO process, volcano-shaped microporous TiO2 coatings were prepared on the surface of pure titanium. There was no obvious difference in the porous microstructure after the incorporation of Zn. The XRD spectra of Zn-doped coatings are presented in Figure 1B. They revealed the presence of only anatase and rutile phases in Zn-doped coatings without any Zn-related phase. Therefore, the Zn-existing states in Zn-doped coatings should be further analyzed using a high-resolution XPS spectrum.



The chemical compositions of the coatings were clearly revealed from the XPS full spectrum (Figure 2a). The Ti, O, and P were detected on all the surfaces. The high-resolution XPS spectra of Zn obtained from 0.05Zn-MAO, 0.1Zn-MAO, and 0.25Zn-MAO are shown in Figure 2b. Two peaks centered at 1044.4 and 1021.5 eV emerged in the high-resolution spectra for Zn2p, which revealed the presence of Zn2+ in the Zn-doped coating.



Table 2 presents the concentration estimated by EDS. As concentrations of Zinc acetate added in the electrolyte increased, the amount of Zn increased from 0.45 wt.% (0.05Zn-MAO) to 3.45 wt.% (0.25Zn-MAO). This indicated that the Zn content in the coating can be adjusted by adjusting the concentration of the Zinc acetate in the electrolyte. Figure 3a–d show the cross-sectional SEM morphologies of the Zn-doped coatings. It can be seen that all the coatings have a cross-sectional thickness of 4–7 μm. The chemical composition of the 0.25Zn-MAO coating was examined by EDS. Figure 3e is the line-scan analysis along the yellow arrow in Figure 3d. This indicated that the Zn element is distributed throughout the thickness of the coating.



As shown in Figure 4a, the contact angle of 0Zn-MAO was 43°. With the increase of Zinc acetate in the electrolyte, the contact angle of the coating also increased linearly. However, the contact angles of the Zn-doped coatings were in the range of 43–49°, which indicated that adding Zn did not obviously alter their hydrophilicity. ICP-OES detected the release of Zn2+ at different time points. The amount of Zn released from the Zn-MAO coating as a function of immersion time in 0.9 wt.% NaCl solution at 36.5 °C was measured, and the result was shown in Figure 4b. The release curve shows that the release of Zn is slow and continuous in the prolonged immersion process.




3.2. The Cell Biocompatibility of Zn-MAO Coating


The cell viability was tested by CCK-8, the result of which showed the OD value was increased significantly in the 0Zn-MAO, 0.05Zn-MAO, 0.1Zn-MAO, and 0.25Zn-MAO groups at 5 days (p < 0.05) (Figure 5a). Compared with the Ti group, the Zn-doped groups showed much higher viability at 3 and 5 days. As shown in Figure 5b, the cell morphologies on different coatings after incubation for 3 days were observed by SEM. Compared with Ti, the cells attach and spread better on the surface of 0Zn-MAO and 0.25Zn-MAO. On Ti, the cells are spherical and spread less, whereas on 0Zn-MAO and 0.25Zn-MAO, the cells are polygonal and covered the pores. All the results present the good cell biocompatibility of Zn-MAO coatings in our study.




3.3. Antibacterial Properties of Zn-MAO Coating


Figure 6a,b show images of S. aureus and P. gingivalis colonies cultured on the Zn-MAO coatings for 24 h. We found that the plates corresponding to the 0.25Zn coating had the lowest bacteria colony numbers compared to the other coatings. It revealed that the 0.25Zn-MAO coating exhibits powerful antibacterial activities. As showed in Figure 6c, the effects of those Zn-MAO coatings on bacterial morphology and cell-wall integrity were observed via SEM. The P. gingivalis and S. aureus grown on the surface of 0Zn-MAO coating are rounded with integrated membranes, while there were some bacteria collapsed, corrugated, and fractured on the surface of Zn-MAO coatings (marked with arrows in Figure 6c).





4. Discussion


After an implant is implanted in the body, the surface of the materials undergo a series of biochemical reactions, and the structure of the material surface plays a crucial role in the implant’s response to the internal environment. The microstructure and chemical composition of the implant surface can modify the adsorption of proteins that regulate cell adhesion and ultimately determine its function [27].



In our study, MAO coatings were prepared on pure titanium, and pores of a microscale size were distributed, as shown in Figure 1A. The microscale pores can significantly promote cell adhesion and osteogenic differentiation [28]. In addition, the volcano-shaped microporous surface can provide the required spatial environment for the growth of different cells, thus promoting the proliferation and adhesion of most osteoblasts on the surface of the material [29,30]. During the MAO process, a large number of micro-arcs struck over the anode surface, and the microscale pores are believed to be the discharge channels of these arcs [31]. It can be seen from the XRD results (Figure 1B) that the Zn-doped coatings comprised mainly anatase. Some anatase converted to rutile due to the high temperatures accompanying grain growth [32]. Many studies reported that anatase has unique features and advantages in medical applications. It also can absorb more     OH  −    and     PO  4  3 −    , which is favorable for the deposition of bone-like apatite in body fluids [10,33,34]. MAO treatment can only incorporate this element into the resulting oxide coating when the element is dissolved in the electrolyte [35,36]. In addition, phosphorus (P) is the bio-functional ion, while Zn is the essential trace element for human beings. Bacteria can be inhibited from adhering and reproducing [37]. The data via EDS analysis demonstrated that O, P, and Zn in the electrolyte are ultimately deposited throughout the MAO coatings (Table 1 and Figure 2). During the MAO process, the oxygen from the electrolyte was transported to the titanium substrate through the discharge channel to form TiO2 [38]. At the same time, the Zn2+ from the zinc acetate combined with the EDTA to form negatively charged complexes. These zinc-containing complexes then moved toward the anode, mainly by electromigration. The Zn2+ binding with     PO  4  3 −     from trisodium phosphate dodecahydrate formed     Zn  3        PO  4     2    in the end [39]. The main reactions of Zn2+ deposition may be described as follows:


    Zn   2 +   +   EDTA   4 −   =   ZnEDTA   2 −    



(1)






    Na  3    PO  4  = 3   Na  +  +   PO  4  3 −    



(2)






    Na  3    PO  4  = 3   Na  +  +   PO  4  3 −    



(3)







The contact angles of the Zn-doped MAO coatings were from 43° to 48.5° (data in brief, Figure 4a), which shows hydrophilicity. Hydrophilic surfaces are beneficial in the early phases of osseointegration [40], which will be suitable for cell adhesion on the implant surface. The cell viability of BMSCs on Zn-MAO coatings was much higher than in the Ti group (Figure 5a), which proved that Zn-MAO coatings were more appropriate and suitable for BMSCs proliferation. In conclusion, the Zn-MAO coating possesses good cell biocompatibility in our study.



The antimicrobial coating on the surface of the implant is a method for preventing peri-implantitis. Antibacterial elements, such as Ag, Cu, and Zn, are easily used to incorporate onto the Ti surface to generate an antibacterial surface by MAO. The verifications have illustrated that the incorporation of Zn possesses certain antibacterial capabilities, and has been extensively used to improve the antibacterial abilities of implants [41,42]. In our study, Zn was chosen to incorporate into the TiO2 layer by the application of different concentrations of zinc acetate via the MAO electrolyte.



S. aureus is a frequent commensal of the nares and skin and is considered a transient oral resident, which is found identified at higher numbers in biofilm obtained from implants with peri-implantitis than peri-implant health [23]. P. gingivalis is recognized as most closely related to the development of peri-implantitis and even the ultimate loss of implants [22]. Therefore, S. sanguinis and P. gingivalis were selected as representative strains for peri-implantitis-associated biofilm experiments in vitro. Figure 6a shows the 0.25Zn-MAO coating achieved greater inhibition against two types of single-species biofilms by the CFU. The antibacterial rates of 0.25Zn-MAO coating against S.aureus and P. gingivalis bacterial were 68% and 93.4%, respectively. It indicated that the 0.25Zn-MAO coating possessed a strong bactericidal effect on P. gingivalis. SEM results visualized the collapse of S.aureus and P. gingivalis bacterial structures and the death of bacteria on Zn-MAO coatings. All of these suggest that the 0.25Zn-MAO coatings showed an excellent antibacterial effect on the peri-implant inflammatory pathogens. The antibacterial mechanism for Zn-MAO coating could be explained as through a mechanism of damaging bacterial cell membranes by the generation of reactive oxygen species [43,44]. It can not only penetrate the membrane of bacteria and interact with proteins but also damage the DNA of bacteria and prevent the proliferation of bacteria [45].




5. Conclusions


In this study, Zn-doped porous TiO2 coatings were prepared on the surface of titanium by MAO. The structures of Zn-doped coatings were systematically investigated. To evaluate the antibacterial effect of Zn-doped coatings, we cultured the gram-negative (P. gingivalis) and gram-positive bacteria (S. aureus) on the surface of Zn-doped coatings. The results showed that 0.25Zn-MAO coatings had the best antibacterial effect. Meanwhile, we found that 0.25Zn-MAO coatings had the best bioactivity, cell proliferation promotion, and adhesion effects relative to Ti and 0Zn-MAO through in vitro study. In conclusion, the Zn-doped TiO2 coatings had good biocompatibility and antimicrobial properties, which may be helpful in eradicating biomaterial-associated infections.
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Figure 1. Surface morphologies of different coatings (A): (a) 0Zn-MAO, (b) 0.05Zn-MAO, (c) 0.1Zn-MAO, (d) 0.25Zn-MAO. XRD patterns of different coatings (B). 
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Figure 2. XPS survey spectrum (a) and Zn2p high-resolution spectra of the 0.05Zn-MAO, 0.1Zn-MAO and 0.25Zn-MAO coatings (b). 
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Figure 3. Cross-sectional SEM morphologies of 0Zn-MAO (a), 0.05Zn -MAO (b), 0.1Zn-MAO (c), and 0.25ZN-MAO (d) coatings, and EDS line-scan analysis crossing the yellow arrow marked in Zn-doped coatings in (e). 
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Figure 4. Contact angles of Zn-MAO coatings (a). The release of Zn2+ from 0.05Zn-MAO, 0.1Zn, and 0.25Zn groups on 1, 7, 14, and 28 days (b). 
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Figure 5. The cell biocompatibility of Zn-MAO (a). Cytotoxicity was measured after 1, 3, and 5 days of culture. The BMSCs morphologies on Ti (b), 0Zn (c), and 0.25Zn (d) groups surface for 3 days under SEM. Data are presented as mean ± SD; (* p < 0.05, # p > 0.05, vs. Ti group). 
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Figure 6. Antibacterial activities of Zn-doped coatings against S. aureus and P. gingivalis (a); CFU results after S. aureus and P. gingivalis were cocultured with the Zn-MAO coating for 24 h (b). The SEM images (c) of S. aureus and P. gingivalis cultured on different surface after 24 h of incubation. Data are presented as mean ± SD; (** p < 0.01, # p > 0.05, vs. 0Zn-MAO group). 
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Table 1. Scheme for preparation coatings.
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Name

	
Electrolyte

	
Treatment Time (min)

	
Applied Voltage (V)




	
Na3PO4 ·12H2O (g/L)

	
KOH (g/L)

	
EDTA (g/L)

	
(CH₃COO)₂Zn (g/L)






	
0Zn-MAO

	
20

	
4

	
10

	
0

	
4

	
400




	
0.05Zn-MAO

	
20

	
4

	
10

	
0.05

	
4

	
400




	
0.1Zn-MAO

	
20

	
4

	
10

	
0.1

	
4

	
400




	
0.25Zn-MAO

	
20

	
4

	
10

	
0.25

	
4

	
400
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Table 2. Element component (wt.%) on the surface of different coatings.
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Sample

	
Element Component (wt.%)




	
Ti

	
Zn

	
O

	
P






	
0Zn

	
73.08

	
-

	
16.06

	
34.85




	
0.05Zn

	
73.34

	
0.45

	
17.49

	
8.72




	
0.1Zn

	
74.27

	
1.26

	
14.67

	
9.8




	
0.25Zn

	
70.52

	
3.45

	
16.62

	
9.41
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