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Abstract

:

The two major problems of titanium alloy surface of bone/dental implants were the lack of native tissue integration and associated infection. To solve these problems, the development of self-defending implants with intrinsic osteogenic properties has been highlighted, in which titanium alloy surfaces of bone/dental implants are endowed with antibacterial property by silver (Ag) incorporated in biomaterials. In this study, we biofunctionalized the surface of selective laser melting (SLM) manufactured volume-porous Ti-Ta-Nb-Zr scaffolds by using plasma electrolytic oxidation (PEO) as a way to eliminate the peri-operative bacterial load and promote osseointegration. In the experiment, the PEO process operated with three different concentration (1, 1, and 2 g/L) of a AgNO3 solution. As a result, a titanium oxide coating embedded with calcium and phosphorous and Ag was formed by one-step PEO treatment, and a presence of HAp was detected by X-ray diffraction (XRD) and XPS. In addition, Ag ions were found to be released from the scaffolds for at least 28 days, resulting in an effective prevention of bacterial adhesion and a decrease of the number of planktonic bacteria, with no sign of cytotoxicity shown simultaneously. Highly porosity micropores were formed on the surface of scaffolds after oxidation, and the mechanical properties did not show any signs of change. Besides, a strong calcium deposition and osteoconductive effect were found on the surface of PEO-treated Ag scaffolds. To sum up, this study reveals the potential of PEO coatings to biofunctionalize SLM Ti-Ta-Nb-Zr scaffolds with antibacterial agents. The biomaterials developed here, therefore, exploit the biofunctionalized behavior of Ag to offer strong antibacterial behavior and osteogenic promotion without cytotoxicity of Ag against mammalian cells.
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1. Introduction


Implant-associated infections (IAIs) are one of the main causes of implant failure [1]. The prevalence of IAIs is anticipated to increase with the number of patients receiving orthopedic implants grows, which accounts for both the burden on healthcare costs and the suffering of patients [2,3]. Particularly, patients are vulnerable to bacterial infections, with aging, diabetes, or osteoporosis, which exacerbate their bone healing [4]. IAIs are considered a severe fiscal and clinical burden. Therefore, the urgent development of antibacterial strategies to minimize the risk of IAIs is of utmost significance.



Initially, bacteria accumulate on the surface of the implant through invasion into the wound cavity. Although titanium and its alloys have many advanced physicochemical and biological properties, they still face the challenge of a high incidence of associated infection [5,6]. In particular, customized implants made by additive manufacture are more vulnerable to bacterial invasion and infection [7]. van Hengel et al. presented two major strategies to minimize the risk of IAIs [8]. First, rapid formation of new bones is promoted to reduce the risk of biofilm formation effectively. Geometrically complex and porous implants fabricated by additive manufacturing can accelerate the osseointegration process by providing an available space for bony tissue to grow into [9,10]. Consequently, the contact area between the implant and bony tissue is greatly increased. However, the porous structure makes it more difficult to fully eradicate planktonic bacteria. To further diminish this concern, the antibacterial ability of the porous implant surface is strengthened, which represents the second strategy.



The integration of both the aforementioned strategies is rarely reported in the existing titanium implants [11]. At present, it has been reported that hydroxyapatite and antibiotics can be deposited on the surfaces of metal implants by the sol–gel method [12,13]. However, the process of this method is relatively complex and there are many steps and processes, so it is difficult to popularize in clinical practice. Therefore, we proposed the idea of performing surface biofunctionalization via “one-step” plasma electrolytic oxidation (PEO) on additively manufactured (AM) porous implants to create multifunctional surfaces that enhance the osteogenic differentiation of the implants while exhibiting antibacterial potential. Therefore, we proposed the idea of performing surface biofunctionalization via PEO on AM porous implants to create multifunctional surfaces that enhance the osteogenic differentiation of the implants while exhibiting antibacterial potential. Due to its great potential for introducing multiple functionalities in a fast single-step procedure, PEO was chosen as a surface biofunctionalization technique, which could sustain the release of metal ions to maintain long-term antibacterial performance [14,15,16]. In addition, Ca and P contained in the electrolytes were used in the PEO process, both of which can promote osteogenic differentiation [17].



Silver (Ag) with well-recognized broad-spectrum antibacterial activity is widely applied in clinical practice [18]. With widespread usage of Ag, the limitation of its further use is toxicity to eukaryotic cells [19]. It was reported that Ag in the form of nanoparticles (NPs) on the surfaces of implants could avoid cytotoxicity both in vitro and in vivo [14,20].



PEO modification with Ag on AM porous Ti-6Al-4V (Ti64) alloys, as previous studies have proven, indeed results in high osseointegration and antibacterial activity [8,14,21,22]. Ti64 releases vanadium (V) and aluminum (Al) ions to the surrounding biological environment, which result in adverse effects [23,24]. Our previous work demonstrated that AM Ti-10Ta-2Nb-2Zr (as-TTNZ) possessed lower stress shielding and better osteogenic differentiation than Ti64 [25]. To our knowledge, rare reports about Ag NPs-coating Ti-Ta-Nb-Zr alloy surfaces. Therefore, we hypothesized that porous as-TTNZ-incorporated Ag NPs exhibited bactericidal behavior without any cytotoxicity, accompanied by a strong osteogenic effect.



In the current work, multifunctional coatings were formed on AM porous Ti-10Ta-2Nb-2Zr surfaces, and their physicochemical characteristics were studied. Moreover, we explored their performance against Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli) bacteria in vitro. Finally, we investigated the response of host cells to the samples and assessed their metabolic and alkaline phosphatase (ALP) activities.




2. Materials and Methods


2.1. Additive Manufacturing


The design of a face-centered cubic (FCC) unit cell is presented. FCC unit cells were stacked to fabricate samples with a thickness of 3 mm and a diameter of 10 mm. Selective laser melting (SLM) was performed on a Dimetal-100 machine (Laseradd Technology Co Ltd., Guangzhou, China) to produce porous as-TTNZ samples under an argon atmosphere with less than 80 ppm oxygen. The SLM printer was equipped with a ytterbium fiber laser (IPG Photonics Corporation, Oxford, MA, USA) kept at room temperature between 15 and 26 °C, while the humidity remained below 40%. The laser scanning speed was 700 mm/s with a layer thickness of 25 μm. The laser power was set at 170 W, and the spot size was 70 μm in diameter. Ti-10Ta-2Nb-2Zr powder, with a particle size of 15–70 μm, was used with a spherical shape, which we have presented elsewhere [25]. The printed samples were treated with ultrasonic cleaning in ethyl alcohol for 15 min.




2.2. PEO


The PEO process was performed in an aqueous electrolyte solution containing 4 g/L (CH3COO)2Ca, 8 g/L Na2SiO3, 3 g/L NaOH, 3 g/L glycerin, and 2 g/L EDTA for 4 min. The Ag antibacterial agent was introduced into the electrolyte solution in the form of silver nitrate at concentrations of 1, 1.5, and 2 g/L. The working voltage was 480 V with a pulse frequency of 600 Hz and a duty ratio of 8%. Next, the substrates were rinsed with distilled water for 10 min and dried at 60 °C overnight.




2.3. Surface Characterization


The morphology and microstructure of the coatings were investigated by field emission scanning electron microscopy (FEI QUANTA 200, FEI, Amsterdam, The Netherlands) coupled with EDS. The samples were analyzed by X-ray diffraction (XRD). The chemical composition of the PEO-treated surface was analyzed using XPS.




2.4. Ag Ion Release Kinetics


To investigate the release kinetics of Ag ions, the PEO-treated porous as-TTNZ and as-TTNZ scaffolds (n = 4) were immersed in 5 mL of phosphate-buffered saline (PBS) in darkness at 37 °C. PBS was collected and replenished after 1, 3, 7, 14, 21, and 28 days. The Ag ion release of the samples was measured by inductively coupled plasma mass spectrometry (ICP-MS, PerkinElmer, Massachusetts, MA, USA).




2.5. Mechanical Properties


To investigate the static mechanical behavior of the scaffolds (n = 4), compression tests and the elastic modulus were evaluated by a Sansi universal materials testing machine (Sansi, Shenzhen, China) at room temperature. The length and size of the scaffolds were designed based on ISO 13314:2011 (the scaffolds were cylinder-shaped with a size of 120 mm in length and 10 mm in diameter). In this test, a stress strain of 10% for the scaffolds tested was regarded as the compressive strength [26]. The rate of load application for the compression test was 2 mm/min.




2.6. Apatite Forming Ability


To study the bioactivity in vitro, the scaffolds were immersed in 15 mL of the simulated body fluid (Phygene, Fu Zhou, China) at 37 °C for 7 and 21 days. The simulated body fluid (SBF) was refreshed every other day. According to previous research, the formation of apatite on the surface was observed by SEM and EDS [27].




2.7. Cell Proliferation


After the sterilization of the scaffolds, human-osteoblast-like cells (MG-63) were cultured on the untreated and PEO-treated Ag groups (n = 3). The MG-63 cells were cultured at an initial density of 4 × 104 cells per 100 μL to measure proliferation. As previously mentioned, the scaffolds were cultured in alpha Dulbecco’s modified Eagle’s medium containing 10% FBS, 100 U ml−1 penicillin and 100 μg−1 streptomycin, all of which were from Gibco, at 37 °C in an atmosphere of 5% CO2 and 95% air [25]. After 1, 3, 5, and 7 days of incubation, the number of viable cells was evaluated by a Cell Counting Kit-8 (CCK-8, Biosharp, Hefei, China).




2.8. Fluorescence Microscopy


To investigate the cell morphology of the osteoblasts on the surfaces of the scaffolds, MG-63 cells were selected and observed by confocal laser scanning microscopy (SP8, LEICA Co., Weztlar, Germany). The cells were seeded on the surfaces of different scaffolds at a density of 5 × 104 cells/sample. After incubation for 2 and 24 h, the scaffolds were washed twice with PBS and fixed with 4% paraformaldehyde for 1 h, followed by permeabilization with 0.1% Triton-100. After that, the cells were stained with DAPI (Dalian Meilun Biotechnology Co., Dalian, China) for 15 min. After staining, the scaffolds were washed twice with PBS and observed by confocal laser scanning microscopy.




2.9. Protein Adsorption Assay


To evaluate the protein adsorption of the scaffolds, the scaffolds were ultrasonicated in 75% ethyl alcohol for 15 min and measured by a BCA Assay Kit (Biosharp, Hefei, China). According to the manufacturer’s instructions, the total protein concentration was determined by the optical density (OD) at 562 nm.




2.10. Antibacterial Assays


2.10.1. Bacterial Culture and Inoculation


Gram-negative (G−) E. coli and Gram-positive (G+) S. aureus were chosen to test the antibacterial activities of the untreated and PEO-treated Ag scaffolds. After incubation for 2 h while shaking at 120 rpm, both strains were cultured aseptically in a Luria-Bertani (LB) nutrient broth or trypticase soy broth (TSB) medium at 37 °C. Subsequently, the optical density at 600 nm (OD600) was measured. The concentrations of E. coli and S. aureus were adjusted to 106 CFU/mL. All test strains were freshly prepared.




2.10.2. Antibacterial Assessment


The samples were cocultured with 400 μL of bacterial suspension (1.5 × 105 cells in TSB) at 37 °C for 24 h in a 48-well plate. The planktonic number was assessed by serial dilution using the plate counting method. To determine the number of adherent bacteria, the samples were rinsed 3 times in PBS. Subsequently, every sample was ultrasonicated in 1 mL of PBS for 5 min. Afterward, the bacterial suspension was diluted 10-fold with PBS, and 50 μL of the diluted bacterial suspension were recultivated onto a standard agar culture plate for 24 h.





2.11. Alkaline Phosphatase (ALP) Assay


MG-63 cells with a density of 1 × 104 cells/well were seeded on scaffolds (n = 3) in 48-well plates. After incubation in modified Eagle’s medium for one day, scaffolds were placed in osteogenic media (100 nM dexamethasone, 10 mM beta-glycerol phosphate, and 50 g/mL ascorbic acid). The ALP activity of MG-63 cells on the sample was measured after incubation for 7 days. The culture was fixed with 4% paraformaldehyde and stained with an ALP kit (Beyotime, Shanghai, China). The OD absorbance values at 405 nm were obtained to determine the ALP activity.




2.12. Statistical Analysis


SPSS version 22 (IBM, Chicago, IL, USA) was used for the statistical analysis. All quantitative results are expressed as mean ± SD. Analysis of variance was used to compare group differences, and a p-value of <0.05 was considered statistically significant for all tests.





3. Results


3.1. Surface Morphology and Chemical Characterization of the Coatings


SEM images of the surface morphology following Ca/P-based electrolyte PEO biofunctionalization with silver (1, 1.5, and 2 g/L) NPs are depicted in Figure 1A. Partially molten and unmolten powder particles were attached to enhance the surface areas of the highly porous scaffolds. A volcano-like porous structure was successfully formed, and these pores were affected by the concentration of silver ions. The quantification of the atomic percentage of Ag reached a peak at a Ag concentration of 1.5 g/L. SEM analysis revealed the micro-/nanoporous oxide layers were covered homogeneously on the surfaces of scaffolds. The homogeneous distribution of Ag was reflected on EDS mapping. A wide spread of Ag was fully embedded into the TiO2 surface layer.



The XRD spectra of the blank, 1 Ag, 1.5 g/L Ag, and 2 g/L Ag samples are presented. The existence of two titanium oxide crystalline phases (anatase and rutile) was revealed by XRD. Additionally, the existence of the HAp phase was detected. However, the peaks for planes ranging from 30.5 to 33.0 degrees in 2 theta were weak and hardly to be detected, mainly because of the low degree of crystallinity of the HAp. Ag are shown in Figure 2B. In addition, the chemical composition and state of the components in the PEO coatings were investigated by XPS, as shown in Figure 2. According to the survey spectrum, the major surface elements were Ti, O, C, N, Nb, Zr, Ta, Ca, P, and Ag (Figure 2A). Figure 2B shows the fine XPS spectra of the Ag 3d peak, with peaks at 368.4 and 374.4 eV, which indicated a successful production of Ag coating.




3.2. Ag Ion Release Kinetics


The Ag release kinetic profiles were collected for the different silver concentration groups by immersing scaffolds in 5 mL of PBS for 28 days. The rate of Ag release from the Ag-coated scaffolds correlated with the Ag concentrations in the electrolytes and was highest on the first day and persisted up to at least 28 days. Taking the whole duration of the release experiment into consideration, the release of Ag was enhanced for the 1.5 g/LAg groups compared to those of the rest groups.




3.3. Compression Testing


The mechanical properties of the scaffolds (i.e., compressive strength and Young’s modulus) were derived from the stress–strain relationships. The static compression tests results of the porous scaffolds are shown in Figure 3. The blank, 1 g/L Ag, 1.5 g/L Ag, and 2 g/L Ag scaffolds exhibited compressive strength values of 100.51 ± 15.28, 109.17 ± 15.63, 104.91 ± 1.40, and 104.86 ± 7.42 MPa, respectively (Table 1). Young’s modulus was calculated from the slope of the elastic response. It can be calculated that the Young’s moduli of the blank, 1 g/L Ag, 1.5 g/L Ag, and 2 g/L Ag scaffolds were 10.89 ± 2.25, 13.45 ± 4.92, 11.47 ± 0.66, and 11.59 ± 1.50 GPa, respectively. The compressive Young’s moduli (10–14 GPa) of the PEO-treated and PEO-untreated scaffolds were in the range of the modulus of the human bone (dense bone: 2–20 GPa). The PEO treatment did not change the mechanical properties of the scaffolds, as there were no statistically significant differences in compressive strength or Young’s modulus.




3.4. Antibacterial Assays


The specimens from the 1 g/L Ag, 1.5 g/L Ag, and 2 g/L Ag groups completely prevented S. aureus adhesion, whereas those from the blank group showed a five-log inhibition (p < 0.001) compared to the specimens from the 1.5 g/L Ag and 2 g/L Ag groups (Figure 3). Similar results were obtained for adherent E. coli, with the blank group showing a two-log inhibition (p < 0.05) compared to the 1.5 g/L Ag and 2 g/L Ag groups (Figure 4). Additionally, the results obtained for planktonic bacteria with the blank group showed an obvious reduction in the number of CFUs compared to the 1.5 g/L Ag and 2 g/L Ag groups (p < 0.001). Among them, the numbers of planktonic S. aureus CFUs and E. coli CFUs between the 1.5 g/L Ag group and the 1 g/L Ag group were obviously lower (p < 0.001) and statistically lower (p < 0.05), respectively.




3.5. In Vitro Cytotoxic Properties


On day 1, the cells proliferation activity of the 1 g/L Ag scaffolds was obviously higher than those cultured on the PEO-untreated scaffolds and the 1.5 g/L Ag scaffolds (p < 0.05) (Figure 5B). At day 3 and day 5, the cells proliferation activity of the 1.5 g/L Ag scaffolds were obviously lower than those cultured on the other Ag scaffolds (p < 0.05). After day 7, the growth activity was enhanced for cells on the 2 g/L Ag scaffolds compared to on the blank, 1 g/L Ag, and 1.5 g/L Ag scaffolds (p < 0.05).



Additionally, the adherent cells were observed by DAPI staining after culture for 24 h (Figure 5A). The observed cell morphology indicated that the cells spread relatively poorly onto the surface of 1.5 g/L Ag while the cells dramatically promoted cell extension onto the surface of 2 g/L Ag.




3.6. Apatite-Forming Ability


The SEM images of the apatite layer after soaking in SBF for 7 and 21 days are depicted in Figure 6. The apatite layer was deposited over the surface of the PEO-treated scaffolds. The image showed that the apatite layer was abundant in the 2 g/L AgNO3 group. In contrast, the apatite layer was not found on the untreated scaffold after immersion for 21 days. The EDS mapping analysis reflected that the Ca/P ratio of the 2 g/L AgNO3 group was closer to the desired Ca/P molar ratio, which agrees with the chemical composition of human bone tissue.




3.7. Osteogenic Differentiation and Protein Adsorption


The protein adsorption capabilities of the blank, 1 g/L Ag, 1.5 g/L Ag, and 2 g/L Ag groups were observed by using the model protein BSA. According to the data summary shown in Figure 7A, the protein adsorption level of the 2 g/L Ag group was significantly higher than that of the blank and 1.5 g/L Ag groups (p < 0.05).



In addition, we compared the osteogenic differentiation evaluated by using human-osteoblast-like cells on the four groups of scaffolds using ALP as an early phase marker. The 2 g/L Ag group exhibited a significantly higher ALP activity than the blank and 1 g/L Ag groups (p < 0.05) after 7 days of culture. The findings indicated that the 2 g/L Ag scaffolds showed superior osteogenic differentiation.





4. Discussion


The major causes of the failure of dental and orthopedic implants was lack of native tissue integration and the occurrence of infection [11]. AM porous Ti-10Ta-2Nb-2Zr biomaterials covered with volcano-like surfaces containing silver-based antimicrobial agents were developed in this research study. Herein, the suitability of PEO for surface biofunctionalization of AM Ti-10Ta-2Nb-2Zr scaffolds was confirmed, and the optimization of their electrolyte and technology parameters in terms of in vitro cytocompatibility, antibacterial efficiency, and osteogenesis performance were also determined.



After the PEO process, a volcano-like porous structure was detected on the surface scaffolds. During the process, these pores were formed and contained an antibacterial agent coatings through combining electrochemical oxidation with a high voltage spark treatment in an aqueous electrolytic bath with a silver element in the form of dissolved salts [28]. PEO, as a surface modification technology, can endow materials with biological properties by compound biofunctional oxide layers with interconnected micro/nanoporosity. Previous studies have shown that PEO may affect the mechanical properties of materials [29,30]. However, our study shows that there is no significant effect on the compressive strength and elastic modulus of PEO-treated AM titanium scaffolds. The results of this study are consistent with Karaji et al. [31].



Silver was identified on the surface of 1 g/L Ag, 1.5 g/L Ag, and 2 g/L Ag scaffolds. Moreover, the presence of HAp crystals was detected by XRD. The osseointegration ability of coatings was enhanced by the presence of HAp [17,32]. Similar work examining thermal treatment and higher temperatures may lead to the formation of hydroxyapatite phases [33].



The chemical composition and state of the components on the surface of scaffolds by XPS were shown in Figure 2. Doublet signals were detected in the Ag 3d, Ti 2p, and Ca 2p core-level spectra. Together with the P 2p spectrum, the PEO-treated scaffolds may provide a favorable chemical environment for the formation of calcium phosphate compounds [34]. The gap between the Ag 3d doublets was 6 eV, which revealed metallic silver (Ag(0)) [35].



No matter whether Ag NPs are taken in by cells via diffusion, endocytosis, or phagocytosis, Ag NPs themselves or Ag+ ions can induce ROS generation and interrupt ATP synthesis, thereby leading to DNA damage and even affecting cell proliferation [36,37]. A high concentration of silver may be cytotoxic, but it exhibits cytocompatibility at low concentrations [38]. Embedding Ag NPs into an oxide layer not only confers gradual Ag ion release, but also effectively reduces cytotoxicity [14]. The 1 g/L Ag and 2 g/L Ag groups exhibited good cytocompatibility. Even the abilities of the 1 g/L Ag and 2 g/L Ag groups to promote cell proliferation were significantly better than those of the blank group on day 1 and day 7, respectively. The reason for this phenomenon may be related to the release of silver ions. As shown in Figure 1B, the silver ion release of each group reached a peak at 24 h, but the silver ion release of the 1.5 g/L Ag group was much higher than those of the other two groups. Similarly, human-osteoblast-like cells revealed good attachment and adequate spreading and proliferation on the 2 g/L Ag scaffold surfaces. Attributing to HAp incorporated into the nanotubular matrix, the enhanced cell spread on the 2 g/L Ag scaffolds [39]. In addition, the complicated surface topography with nanoscale features is conducive to a higher effective contact area, which is beneficial for enhancing a more homogeneous distribution of absorbed protein [40]. This was also confirmed in the protein adsorption experiment (Figure 5B), which is consistent with the results of previous studies.



An EDS investigation was also used to test the Ca/P molar ratio in apatite forming ability. The EDS investigation indicated the formation of apatite on the 2 g/L Ag scaffolds where the Ca/P ratio was approximately 1.26, closer to 1.67, which referred to the mineral phase of HAp. Despite the presence of the antibacterial Ag inclusions, the SEM morphologies indicated that the apatite layer was deposited over the surface of the PEO-treated scaffolds within 7 days. These findings are in line with previous research, showing that an incorporated antibacterial agent does not hinder osseointegration between the substrate coating contained in the HAp and bone tissue [21]. Kokubo et al. suggested that there is a positive relationship between the capability of a material to form apatite on its surface and the in vivo bone bioactivity of the material [41]. Furthermore, after 7 days of culture, the scaffolds of the 1.5 g/L Ag and 2 g/L Ag groups showed significant differences in ALP expression compared with those of the 1 g/L Ag and blank groups, respectively. All of these results revealed that our biofunctionalized surface induced no cytotoxic effects against preosteoblast cells. In fact, the hydroxyapatite was formed onto the TiO2 substrate surface layer amid the PEO biofunctionalization process [21]. Taken together, the micro/nanoporous structure of the coating could promote the osteogenic properties of the substrate [17,42].



With the widespread and increasing demand for porous implants obtained by additive manufacturing, research on their antibacterial surface properties has become increasingly urgent. There are three categories of implant-associated infection, i.e., perioperative, hematogenous, and contiguous [43]. S. aureus and E. coli are two typical bacteria used to evaluate the antibacterial ability of materials [44]. In particular, S. aureus is the main pathogenic bacterium associated with implant infections [45]. In the current study, after the exposure of S. aureus and E. coli bacteria to as-Ti-10Ta-2Nb-2Zr scaffolds, both adherent and planktonic bacteria were evaluated. According to the colony count results (Figure 3), both planktonic and adherent S. aureus and E. coli incubated with PEO-treated Ag groups were significantly reduced compared with the PEO-untreated group. In particular, after culture with antibacterial Ag NPs scaffolds containing adherent S. aureus, almost all bacteria were eradicated as a result of the initial high Ag+ concentration. Silver is cheap and readily available, and it has a strong bactericidal effect, even against antibiotic-resistant “superbugs”. In contrast to other antibiotics and antimicrobial peptides, silver is highly stable and can be processed and handled in easy and economical ways, which is conducive to its large-scale industrialization [46]. In addition, doping or embedding into a coating with an adjustable microstructure can maintain its antibacterial properties [47]. The formation of bacterial biofilms often occurs at a very early time point [48]. Anti-infective treatment becomes extremely difficult, once biofilms are formed [49]. Therefore, to prevent postoperative infection, restraining the formation of bacterial biofilms within 24 h after implantation is the most effective method. In the current research, compared to in the blank group, reductions in the total bacterial number were detected in all PEO-treated Ag scaffolds by at least ~2 log10 CFU/mL. It can be concluded that contact with a surface free of Ag does not show an antibacterial effect, resulting in a decrease in bacteria contact with a coating embedded with silver NPs. The data obtained demonstrated that the antibactericidal effect can also be achieved with a low silver ion content, which is consistent with other studies [11,21,46].




5. Conclusions


This is the first attempt to develop a new antibacterial bioactive coating with high osseointegration modified by PEO on the surface of a 3D printed porous Ti-10Ta-2Nb-2Zr scaffold. Its significance lies not only in its technical novelty, but also in the ingenious combination of PEO technology and 3D printing of a nontoxic element alloy yielding good results. The material and morphological properties, release profiles, mechanical properties, antibacterial behavior, and biocompatibility of the developed biomaterials were evaluated using various material characterization techniques, antibacterial assays, and cytotoxicity tests. A sustained release of Ag was up to 28 days, and Ag NPs were embedded in the grown oxide layer together with a micro/nanoporous structure on the surface of the scaffolds. In vitro, consistently strong antibacterial behaviors against both planktonic and adherent bacteria were also observed. Moreover, the formation of a hydroxyapatite phase in the oxide layer of AM porous scaffolds was comfirmed by XRD and XPS analysis. Notably, through a single-step PEO process, significant improvements in osseointegration performance were obtained. Through this study, we confirmed that a biofunctionalized oxidation coating can be constructed on the surface of biomimetic hierarchical Ti-Ta-Nb-Zr scaffolds by a one-step PEO process. Future studies can also be performed to incorporate other metallic ions (e.g., strontium and copper) into an oxide coating and probe their effects on osteogenesis and immunogenic behavior within scaffolds under different physiological conditions. Overall, these findings could provide useful guidance for implant developers regarding the widespread and safe use of 3D-printed Ag-coated Ti-10Ta-2Nb-2Zr implants in the future.
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Figure 1. (A) Representative SEM images of scaffold surfaces and EDS mapping of the Ag-coated groups; (B) XRD patterns of plasma electrolytic oxidation (PEO)-treated and PEO-untreated samples; (C) cumulative release profiles of Ag ions measured during a period of 28 days. 






Figure 1. (A) Representative SEM images of scaffold surfaces and EDS mapping of the Ag-coated groups; (B) XRD patterns of plasma electrolytic oxidation (PEO)-treated and PEO-untreated samples; (C) cumulative release profiles of Ag ions measured during a period of 28 days.



[image: Coatings 11 00716 g001]







[image: Coatings 11 00716 g002 550] 





Figure 2. (A) XPS survey spectra of the PEO-treated and PEO-untreated samples; (B) high-resolution spectra of Ag 3d. 
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Figure 3. Stress vs. strain curves. 
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Figure 4. The adherent and planktonic bacterial activity against an inoculum of 1.5 × 105 cells after 24 h. (A,C) represent the activities of Staphylococcus aureus (S. aureus); (B,D) represent the activities of Escherichia coli (E. coli). * p < 0.05; # p < 0.01. 
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Figure 5. (A) Fluorescence images (stained with phalloidin and DAPI) of cells attached after 24 h of incubation; (B) CCK-8 assay showing the metabolic activity of MG-63 cells after 1, 3, 5, and 7 days of incubation (* p < 0.05; # p < 0.01) (the red color represents the cytoskeleton, and the blue color represents the nucleus). 
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Figure 6. SEM images of the PEO-treated and untreated scaffolds immersed in SBF for 7 and 21 days. 
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Figure 7. (A) Protein adsorptions on the PEO-treated and untreated scaffolds (* p < 0.05; # p < 0.01); (B) alkaline phosphatase (ALP) activity of MG-63 cells cultivated on the scaffolds at 7 days (* p < 0.05; # p < 0.01). 
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Table 1. Mechanical properties of the PEO-treated and -untreated scaffolds.
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	Samples
	Compressive Strength (MPa)
	Young’s Modulus (GPa)





	Blank
	100.51 ± 15.28
	10.89 ± 2.25



	1 g/L Ag
	109.17 ± 15.63
	13.45 ± 4.92



	1.5 g/L Ag
	104.91 ± 1.40
	11.47 ± 0.66



	2 g/L Ag
	104.86 ± 7.42
	11.59 ± 1.50







Note: values expressed as the mean ± SD.
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