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Abstract

:

Although Ti-Cu alloys have been shown to possess good antibacterial properties, they are still biologically inert. In this study, sandblasting and acid etching combined with anodic oxidation were applied to roughen the surface as well as to form a TiO2/CuO/Cu2O composite film, which would benefit both the antibacterial properties and the biocompatibility. The surface morphology, the phase composition, and the physicochemical properties were characterized by scanning electron microscopy (SEM), X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS). Electrochemical testing and inductively coupled plasma spectrometry (ICP) were used to determine the corrosion resistance and Cu ion release, the plate counting method was used to evaluate the antibacterial performance, and the CCK-8 method was used to evaluate the cytocompatibility. It was revealed that a rough surface with densely porous double layer composed of TiO2/CuO/Cu2O was produced on Ti-Cu alloy surface after the combined surface modification, which enhanced the corrosion resistance significantly. The plate counting results demonstrated that the modified sample had strong long-term antibacterial performance (antibacterial rate > 99%), which was attributed to the formation of TiO2/CuO/Cu2O composite film. The cell compatibility evaluation results indicated that the surface modification improved the cytocompatibility. It was demonstrated that the combined modification provided very strong antibacterial ability and good cytocompatiblity, potentially making it a good candidate surface modification technique for Ti-Cu alloy for biomedical applications.
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1. Introduction


Biomedical titanium alloys are widely used as implant materials in clinical treatment [1]. However, titanium alloys are still bioinert. As a result, mechanical interlocking, rather than stable biochemical bonding, normally forms at the bone/implant interface, which can lead to serious inflammatory reactions or implant loosening [2]. Therefore, it is necessary and important to reduce inflammation and enhance the surface bonding strength of titanium implants.



One of the effective measures for reducing inflammation is the development of antibacterial titanium alloys. Ag and Cu are two of the most widely used antibacterial alloying elements [3,4,5,6,7,8]. Compared with Ag, Cu also has strong broad-spectrum antibacterial activity at a lower price. Cu element is also an essential trace element for the human body. Therefore, using Cu is undoubtedly an ideal choice for endowing materials with antibacterial activity. Recently, copper-containing titanium alloys have been reported to exhibit very good antibacterial ability against Staphylococcus aureus (S. aureus), Escherichia coli (E. coli) and Pseudomonas aeruginosa (P. aeruginosa) [4,5,9,10,11,12,13]. However, it is still necessary to improve the surface bioactivity, although no cell toxicity has been reported so far.



More recently, Zhang et al. prepared a micron/submicron coating on Ti-Cu, which showed good biocompatibility and osteogenic ability [14]. Hu et al. prepared a porous oxidation film on Ti-Cu by micro-arc oxidation (MAO), which exhibited strong long-term antibacterial properties and significantly improved the early adhesion of osteoblasts [15]. Zhang et al. prepared a nanoscale TiO2/Cu2O/CuO composite coating on Ti-Cu alloy using alkali heat treatment, which significantly enhanced antibacterial performance and effectively promoted the proliferation, mineralization and related gene expression of osteoblasts [16]. Tao et al. proved that the antibacterial rate of porous Ti-3Cu alloy against S. aureus and E. coli could reach 100% [17]. Lu et al. proved that the selective etching treatment significantly improved the antibacterial properties of Ti-3Cu alloy, and resulted in no cytotoxicity on MC3T3 cells, but it also had no effect on surface roughness [9].



Surface roughness is an important factor affecting the fusion ability of implant and bone. Rough surfaces can form a larger mechanical lock with the bone, promoting the contact and combination of the bone tissue and the implant surface, thus speeding up the recovery of the affected area. In clinical practice, it has been proved that rough surfaces can accelerate cell adhesion and enhance bone interface bonding strength. Ren et al. prepared a rough microstructure on a titanium surface using sandblasting and acid etching (SLA). Compared with the polished sample, the as-treated sample had higher cell proliferation rate, stronger alkaline phosphatase activity, and enhanced mineralization, which obviously improved the cell sensitivity and promoted cell differentiation [18]. Nedir et al. found that the rough surface after SLA was more favorable for osteoblast adhesion compared to the acid-etched surface [19]. Kaluderovic et al. performed SLA treatment on titanium and titanium zirconium (Ti-Zr) alloy surfaces, and the results showed that SLA treatment significantly promoted osteogenic differentiation, the formation of bone nodules, and cell mineralization, thus accelerating the process of bone fusion on both Ti and Ti-Zr samples [20].



On the other hand, the rough surface also accelerates bacterial adhesion and the formation of biofilm, which might ultimately lead to infection [21]. Therefore, it is necessary to modify the surface using a chemical reaction in order to resist the adhesion of bacteria. Anodic oxidation (AO) is a surface modification method commonly used to produce corrosion-resistant oxide layers or functional nanotubes on the surface. Selimin et al. prepared a porous oxide film on titanium by means of AO in acetic acid electrolyte, and found that the surface roughness increased with increasing oxidation voltage and oxidation current density, and the porous and rough surface provided more sites for the formation of hydroxyapatite [22]. Ou et al. prepared porous oxide films containing Ca and P on Ti-30Nb-1Fe-1Hf alloy by anodic oxidation and hydrothermal treatment, accelerating the cell adhesion rate on the surface [23]. Previous studies on the oxidation of Ti-Cu have proven than the formation of CuO/Cu can effectively kill bacteria that come into contact with the surface [14,15,16].



Based on the above considerations, the sandblasting acid etching method was used in this paper to produce a rough surface on Ti-Cu samples in order to accelerate the adhesion of the cell, and the anodic oxidation process was used to produce a CuO/Cu2O-containing film on the rough surface to provide resistance against the adhesion of bacteria. The results demonstrated that the as-treated Ti-3Cu alloy exhibited very strong long-term antibacterial properties and good cell cytocompatibility due to the formation of the rough TiO2/CuO/Cu2O surface. These research results suggest that the roughening and anodic oxidation process might be a candidate for the surface modification of Ti-Cu samples for biomedical applications.




2. Experimental


2.1. Surface Modification


Samples with dimensions of ɸ15 mm × 2 mm were sliced from Ti-3 wt% Cu bar, and successively polished with 80#, 400#, 800# and 1200# SiC abrasive paper (Shenzhen Nanos Precision Machinery Technology, Shenzhen, China). After ultrasonic cleaning with acetone (Tianjin Fuyu Fine Chemicals, Tianjin, China), ultrapure water and absolute ethanol (Tianjin Fuyu Fine Chemicals, China), the samples were vacuum treated at a temperature of 900 °C for 5 h and quenched in water, referred to as the T4 sample. Then, the samples were vacuum heated at 600 °C for 24 h, denoted the T6 sample. After this, Ti-3Cu(T6) samples were sandblasted with 120-mesh Al2O3 at a pressure of 0.4 MPa for 3–5 min (LZBP-VⅠ, Wuhan Golden Light Medical Technology, Wuhan, China), then etched using a mixed acid solution of HCl, H2SO4 and H2O with a volume ratio of 1:1:20 (Sinopharm Chemical Reagent, Shenyang, China) at 60 °C for 15 min to obtain micron/submicron pores and remove the residual Al2O3 particles, referred to as Ti-Cu-S. The samples were then anodically oxidized in 0.1 mol/L phosphoric acid (Sinopharm Chemical Reagent, Shenyang, China) at a voltage of 60 V for 10 min at room temperature, denoted as Ti-Cu-SA.




2.2. Surface Characterization


2.2.1. Surface Physical and Chemical Properties


The surface microstructure was observed using scanning electron microscopy (SEM) with energy dispersive spectroscopy (EDS, ULTRA PLUS, Zeiss group, Oberkochen, Germany) at an acceleration voltage of 15–20 kV, and the morphology of the bacteria was observed at 10 kV. The cross-sectional microstructure was analyzed by line-scanning. The chemical state of the Ti and Cu elements was detected using X-ray photoelectron spectroscopy (XPS, Thermo Scientific Escalab 250Xi, Thermo Fisher, Waltham, MA, USA). Phase identification of the samples was performed via X-ray diffraction (XRD, Smart Lab, Rigaku, Japan).




2.2.2. Surface Roughness and Hydrophilicity


The three-dimensional topography of the samples was observed using a confocal laser scanning microscope (OLS4100, Olympus, Tokyo, Japan), and the roughness was tested by LEXT (SRa). The contact angle of the surface water was used to evaluate the hydrophilicity of the samples. Water contact angle was measured using dynamic and static contact goniometers (SL200B, KONO, Seattle, WA, USA). The hanging drop method and the circle fitting method were adopted to test the water contact angle.





2.3. Electrochemical Test and Cu Ion Release


The corrosion resistance of the sample was determined using a VersaSTAT V3-400 workstation (Ametek, Philadelphia, PA, USA). A three-electrode system was adopted in which the sample was fixed in the mold and a copper wire was connected with the working electrode, the platinum electrode was used as the counter electrode, the calomel electrode was used as the reference electrode, and the simulated body fluid (SBF: NaCl: 8 g/L; KCL: 0.4 g/L; NaHCO3: 0.35 g/L; CaCl2: 0.14 g/L; MgSO4: 0.2 g/L; Na2HPO4: 0.12 g/L; KH2PO4: 0.06 g/L) was used as the electrolyte.



The Cu release of the samples was measured using an extraction method in accordance with GB/T16886.12-2005. The extract solution was prepared in normal saline at 37 °C at an extract ratio of 1.25 cm2/mL. The Cu2+ concentration was determined using inductively coupled plasma spectrometry (ICP, Optima 5300 DV, Perkin Elmer, Waltham, MA, USA).




2.4. Antibacterial Properties


2.4.1. Antibacterial Rate


Staphylococcus aureus (S. aureus, ATCC6538) was used to test the antibacterial properties of the samples. The test was carried out according to GB/T 21510 (equivalent to ISO 22196-2011), commercial pure titanium (cp-Ti) was chosen as the negative control group, and the surface-modified samples were used as the experimental groups. At least three samples were prepared in parallel for each group.



After sterilization, the samples were placed in a 12-well plate with one well per sample; then, 80 μL of bacterial suspension (104 cfu/mL) was seeded on the surface of each sample. The bacteria were incubated with the samples at 37 °C in 90% relative humidity for 24 h. Then, the sample was thoroughly rinsed with 2 mL saline solution, and then 100 μL of the rinse solution was evenly spread on a solid nutrient agar plate and incubated for 24 h. The antibacterial rate was obtained using the following formula:


  a n t i b a c t e r i a l     r a t e     ( R , % ) = (  N  c o n t r o l   −  N  e x p e r i m e n t   ) /  N  c o n t r o l   × 100 %  



(1)




where Ncontrol and Nexperiment represent the average colony numbers on cp-Ti and the samples, respectively. An antibacterial rate (R) ≥ 90% is regarded as possessing antibacterial effect, while R ≥ 99% can be regarded as possessing a strong antibacterial effect.




2.4.2. Live/Dead Staining


The Live/Dead BacLightTM kit (Thermo Fisher, Waltham, MA, USA) was adopted to stain the bacteria. After 24 h incubation, the samples with bacteria were stained in darkness for 15 min and observed using a fluorescence microscope (BX51, Olympus, Dongjing, Japan). The living bacteria appeared green, while the dead bacteria appeared red.




2.4.3. Bacteria Morphology


After 24 h incubation, the bacteria were fixed with 2.5% glutaraldehyde solution (Sinopharm Chemical Reagent, Shenyang, China) at 4 °C for at least 2 h. Then, the bacteria were dehydrated using ethanol with volume fractions of 30%, 50%, 75%, 90%, 95% and 100% in succession. Prior to observation, the surface was fully dried in air and sprayed with gold.





2.5. Cell Compatibility


2.5.1. Extract Toxicity


MC3T3-E1 cells (provided by Shanghai Institutes of Biological Science, Shanghai, China) and cell counting kit-8 (cck-8, Shanghai Biyuntian Co., Ltd., Shanghai, China) were used to measure the cytotoxicity of the samples. An extract toxicity test was performed to evaluate the toxicity of the released ions. In the experiment, cp-Ti was selected as the control group, and surface-modified samples were used as the experimental groups. The extract was prepared in medium consisting of MEM Alpha Modification (α-MEM, Thermo Fisher, Waltham, MA, USA), 10% fetal bovine serum (FBS, Thermo Fisher, Waltham, MA, USA) and 1% penicillin (Thermo Fisher, Waltham, MA, USA) at a temperature of 37 °C and an extract ratio of 1.25 cm2/mL, in accordance with GB/T16886.12-2005. After sterilization, 100 μL cell suspension with 3 × 103 cells was incubated in each well of a 96-well plate in an incubator at 37 °C with 5% CO2 for 1 h. Then, the culture medium was replaced with the extract. After 1, 3 and 5 days of incubation, 10% cck-8 was added to each well, and the optical density (OD) value was determined using a microplate reader (Bio-rad, imark, Bio-Rad, Hercules, CA, USA) at 450 nm. The relative growth rate (RGR) was calculated using the following formula, and the cytotoxicity of the materials was evaluated:


  r e l a t i v e     g r o w t h     r a t e     ( R G R , % ) = (   O D   e x p e r i m e n t   −   O D   b l a n k   ) / (   O D   c o n t r o l   −   O D   b l a n k   ) × 100 %  



(2)




where ODexperiment, ODblank and ODcontrol are the OD values of the experimental group, the blank, and the control group (cp-Ti), respectively. A relative growth rate (RGR) ≥ 75% was considered to be non-cytotoxic, while RGR (%) in the range of 75–100% was considered to be Grade 1, and RGR (%) ≥ 100% was considered to be Grade 0.




2.5.2. Direct Contact Toxicity


A direct contact toxicity test was also performed to evaluate the comprehensive toxicity of the samples, including the surface morphology as well as the released ions. After sterilization, the samples were placed into a 24-well plate and 500 μL of cell suspension with 1.5 × 104 cells was added into each well. After 1, 3 and 5 days, 10% cck-8 was added into each well, and the OD value was measured. Then, the RGR was calculated, and the cytotoxicity of the materials was evaluated as described above.




2.5.3. Cytoskeleton Staining


After 4 h and 24 h incubation, the samples were rinsed with phosphate buffer saline (PBS, Thermo Fisher, Waltham, MA, USA). Then, 4% paraformaldehyde (PFA, Ranjek Technology Co., Ltd., Beijing, China) and 0.5% Triton x-100 were used to fix the cells and eliminate cell permeability. Actin-Tracker Green (Shanghai Biyuntian Co., Ltd., Shanghai, China) and DAPI (Shanghai Biyuntian Co., Ltd., Shanghai, China) were then used to stain the cytoplasm with green and the nucleus with blue. The cytoskeleton was observed using a fluorescence microscope (Olympus BX51, Tokyo, Japan).





2.6. Statistical Analysis


The data were acquired at least three times, and the results are presented as mean ± standard deviation. p < 0.05 was considered to be statistically significant.





3. Results


3.1. Microstructure and Surface Characterization


Figure 1a shows the surface topography of the Ti-3Cu samples. After the roughening process, a porous surface with sharp edge and a large number of small holes was formed on the surface, and the surface of the holes was very smooth. After anodic oxidation, as shown in Figure 1b, a similar surface morphology was observed, but the edge became round and the sharp edges disappeared. The cross-section microstructure of the Ti-Cu-SA sample is shown in Figure 1c,e. A double-layer film composed of an outer porous layer and an inner dense layer was formed on the surface. From the SEM image, it can be seen that there was no obvious difference between the two, but from the line scanning results (Figure 1e), it can be seen that the Ti content gradually increased and the O content gradually decreased in the porous layer, the porous layer had a thickness of about 2 μm and the dense layer had a thickness of about 3–4 μm. The introduction of a large amount of O as a result of anodic oxidation significantly reduced the Cu content in the film.



XRD patterns of the samples are shown in Figure 1d. A large amount of α-Ti phase and Ti2Cu phase were detected in the Ti-Cu sample. Following the roughening process and the anodic oxidation, a large amount of α-Ti could still be detected on the samples, indicating that Ti was still the main phase on the surface. There was a coincidence peak between α-Ti and anatase type TiO2 at about 38°, and a coincidence peak between Ti2Cu and rutile TiO2 at about 44°. It was difficult to determine the presence of TiO2 on the basis of XRD patterns. On the other hand, the oxide film might be too thin to be detected by XRD.




3.2. Hydrophilicity and Roughness


The water contact angle and the roughness of the samples are shown in Figure 2. Before the treatment, the roughness was about 0.25 μm. The sandblasting and acid etching process significantly increased the roughness to 2.0 μm, and the anodic oxidation did not change the roughness anymore, indicating that the surface treatment significantly roughened the sample surface. It can also be seen that sandblasting and acid etching dramatically decreased the water contact angle of the Ti-Cu sample from 46° to 15°, and anodic oxidation did not change the water contact angle anymore, indicating that the hydrophilicity of the sample was improved by the roughening process and anodic oxidation.




3.3. Chemical Composition


As shown in Figure 3, XPS analysis was performed on Ti-Cu-S and Ti-Cu-SA samples. It can be seen from the full spectrum in Figure 3a1 that Ti, Cu, O, Al, C and N elements were present on the Ti-Cu-S surface, among which the Al element came from the residual sand particles, and the C and N elements were from the surface adsorption. In the full spectrum in Figure 3a2, there were elements of Ti, Cu, O, P, C and N on the Ti-Cu-SA sample, among which P element was introduced by electrolyte.



Figure 3b1 shows the high-resolution spectrum of Ti on Ti-Cu-S. It can be seen that there were three peaks of Ti at the positions 464.2eV, 458.6eV and 454.0eV. The first two peaks represent Ti4+ 2p1/2 and Ti4+ 2p3/2, respectively, and the third one represents Ti0. This indicates that after the surface process, part of the Ti on the sample surface was present in the form of TiO2, and the other part was present in the form of Ti. In Figure 3b2, there were two peaks of Ti at 464.6eV and 458.9eV, corresponding to Ti4+ 2p1/2 and Ti4+ 2p3/2, indicating that Ti on the surface existed mainly in the form of TiO2.



Figure 3c1 shows the high-resolution spectrum of Cu on Ti-Cu-S. A Cu1+ 2p1/2 peak at 952.4 eV and a Cu1+ 2p2/3 peak at 932.5 eV, corresponding to the Cu-O bond in Cu2O, and a Cu2+ 2p3/2 peak at 933.7 eV and a Cu2+ 2p1/2 peak at 953.5 eV, corresponding to the Cu-O bond in CuO [24], were observed, while the shake-up satellites at 934 eV confirmed the presence of the Cu2+ oxidation state [25]. In the Cu high-resolution spectrum on the Ti-Cu-SA sample in Figure 3c2, the intensity of the Cu spectrum was very low, indicating that the content of the Cu element was very low. The coexistence of +1 and +2 valence Cu confirmed the presence of Cu2O and CuO.




3.4. Electrochemical Test


The open circuit potential (OCP) and Tafel curves of the Ti-Cu, Ti-Cu-S and Ti-Cu-SA samples are shown in Figure 4a,b, and the electrochemical data are listed in Table 1. The OCP curves of the three samples all reached a relatively stable state at 3600s. Compared with that of Ti-Cu, the OCP of the Ti-Cu-S and Ti-Cu-SA samples shifted positively, reaching −0.081 V and 0.085 V, and the self-corrosion potential (Ecorr) increased to −0.291 V and −0.056 V, respectively. Meanwhile, the self-corrosion current density (icorr) increased to 57.5 × 10−8 A/cm2 and 5.1 × 10−8 A/cm2, indicating that the sandblasting and etching process reduced the corrosion resistance significantly, while the anodic oxidation improved the corrosion resistance significantly.



The EIS curve and the equivalent circuit diagram of the samples are shown in Figure 4c,d, and the relevant data are listed in Table 2. It can be seen from the Nyquist curve that Ti-Cu-SA had the largest impedance arc radius, indicating that the corrosion resistance was much better than that of the Ti-Cu-S and Ti-Cu samples. As can be observed from the phase angle–frequency curve, Ti-Cu-SA has a significantly wider peak than the Ti-Cu and Ti-Cu-S samples, in which the high frequency band reflected the outer film, and the low frequency band reflected the inner film. It can be seen that the inner layer was the main reason for the enhanced corrosion resistance. On the basis of the information obtained from the EIS curves, it can be concluded that the corrosion resistance was degraded by the sandblasting and etching process, but improved significantly by the anodic oxidation treatment.



The Cu ion dissolution behavior of the samples is shown in Figure 4e,f. For both the Ti-Cu-S and Ti-Cu-SA samples, the accumulative concentration of Cu ions increased with the prolongation of soaking time, while the dissolution rate decreased rapidly during the first 14 days. The Cu ion accumulative concentration and the dissolution rate of Ti-Cu-SA were lower than those of Ti-Cu-S at all time intervals, indicating that the anodic oxidation had reduced the release of Cu ions.




3.5. Antibacterial Properties


The two samples were immersed in 0.9% NaCl solution for different lengths of time to test their long-term antibacterial properties. The typical colony counting photos are shown in Figure 5. There were a large number of colonies on the cp-Ti samples at all time intervals, while nearly no bacterial colonies survived on both the Ti-Cu-S and the Ti-Cu-SA samples, even after immersion for 21 days. The calculated antibacterial rates of the two samples were >99.9% at all time intervals, showing strong antibacterial activity as well as long-term antibacterial activity.



The live/dead staining images and SEM images of S. aureus on the samples are shown in Figure 6, in which the living bacteria are green in color and the dead bacteria are red in color. There were a large number of living and dead bacteria on the surface of cp-Ti. As shown in Figure 6c1, a large number of bacteria adhered on the surface of cp-Ti and presented obvious clusters, similar to grape clusters. On the Ti-Cu-S and Ti-Cu-SA samples, there were a small number of green bacteria, but a large amount of red bacteria all over the surface. On the basis of the SEM morphologies presented in Figure 6c2,d2, it was found that some bacteria on the samples were in poor shape, exhibiting cell wall rupture, cell membrane dissolution, and cytoplasm outflow. All these results confirm that cp-Ti did not have antibacterial ability, and demonstrate that both the Ti-Cu-S and Ti-Cu-SA samples had very strong antibacterial ability, which is consistent with the plate count results shown in Figure 5.




3.6. Cell Cytotoxicity


The cell toxicity of the samples, determined using the direct contact method and the extract method, is shown in Figure 7. In both tests, the OD values of all samples increased with the extension of culture time, indicating that the cells proliferating on the sample surface were in a healthy condition. In the direct contact test, a low OD value was found on the Ti-Cu-S sample, but no significant difference was found among any of the samples on day 1. At day 3, the OD values of the Ti-Cu-S samples were significantly lower than those of the other samples, indicating their inhibitory effect on proliferation, while the OD values of the Ti-Cu-SA samples were much higher than those of Ti-Cu-S, suggesting that anodic oxidation improved the surface biocompatibility. On day 5, there was no significant difference among any of the samples. The calculated cell viability of all of the samples at all time intervals was higher than 84%, indicating that all samples exhibited Grade 1 or Grade 0 toxicity with respect to cp-Ti.



In the tests for extract toxicity, as shown in Figure 7b1,b2, none of the samples showed any differences in OD values at any of the time intervals, and cell viability was higher than 100%, corresponding to Grade 0 cell toxicity in comparison with the extract of cp-Ti.




3.7. Cell Adhesion Properties


Cytoskeleton staining images of the cells cultured on the sample surface for 4 h and 24 h are shown in Figure 8, in which the nucleus is stained blue and the cytoplasm is stained green. Under low magnification, no differences in the cell number were found among the different samples. However, under the high magnification, it can be seen that most of the cells were polygonal, stuck to a wall and started spreading. On the surface of the Ti-Cu-S samples, some cells were well diffused while some cells were hardly diffused. Only the nucleus and a small amount of cytoplasm could be clearly observed. The spreading status of single cells on the surface of Ti-Cu-S sample were worse, and the connection between cells was not very close, which suggests that the cell adhesion spreading ability of the samples surface were poor.



As can be seen from Figure 8, there was almost no difference in the cell morphology between Ti-Cu-S and Ti-Cu-SA at 4 h and 24 h of culture. The cells were round or polygonal, indicating that cells adhered to the wall and began to spread out. Compared with 4 h, the cell morphology was fusiform, and the spreading area greatly increased at 24 h. A large number of filamentous pseudopodia were extended, and the cells were closely connected. It can be concluded that Ti-Cu-SA has almost no effect on cell adhesion and diffusion, and the anodic oxidation treatment can effectively improve the cell compatibility of Ti-Cu-S samples.





4. Discussion


4.1. Surface Morphology and Chemical Composition


The surface roughness and the chemical composition significantly influence the hydrophilicity, cell response and interface bonding strength at the implant and the surrounding tissue. For example, in order to improve the interface bonding strength of the dental implant and bone tissue, a rough surface was produced on the surface of the dental implant by means of SLA [26], the selective etching process [9], etc. It was reported the surface roughness should be 1.5 μm to 2.5 μm in order to obtain satisfactory bonding strength [27,28]. It has also been shown that titanium oxide (TiO2) films grown spontaneously on the surface of titanium alloys are bioinert, often leading to inadequate bone integration [29,30,31]. However, in recent years, TiO2 coatings with controllable nanostructures have been prepared on Ti surfacse by anodic oxidation that show good biological activity [32,33]. Although Ti-Cu alloys have shown strong antibacterial ability, the surface was still bioinert. Therefore, surface roughening and surface oxide film might be a prefect method for improving their biological activity.



After the roughening process, sandblasting, and acid etching treatment, a rough surface with a surface roughness of about 2 μm was prepared on the Ti-Cu sample, as shown in Figure 1. In addition, a micro-porous structure with widely distributed Ti2Cu particles was observed on the surface. The XRD and XPS results indicated the surface was mainly composed of α-Ti matrix and Ti2Cu phase as well as a few TiO2 and a small amount of residual Al2O3. The hydrophilicity was greatly improved by the roughening process.



Following the anodic oxidation, the rough surface could still be observed on the Ti-Cu-SA sample, but the micro-porous structure on the surface of the Ti-Cu-S sample was sealed and covered, and the roughness was slightly reduced. During anodic oxidation, O2- combined with alloying elements to form oxide films. At the initial stage of oxidation, a thin passivation layer was formed on the surface of the alloy. At this time, due to the large potential gradient of O2-, the membrane could not prevent O2- from further binding with the Ti matrix, so the thickness of the film continued to increase, and the blocking effect on O2- increased until the thickness of the film was great enough that O2- could not penetrate under the action of the electric field applied. At the same time, in the reaction process, the outer film and O2 were generated, forming a porous and loose film. SEM cross-microstructure showed that the inner layer of the bilayer was a dense TiO2 passivation layer, and XPS results showed that Cu2O, CuO and TiO2 were synthesized on the outer surface of the bilayer.



In previous studies on anodic oxidation coating on Ti-Cu alloy surfaces, it has been found that the surface roughness increased to 0.35 μm by the anodic oxidation, and correspondingly the hydrophilicity was increased in comparison with the grounded sample. In this experiment, the surface roughness increased to about 2 μm after the roughening process and after the anodic oxidation process, indicating that the anodic oxidation did not change the surface roughness in this process. It has been shown that the increase in the surface roughness enhanced hydrophilicity [34,35]. In this experiment, two kinds of samples had similar degrees of surface roughness, but different surface morphologies, and their hydrophilicity was also similar, indicating that roughness was the main factor affecting hydrophilicity.




4.2. Corrosion Properties


In biomedical applications, good corrosion properties are always desirable. Previous studies have demonstrated that Ti-3Cu alloy exhibits good corrosion resistance as good as cp-Ti in biological environments. In this study, following the surface roughening process, icorr increased by an order of magnitude compared to Ti-3Cu alloy. On the one hand, the surface area of Ti-Cu-S sample was significantly increased by the roughening treatment. On the other hand, more Ti2Cu particles were present on the Ti-Cu-S surface, accelerating the galvanic corrosion between Ti-Ti2Cu. Following anodic oxidation, the icorr of Ti-Cu-SA sample was one order of magnitude lower than that of Ti-Cu-S, while the two samples had the same roughness, demonstrating that anodic oxidation significantly improved corrosion resistance. When observing the cross-section microstructure of Ti-Cu-SA sample, a double-layer oxide film with a dense inner layer was formed on the surface that was able to resist the ion exchange between the solution and the matrix, as well as block the formation of galvanic couples of Ti-Ti2Cu particles, in turn greatly reducing galvanic corrosion. Even though the Ti-Cu-SA sample had a larger contact area with the solution than the Ti-Cu sample, the icorr was still on the same order of magnitude as that of the Ti-Cu sample, with the Ti-Cu-SA sample thus demonstrating the best resistance properties.



The EIS results also indicated that the Ti-Cu-SA sample had a higher corrosion resistance (Rc) than the Ti-Cu-S and Ti-Cu samples, indicating that the product of the reaction on the Ti-Cu-SA sample was able to provide good protection against corrosion attack. In other words, the oxide film formed by anodic oxidation was able to form a dense protective layer to resist corrosion and protect the sample.



In this experiment, following sandblasting and acid etching, the dissolution amount of Cu ions increased, while the dissolution rate slowed down with time. Following anodic oxidation treatment, the dissolution trend of Cu ions remained unchanged, but the dissolution amount was reduced significantly, indicating that the oxide film offered resistance against Cu ion release. It is speculated that the dissolution rate of copper ion in 0.9% NaCl solution would decrease significantly with the extension of immersion time. However, Cu ion release was detected even after immersion for 21 days.




4.3. Antibacterial Properties


Ti-3Cu has shown very good antibacterial activity against both S. aureus and E.coli in previous studies [9,36,37]. After the roughening process and the anodic oxidation, the roughness was significantly increased, and the hydrophilicity was significantly improved, as shown in Figure 2. The high hydrophilicity accelerates cell/bacteria adhesion and spreads according to other research results [21]. In addition, the oxide film formed by anodic oxidation covers the sample and separates Ti-3Cu from coming into contact with bacteria. As a result, the film reduces the antibacterial function of the Ti-Cu sample significantly. However, the antibacterial test results in Figure 5 clearly demonstrated that both Ti-Cu-S and Ti-Cu-SA samples had very strong antibacterial ability even after 21 days soaking in 0.9% NaCl solution, with an antibacterial rate as high as ≥99.9%, indicating that both the roughening process and anodic oxidation significantly improved the antibacterial properties and the long-term antibacterial properties.



The antibacterial properties of Ti-Cu alloy mainly come from two aspects, the first is the dissolution of Cu ions [7,38], the other is the exposure of the second phase (Ti2Cu phase) on the surface [39], for which the Ti2Cu phase plays the main role in antibacterial performance. Following the surface roughening process, the roughness and the hydrophilicity were improved as described above, but more Ti2Cu particles appeared on the surface due to the etching reaction, which contributed to the strong antibacterial ability due to the micro-area potential difference (MAPD) function [40]. In addition, Cu ion release was also enhanced by the surface roughening process. However, after immersion for 21 days, the Cu ion release was very low, as shown in Figure 4. The good antibacterial rate in Figure 5 suggests that the contact antibacterial activity of the second antibacterial phase Ti2Cu due to MAPD should be the main mechanism of the good long-term antibacterial effect of Ti-Cu alloy.



Following anodic oxidation, Cu in the Ti2Cu phase on the surface of the sample was oxidized to Cu2O and CuO, while Ti was present in the form of TiO2. At this time, the sample was covered in an oxide layer, as shown in Figure 1, separating the Ti2Cu phase from bacteria and significantly reducing the antibacterial function of Ti2Cu. However, Cu2O and CuO were detected, as shown in Figure 3. Some studies have shown that the formation of copper oxides on the surface of samples such as Cu2O and CuO can provide them with considerable antibacterial properties. Cu2O had strong antibacterial ability, and its antibacterial effect was closely related to size and concentration [41,42], 1 μg/mL Cu2O produced strong antibacterial ability with respect to S. aureus. A large number of scholars have also reported the excellent antibacterial effect of CuO [43,44,45,46] against S.aureus, E. coli, pseudomonas aeruginosa, and more than a dozen other strains. Cu2O and CuO also exerted antibacterial activities by means of contact. First, they caused the destruction of the bacterial cell wall, leading to structural changes, thus affecting the bacterial form and function. Then, they further resulted in the destruction of the structure of the membrane, changing its permeability, and finally killing the bacteria [16,45,47].




4.4. Biocompatibility


Noncytotoxicity is a basic requirement for biomedical materials. Ti-Cu alloys have been reported to have the same good biocompatibility as cp-Ti [21]. Both the direct contact test and the extract test showed that the Ti-Cu-S and Ti-Cu-SA samples had no cytotoxicity (Grade 0 or Grade 1), but the Ti-Cu-S sample had a slight inhibitory effect on the initial proliferation of osteoblasts in the direct test, as shown in Figure 7a1,a2.



Cell adhesion is greatly affected by the surface properties of the materials, including surface morphology, surface chemical composition, hydrophilicity, and surface energy. In the case of the Ti-Cu-S sample, the extract test did show any inhibition on the proliferation of osteoblasts in contrast to the direct contact results, suggesting that the inhibition was mainly caused by the surface morphology or surface roughness rather than Cu ion release. In this experiment, the effects of both the rough surface and the Cu ion leaching on cytotoxicity were integrated. After the roughening process, the specific surface area of the sample increased greatly, providing more alternative sites for cell adhesion, but even with an increase in surface area, different morphologies will have either a good or bad effect on the growth of cells on the sample. Different cell types have been reported to have different biological responses to surface roughness, elongation and formation of osteoblasts, with continuous layers of cells preferring rough surfaces over smooth surfaces [47]. Amselme et al. found that MC3T3-E1 cells adhered more easily to the smooth Ti-6Al-4V surface. The porous surface with a complex chemical composition produced by ultrasonic micro-arc oxidation reduced the contact angle and improved the surface hydrophilicity to a certain extent [48]. In this experiment, the surface roughening process produced a large rough surface, and the anodic oxidation process prepared an oxide film on the surface. The surface of the Ti-Cu-S sample was rough, sharp and had a micro-porous structure, making it difficult for cells to adhere to the surface, which may be an important reason for the difference in toxicity levels.



Copper ions have been reported to be beneficial to cell proliferation when the copper ion concentration is less than the lethal amount of cells [49,50]. Zhang et al. proposed that Cu+ and Cu2+ could significantly promote the proliferation, differentiation and migration of osteoblasts [51]. Cu2+ can promote angiogenesis and wound healing in vitro [52]. The researchers also demonstrated that copper ions significantly promote the proliferation and differentiation of mouse osteoblasts at concentrations of (0.06–63.5) μg/L [51]. The Cu ion release was accelerated by the roughening process, although the subsequent anodic oxidation significantly reduced the Cu ion release in this work, with amounts of 0.0019 mg/L/cm2 and 0.0016 mg/L/cm2 being released from Ti-Cu-S and Ti-Cu-SA samples, respectively. The extract cell test in Figure 7b clearly showed that the extracts of Ti-Cu-S and Ti-Cu-SA did not exhibit toxicity to the cell line, but no promotion effect on the proliferation was found for both extracts, indicating that the Cu ion concentration in the extracts could not bring about influence on the cell proliferation. On the basis of the results of the ion leaching test, the concentration of Cu ions dissolved in the Ti-Cu-SA sample at 24 h was roughly estimated to be about 0.05 mg/L, which can be converted to an order of magnitude 10−9. All the dissolved Cu ions can be regarded as Cu+ or Cu2+, and neither Cu+ nor Cu2+ were sufficient to produce cytotoxicity at this concentration.



It can be observed in Figure 7a that the Ti-Cu-SA sample exhibited better cell viability than the Ti-Cu-S sample at Day 1 and Day 3, demonstrating that anodic oxidation promoted the cell compatibility of the Ti-Cu-S sample. In comparison with the Ti-Cu-S sample, Ti-Cu-SA had a similar surface roughness and hydrophilicity, but the surface morphology was found to be different. After the anodic oxidation treatment, the micropores on the surface were sealed using oxide film, and the sharp edges produced during the roughening process became rounded edges due to the oxidation reaction.



The most important difference between Ti-Cu-S and Ti-Cu-SA was the surface chemical composition. After the anodic oxidation, a mixture of TiO2, Cu2O, and a small amount of CuO was formed on the surface. Many studies have shown porous titanium oxide films with a certain roughness can improve the biological activity of implants and promote the adsorption and diffusion of osteoblasts on their surfaces. For example, anodized films effectively enhanced the biological activity of titanium [53,54].





5. Conclusions


In this paper, a sandblasting and etching process was used to roughen the surface, and anodic oxidation was applied to improve the corrosion properties and antibacterial properties. The formation of a rough and double-layer oxide film composed of composite TiO2/CuO/Cu2O on Ti-Cu alloy improved the corrosion resistance and reduced Cu ion release due to the formation of an inner TiO2 layer, while also providing very good long-term antibacterial ability due to the formation of CuO/Cu2O, and improving the cellular compatibility due the rough surface.
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Figure 1. SEM morphology, film thickness and phase composition of surface-modified samples (a) SEM morphology of Ti-Cu-S after 15 min of acid etching at a voltage of 60 V; (b) SEM morphology of Ti-Cu-SA after 10 min at an oxidation voltage of 60 V; (c) SEM morphology of Ti-Cu-SA; (d) XRD patterns; (e) cross-sectional microstructure of Ti-Cu-SA. 
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Figure 2. Roughness and water contact angle of the Ti-Cu alloys (a) roughness; (b) water contact angle. 
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Figure 3. XPS analysis of Ti-Cu-S and Ti-Cu-SA samples (a1) Full spectrum of Ti-Cu-S alloy; (a2) Full spectrum of Ti-Cu-SA alloy; (b1)Ti 2p of Ti-Cu-S alloy; (b2) Ti 2p of Ti-Cu-SA alloy; (c1) Cu 2p of Ti-Cu-S alloy; (c2) Cu 2p of Ti-Cu-SA alloy. 
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Figure 4. Electrochemical test results and Cu ion release of Ti-Cu samples: (a) OCP; (b) Tafel; (c) Nyquist; (d) Bode; (e) Cu ion accumulated concentration; and (f) Cu ion release rate. 
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Figure 5. Typical bacterial colonies and antibacterial rates of the samples against S. aureus for different lengths of time. 
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Figure 6. Live/dead staining and SEM morphology of S. aureus after 24 h incubation. (a1) Live bacteria on the surface of cp-Ti samples; (b1) Dead bacteria on the surface of cp-Ti samples; (c1) The SEM morphology of cp-Ti samples; (a2) Live bacteria on the surface of Ti-Cu-S samples; (b2) Dead bacteria on the surface of Ti-Cu-S samples; (c2) The SEM morphology of Ti-Cu-S samples; (a3) Live bacteria on the surface of Ti-Cu-SA samples; (b3) Dead bacteria on the surface of Ti-Cu-SA samples; (c3) The SEM morphology of Ti-Cu-SA samples. 
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Figure 7. Cell toxicity of samples against MC3T3-E1 (* p < 0.05) (a1) OD values of alloys determined by direct contact method; (a2) OD values of alloys determined by extract toxicity; (b1) Cell viability of alloys determined by direct contact method; (b2) Cell viability of alloys determined by extract toxicity. 
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Figure 8. Cytoskeleton staining of MC3T3-E1 on the samples at different time intervals. 
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Table 1. Electrochemical data obtained from OCP and Tafel curves.
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	Sample
	EOCP/VSCE(V)
	Ecorr/VSCE(V)
	icorr × 10−8/(A/cm2)





	Ti-Cu
	−0.444 ± 0.003
	−0.474 ± 0.007
	3.9 ± 0.5



	Ti-Cu-S
	−0.081 ± 0.022
	−0.291 ± 0.016
	57.5 ± 10.1



	Ti-Cu-SA
	0.085 ± 0.017
	−0.056 ± 0.015
	5.1 ± 0.7
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Table 2. Electrochemical data obtained from EIS.
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	Sample
	Rs

(ohm·cm2)
	Rc/×104

(ohm·cm2)
	Qc/×105

(S·secn·cm−2)
	nc
	Rct/×104

(ohm·cm2)
	Qdl/×105

(S·secn·cm−2)
	ndl
	W/×10−4

(S·sec5·cm−2)





	Ti-Cu
	45.25 ± 0.19
	71.30 ± 2.42
	3.94 ± 0.02
	0.90 ± 0.00
	-
	-
	-
	-



	Ti-Cu-S
	45.49 ± 0.18
	21.97 ± 0.79
	9.15 ± 0.22
	0.90 ± 0.01
	0.23 ± 0.05
	20.27 ± 1.15
	0.97 ± 0.03
	-



	Ti-Cu-SA
	47.92 ± 0.26
	198.20 ± 6.85
	9.04 ± 0.17
	0.89 ± 0.01
	0.43 ± 0.03
	7.25 ± 0.20
	0.89 ± 0.01
	29.57 ± 3.69
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