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Abstract

:

Currently, the development of biomaterials has focused on having a low Young’s modulus, biocompatibility, corrosion resistance, and antibacterial properties. Ti–Nb alloys have higher research value due to their excellent corrosion resistance and low Young’s modulus. In recent years, the antibacterial properties of materials have been enhanced by the addition of Ag and Cu. Therefore, the corrosion resistance and antibacterial properties of the Ti–12Nb–1Ag alloy formulated in the current study were investigated and compared to those of commonly used Ti alloys, G2 pure Ti (ASTM B348 CP Grade 2), and Ti–6Al–4V, via electrochemical and E. coli antibacterial tests. Meanwhile, we also carried out a microstructural analysis to investigate the composition of the alloy. The results were as follows: (1) The electrochemical test demonstrated that Ti–12Nb–1Ag had a higher corrosion resistance than Ti–6Al–4V, which is similar to the properties of pure Ti. (2) The E. coli antibacterial test demonstrated that the sterilization rate of Ti–12Nb–1Ag was higher than that of the Ti–6Al–4V alloy and pure Ti. (3) The microstructural analysis revealed that Ti–12Nb–1Ag had an acicular martensite structure, with nano-Ag precipitates observed. Based on the results of the E. coli antibacterial test and the principles of sterilization of nano-precipitates and Ag, we inferred that the nano-Ag precipitates of Ti–12Nb–1Ag enhanced the antibacterial properties of the newly developed biomaterial, which is, namely, the Ti–12Nb–1Ag alloy.
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1. Introduction


Pure Ti and Ti alloys are two of the most popular biomaterials in use today due to their favorable properties, such as biocompatibility, mechanical properties, and corrosion resistance [1,2,3]. These alloys have a considerably wide range of biomedical applications, such as dental implants, crowns, and bridges; orthodontic wires; bone plates; hip joints; and spinal fixation devices [4,5]. These alloys also have higher corrosion resistance and biocompatibility compared with stainless steel (e.g., 316 L and 304), which is widely used in the field of biomaterials [6,7,8]. Furthermore, these alloys do not cause allergic reactions in the surrounding tissues or hemagglutination [9], while also having a relatively low density. For these reasons, Ti alloys have been gradually replacing stainless steel in the field of biomaterials.



According to American Society for Testing and Materials (ASTM) F67 standards, CP titanium is produced at four different degrees of purity (grades 1–4), based on the maximum content of interstitial impurities (higher content is assigned a higher grade). Such interstitial defects can prevent movement and dislocations within the lattice, therefore augmenting the mechanical strength and reducing ductility [10,11]. Pure titanium is frequently used in many applications, as it exhibits good weldability, ductility, and formability [10,11]. However, pure Ti has the problems of insufficient strength and poor wear resistance, both of which have limited its application. For example, the demand for strength of artificial joints is high and, therefore, some researchers have tried to use the solid solution technique to increase its strength [4,10,11]. Over the past 10 years, the low-density Ti alloy Ti–6Al–4V has become one of the most popular materials used in implants. However, studies have shown that Ti–6Al–4V has adverse effects on the human body because ions of Al and V can be released. The V ions can bind to inorganic phosphorus, leading to a phosphorus deficiency, while Al possesses neurotoxic properties. These effects can lead to several medical conditions, such as Alzheimer’s Disease and reduced fertility [1,9,12,13]. Therefore, new Ti alloys need to be developed to replace the existing Ti–6Al–4V alloy.



As Ti alloys are widely applied in the biomedical field, they must have a Young’s modulus similar to human bone so as to not cause serious stress shielding, which leads to implant loosening and revision surgery. If the Young’s modulus is too high, it can lead to stress shielding effects. This is the case for Ti–6Al–4V as its Young’s modulus is 108–110 GPa, which is threefold higher than that of human bone (human bone: 30–33 GPa). This, subsequently, will cause resorption of adjacent bone tissue and premature failure of prosthetic devices due to the large differences in the elastic moduli between the implant and the adjacent bone tissue [1,14,15,16]. Hence, the focus regarding the development of new Ti alloys is on materials that have a low Young’s modulus.



In recent years, Ti alloys, such as Ti–Mo, Ti–Ta, and Ti–Nb, have been studied extensively due to their low modulus values and nontoxic properties [17,18]. It has been shown that the addition of Mo, Ta, and Nb to Ti can enhance the tensile strength of the alloyed material and reduce its Young’s modulus [19,20,21,22]. In fact, the addition of different elements can enhance specific properties of the material. For example, the addition of Mo to Ti enhances its porosity, thus reducing its Young’s modulus [23]; the addition of Ta to Ti forms a stable coating on the surface of the Ti from the high chemical activity of Ta imparting higher chemical stability and corrosion resistance to the Ti–Ta alloy [24,25]; and the addition of Nb to Ti improves shape memory, which is beneficial to its application in the biomedical field [18,26].



However, recent studies into the development of Ti alloys have revealed some drawbacks. For example, the addition of Mo to Ti increases the density of the Ti alloy, which will adversely affect its mechanical properties. In contrast, Ta is expensive, which increases the material costs [24]. Therefore, in the current study, we selected Ti–Nb alloys as our research focus. In previous studies on Ti–Nb alloys, the proportion of Nb ranged from 10–40% [1,2,3,12,18,27]. Therefore, for our research, we chose an alloy composition of 12%, which is referred to as Ti–(12%)Nb. We also used the alloy phase diagram to make this selection.



Dental implant materials should exhibit favorable antibacterial properties. Bacteria that adhere to medical equipment form a biofilm on the surface, which protects them from sterilization by antibacterial agents. Eventually, this can lead to complications, such as infection, in living tissues that come into contact with the medical equipment [28,29,30]. To solve this problem, many researchers have found that addition of Ag can reduce bacterial colonization, leading to improved antibacterial properties of the material. However, excessive antibacterial properties can actually damage cells and inhibit the self-repair capacity of the surrounding tissues [28,31]. The addition of Cu can also enhance the antibacterial properties of a material, which has been the trend in the development of antibacterial stainless steel in recent years [32,33]. The use of metals, such as Cu and Ag, achieves an antibacterial effect by damaging the cell wall and cell membranes of the bacteria via the strong oxidizing characteristic of the metal ions, which eventually inhibits the metabolism of the bacteria [34]. Corrosion resistance has also been the focus of recent studies, as materials used in dental implants face the unique problem of contact with fluoride ions from dental treatment products. Fluorides can cause destruction of the inert layer, which substantially increases the corrosion rate of the implant [35]. In previous studies, researchers have used various materials and methods such as a mechanical-resistant bioactive layer, a plasma spray, a sol-gel, electrochemical deposition techniques, acid-etching, and anodic oxidation on the surface of the materials to improve their antibacterial properties, corrosion resistance, and biocompatibility [25,36,37]. However, these materials and methods were largely unsuccessful. Therefore, in the current study, we homogenized the materials using the melting method to ensure homogeneous and persistent dissolution of the metal ions in order to achieve enduring efficacy [38,39].



In summary, the alloy formulated in the present study was mainly composed of Ti and Nb, with some Ag added to enhance its antibacterial properties. The silver had a lower toxicity to human cells compared with copper, with the addition of copper also making it difficult to maintain both corrosion resistance and good antibacterial properties [40]. The purpose of adding silver is to utilize its antibacterial properties [41,42,43,44,45,46,47] in order to enable sterilization of the alloy, thereby enhancing the antibacterial properties of the biomaterial. To ensure the solid solution of the alloy with Ag, we used the Ti–Ag binary phase diagram [48] and formulated the alloy composition of Ti–12Nb–1Ag, before analyzing the antibacterial properties of Ti–12Nb–1Ag. We also compared the corrosion resistance and antibacterial properties of Ti–12Nb–1Ag with commonly used Ti alloys, such as G2 pure Ti and Ti–6Al–4V. We compared the corrosion resistance of the materials using an electrochemical test and their antibacterial properties via an E. coli antibacterial test. We also further analyzed their microstructures in order to better understand the correlation between microstructural and antibacterial properties.




2. Materials and Methods


In this study, Ti–12Nb–1Ag was formulated in order to develop biomedical materials with appropriate properties. We conducted an antibacterial assay, electrochemical corrosion tests, and a microstructural analysis in order to investigate the correlation between structural and functional properties. The experimental procedure is shown in Figure 1.



2.1. Preparation of Materials


The alloy composition formulated in this study was Ti–12Nb–1Ag, as shown in Table 1. The alloy was purified in duplicate using a vacuum induction melting furnace in order to decrease gravity segregation in casting. After this, it was shaped by open die forging into 100.502 mm3 sized plates. Finally, the plates were cut into 2 mm thick slices, with dimensions of 10 mm × 10 mm (length × width).




2.2. Conditions for Heat Treatment


The conditions for heat treatment were as follows: high temperature solid solution treatment at 850 °C for 1 h, followed by water-cooling, aging at 550 °C for 8 h, and further water-cooling.




2.3. Preparation of Experimental Samples


Experimental samples of Ti–12Nb–1Ag, G2 pure Ti, and Ti–6Al–4V were prepared using a cutting machine (SEIBU SNC-20HPi, Kyushu, Japan), which cut the samples into 2 mm thick, 10 mm × 10 mm slices. After this, the Ti–12Nb–1Ag experimental samples were subjected to heat treatment using the predetermined conditions. After heat treatment, the samples were added to an epoxy hardener in a cold mounting press, followed by grinding sequentially with 100, 600, 1000, and 1500 grit waterproof abrasive paper (MATADOR, Remscheid, Germany). After that, the samples were subjected to polishing using alumina powder (Al2O3) with 0.3 µm particle size, which was followed by secondary polishing with silicon dioxide (SiO2). Finally, the samples were subjected to a water polish to remove surface impurities.




2.4. Analysis of Antibacterial Properties


An antibacterial assay was used to assess the antibacterial properties of the material surface. The assay was carried out according to JIS Z2801:2000 specifications. After the experimental samples were sterilized by UV (UV-101, Winder, GA, USA), Escherichia coli (E. coli [ATCC-25922]) was inoculated onto the surface of the samples at a density of 107 CFU (cells/mL). After a 20 h incubation, a series of observations and assays were conducted at various time points.



2.4.1. Antibacterial Assay of Experimental Samples


Bacterial culture medium (BD Triptose Enzymatic Digest of protein) was added to the test tubes and sterilized via autoclaving for 10–15 min, before it was cooled to room temperature (about 25 °C). The bacteria were inoculated into the cooled bacterial culture medium using a platinum loop, followed by incubation at 37 °C for 12 h. An appropriate volume of bacterial culture was transferred into a cuvette to measure the optical density (OD) value using an ultraviolet–visible spectroscopy (UV–vis) spectrophotometer (BioMate3, Grand Island, NY, USA) in order to obtain the bacterial cell density in CFU (cells/mL). The measured bacterial culture was diluted to a density of 107 CFU prior to inoculation of the samples, followed by a 20 h incubation in a shaking incubator to prevent the precipitation of bacterial cells. To determine bacterial growth, the OD value of the bacterial culture was measured using a UV–vis spectrophotometer. The antibacterial rate (AR) can be obtained by the following formula:


AR = (ODcontrol − ODsample)/ODcontrol × 100%,



(1)




where ODcontrol and ODsample are the average OD values of the bacterial colonies of the control group and samples, respectively.




2.4.2. Bacterial Count


A UV–vis spectrophotometer was used to determine the actual number of viable bacterial cells on the samples. A 2% bacterial culture medium (BD Triptose Enzymatic Digest of protein), supplemented with 2% agar was sterilized via autoclaving for 10–15 min, before an appropriate volume of the molten agar was poured into a petri dish (90 mm × 15 mm). The petri dish was then inverted, cooled in a ventilation chamber and sterilized using UV radiation. The bacterial culture was diluted to a density of 10–100 CFU, transferred onto the agar plate and spread using an L-shaped cell spreader until dry. The agar plate was then incubated at 37 °C for 12 h prior to counting of the number of colonies, which aimed to determine the actual number of viable bacterial cells. The above-mentioned procedure was repeated five times to obtain a mean value for comparison.





2.5. Electrochemical Analysis


The samples to be tested were polished by sandpaper of a grade higher than 1200 grit. A 10 mm × 10 mm area was marked on the top surface of the samples while the bottom was connected to the solid conductors. Following this, the entire surface of the samples and the constantan wire were coated with multi-part adhesives (Magnobond#6375, Chamblee, GA, USA) or a nonconductive coating, leaving only the 10 mm × 10 mm area exposed. The conductivity between the constantan wire and the samples was tested.



To investigate corrosion resistance of the samples, a 600 E electrochemical station was used (CH Instruments, Inc., Austin, TX, USA). For the measurements, the reference electrode (ANATECH Co., Ltd., Taipei, Taiwan), counter electrode, and working electrode were a saturated calomel electrode, a platinum sheet, and test samples, respectively. The three electrodes were sequentially placed into the reagent bottle and their positions were adjusted. To simulate the environment in mouths, artificial saliva (0.4 g KCl, 0.4 g NaCl, 0.906 g CaCl2·2H2O, 0.690 g NaH2PO4·2H2O, 0.005 g Na2S·9H2O, and 1 g urea per liter) was used as a corrosive fluid, before aerated nitrogen was allowed to deaerate for 30 min. Prior to the potential polarization testing, the open circuit potential (OCP) of the samples was measured and recorded to determine the scan range at a scan rate of 1 mv/s. The experimental data were plotted as a logarithmic voltage–current density curve to obtain values for the corrosion potential (Ecorr) and the corrosion current density (Icorr). According to ISO 10271:2001 specifications, the recorded curve of offload voltage versus time should be 1 h long to confirm the off-load voltage (EOCP). Electric potential scanning was performed at a scanning rate of 0.5 mV s−1.




2.6. Analysis of Microstructure


A microstructural analysis was performed via SEM (scanning electron microscopy) (JEOL JSM-6380, Tokyo, Japan) and TEM (transmission electron microscopy) (Philips CM200 FEG, Tempe, AZ, USA). The experimental procedures were as follows.



For SEM, a corrosive fluid (7.5% HNO3 + 2.5% HCl + 90% alcohol) was prepared to corrode the samples after polishing of the samples. SEM, using an operating voltage of 15 kV and a vacuum maintaining 10−4 Pa, was employed to observe the surface structural properties of the samples.



For TEM, the samples were polished via water sandpaper to 80 µm, before being electropolished using an Automatic Twin-Jet Electropolisher (Model 110, Kanagawa, Japan) at a working voltage of 30–40 V and a temperature of approximately −20 to −10 °C, with 85% CH3OH + 15% HClO4 used as the corrosive fluid. TEM was used to observe the bright field, dark field, and selected area diffraction pattern (SADP) of the polished area of the samples in order to analyze the surface microstructure.





3. Results


3.1. E. coli Antibacterial Testing of Ti–12Nb–1Ag


The results of the E. coli antibacterial test are shown in Figure 2. The numbers of bacteria of the G2 pure Ti and Ti–6Al–4V were 3.33 × 106 and 3.29 × 106, which were similar to the control group (3.50 × 106). This indicated that their antibacterial properties were insignificant. However, the number of viable bacterial cells on Ti–12Nb–1Ag (1.06 × 106) was much lower than that of the control group, indicating that it had favorable antibacterial ability. The antibacterial rates of pure Ti and Ti–6Al–4V were 4.9% and 6%, respectively. However, the Ti–12Nb–1Ag alloy exhibited stronger antibacterial properties, which were as high as 71.4%.




3.2. Electrochemical Testing of Ti–12Nb–1Ag


Figure 3a shows the potentiodynamic polarization curves of the Ti–12Nb–1Ag alloy, Ti–6Al–4V, and pure Ti in the artificial saliva. The three Ti alloys all possess similar passive properties with low currents, which indicate a low corrosion ratio. Meanwhile, no significant breakdown potential is observed, which indicates that the phenomenon of pitting corrosion does not occur during the electrochemical measurement. However, the corrosion potential of the Ti–12Nb–1Ag alloy (Ecorr = −0.264 eV) was slightly lower than that of pure Ti (Ecorr = −0.244 eV) and better than that of Ti–6Al–4V (Ecorr = −0.461 eV). Based on the estimation of the corrosion potential, the corrosion tendency of the Ti–12Nb–1Ag alloy was lower than that of the Ti–6Al–4V, which was similar to that of the pure Ti. However, as shown in Figure 3b, the Ti–12Nb–1Ag alloy curve is located at the top, with the pure Ti curve just below it and the Ti–6Al–4V curve at the bottom. These curves indicate that the potential curve had reached a steady state in the long-term electrochemical test. The passivation layer, which provides better corrosion resistance, could become thicker with a higher OCP. Thus, the comprehensive electrochemical characteristic of the Ti–12Nb–1Ag alloy was higher than that of Ti–6Al–4V and even outperformed the pure Ti.




3.3. Microstructural Analysis of the Ti–12Nb–1Ag Alloy


To describe in detail the properties of the different alloys, microstructural analysis was also performed. The TEM observation of Ti–12Nb–1Ag after solid solution treatment and aging treatment is described below.



At low magnification, it could be seen that Ti–12Nb–1Ag had an acicular structure. The bright field image is shown in Figure 4a, while the dark field image is shown in Figure 4b. Figure 4c indicates that the base was α-Ti, the hexagonal close packing (hcp) structure and lattice constants were a = 0.2952 nm and c = 0.4688 nm, respectively, along the [110] axis.



Figure 5a is a low-magnification bright field image after low-temperature aging, showing that more precipitates were observed. Figure 5b is a high-magnification dark-field image, showing that approximately 50–100 nm nano-precipitates were observed. The smaller image shows the SADP of the α-Ti base and additional weaknesses (precipitates). In addition to the diffraction point of the α-Ti base, the diffraction point of the precipitates was also observed.



In summary, the microstructural observations of the Ti–12Nb–1Ag alloy revealed that the basic structure of the alloy was an HCP acicular martensite structure. Nano-precipitates were also observed on the coupons after low-temperature aging.





4. Discussion


Dental implant materials should exhibit favorable antibacterial properties and corrosion resistance. Otherwise, an implant could cause various complications in the human body due to bacterial infection and metal ion release [49]. Ti–Nb alloys have been widely used in the medical field because of their excellent corrosion resistance and biocompatibility (being nontoxic and not rejected by the human body). In the current study, we aimed to enhance the antibacterial properties of Ti–Nb alloys via the addition of silver [50,51] in order to produce an alloy with good corrosion resistance and antibacterial properties. We compared the mechanical properties of Ti–12Nb–1Ag with G2 pure Ti and Ti–6Al–4V and correlated these results with those of microstructural analysis.



An E. coli antibacterial test was used to determine the antibacterial properties of the alloys relative to a control group. A lower number of viable bacterial cells indicated a better sterilization rate of the alloy. The test results showed that the Ti–12Nb–1Ag alloy had the lowest number of viable bacterial cells, with a sterilization rate higher than those of pure Ti and Ti–6Al–4V. Studies from other researchers also showed that pure Ti and Ti–6Al–4V did not have significant antibacterial properties, which is consistent with the results from our present study [39,49].



Electrochemistry is frequently used to analyze corrosion resistance [35,52,53], where it determines that a material with better electrochemical properties and a higher electrical potential will not be easily oxidized. Thus, such a material will not corrode easily after being implanted into the human body, which enhances the feasibility of in vivo application of the material [54]. The results of the current research showed that the corrosion electrical potential of the Ti–12Nb–1Ag alloy indicated excellent corrosion resistance, which was similar to that of pure Ti and higher than that of Ti–6Al–4V.



The results of the antibacterial test and the electrochemical test for the Ti–12Nb–1Ag alloy in this study were better than those for the G2 pure Ti and Ti–6Al–4V. Furthermore, the microstructural analysis revealed that the basic structure of the Ti–12Nb–1Ag alloy was that of an α-Ti base and acicular martensite. Additionally, studies by other researchers found that the structure of martensite could be enhanced by altering the composition of Nb. When the concentration of Nb in the Ti–Nb alloy was lower than 25.5%, the alloy was an α-phase structure [18], which is consistent with the results of the present study. However, additional weaknesses, such as some precipitates, were found in the SADP of the Ti–12Nb–1Ag alloy in addition to the diffraction spot of the α-Ti base. From the lattice constant calculation, we inferred that it was the diffraction spot of Ag, namely g = [112] with fcc structure, when the lattice constant is a = 0.369 nm.



Studies by other researchers showed that Ag nanoparticles have excellent antibacterial effects in clinical and medical applications. Moreover, a comparison of Ag particles found that the antibacterial effects were enhanced by decreasing the size of the Ag particles [46,55]. Ou [56] reported that the strong antibacterial agents of Ag nanoparticles or Ag+ ions could be released from Ag-rich compounds precipitated in the matrix of the Ag-bearing Ti–27.5Nb alloys into the surrounding solution. Therefore, Ag nanoparticles or Ag+ ions can destroy the cell walls or cell membranes of bacteria in order to inhibit their growth [57]. Thus, the Ag nanostructure might express favorable antibacterial effects. Furthermore, other studies also found that the shape of Ag particles could be altered via different materials and methods, including polyol processing, seed-mediated growth, electrochemical deposition, soft templates, and photochemical synthesis [58]. The fact that the shape of the Ag-rich precipitates correlates with their antibacterial properties was also reported in a previous study [59], which indicated that spherical and triangular Ag nanostructures have higher antibacterial properties than those of cubic and linear Ag-rich precipitates. However, although a triangular silver particle has a higher antibacterial property, it also has a higher silver release concentration than other shapes [60], which could lead to adverse effects in the human body. Therefore, we inferred that the spherical shape is the optimal nanostructure.



In summary, we infer that the alloys used in this study could possess good antibacterial properties because they contain nanoscale silver precipitates. The effect of the shape of the Ag nanostructure with polygonal or spherical shapes, which could exhibit favorable antibacterial properties and have fewer adverse effects on the human body, should be further analyzed.




5. Conclusions


In this study, the Ti–12Nb–1Ag alloy was the main focus and its structural properties possessing favorable biocharacteristics were investigated. Ag nanostructure (approximately 50–100 nm with a polygonal, near-spherical shape) was observed in the Ti–12Nb–1Ag alloy, which enhanced the antibacterial properties of the Ti–12Nb–1Ag alloy. The Ti–12Nb–1Ag alloy had outstanding corrosion resistance, which was similar to that of pure Ti. After having reached its steady state in the long term, the electrical potential of the Ti–12Nb–1Ag alloy was even higher than that of pure Ti, indicating that it would not be easily corroded in the human body.



E. coli antibacterial testing of the Ti–12Nb–1Ag alloy compared with that of G2 pure Ti and Ti–6Al–4V alloys showed that both G2 pure Ti and the Ti–6Al–4V alloy did not have significant antibacterial properties, while the Ti–12Nb–1Ag alloy possessed better antibacterial properties (about 71%).



In this study, we used a Ti–Nb alloy with silver added and confirmed that the resulting Ti–Nb alloy displayed good corrosion resistance and good antibacterial properties.
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Figure 1. Flowchart of the experimental procedure. 
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Figure 2. Comparison of E. coli antibacterial test results of pure Ti with Ti–6Al–4V and Ti–12Nb–1Ag alloys. 
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Figure 3. Electrochemical test results of Ti–12Nb–1Ag, G2 pure Ti, and Ti–6Al–4V using: (a) Tafel curves and (b) Open-circuit potential curves. 
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Figure 4. TEM (transmission electron microscopy) images for Ti–12Nb–1Ag, including: (a) Bright field image, (b) Dark field image, and (c) [110] axis. These indicate that the material has an acicular hexagonal close packing (HCP) structure. 
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Figure 5. TEM (transmission electron microscopy) images, including: (a) Bright field image and (b) Dark field image. The smaller image is the [011] axis of the selected area diffraction pattern (SADP), which shows the presence of nano-sized particle precipitates after precipitation hardening of the material. 
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Table 1. Chemical Composition of Ti–12Nb–1Ag.
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	Element
	Ti
	Nb
	Ag
	O
	C
	Si
	N
	Fe
	Cr





	Mass %
	Bal.
	12.12
	1.05
	0.12
	0.04
	0.12
	0.03
	0.12
	0.08
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