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Abstract

:

Titanium and its alloys have been widely used for orthopedic and dental implants. However, implant failures often occur due to the implant-related bacterial infections. Herein, titanium oxide nanotubes (TNTs) with an average diameter of 75 nm were formed by anodizing on the surface of titanium, and subsequently gold (Au) nanoparticles were deposited on TNTs by magnetron sputtering (Au@TNTs). The antibacterial study shows that TNTs surface decorated with Au nanoparticles exhibits the preferable effect in restricting the growth of Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) even under dark conditions, and the antibacterial rates reached 84% and 75%, respectively. In addition, the constructed film showed no cytotoxicity. Such a selective bactericidal effect of Au@TNTs samples might be attributed to the photocatalytic memory effect, which provides a new insight in the designing of antibacterial surfaces for biomedical application.
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1. Introduction


Titanium (Ti) and its alloys have been widely used for biomedical devices because of their outstanding mechanical properties [1] and excellent biocompatibility [2,3,4]. However, Ti-based implants lack bactericidal activities and are susceptible to bacterial infection [4,5]. Researchers have come up with numerous strategies to conquer bacterial infections. The most commonly used strategy is loading antibacterial agents on the implants [6,7]. However, it may cause drug resistance. Regulating the surface topography of implants is another widely investigated method, but it is only effective to bacteria adhering to the implant surface [8,9]. Recently, a series of stimuli-responsive implants have been developed, which can combat bacterial infection by coupling with external stimuli such as light, ultrasound, etc. [10,11]. However, the application of stimuli-responsive implants is limited by the penetration depth of the external field to the human body. Moreover, exposure to various external fields for a long time may cause damage to the human tissue, increasing the safety concerns. How to endow Ti-based implants with preferable bactericidal activity without scarifying their biocompatibility remains a great challenge.



During the last decade, titanium dioxide nanotubes (TNTs) have attracted extensive attention in different research fields due to their great cytocompatibility [12,13], osseointegration [14,15], and photocatalytic activity [16]. Under light irradiation, TNTs produce electron-hole pairs which can promote the generation of reactive oxygen species (ROS), thus killing bacteria with high efficiency [17]. However, TNTs exhibit no antibacterial ability in dark, limiting their in vivo application. Recent studies have indicated that some semiconductor materials (such as CuO, WO3, SnO2, CuSe, etc.) have capacitive characteristics, which can store photogenerated electrons [18,19,20,21]. The combination of these semiconductors with TiO2 induces a photocatalytic memory effect, which can produce ROS and inhibit the growth of bacteria in dark [22,23,24]. Unfortunately, most of the semiconducting compounds contain elements with a low cellular tolerance such as Cu and Se, raising the biosafety concern [25]. Therefore, using biosafety nanomaterials to construct a platform for electron storing under light irradiation and electron release to kill bacteria under dark conditions is a promising strategy to modify the Ti-based implant to avoid bacterial infection.



Gold in bulk is highly unreactive and chemically inert by nature, thus exhibiting good biocompatibility. In addition, its nanosized particles (Au NPs) have various excellent properties (such as photocatalysis and photothermal) and are exploited for diverse applications (such as electrochemistry, environmental engineering, and biomedicine) [26,27,28]. Meanwhile, for the biomedical applications, the biosafety of Au NPs attracts great attention. In in vivo studies, it is found that Au NPs have side effects in hematology, blood chemistry, and in the inflammatory and pathological response [29,30,31,32]. Nevertheless, the toxicity of Au NPs is detected via intraperitoneal injection. When Au NPs are deposited on implant surface, the adhesion strength is rather strong. Furthermore, considering the limited amount of Au ions released from the Au NPs, it is predictable that Au NPs fabricated on implants surface have superior biocompatibility. On the other hand, previous studies have revealed that gold metallization on the implant surface is able to increase the charge separation, thus facilitating the photocatalytic process [33,34], For instance, Wang et al. immobilized Au NPs on titanium dioxide nanoparticles for the photocatalytic evolution of hydrogen [35]. Therefore, the deposition of Au NPs on TNTs has been considered as a desirable approach to store electrons for antibacterial application with good biosafety.



Herein, Au NPs with good capacitive property are chosen to be integrated with TNTs (Au@TNTs) in order to improve the antibacterial performance of a Ti implant without affecting its biocompatibility. Electrons in the valence band of TNTs located at a higher energy level can be injected and stored in Au NPs under light irradiation, and they continuously release charges in dark, which can eradicate bacterial infection. It is found that, even under dark conditions, the constructed films exhibited excellent antibacterial ability and present no toxic effects to cells. Our study may provide new insight into the design of antibacterial implants.




2. Materials and Methods


2.1. Sample Preparation


Figure 1 illustrates the process to construct the Au NPs-decorated TNTs on Ti. Briefly, commercially pure Ti plates (10 mm × 10 mm × 1 mm; Grade TA3, 99.98% purity) were ultrasonically washed and denoted as Ti. Then, TNTs were formed on the Ti surface by electrochemical anodization in 1.0 wt.% hydrofluoric acid aqueous solution at 20 V for 30 min via a DC power supply (Model 62024P-600-8) [36]. After anodization, the samples were annealed at 450 °C for 2 h and named as TNTs. Au NPs were sputtered on both Ti and TNTs samples with a sputtering current of 20 mA for 120 s using an ion sputter instrument (E-1045, Hitachi, Tokyo, Japan), and the resultant samples were named as Au@Ti and Au@TNTs, respectively.




2.2. Surface Characterization


The samples were characterized by scanning electron microscopy (SEM, SU 8220, Hitachi, Tokyo, Japan), energy dispersive spectroscopy (EDS, X-MaxN, Oxford, UK), X-ray photoelectron spectroscopy (XPS, PHI5300, PerkinElmer, Boston, MA, USA), and X-ray diffraction (XRD, D2 PHASER, Bruker, Karlsruhe, Germany). Tafel curves of the samples were measured by CHI 760C electrochemical workstation in normal saline. Photocurrent measurements were performed by an electrochemical analyzer (CHI66D, Shanghai Chenhua Instruments Co., Ltd., Shanghai, China).




2.3. Antibacterial Property Assessment


E. coli (ATCC 25922, Institute of Microbiology, Chinese Academy of Sciences, Beijing, China) and S. aureus (ATCC 25923, Institute of Microbiology, Chinese Academy of Sciences, Beijing, China) were used to evaluate the antibacterial activity. A total of 60 uL of bacterial suspension (107 CFU/mL) was seeded and cultured at 37 °C for 24 h. Then, the bacteria were fixed and observed by SEM. For plate colony counting, bacteria on the samples were collected, culturing for 24 h. A total of 100 uL of diluted bacterial suspension was introduced onto agar culture plates and cultured for another 18 h. Finally, images of agar culture plates were obtained. The activity of bacteria was determined using an alamarBlue® assay after culturing for 12 h.




2.4. Cytocompatibility Assessment


The rat bone marrow mesenchymal stem cells (rBMSCs, Stem Cell Bank, Chinese Academy of Sciences, Shanghai, China) were used to evaluate the cytocompatibility of various samples. The rBMSCs (5 × 104 cells/mL) were inoculated on the surface of the samples and cultured for 12, 24 and 48 h. Thereafter, 500 μL of mixed live/dead cell-staining reagent (Biovaision, Waltham, MA, USA) was used to stain the cells. After rinsing with PBS (Aladdin, Shanghai, China), the cells were observed using fluorescence microscopy.




2.5. Statistical Analysis


At least three replicates were detected for each quantitative experiment. Results were presented as mean ± standard deviation (SD). GraphPad Prism 8 statistical software package was used to conduct statistical analyses. Statistically significant differences (p) were analyzed by unpaired t-test, one-way analysis of variance (ANOVA), two-way ANOVA, and Tukey’s multiple comparison tests. * p < 0.05. ** p < 0.01. *** p < 0.001. **** p < 0.0001.





3. Results


Surface morphologies of Ti, TNTs, Au@Ti, and Au@TNTs are presented in Figure 2a. It is indicated that Ti exhibits a flat surface and TNTs samples are covered by ordered TiO2 nanotubes. The average tube diameter of TNTs was 75 ± 15 nm (Figure 2b), the wall-thickness was 12 ± 2 nm (Figure 2c). Au NPs with uniform distribution can be observed on Au@Ti and Au@TNTs, and the average diameter of Au NPs was 23 ± 3 nm (Figure 2d). Moreover, the structure of TNTs is preserved after the decoration of Au NPs. EDS results shown in Figure 2e and Table 1 indicate that Au signals are only detected on Au@Ti and Au@TNTs, while absent on Ti and TNTs. EDS data are also confirmed by XPS measurements (Figure 2f) that Ti and TNTs samples only contain Ti, C, and O elements. The surface of Ti would be oxidized naturally, so O element was also detected in Ti group. In comparison, the additional peaks corresponding to Au 4d and Au 4f are observed from Au@Ti and Au@TNTs samples. Furthermore, the high-resolution spectra (Figure 2g) suggest that the deposited Au NPs are in zero-valence state, which validates that the elemental Au NPs have been successfully deposited [37]. XRD patterns (Figure 2h) show that only metal Ti phases appear on Ti and Au@Ti samples. However, the addition XRD peaks corresponding to TiO2 phase emerge on the TNTs and Au@TNTs samples [38].



E. coli and S. aureus were cultured on four different samples in dark conditions to mimic the in vivo environment. SEM was utilized to monitor the morphologies of E. coli and S. aureus (Figure 3a). Both E. coli and S. aureus are well grown on surface of the Ti, TNTs, and Au@Ti samples, obvious filamentous pseudopodia can be observed. However, bacterial membranes are remarkably shrunken on Au@TNTs samples and the bacterial numbers are reduced considerably. The agar plate images (Figure 3b) show that the colony numbers of E. coli and S. aureus are quite similar in Ti, TNTs, and Au@Ti groups, but dramatically decreased in Au@TNTs group. The bacterial viability is further evaluated by fluorescence measurements (Figure 3c), and the results also suggest that the activity of bacteria cultured on Au@TNTs samples has been suppressed effectively.



The viability of mesenchymal stem cells is a determining factor for the successful implantation. rBMSCs have become the predominant cells used to assess the osteogenic function and cytotoxicity of the hard tissue implant. Therefore, in this study, the biocompatibility of the prepared samples was tested by culturing rBMSCs on the sample surface, and the cells were stained by a live/dead staining kit. After culturing for 12 and 24 h, no obvious differences could be detected on the live/dead states of cells cultured on various samples (Figure 4a,b). Most cells on Au@TNTs were alive (stained green) and dead cells (stained red) could be barely observed. After 48 h of cultivation, more live cells appeared on Au@TNTs than other samples (Figure 4b), revealing their satisfactory cytocompatibility.




4. Discussions


It is considered that the dark condition is similar to the in vivo environment, meaning that the enhanced antibacterial activity of Au@TNTs samples might stem from the photocatalytic memory effect due to their unique heterogeneous structures (Figure 5a). Under light irradiation, the electrons in the valence band of titanium dioxide might be excited and transited to the conduction band, leaving holes in the valence band. Both electrons and holes can react with substances in the environment to form ROS and play an antibacterial role [39]. Moreover, once the light irradiation is switched off, the electrons and holes recombine and annihilate quickly, which results in the vanishing of the antibacterial ability of TNTs in the dark environment. However, the situation changes dramatically as TNTs are decorated with Au NPs to form Au@TNTs. The conduction band of TNTs is at −4.14 eV and the Fermi energy level of Au NPs is at −5.1 eV. When TNTs and Au NPs are in contact, some electrons in the valence band of TNTs located at a higher energy level can be injected and stored in Au NPs owning to their capacitive characteristics. In dark environment, the electrons stored in Au NPs are gradually released into the environment and further react with oxygen to produce O2− radicals, which causes the rupture of the bacterial membrane, and ultimately leads to bacterial death. The above hypothesis can be verified by the Tafel and photocurrent curve measurements. The Tafel polarization curves (Figure 5b) indicate that Ti, TNTs, and Au@Ti exhibit similar exchange current density, while the current density of Au@TNTs is one order of magnitude higher, which is ascribed to the enhanced charge transfer of Au@TNTs affected by electrons stored in the Au NPs. The photo-response of different samples is shown in Figure 5c. Without the integration of TNTs, no continuous and stable photocurrent is obtained on Ti and Au@Ti samples. However, the considerable photocurrents are generated in TNTs and Au@TNTs samples. In particular, negative net photocurrent can be observed from Au@TNTs samples, verifying the capacitive behavior of Au NPs decorated on TNTs, which can store electrons under light illumination and release electrons in dark condition. In fact, the photocatalytic memory effect is frequently observed in TiO2 decorated by materials with capacitive characteristics, in which the antibacterial ability is significant improved due to the formation of unique heterogeneous structures [22,40,41,42]. Li et al. decorated a nitrogen-doped titanium oxide (TiON) matrix with palladium oxide (PdO) nanoparticles, and the optoelectronic coupling between PdO and TiON introduces a unique catalytic memory effect on bacterial disinfection due to the discharging of trapped electrons on PdO nanoparticles in the dark [40]. Liu et al. constructed a novel Cu2O/TiO2 composite, which showed a post-illumination bacteria disinfection effect [43]. Li et al. designed a Ag-modified TiO2 film, which produced a synergistic antifungal mechanism under both light and dark conditions [44]. In this work the photocatalytic memory effect in Au@TNTs also occurs in dark condition and enables the improvement of antibacterial ability, which is essential for the initial period of implant surgery. In addition, no cytotoxic elements are introduced in the platform, thus eliminating the biosafety concerns. It should be noted that the constructed platform possesses antibacterial activity for certain period since the number of the stored electrons is limited. However, the improved antibacterial capability with certain period is sufficient for its clinical applicability since the demand for antibacterial property of implanted devices is time dependent. Bacterial infection is most likely to occur within the first few days after surgery [45,46]. Thereafter, the host immune system could be stimulated and reduce the infection risk considerably. However, the implant material can still be disturbed by bacteria in long-term applications, and foreign body reactions can cause the body to reject the implant and create a fibrous layer. Furthermore, it is a relatively expensive surface modification method owning to the usage of gold.




5. Conclusions


In summary, Au NPs-decorated TNTs exhibit superior antibacterial activities against S. aureus and E. coli without inducing obvious cytotoxicity. Due to the capacitive characteristics of Au NPs, the stored electrons are released in dark conditions. The released electrons react with oxygen to produce O2− radicals, which can destroy the bacterial membrane, thus yielding the antibacterial effect. It is expected that the integration of Au@TNTs can sufficiently suppress the growth of bacteria, which can improve the anti-bacterial performance of Ti based implants. However, it should be emphasized that there is more work that needs to be done before the clinical application of Au@TNTs, which includes prolonging the in vivo antibacterial time and improving economical and biocompatibility of the platform. Future studies should focus on bone integration of the TNTs and its compatibility with bone tissues, which might be achieved through other safer and cheaper metal nanoparticles combined with TNTs. In addition to the selection of metal particles, other aspects considering the textured surface, geometric parameters, and coating application also need to be carried out in the future to minimize implant failures.
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Figure 1. Schematic diagrams of the process to construct Au@TNTs. 
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Figure 2. (a) SEM images of Ti, TNTs, Au@Ti and Au@TNTs samples. (b) Diameter distribution of TNTs. (c) Wall-thickness distribution of TNTs. (d) Diameter distribution of Au NPs on Au@TNTs sample. (e) EDS and (f) XPS spectra of Ti, TNTs, Au@Ti, and Au@TNTs samples. (g) High-resolution XPS spectra of Au for Au@Ti and Au@TNTs samples. (h) XRD spectra of various samples. 
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Figure 3. SEM images of E. coli and S. aureus grown on different samples (a). Typical photographs of E. coli and S. aureus cultured on nutrient broth medium agar for 18 h (b). Viability of E. coli and S. aureus evaluated by fluorescence measurements (c). 
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Figure 4. (a) Fluoroscopy images of live/dead staining of rBMSCs cells on various samples. (b) Density of live cells after 12, 24, and 48 h of culture on different samples (n = 6, * p < 0.05, ** p < 0.01). 
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Figure 5. Schematic diagram for the photocatalytic memory effect of Au@TNTs samples (a). Tafel curves (b) and photocurrent curves (c) of various samples. 
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Table 1. Chemical composition of different samples.
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	-
	Ti (at.%)
	TNTs (at.%)
	Au@Ti (at.%)
	Au@TNTs (at.%)





	Ti
	81.7
	37.0
	83.8
	56.1



	O
	18.3
	63.0
	14.8
	42.3



	Au
	-
	-
	1.4
	1.6
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