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Abstract

:

In the past few decades, titanium and its alloys have been widely used in the orthopaedic field. However, because titanium is bioinert and lacks antibacterial properties, infection may happen when bacteria attach to implant surfaces and form biofilms. It has been studied that some naturally existing micron-scale topographies can reduce bacterial attachment such as cicada wings and gecko skins. The aim of this in vitro study was to find an implant with good biocompatibility and antimicrobial properties by the modification of micron-scale topographies. In this paper, a femtosecond laser was used to provide microtopography coatings on Ti substrates. The surface morphology of Ti substrates was observed by scanning electron microscopy (SEM). XPS was used to fulfil the chemical compositional analysis. The surface wettability was measured by contact angle measurement system. The effect of microtopography coatings with different surface microstructures on bacterial activities and bone marrow mesenchymal stem cells (BMSC) functions was investigated. The results of in vitro study revealed that microtopography coatings restrain the adhesion of Staphylococcus aureus (S. aureus) and Staphylococcus epidermidis (S. epidermidis), which are common pathogens of orthopaedic implant infections. In addition, microtopography coatings stimulated BMSC adhesion and proliferation. Our studies suggest that a microtopography-coated sample modified by femtosecond laser showed promising antibacterial properties and favourable biocompatibility. The femtosecond laser technique provides an accurate and valid way to produce microtopography coatings with outstanding biocompatibility and antimicrobial properties, and could be widely used to modify the surface of orthopaedic metal implants with great potential.
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1. Introduction


Over the past few decades, implants have been widely used in various orthopaedic surgeries. As a kind of biocompatible metal with corrosion resistance, nontoxicity, and appropriate mechanical properties, titanium (Ti) has become the most popular orthopaedic implant material [1]. Nevertheless, orthopaedic implant surgery may fail when orthopaedic implant infection happens as a result of pathogens attaching to implant surfaces and forming biofilms [2,3]. According to statistics, the incidence of orthopaedic implant infection reaches 2–5% [4]. In recent years, a lot of research about chemical modification on implant surfaces has been performed. For example, silver nanoparticle technology shows excellent antimicrobial properties in the field of orthopaedics [5,6], and antibiotic-coated implants also play a role in killing bacteria [7,8]. However, at present, the toxic effects of silver nanoparticles on mammalian cells have attracted attention [9], antibiotics may cause a problem of drug-resistant bacteria [10] and may also affect the biocompatibility of an implant in the meantime [11], so the use of an antibiotic-coated implant is also limited. For a successful implant, strong antimicrobial activity and appropriate biocompatibility are essential; as such, it is necessary to design implants that satisfy both in the same time.



A large number of studies prove that micron-scale topographies affect the attachment and biofilm formation of different bacterial strains [12,13,14,15,16,17]. These studies indicate that producing micron-scale topographies on implant surfaces can endow implants with the capacity to inhibit early bacterial adhesion. On the other hand, no chemicals are used in the process of producing micron-scale topographies, which means that the biocompatibility can be maintained. However, it is worth mentioning that the size and shape of micron-scale topographies both have a great influence on bacterial attachment.



Many topographic patterns have been proved to restrain bacterial adhesion, such as micro holes [12], line patterns [18], and ridges patterns [19]; this shows that it is important to design patterns of topographies wisely. What is more, some naturally existing micron-scale topographies can reduce bacterial attachment such as cicada wings and gecko skins [20,21,22].



Taking all these into consideration, microtopography coating by mimicking naturally existing micron-scale topographies presents an attractive way to strengthen the antimicrobial property and biocompatibility of the implant.



Various techniques have been employed to prepare topographies [23,24,25], but these processes do not provide well-defined surface topographies. Additionally, research has shown that rationally designed topography can reduce more bacterial attachment [26]. So, selecting an accurate and controllable way to fulfil the design of microtopography coating is necessary. Femtosecond laser possesses several advantages in the field of processing metal material, such as high instantaneous power, low thermal effects, high precision, and high stability, which are perfectly suitable for producing bionic microtopography coatings.



In order to find out the physical and chemical characteristics of a sample surface, SEM, XPS, and contact angles measurements are conducted. SEM is considered to be the best way to observe the surface morphology. The effects of XPS include chemical elements qualitative analysis and chemical elements quantitative analysis, and we can figure out elemental changes after the processing of femtosecond laser. Wettability is usually measured by contact angles, so that contact angles measurements are also chosen. As for in vitro study, S. aureus and S. epidermidis were chosen for they are the most frequently detected pathogens in infections on implants [27,28], we can assume that microtopography coating may reduce the incidence of infection if they show antimicrobial properties towards S. aureus and S. epidermidis. According to research before, bone marrow mesenchymal stem cells (BMSC) have important biological properties and play an essential role in tissue healing, modulating the production of important cytokines. Additionally, BMSC also accelerates bone regeneration and has angiogenic potential [29]; it is of great benefit if BMSC adhere and multiply well on microtopography coatings. So, BMSC was chosen to be our experimental cell.



In this study, four kinds microtopography coatings with different surface microstructures were prepared by femtosecond laser. The surface morphology, surface wettability, and surface composition of the samples were measured. The antibacterial properties of the bionic microtopography coatings against Staphylococcus aureus (S. aureus) and Staphylococcus epidermidis (S. epidermidis) were determined and the cellular biological effects with Bone marrow mesenchymal stem cells (BMSC) were studied.




2. Materials and Methods


2.1. Bionic Microtopography Coatings Sample Preparation


Titanium alloy (Baoji Titanium Industry Co., Ltd., Baoji, China) was prepared by a wire cutting process and then metallography sandpaper of #320, #600, #800, #1000, and #1500 were used to polish the surface of titanium alloy. Before laser treatment, the titanium alloy surface was cleaned with acetone (Mianyang Rongsheng Chemical Reagent Co., Ltd., Mianyang, China) and ethanol (Sinopharm Chemical Reagent Co., Ltd., Beijing, China), respectively, then cleaned by ultrasonic bath (Front Ultrasonic Technology Co., Ltd., Hangzhou, China) for 10 min, and dried in an oven(Puruisi Co., Ltd., Suzhou, China) at 100 °C for 30 min. The laser used in this work is a laser system (TruMicro 5050, TRUMPF, Ditzingen, Germany) at λ = 1030 nm and repetition rate = 50 kHz. The pre-treated samples were textured by a femtosecond laser which generated 40 femtoseconds (fs) laser pulses by focusing the laser beam on the surface of the target. The laser beam was scanned over the sample in rectangular pattern by irradiating the sample in the horizontal direction (0°) and then along the vertical direction (90°) in order to create grid patterns. The distance between two adjacent lines was 100 μm. The diameter of the focused spot on the surface was 100 μm. All samples were prepared under standard atmospheric pressure in an open atmosphere at ambient temperature. In order to explore the influence of different surface structures on surface properties, four different surface microstructures were designed and prepared, including (group a) groove pattern, (group b) micro-hole pattern, (group c) directional grain pattern, and (group d) stripe pattern, while ordinary titanium without surface microstructures was used as (group e) control group. Finally, the samples were cleaned by ultrasonic ethanol bath for 10 min to remove the debris.




2.2. Surface Characterization


2.2.1. Surface Morphology Measurements


All the samples were thoroughly rinsed with deionized water and then dried at room temperature. The surface morphology of the samples was characterized by scanning electron microscopy (Hitachi S-4800, Hitachi, Tokyo, Japan).




2.2.2. Chemical Composition Measurements


Chemical compositional analysis was analysed by XPS (ESCALAB 250XI, Thermo Scientific, Waltham, MA, USA).




2.2.3. Wettability Measurements


The surface wettability was measured by contact angles. Contact angle measurements were conducted and analysed by Contact Angle Measurement System (SEO Phoenix 300, SEO, Seoul, Korea). One droplet (4 μL) of deionized water was added on top of the substrates. The contact angle was immediately measured 5 s after placing the drop on each sample and the test was conducted at room temperature. Measurements were performed three times; the average contact angle was determined.





2.3. Antimicrobial Assays


2.3.1. Bacterial Inhibitory Assays


Bacteria cell lines of S. aureus (ATCC6538), and S. epidermidis (CMCC(B)26069) were used in this study. All sterilized samples were transferred into 48 well culture plates and rinsed twice with phosphate-buffered saline (PBS). Then, the samples were treated with the prepared bacterial solutions at a concentration of 1 × 10⁶ bacteria/mL in tryptic soy broth (TSB, 0.03 g/mL) and cultured for 6 h in an incubator (Heratherm, Thermo Scientific, Waltham, MA, USA) at 37 °C, humidified, 5% CO2. Afterward, the samples were washed twice with PBS to remove the floating bacteria and were transferred into 15 mL tubes with 3 mL of PBS each. Following this, the samples were sonicated for 10 min to release the bacteria attached on the sample surface into the PBS solution. Then, a series of diluted solutions with bacteria were pipetted onto TSB agar plates and bacteria colonies were counted after 24 h of incubation.




2.3.2. Confocal Laser Scanning Microscopy (CLSM) Assays


Samples were prepared and seeded with bacterial solutions as already described. After 6 h of incubation, the samples were washed three times with PBS and then stained by LIVE/DEAD BacLight bacterial viability kits (L7012, Thermos Fisher Scientific, Waltham, MA, USA) for 15 min at room temperature in the dark. Following this, samples were subsequently analysed with a confocal laser scanning microscope (Leica TCS SP8, Leica, Heidelberg, Germany). The viable and nonviable cells can be distinguished under the fluorescence microscope because the viable bacteria with intact cell membranes appear fluorescent green, whereas nonviable bacteria with damaged membranes appear fluorescent red. The Leica confocal software was used to analyse the biofilm images. The images were acquired from random positions on the surface of the cement discs.




2.3.3. Scanning Electron Microscopy (SEM) Assays


After cultured with bacterial solutions for 6 h, the samples were washed three times with PBS and were fixed in 2.5% glutaraldehyde for 2 h at 4 °C then washed three times with cacodylate buffer and dehydrated through a series of graded ethanol solutions (25, 50, 75, 95 and 100%). The samples were subsequently freeze-dried, sputter coated with gold, and observed using a scanning electron microscope (HIROX, Merlin, Tokyo, Japan).





2.4. Cell Assays


2.4.1. Cell Culture


Bone marrow mesenchymal stem cells (BMSC) were used for all cell experiments. All cells were cultured in bone marrow mesenchymal stem cell complete medium, and were cultured at 37 °C in a humidified, 5% CO2/95% air environment (CI191C, Thermos Fisher Scientific, Waltham, MA, USA).




2.4.2. Cell Viability Assays


For cell viability assays, all the sterilized Ti samples were placed individually into the wells of 24 well tissue culture plates. Samples were rinsed twice with PBS. After this, cells were seeded onto the samples at a density of 1 × 10⁴ cells/cm2. Cytotoxicity was measured after 1, 3, and 5 days of culture. The medium was changed every other day during proliferation trials. After the prescribed incubation time, CCK-8 dye was added to each well, then the plates were cultured for another 4 h at 37 °C. At last, the optical density (OD) was measured at 450 nm by a plate reader.




2.4.3. Adhesion and Proliferation Assays


Before proliferation assays, FITC and DAPI were prepared as described in the instruction manual. Samples were prepared and seeded with cells after 1, 3, and 5 days of culture as already described. Abandon the medium and wash the samples with PBS twice. The cells were fixed in 4% paraformaldehyde for 30 min and then cultured with Triton X-100 for 10 min. After this, all cells were cultured with FITC for 5 min to stain F-actin which indicated the cell skeleton, and 30 min with DAPI to mark the core. Finally, samples were subsequently analysed with a confocal laser scanning microscope (Leica TCS SP8, Leica, Heidelberg, Germany). The Leica confocal software was used to analyse the biofilm images. The images were acquired from random positions on the surface of the cement discs.





2.5. Statistical Analysis


All cell and bacteria studies were conducted in triplicate and repeated at least three times. Data were collected and the significant differences were assessed using ANOVA followed by one-tailed Student’s t-tests. Statistical significance was considered at p < 0.05.





3. Results


3.1. Surface Characterization


3.1.1. Surface Morphology


Morphological characterization of the sample surface observed by SEM was shown in Figure 1a–d. Microtopography coatings are basically obtained as designed. Grooves with equal length, equal width, and equal spacing can be observed in groove pattern (Figure 1a), while the length, width, and spacing of the grooves were 20, 5, and 15 μm, respectively. Compact and regularly arranged micro-holes can be observed in micro-hole pattern (Figure 1b), the diameter of each micro-hole was 5 μm, spacing between holes was 20 μm. As shown in (Figure 1c), directional grain pattern contains several directionally arranged orthogonal grain, the length of each edge was 25 μm and spacing between each grain is 5μm. The length of stripes (Figure 1d) vary from 12 to 20 μm, the width is 5 μm, they are first incremental then diminishing arranged according to the length.




3.1.2. Chemical Composition


To study the chemical composition of the samples, the samples were analysed by XPS, and all of their spectra were presented in Figure 2a–d.



Figure 2a,b show the survey XPS spectrum and Ti2p XPS spectrum of the samples, respectively [30]. There are three obvious peak changes on the sample surface before and after processing. The binding energy peaks near 1090 eV and 500 eV decreased greatly after processing, while two peaks increased greatly near 100 eV and 150 eV. Figure 2c,d show the O1s and Al2p XPS spectra of the samples [31]. After processed by femtosecond laser, the peak intensity of oxygen increased significantly from 108,458 eV to 145,100 eV, and the impurity peak in the XPS spectrum of O1s disappears. Combined with the diagram of Al2p, we can know that the peak intensity of Al decreases from around 4500 eV to around 2500 eV.




3.1.3. Surface Wettability


Figure 3 shows the water contact angle images, and Table 1 lists the average contact angle for the five groups. The largest average water contact angle is 141.6°, on the surface of the (b) micro-hole pattern. The smallest contact angle was observed from the (d) stripe pattern, approaching 76.2°. The water contact angle of (a) groove pattern and (c) directional grain pattern is 79.5° and 78.7°. The water contact angle of group B is significantly larger than Ti control group, while the water contact angle of group a, group c, and group d have no significant differences compared to that of Ti control group and there are no significant differences between group a, group c, and group d.





3.2. Antimicrobial Assays


3.2.1. Bacterial Inhibitory Assays


The antibacterial properties of the microtopography coatings against S. aureus and S. epidermidis were determined. As shown in Figure 4 and Figure 5, the amount of bacterial colony from microtopography coating samples is significantly less than that from Ti group, which indicated that the bionic microtopography coating samples inhibited the adhesion and growth of these two kinds of bacteria compared with Ti control.




3.2.2. Confocal Laser Scanning Microscopy (CLSM) Assays


To further study the antibacterial properties of the microtopography coatings, the formation of bacterial biofilms was observed by confocal laser scanning microscopy. Green fluorescence represents live bacteria, while red fluorescence represents dead bacteria. It is clear that live bacteria on microtopography coatings were greatly inhibited compared with those on Ti control (Figure 6). What is more, red fluorescence can be seen on every group of bionic microtopography-coated sample.




3.2.3. Scanning Electron Microscopy (SEM) Assays


SEM was also used to examine bacteria attachment on the sample surfaces (Figure 7). After colonization with the two tested strains, samples with each kind of microstructure contain much fewer colonies than Ti control sample, suggesting that bacterial biofilm may grow better on Ti control surface. We noticed that there is hardly any colony observed on group a, suggesting that samples with groove pattern bionic microstructures possess the strongest antibacterial property, which is consistent with the previous results (Figure 4, Figure 5 and Figure 6).





3.3. Cell Assays


3.3.1. Cell Viability Assays


CCK-8 assay kit was adopted to evaluate the viability of microtopography-coated sample; the result is shown in Figure 8. After incubation for 1 d, the OD value of cells on the bionic microtopography-coated sample was higher than that on the Ti control, of which the OD value of group a and group d was significantly higher. After incubation for 3 d, the OD value of the microtopography-coated sample was significantly higher than that of the Ti control. After 5 d, the OD value of cells on the microtopography-coated sample was higher than that on the Ti control, of which the OD values of group a, group c, and group d were significantly higher.




3.3.2. Adhesion and Proliferation Assays


To estimate the cell adhesion and proliferation on the microtopography-coated sample, CLSM was used to observe the number and morphology of the cells (Figure 9). The cell skeleton showed green fluorescence stained by FITC and the cell core showed blue fluorescence stained by DAPI. After incubation for 1d, viable BMSC appeared on all sample surfaces after incubation, the number of viable cells increased predominantly after incubation for 3 d and further became enormously larger 5d later. Furthermore, the well extended and elongated cytoskeleton was observed obviously on all sample surfaces after incubation for 3 d and 5 d.






4. Discussion


As orthopaedic implant infection starts with the adhesion of pathogens and the formation of biofilms while implant surfaces play a vital importance in affecting initial biological events, it is meaningful to develop a kind of implant with strong antimicrobial activity and appropriate biocompatibility. It has been studied that some naturally existing micron-scale topographies can reduce bacterial adhesion. Inspired by that, femtosecond laser was chosen to produce microtopography coatings for its precision and stability.



In this study, four different microtopography coatings with different surface microstructures were designed and prepared by femtosecond laser, including (group a) groove pattern, (group b) micro-hole pattern, (group c) directional grain pattern, and (group d) stripe pattern, while ordinary titanium without surface microstructures was used as (e) control group.



Surface microstructures observed by SEM (Figure 1a–d) indicated that microtopography coatings are basically obtained as designed, suggesting that femtosecond laser technology is a qualified method to modify the surface of titanium and build micron-scale topographies accurately, which is consistent with previous research [32,33,34]. In order to study the chemical composition of the samples, the samples were analysed by XPS (Figure 2a–d). Combine the result that peak intensity of oxygen increasing (Figure 2c) with the result that peak intensity of impurity disappears (Figure 2a), it can be inferred that the processing removed the original impurity and formed new metal oxide film. No element was introduced into the surface during the processing. The surface wettability was measured by contact angles. As shown in Figure 3 and Table 1, average water contact angle of Ti control was smaller than that of micro-hole pattern (Figure 3b) while having no difference from that of groove pattern (Figure 3a), directional grain pattern (Figure 3c), and stripe pattern (Figure 3d), which was indicated as hydrophobic for group B. These findings are consistent with many previous studies that some micron-scale topographies can weaken the surface wettability as a result of Cassie State [35].



Once the surfaces characterization was accomplished, antimicrobial activity of these microtopography coatings were examined. S. aureus and S. epidermidis were chosen in this study for they are the most frequently detected pathogens in infections on implants [27,28]. The amount of bacterial colony from microtopography coating samples is significantly less than that from Ti group, suggesting that these four kinds microtopography coating do have antimicrobial activity as expected. To further study the mechanism of the antimicrobial activity from microtopography coating, CLSM and SEM was also used. SEM image revealed that samples with microtopography coating contain much fewer colonies than the Ti control sample, which means microtopography coating inhibits the bacterial adhesion. CLSM image(Figure 7) not only manifested weaker green fluorescence, which means fewer formation of bacterial films, but also red fluorescence representing dead bacteria. Taking all this together, microtopography coatings not only restrained bacterial adhesion but also killed the bacteria to a certain extent. The capacity to inhibit bacterial adhesion could be attributed presumably to microtopography. Micron-scale topographies have been reported to disturb the bacterial adhesion by affecting bacteria-surface interactions [36,37]; in this study, we assume these four different microtopography coatings affect bacteria-surface interactions by blocking the bacterial biofilm formation. The diameter of S. aureus and S. epidermidis is about 1 μm, while four different surface microstructures we obtained are also micron-sized so that bacteria may not able to multiply into colony and form bacterial biofilm. Once the formation of bacterial biofilm is blocked, the amount of bacteria able to adhere to the sample surface is also limited. The capacity to kill the bacteria may be an effect from metal oxides formed during femtosecond laser processing. It has been reported that the photoactivated titanium dioxide could result in the destruction of bacteria [38,39].



An ideal orthopaedic implant should not only have strong antimicrobial activity but also appropriate biocompatibility. Considering that, cell viability, adhesion, and proliferation assays have been performed. For cell viability assays, the OD value of cells on microtopography-coated samples was all higher or indiscriminate compared with Ti group after incubation for 1, 3, and 5d. For adhesion and proliferation assays, the well extended and elongated cytoskeleton was observed obviously on all sample surface after incubation for 3d and 5d by CLSM. It is obvious that there are no significant differences about cell proliferation between bionic microtopography-coated samples and Ti control, suggesting that microtopography-coated samples possess the same ability to promote cell adhesion as Ti control. To sum up, microtopography coating does no harm to the biocompatibility. The good biocompatibility of group a, group c, and group d is predictable which is in agreement with previous reports indicating that good wettability results in good biocompatibility [40,41,42]. It is a surprise that group b also exhibits fine biocompatibility with hydrophobic; a possible explanation is that micron-scale topographies will affect cell adhesion and proliferation not only by changing the wettability of surface but also manipulating the cell–surface interactions by providing a 3D landscape for cells which is more biologically relevant [43,44].



As a limitation, this study only investigated the antimicrobial properties and biocompatibility in vitro, and there is no evidence that the antimicrobial properties and biocompatibility will remain in the complex environment of living bodies. As a future study, an in vivo model is required to research the possible infection after these microtopography-coated samples are implanted into living bodies.




5. Conclusions


Microtopography coatings on Ti-based implants using the femtosecond laser technique showed promising antimicrobial activity toward S. aureus and S. epidermidis, which are the common pathogens of orthopaedic implant infection. In addition, microtopography coatings maintained indiscriminate biocompatibility compared with Ti control. As a conclusion, a potential method to produce microtopography coatings with enhanced antibacterial activity and appropriate biocompatibility. There is magnificent benefit to apply this microtopography coating in the field of orthopaedic implants.
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Figure 1. SEM images of surface morphology: (a) groove pattern; (b) micro-hole pattern; (c) directional grain pattern; (d) stripe pattern. Abbreviations: SEM, scanning electron microscopy. 
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Figure 2. XPS patterns of the samples with different bionic microtopography coatings. Notes: (a) survey XPS spectrum; (b) Ti2p XPS spectrum; (c) O1s XPS spectrum; (d) Al2p XPS spectrum. 
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Figure 3. Schematic of the water contact angle of (a) groove pattern; (b) micro-hole pattern; (c) directional grain pattern; (d) stripe pattern (e) control group. 
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Figure 4. Typical images of re-cultivated S. aureus and S. epidermidis colonies from the samples after 6 h incubation. Notes: (a) groove pattern; (b) micro-hole pattern; (c) directional grain pattern; (d) stripe pattern (e) control group. 
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Figure 5. S. aureus and S. epidermidis growth on samples with different coatings after 6 h incubation. Data represent mean ± SD, N = 4. *** p < 0.001, **** p < 0.0001 compared with Ti control. Notes: (a) groove pattern; (b) micro-hole pattern; (c) directional grain pattern; (d) stripe pattern (e) control group. 
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Figure 6. CLSM images of S. aureus and S. epidermidis colonies on samples with different coatings after 6 h incubation. Notes: (a) groove pattern; (b) micro-hole pattern; (c) directional grain pattern; (d) stripe pattern (e) control group. Abbreviations: CLSM, confocal laser scanning microscopy. 
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Figure 7. SEM images of S. aureus and S. epidermidis colonies on samples with different coatings after 6 h incubation. Notes: (a) groove pattern; (b) micro-hole pattern; (c) directional grain pattern; (d) stripe pattern (e) control group. Abbreviations: SEM, scanning electron microscopy. 
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Figure 8. OD value after 1, 3, and 5 days of culture with bone marrow mesenchymal stem cells (BMSC). Notes: (a) groove pattern; (b) micro-hole pattern; (c) directional grain pattern; (d) stripe pattern (e) control group. Abbreviations: OD, optical density, * p < 0.1, ** p < 0.01. 
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Figure 9. CLSM image of sample surface after cultured for 1, 3, and 5 days with bone marrow mesenchymal stem cells (BMSC). Notes: (a) groove pattern; (b) micro-hole pattern; (c) directional grain pattern; (d) stripe pattern (e) control group. Abbreviations: CLSM, confocal laser scanning microscope. 
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Table 1. The average water contact angle of (a) groove pattern; (b) micro-hole pattern; (c) directional grain pattern; (d) stripe pattern (e) control group.
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	Substrates
	Surface Wettability

(Water Contact Angle/°)





	a
	79.5°



	b
	141.6°



	c
	78.7°



	d
	76.2°



	e
	78°







Notes: Data represent mean ± SD, N = 3.
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