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Abstract

:

Diamond-like carbon (DLC) coatings are well known as protective coatings for biomedical applications. Furthermore, the incorporation of different elements, such as silicon (Si), in the carbon matrix changes the bio-functionality of the DLC coatings. This has also been proven by the results obtained in this work. The Si-DLC coatings were deposited on the Ti6Al7Nb alloy, which is commonly used in clinical practice, using the magnetron sputtering method. According to the X-ray photoelectron spectroscopy (XPS) analysis, the content of silicon in the examined coatings varied from ~2 at.% up to ~22 at.%. Since the surface characteristics are key factors influencing the cell response, the results of the cells’ proliferation and viability assays (live/dead and XTT (colorimetric assays using tetrazolium salt)) were correlated with the surface properties. The surface free energy (SFE) measurements, Fourier transform infrared spectroscopy (FTIR), and X-ray photoelectron spectroscopy (XPS) analysis demonstrated that the polarity and wettability of the surfaces examined increase with increasing Si concentration, and therefore the adhesion and proliferation of cells was enhanced. The results obtained revealed that the biocompatibility of Si-doped DLC coatings, regardless of the Si content, remains at a very high level (the observed viability of endothelial cells is above 70%).
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1. Introduction


Implants are introduced into the body in order to recreate different mechanical and biological functions, and therefore improve the quality of human life or even save it. Since implants remain in constant contact with the living tissues and body fluids, they must fulfill strict requirements concerning their mechanical and biological properties. Currently, the most frequently implanted biomaterials are metals, which may be further classified into three main groups, i.e., stainless steels, titanium-based alloys, and cobalt-based alloys [1,2,3]. Metallic biomaterials possess high strength, resistance to fracture, as well as good corrosion resistance. However, biomaterials, in order to be safely inserted into the living organism, should also exhibit high biocompatibility, which means they must not cause any adverse tissue reactions such as acute and chronic inflammation or irritation of the surrounding tissues. Despite good mechanical properties, even metals with good corrosion resistance do not show full chemical stability in the highly aggressive environment of the human body. Therefore, metallic biomaterials may release harmful degradation products, which includes metal ions that can cause a negative biological response. The released degradation products not only accumulate in the surrounding tissues and organs, but also induce inflammation [4] and allergic reactions [5]. As a consequence, post-implantation infection may occur and lead to the revision or removal of the implant [6,7,8,9].



Hence, today, growing attention has been given to the modification of the surface of metallic biomaterials in order to enhance their properties, also in the context of a biological response [10]. One of the most commonly investigated solutions is the use of diamond-like carbon (DLC) coatings [11,12]. According to the numerous studies carried out by different scientific groups, DLC films exhibit high wear resistance [13], very good physiochemical properties [14], superior corrosion resistance [15], as well as excellent bio- and hemocompatibility [16,17,18,19,20,21]. Therefore, diamond-like carbon coatings can act as protecting coatings for implants and reduce the risk of adverse tissue reactions due to the implantation [22].



Moreover, the incorporation of different elements into the carbon matrix may result in even further improvement of certain properties of DLC films. Depending on the dopant used, different features may be achieved, including varying bio-functionality which determines the potential biomedical applications of the doped diamond-like carbon films. However, according to the literature, the biological response towards the doped DLC coatings depends not only on the element used, but also on the physiochemical properties of the surface. Those are in turn controlled by the synthesis method, different parameters of the deposition process, the form and amount of the incorporated dopant, as well as the substrate itself.



One of the most vastly investigated elements applied as a dopant for DLC coatings is silicon (Si), which according to the literature improves hemocompatibility, cell proliferation, and antibacterial resistance [23,24,25,26,27]. De Scheerder et al. also proved that the inflammatory reactions may be inhibited by the incorporation of SiOx in the diamond-like carbon films [28]. Furthermore, the addition of Si into the DLC matrix enhances its chemical, mechanical, as well as tribological characteristics, causing the increase of hardness along with the reduction of the friction coefficient and residual stress [29,30,31,32]. As a result, the Si-incorporated carbon films may serve as a barrier which effectively prevents the diffusion of metal ions from the substrate, and therefore improves the biocompatibility of metallic biomaterials.



Despite numerous studies concerning the Si-DLC coatings, there are only a few reports concerning the evaluation of Si-DLC coatings deposited on titanium-based alloys using the magnetron sputtering technique. Therefore, the aim of this work was to perform a complex study concerning the physiochemical and biological characteristics of Si-doped DLC coatings deposited on Ti6Al7Nb substrates via co-sputtering of silicon and graphite targets.




2. Materials and Methods


2.1. Deposition of the Diamond-Like Carbon (DLC) DLC and Si-DLC Coatings


The DLC and Si-DLC coatings were both fabricated on Ti6Al7Nb substrates (Bibus Metals Sp. Z o.o. [Ltd.], Dabrowa, Poland). The applied discoidal samples had a diameter of 16 mm and a thickness of 6 mm. Before the deposition process, all substrates were ground and polished using the OP-S silica suspension (StruersApS). This was followed by ultrasonic cleaning in acetone for 10 min.



For the deposition of the examined DLC and Si-DLC films the multi-target magnetron sputtering system (PREVAC Sp. z o.o. [Ltd.], Rogow, Poland) was used. The apparatus consisted of a chamber with peripheral accessories, a control cabinet, and a computer enabling remote control of individual components. The chamber was equipped with three magnetron guns ION’X® (Thin Film Consulting, Grafenberg, Germany) with individual cooling systems. Two of them worked in a constant current mode, Pinnacle series power supplies (Advanced Energy, Fort Collins, CO, USA), while the third one was operated using a high frequency RF generator, Cesar RF Power Generator (Advanced Energy, Fort Collins, CO, USA). The working pressure was ensured by a pump system consisting of a SCROLLVAC CS 30D primary pump (Leybold GmbH, Köln, Germany) and Turbovac SL700 turbo pump (Leybold GmbH, Köln, Germany). The rotary pump was used both to obtain the initial vacuum in the working chamber and to preserve the low operating pressure of the turbo pump. The system was equipped with two graphite (DC—direct current) and one silicon (RF—radio frequency) sputter targets (Kurt J. Lesker Company, Jefferson Hills, PA, USA) with a purity of 99.999%. In order to assure the uniform thickness of the coatings the samples were placed on a rotary table moving at a constant velocity of 0.33 rpm. Prior to the deposition, the plasma etching in argon atmosphere was carried out for 30 minutes at the bias of −700 V and pressure equal to 1 Pa. The input power of both graphite targets during the synthesis process of the DLC and Si-DLC coatings was 200 W each, while the pressure value was kept constant at 0.6 Pa with the Ar flow of 10 sccm. The silicon was introduced by co-sputtering of the silicon target with the input power varying from 0 to 80 W in order to achieve different Si concentrations. The deposition time was equal to 60 min.




2.2. Surface Morphology by Scanning Electron Microscopy (SEM)


The surface morphology of the deposited DLC and Si-DLC coatings was analyzed using the scanning electron microscope JSM-6610LV (JEOL). The secondary (SE) electron imaging mode was applied in order to obtain topographical contrast, while the backscattered (BSE) electrons imaging mode was used for compositional contrast. The applied accelerating voltage was equal to 20 kV. All of the performed SEM observations were carried out under high vacuum.




2.3. Chemical Composition and Bonding by X-ray Photoelectron Spectroscopy (XPS)


The surface chemical composition of the examined DLC and Si-DLC films was investigated by X-ray photoelectron spectroscopy. For this purpose, the Kratos AXIS Ultra spectrometer was used. The system was equipped with a monochromatic Al Kα X-ray source with an excitation energy of 1486.6 eV. High resolution measurements were performed with the power of the anode equal to 150 W and the pass energy of the hemispherical electron energy analyzer set to 20 eV. The XPS spectra were collected from the analysis areas of 300 µm × 700 µm. The obtained data were used to establish a quantitative elemental composition of the coatings. Moreover, the atomic bonds between the elements were studied in detail.




2.4. Chemical Structure by Fourier Transform Infrared Spectroscopy (FTIR)


The analysis of the chemical structure of the deposited DLC and Si-DLC coatings was carried out using Fourier transform infrared spectroscopy (FTIR). Investigations were performed using a Nicolet iS50 spectrophotometer (Thermo Scientific) operated in the absorbance mode in the range of 1700–500 cm−1. The resolution of spectral measurements was equal to 1 cm−1 and a single measurement cycle consisted of 120 scans.




2.5. Surface Free Energy (SFE) and Wettability


The wettability of the DLC and Si-DLC coatings was measured using the sessile drop technique for two liquids of different polarity and known surface tension, i.e., distilled water and diiodomethan (Sigma Aldrich). The FM40 Easy Drop system with Drop Shape Analysis software (Krüss GmbH, Hamburg, Germany) was applied for that purpose. Prior to the measurements, steam sterilization of all of the examined samples was conducted in order to reflect the state of the surface in contact with the biological material.



The wettability measurements were followed by the assessment of the surface free energy. This was based on the Owens-Wendt theoretical model, and accordingly, the SFE of a solid consists of two components, dispersive and polar [33,34]. The following equations were used for the determination of the SFE values:


γL × (1 + cosθ)/2 = (γSd × γLd)^0.5 + (γSp × γLp)^0.5



(1)






γS = γSd + γSp



(2)




where, γL—liquid’s surface free energy; γS—solid’s free energy; γSd, γSp—dispersive (d) and polar (p) component of the surface energy γS; γLd, γLp—dispersive (d) and polar (p) component of the surface energy γL; θ—contact angle.




2.6. Endothelial Cells’ Viability and Proliferation


The biocompatibility of the DLC and Si-DLC films was evaluated using human endothelial cell line, EA.hy926, (ATCC - American Type Culture Collection). All of the samples were ultrasonically cleaned in ethanol and then in ultrapure water (0.055 µS/cm) for 15 min. Next, steam sterilization (121 °C, 15 min) was performed using the autoclave (J.P. Selecta Autoclave 401731).



Afterwards, the endothelial cells were seeded onto the surface of the examined samples at a density of 6 × 104 cells per well. The cultures were carried out in DMEM medium (Biowest, Nuaillé, France) for 48 h in standard conditions (i.e. 37 °C) and humidified atmosphere of 5% CO2 in air. The cells with no contact with any biomaterial were used as a control, as well as the Ti6Al7Nb substrates.



2.6.1. Live/Dead Assay


The proliferation and viability of the endothelial cells on the surface of the examined samples were evaluated by means of live/dead assay. The IN Cell Analyzer 2000 (GE Healthcare, Chicago, IL, USA) automated microscope was used in order to visualize live and dead cells. Prior to the microscopic observations, the samples were incubated in Hank’s Balanced Salt Solution containing fluorescent dyes at room temperature for 15 min. The applied mixture of fluorescent dyes included: 5 µg/mL of Hoechst 33342 (Molecular Probes, Eugene, OR, USA), 1–5 µM calcein-AM (Santa Cruz Biotechnology, Dallas, TX, USA), and 1 µg/mL of propidium iodide (Molecular Probes). The analysis of the obtained series of microscopic images was performed using the IN Cell Analyzer software (GE Healthcare, Chicago, IL, USA). The classification of EA.hy926 cells into two subpopulations, (i.e. live and dead) was based on the observed fluorescent signal. The cells stained with the green-fluorescent calcein-AM (retained in the cytoplasm) were labelled as live, while cells stained with the red-fluorescent propidium iodide were counted as dead. The percentage of live and dead cells on the surface allowed assessment of its cytotoxicity. The proliferation of the cells, understood as the total cells’ count, was evaluated on the basis of the blue-fluorescent signal coming from cells’ nuclei stained with Hoechst 33342 dye which intercalates to the DNA.




2.6.2. XTT Assay


The XTT assay, based on the mitochondrial activity of the cells, was used in order to assess the viability of cells which were in, both, direct and indirect contact with the surface of the deposited DLC and Si-DLC coatings. For that purpose, the medium was removed after 48 h of culture and the XTT solution (XTT Cell Viability Assay Kit, Biotium Inc., Fremont, CA, USA) was added in accordance with the procedure described by the manufacturer. The samples were then incubated in the XTT solution for 4 h in standard conditions (37 °C, humidified atmosphere of 5% CO2 in air). After that, the absorbance was measured using a Multiskan GO microplate spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) at two different wavelengths, i.e., 450 nm and 620 nm (reference). The following formula was applied to calculate the viability of the endothelial cells:


Viability [%] = (A/Ac) × 100%



(3)




where, A—absorbance measured for the investigated sample and Ac—absorbance measured for the control (cells with no contact with any biomaterial at all).






3. Results and Discussion


3.1. Surface Morphology by Scanning Electron Microscopy (SEM)


The SEM images of the surface morphology of the DLC and Si-DLC films are presented in Figure 1. No significant changes in the morphology of the examined coatings due to the addition of silicon were observed in both the topographic (Figure 1A) as well as the compositional (Figure 1B) images. The SEM examination revealed that the surface of the fabricated coatings was smooth and uniform without any defects or delamination, which proves the high quality of the obtained magnetron sputtered films. Furthermore, no silicon conglomerates were observed. However, due to the very low thickness of the deposited coatings (~250 nm), the contrast arising from the two-phase Ti6Al7Nb alloy may be observed.




3.2. Chemical Composition and Bonding by X-ray Photoelectron Spectroscopy (XPS)


The comparative XPS wide scans of exemplary surfaces of samples, Si-DLC 0 and Si-DLC 4, are depicted in the Figure 2. The spectra revealed that the examined Si-DLC coatings are only composed of oxygen (O 1s and O 2s band), carbon (C 1s band), and silicon (Si 2s and Si 2p band), without any impurities.



The results of the quantitative XPS analyses of all of the samples’ surfaces are presented in the Table 1. Data shown confirms that with increasing magnetron sputtering power, the relative atomic content of silicon also increases.



In terms of the chemical structure of the deposited films, high resolution XPS analysis of oxygen O 1s, carbon C 1s, and silicon Si 2p bands was conducted. Figure 3 presents a C 1s band for each of the Si-DLC coatings divided into components representing specific atomic bonds.



The spectra of the samples from the Si-DLC 3 to the Si-DLC 0 (Figure 3B–E) were deconvoluted, according to the literature [35,36], into six components assigned to: (SiOxCy) silicon oxycarbides (at 283.60 eV), sp2 hybridized carbon (at 284.50 eV), sp3 hybridized carbon (at 285.30–285.50 eV), C-O bonds (at 286.50 eV), C = O bonds (at 287.60–287.80 eV), and ester bonds COO-R (at 288.70–288.90 eV). Additionally, for the Si- DLC 4 film, also the Si-C bond was distinguished in the position of 282.80 eV (Figure 3A), which was reported in the literature [36]. The relative content of the abovementioned components, identified in carbon C 1s band, is presented in the Table 2 for every investigated sample.



The analysis of the data presented in Table 2 and the comparison of the C 1s spectra depicted in Figure 3 led to the conclusion that the increase of the magnetron sputtering power results in the significant evolution of silicon oxycarbide and eventually the formation of silicon carbide bonds. Additionally, a slight decrease of the sp2/sp3 hybridization ratio may be also observed as a result of the increasing sputtering power and higher Si content (Figure 4).



Decomposition of the O 1s band, presented in Table 3, confirmed the oxycarbide bonds relative content depended on the magnetron sputtering power and the Si content in the structure of the Si-DLC films.




3.3. Chemical Structure by Fourier Transform Infrared Spectroscopy (FTIR)


Figure 5 presents the FTIR spectra of the deposited Si-DLC coatings in the range of 1700–500 cm−1. In the analyzed region, three wide bands can be distinguished at 1650–1230 cm−1, 1160–1000 cm−1, and 1000–540 cm−1. In the range of 1650–1230 cm−1 the maxima corresponding to the C = O bonds (1580 cm−1), the – CH3 and/or –OH groups (1412–1370 cm−1), the SiOCOCH3 groups (1350 cm−1), as well as the C = O (1305 cm−1) can be observed [37,38,39]. The presence of the – CH3 groups in the deposited coatings may be due to the contamination of the graphite targets used as a source of carbon during the deposition process. The C = O bonds are most probably present at the surface of the deposited coatings due to the oxidation of the surface after the deposition process. According to Ong et al. [40], the absorbance of the oxygen atoms from the atmosphere may occur as a result of the unfused bonds present on the surface of the deposited coatings.



In the range of 1160–1000 cm−1, vibrations of bonds belonging to the Si-O groups with a high-intensity peak at 1080 cm−1 are noticed. This maximum may be assigned to the stretching modes of the Si-O-C bonds [39,41,42]. Thus, in order to evaluate the difference in the content of the Si-O bonds in the deposited films, the peak at 1080 cm−1 was used. The lowest intensity of this peak was revealed for the Si-DLC 0 coatings with the lowest content of Si. With the increasing concentration of Si in the examined coatings, the intensity of the analyzed peak also increased. The Si-O bond may be responsible for the change in the surface wettability (Figure 6). With the increasing content of the Si-O bonds, the surface polarity increases and, as a consequence, also the surface wettability is raised, which may influence the biological response.



In the range of 1000–500 cm−1, the peaks corresponding to the stretching modes of the Si-CH3 bonds at (905 cm−1) and the Si-O-C groups at 830 cm−1, as well as in the non-hydrogenated Si-C groups (800 cm−1) are observed. Moreover, the peaks originating from bending vibrations of the C = O bonds are noticed at 670 and 568 cm−1, respectively [39,41,42].



It is observed that as the Si concentration in the investigated coatings increases, the amount of the Si-CH3 bonds also increases, except for the Si-DLC 4 sample. In this coating, the content of the Si-CH3 bonds is reduced, but the amount of the Si-C bonds increases. The peak corresponding to the vibrations of the Si-C bonds in the spectrum of the coating with the highest content of Si (Si-DLC 4) is also shifted towards the lower wave numbers, which may be connected to the fact that silicon in the structure of this coating is mostly bonded to the non-hydrogenated carbon. The increase in the nonpolar Si-C bonds does not result in the increase in the dispersive component of the SFE. On the contrary, the opposite effect is observed (Figure 6) and the increasing content of Si resulted in the higher surface polarity and wettability. This may be due to the fact that the Si-O and the C=O bonds, which are polar in nature, are localized mainly at the surface of the fabricated films which are directly responsible for the increasing polar component of the SFE with the increasing content of Si.




3.4. Surface Free Energy (SFE) and Wettability


Figure 6 presents the results of the surface free energy and wettability assessment of the deposited coatings. It is observed that the wettability of the Ti6Al7Nb substrate, DLC, and Si-DLC 0 coatings is similar. However, for the higher concentrations of Si, the wettability of the surface significantly increases. At the same time, it must be noted that all the examined surfaces are hydrophilic. The higher the content of Si, the higher the wettability of the surface. The results obtained confirmed the findings presented by Ong et al. [40] and Okpalugo et al. [43] who found that the polar component of the surface free energy is higher as Si content increases, especially when it exceeds 16 at.%. Similar results were also reported in our previous work [27].



The changes in the SFE and wettability are explained by the differences in the chemical structure of the deposited coatings. The O 1s region of the XPS spectra of the investigated films is deconvoluted into the following components: C = O, Si-O-C, and SiOx bonds. For higher magnetron sputtering powers, the content of the SiOx bonds decreases despite the increasing concentration of Si. Moreover, the contribution of the C = O bonds is reduced from 10.9%, for the Si-DLC 0 coatings with 1.83 at.%. of Si, to zero, for the Si-DLC 4 coating containing 22.15 at.%. of Si. At the same time, the content of the Si-O-C groups increases which is especially significant for the Si-DLC 4 coating with the highest amount of Si. The most notable growth of the surface polarity is observed for the Si-DLC 3 and the Si-DLC 4 coatings, as seen in the Figure 6. This may be explained by the fact that in the Si-O-C groups two different bonds are present, i.e., the covalent C-O bond and the ionic Si-O bond. Due to the fact that the ionic bond is stronger than the covalent bond, the breakdown of the C-O bonds is much more possible. The newly created unfused bonds may be saturated with water vapour. As a result, the C-OH and Si-OH groups are formed, which causes the increase of hydrophilicity of the surface. In addition, in the case of the Si-DLC 4 sample, the CH3 groups (responsible for the dispersion component of the SFE) disappear, which also leads to the increase of the surface wettability.




3.5. Endothelial Cells’ Viability and Proliferation


In general, cells show good spreading, proliferation, and differentiation on hydrophilic surfaces. Nevertheless, the major factor determining the nature of the cells’ interaction with biomaterials is the composition and conformation of the proteins adsorbed on the surface. Due to the fact that the adhesion of the cells to the surface of the material requires a series of cytoplasmic, transmembrane, and extracellular proteins which assemble into the stable contact sites [44], the adsorption of serum and extracellular matrix proteins is likely affecting the adhesion and behavior of cells [45]. Therefore, the observed difference in the proliferation and adhesion of endothelial cells may be caused by the difference in the absorption of proteins responsible for the cell colonization process. This is especially important in the case of proteins involved in the formation of the extracellular matrix (ECM), such as proteoglycans and glycoproteins, i.e., fibronectin, laminin, and collagen. In addition to the amount of proteins adsorbed on the surface, their biological activity, which is connected, for example, with their conformation, may be changed [46,47]. Moreover, the size of the biological molecules and the time of contact with the biomaterial’s surface can determine the tissue–biomaterial interaction [48].



The adsorption of proteins responsible for the cell colonization and their activity may be affected by the physiochemical properties of the surface, i.e., the surface free energy and the associated surface wettability, as well as the charge and chemical composition of the biomaterial’s surface. According to the literature, the higher surface wettability results in better adhesion and proliferation of the eukaryotic cells [46,49,50,51] This was confirmed by the results obtained. The life/dead assay showed that with the increasing content of Si, the cells’ viability on the surface of the deposited coatings is enhanced as a result of the increased surface hydrophilicity. The biocompatibility evaluation of the deposited Si-DLC coatings demonstrated slightly enhanced proliferation of the endothelial (EA.hy926) cells, and adhesion on the surface of the Si-free DLC coating as compared with the Ti6Al7Nb substrate (Figure 7). Moreover, the incorporation of Si further improves the viability of endothelial cells on the surface of the Si-DLC coatings, especially for the Si-DLC 3 sample with 14.34 at.%. of Si. The higher the sputtering power and the resulting Si content, the more hydrophilic surface is obtained. This is due to the higher content of the Si-O bonds, which increase the polar component of the SFE and change the surface wettability. The higher the concentration of Si, the higher the wettability of the surface observed. In the case of the Si-DLC 4 coating where the amount of Si was above 16 at.%., the increase in the polar component of the SFE and wettability of the surface was still observed [40,43], but their effect on the behavior of the cells was suppressed and the reduction of proliferation of the cells occurred. Nevertheless, the biocompatibility of Si-doped DLC coatings, regardless of the Si content, remains at a very high level.



Another important factor influencing the cell colonization of the surface is the structure of the DLC coatings, i.e., the sp2/sp3 ratio [52]. According to the literature, the Si element increases the sp3 content. As the silicon content increases, the sp2/sp3 ratio decreases and as a result the proliferation of the cells is enhanced. According to T.T Liao el at. [50], the sp2 bonding, characteristic of the graphite phase, results in lower adsorption of proteins and cells on the surface, while the sp3 bonding, typical for the diamond phase, improves cell colonization. This is explained by the presence of free electrons on the surface of the diamond-like carbon coatings (the sp2 phase) which suppress the adhesion of proteins and cells. A similar tendency was revealed for the examined coatings. With an increasing amount of Si, the content of the sp3 also increased (Table 2), which, in turn, resulted in a higher proliferation of the endothelial cells. The only exception was the Si-DLC 4 film with the highest concentration of Si (22.15 at.%.). Despite the highest surface wettability and the lowest content of the sp2, the proliferation of cells on the surface of the Si-DLC 4 coatings was lowered as compared with other Si-DLC coatings (similar to the Ti6Al7Nb sample without the DLC coating). This may be due to the fact that the content of Si in the Si-DLC 4 coating is too high and it affects the process of cells’ division. The critical concentration of Si may be different for different cell lines and it may be associated with cellular adaptation [48,53]. Moreover, according to some authors, the high hydrophilicity of surface may inhibit the adhesion of cells due to the preferential adsorption of water molecules [54]. In this case, it can also be connected to the influence of surface charge on the behavior of cells [55]. According to Thevenot et al., the presence of negative charges may facilitate the adsorption of proteins promoting adhesion of the cells [44]. Moreover, Keselowsky et al. reported that surfaces with differently charged functional groups (–CH3, –OH, –COOH, and –NH2 groups) positively influenced the adsorption of fibrynogen as well as direct integrin binding and specificity [55]. In addition, Schmidt et al. pointed out that the functional groups such as –CH3, –OH, –COOH affect the proteins responsible for cells’ behavior [56]. In the case of the sample Si-DLC 4, the content of the Si-CH3 bonds is reduced, while the amount of the SiOxCy increases significantly. According to the Lagonegro et al. [57] the silicon oxycarbide reduces the cells’ proliferation ability. Therefore, for the amount of Si above 20 at.%., the chemical and structural changes in the Si-DLC coatings caused the deterioration of biocompatibility.



Furthermore, the live/dead assay (Figure 8) demonstrated that no significant increase in the number of dead cells for any of the examined samples was observed. This proves that none of the deposited coatings exhibit cytotoxicity towards the endothelial cells.



As far as the XTT assay was concerned (Figure 9), it revealed that the Si incorporation into the DLC matrix had no significant influence on viability of EA.hy926 cells in indirect contact with the investigated surfaces. The overall change in the mitochondrial activity of endothelial cells in contact with the deposited Si-DLC coatings is negligible. Only a slight raise in the mean value of cells’ viability may be noticed with the increasing Si content up to 14.34 at.%., followed by a small decrease for the coating with 22.15 at.%. of Si. This may be explained by the changes in the cells’ proliferation and viability on the surface of the fabricated coatings as indicated by the results of the live/dead assay.



To sum up, according to the ISO 10993-5, a biomaterial may be considered biocompatible if the cells’ viability is higher than 70% [58] and, according to the results presented in this work, this criterion was fulfilled by all of the analyzed Si-DLC coatings, as the observed cells’ viability was above 70%.





4. Conclusions


The results presented in this work showed that the magnetron sputtering is an effective method to produce homogenous and biocompatible Si-doped DLC coatings. The use of varying sputtering powers allows a different content of silicon in the coatings to be obtained, which affects both the chemical composition and structure, and therefore the surface properties and biological response. The addition of silicon to the DLC coating deposited on the Ti6Al7Nb alloy has a very positive effect on the proliferation and viability of endothelial cells.



The higher the concentration of Si, the higher the wettability of the surface observed. The increase of the polar component of the SFE and wettability of the coatings with the highest amount of Si is connected with the high content of the Si-O bonds. Additionally, for the Si-DLC 4 sample the lower content of the –CH3 groups (responsible for the dispersive component of the SFE) is observed and the C-OH and Si-OH groups are formed which causes the increase of the polar component. According to the literature, the increase in the surface wettability promotes the cells’ proliferation. Our research has shown that this relationship exists, but only to a certain level. A change in the biological response observed for the Si-DLC 4 coating may indicate that Si is tolerated by the endothelial cells up to a limit, which lies between 14 and 22 at.%. Above that limit the proliferation of cells decreases despite the increase in the surface wettability. This indicates that the biological response is not determined by the surface wettability alone. A balance must be maintained between the polar and dispersive components of the SFE, so that the extracellular matrix proteins are firstly attached to the surface. Otherwise, the preferential attachment of water to the surface may occur and limit the adhesion of cells.



Further research in order to precisely determine the optimal content of Si for cells is required and planned by the authors. An in-depth study of the interactions of cells and biomaterials’ surface will allow a better understanding of the mechanisms underlying the cells’ adhesion and proliferation.







Author Contributions


Conceptualization, D.B.; data curation, D.B. and K.J.; formal analysis, A.K.; investigation, A.S.-G., K.J., P.K., J.B., K.P., and A.K.; methodology, D.B., A.S.-G., and P.K.; project administration, D.B.; supervision, D.B.; visualization, K.P. and A.K.; writing—original draft, A.S.-G., J.B., and A.K.; writing—review and editing, D.B.




Funding


This research was funded by the National Centre for Research and Development, grant number LIDER/040/707/L-4/12/NCBR/2013.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Chen, W.; Oh, S.; Ong, A.P.; Oh, N.; Liu, Y.; Courtney, H.S.; Appleford, M.; Ong, J.L. Antibacterial and osteogenic properties of silver-containing hydroxyapatite coatings produced using a sol gel process. J. Biomed. Mater. Res. Part A 2007, 82A, 899–906. [Google Scholar] [CrossRef]

	



Metzler, P.; von Wilmowsky, C.; Stadlinger, B.; Zemann, W.; Schlegel, K.A.; Rosiwal, S.; Rupprecht, S. Nano-crystalline diamond-coated titanium dental implants–A histomorphometric study in adult domestic pigs. J. Cranio-Maxillofacial Surg. 2013, 41, 532–538. [Google Scholar] [CrossRef] [PubMed]

	



Jin, W.; Chu, P.K. Orthopedic Implants. In Encyclopedia of Biomedical Engineering; Elsevier: Amsterdam, Netherlands, 2019; pp. 425–439. ISBN 9780128051443. [Google Scholar]

	



Morais, S.; Pereira, M.C. Application of stripping voltammetry and microelectrodes in vitro biocompatibility and in vivo toxicity tests of AISI 316L corrosion products. J. Trace Elem. Med. Biol. 2000, 14, 48–54. [Google Scholar] [CrossRef]

	



Kręcisz, B.; Pałczyński, C. Uczulenie na metale a implanty medyczne. Alergia 2012, 4, 17–18. [Google Scholar]

	



Gruendemann, B.J.; Mangum, S.S. Infection Prevention in Surgical Settings; W.B. Saunders: Philadelphia, PA, USA, 2001; ISBN 9780721690353. [Google Scholar]

	



Wilson, J. (Nurse); Infection Control in Clinical Practice; Baillière Tindall/Elsevier: Amsterdam, Netherlands, 2006; ISBN 0702027618. [Google Scholar]

	



Darouiche, R.O. Treatment of Infections Associated with Surgical Implants. N. Engl. J. Med. 2004, 350, 1422–1429. [Google Scholar] [CrossRef] [PubMed]

	



Antoci, V.; Chen, A.F.; Parvizi, J. Orthopedic Implant Use and Infection. In Comprehensive Biomaterials II; Elsevier: Amsterdam, Netherlands, 2017; pp. 133–151. ISBN 9780081006924. [Google Scholar]

	



Li, Z.; Aik Khor, K. Preparation and Properties of Coatings and Thin Films on Metal Implants. In Encyclopedia of Biomedical Engineering; Elsevier: Amsterdam, Netherlands, 2019; pp. 203–212. [Google Scholar]

	



Love, C.A.; Cook, R.B.; Harvey, T.J.; Dearnley, P.A.; Wood, R.J.K. Diamond like carbon coatings for potential application in biological implants—A review. Tribol. Int. 2013, 63, 141–150. [Google Scholar] [CrossRef]

	



Okpalugo, T.I.T.; Ogwu, A.A. DLC thin films for implantable medical devices. Thin Film Coatings Biomater. Biomed. Appl. 2016, 261–287. [Google Scholar]

	



Grill, A. Tribology of diamondlike carbon and related materials: an updated review. Surf. Coatings Technol. 1997, 94–95, 507–513. [Google Scholar] [CrossRef]

	



Dorner, A.; Schürer, C.; Reisel, G.; Irmer, G.; Seidel, O.; Müller, E. Diamond-like carbon-coated Ti6Al4V: influence of the coating thickness on the structure and the abrasive wear resistance. Wear 2001, 249, 489–497. [Google Scholar] [CrossRef]

	



Hang, R.; Ma, S.; Chu, P.K. Corrosion behavior of DLC-coated NiTi alloy in the presence of serum proteins. Diam. Relat. Mater. 2010, 19, 1230–1234. [Google Scholar] [CrossRef]

	



Cui, F.; Li, D. A review of investigations on biocompatibility of diamond-like carbon and carbon nitride films. Surf. Coatings Technol. 2000, 131, 481–487. [Google Scholar] [CrossRef]

	



Hauert, R. An overview on the tribological behavior of diamond-like carbon in technical and medical applications. Tribol. Int. 2004, 37, 991–1003. [Google Scholar] [CrossRef]

	



Dearnaley, G.; Arps, J.H. Biomedical applications of diamond-like carbon (DLC) coatings: A review. Surf. Coatings Technol. 2005, 200, 2518–2524. [Google Scholar] [CrossRef]

	



Tang, X.S.; Wang, H.J.; Feng, L.; Shao, L.X.; Zou, C.W. Mo doped DLC nanocomposite coatings with improved mechanical and blood compatibility properties. Appl. Surf. Sci. 2014, 311, 758–762. [Google Scholar] [CrossRef]

	



Joska, L.; Fojt, J. The effect of porosity on barrier properties of DLC layers for dental implants. Appl. Surf. Sci. 2012, 262, 234–239. [Google Scholar] [CrossRef]

	



Regan, E.M.; Uney, J.B.; Dick, A.D.; Zhang, Y.; Nunez-Yanez, J.; McGeehan, J.P.; Claeyssens, F.; Kelly, S. Differential patterning of neuronal, glial and neural progenitor cells on phosphorus-doped and UV irradiated diamond-like carbon. Biomaterials 2010, 31, 207–215. [Google Scholar] [CrossRef]

	



Grill, A. Diamond-like carbon coatings as biocompatible materials—an overview. Diam. Relat. Mater. 2003, 12, 166–170. [Google Scholar] [CrossRef]

	



Hauert, R. A review of modified DLC coatings for biological applications. Diam. Relat. Mater. 2003, 12, 583–589. [Google Scholar] [CrossRef]

	



Bendavid, A.; Martin, P.J.; Comte, C.; Preston, E.W.; Haq, A.J.; Magdon Ismail, F.S.; Singh, R.K. The mechanical and biocompatibility properties of DLC-Si films prepared by pulsed DC plasma activated chemical vapor deposition. Diam. Relat. Mater. 2007, 16, 1616–1622. [Google Scholar] [CrossRef]

	



Zhao, Q.; Liu, Y.; Wang, C.; Wang, S. Evaluation of bacterial adhesion on Si-doped diamond-like carbon films. Appl. Surf. Sci. 2007, 253, 7254–7259. [Google Scholar] [CrossRef]

	



Ren, D.W.; Zhao, Q.; Bendavid, A. Anti-bacterial property of Si and F doped diamond-like carbon coatings. Surf. Coatings Technol. 2013, 226, 1–6. [Google Scholar] [CrossRef]

	



Bociaga, D.; Kaminska, M.; Sobczyk-Guzenda, A.; Jastrzebski, K.; Swiatek, L.; Olejnik, A. Surface properties and biological behaviour of Si-DLC coatings fabricated by a multi-target DC–RF magnetron sputtering method for medical applications. Diam. Relat. Mater. 2016, 67, 41–50. [Google Scholar] [CrossRef]

	



De Scheerder, I.; Szilard, M.; Yanming, H.; Ping, X.B.; Verbeken, E.; Neerinck, D.; Demeyere, E.; Coppens, W.; Van de Werf, F. Evaluation of the biocompatibility of two new diamond-like stent coatings (Dylyn) in a porcine coronary stent model. J. Invasive Cardiol. 2000, 12, 389–394. [Google Scholar]

	



Kim, M.-G.; Lee, K.-R.; Eun, K.Y. Tribological behavior of silicon-incorporated diamond-like carbon films. Surf. Coatings Technol. 1999, 112, 204–209. [Google Scholar] [CrossRef]

	



Lee, K.-R.; Kim, M.-G.; Cho, S.-J.; Yong Eun, K.; Seong, T.-Y. Structural dependence of mechanical properties of Si incorporated diamond-like carbon films deposited by RF plasma-assisted chemical vapour deposition. Thin Solid Films 1997, 308–309, 263–267. [Google Scholar] [CrossRef]

	



Gangopadhyay, A.K.; Willermet, P.A.; Tamor, M.A.; Vassell, W.C. Amorphous hydrogenated carbon films for tribological applications I. Development of moisture insensitive films having reduced compressive stress. Tribol. Int. 1997, 30, 9–18. [Google Scholar] [CrossRef]

	



Soum-Glaude, A.; Rambaud, G.; Grillo, S.E.; Thomas, L. Investigation of the tribological behavior and its relationship to the microstructure and mechanical properties of a-SiC:H films elaborated by low frequency plasma assisted chemical vapor deposition. Thin Solid Films 2010, 519, 1266–1271. [Google Scholar] [CrossRef]

	



Mittal, K.L. Contact Angle, Wettability and Adhesion. Volume 5; VSP, Koninklijke Brill NV: Leiden, Netherlands, 2008; ISBN 9004158642. [Google Scholar]

	



Owens, D.K.; Wendt, R.C. Estimation of the surface free energy of polymers. J. Appl. Polym. Sci. 1969, 13, 1741–1747. [Google Scholar] [CrossRef]

	



Önneby, C.; Pantano, C.G. Silicon oxycarbide formation on SiC surfaces and at the SiC/SiO2 interface. J. Vac. Sci. Technol. A Vac. Surfaces Film. 1997, 15, 1597–1602. [Google Scholar] [CrossRef]

	



Socha, R.P.; Laajalehto, K.; Nowak, P. Oxidation of the silicon carbide surface in Watts’ plating bath. Surf. Interface Anal. 2002, 34, 413–417. [Google Scholar] [CrossRef]

	



Silverstein, R.M.; Bassler, G.C. Spectrometric identification of organic compounds. J. Chem. Educ. 1962, 39, 546. [Google Scholar] [CrossRef]

	



Lambert, J.B.; Claridge, T.D.W. Introduction to Organic Spectroscopy; Oxford Science Publication: Oxford, UK, 1987; ISBN 0023673001. [Google Scholar]

	



Arkles, B.; Larson, G.L. Infrared Analysis of Organosilicon Compounds. In Silicon Compd. Silanes Silicones; Gelest Inc.: Morrisville, PA, USA, 2013. [Google Scholar]

	



Ong, S.-E.; Zhang, S.; Du, H.; Too, H.-C.; Aung, K.-N. Influence of silicon concentration on the haemocompatibility of amorphous carbon. Biomaterials 2007, 28, 4033–4038. [Google Scholar] [CrossRef] [PubMed]

	



Ucovsky, G.I.; Nemanich, R.J.; Knights, J.C. Structural interpretation of the vibrational spectra of a-Si:H alloys. Phys. Rev. B 1979, 19, 2064. [Google Scholar] [CrossRef]

	



Smith, A.L.; Albert, L. Analysis of Silicones; Wiley: Hoboken, NJ, USA, 1974; ISBN 0471800104. [Google Scholar]

	



Okpalugo, T.I.T.; Ogwu, A.A.; Maguire, P.D.; McLaughlin, J.A.D. Platelet adhesion on silicon modified hydrogenated amorphous carbon films. Biomaterials 2004, 25, 239–245. [Google Scholar] [CrossRef]

	



Thevenot, P.; Hu, W.; Tang, L. Surface chemistry influences implant biocompatibility. Curr. Top. Med. Chem. 2008, 8, 270–280. [Google Scholar] [PubMed]

	



Keselowsky, B.G.; Collard, D.M.; García, A.J. Surface chemistry modulates fibronectin conformation and directs integrin binding and specificity to control cell adhesion. J. Biomed. Mater. Res. Part A 2003, 66A, 247–259. [Google Scholar] [CrossRef] [PubMed]

	



Chai, F.; Mathis, N.; Blanchemain, N.; Meunier, C.; Hildebrand, H.F. Osteoblast interaction with DLC-coated Si substrates. Acta Biomater. 2008, 4, 1369–1381. [Google Scholar] [CrossRef]

	



Ahmed, M.H.; Byrne, J.A.; McLaughlin, J.; Ahmed, W.; Ahmed, M.H.; Byrne, J.A.; McLaughlin, J.; Ahmed, W. Study of Human Serum Albumin Adsorption and Conformational Change on DLC and Silicon Doped DLC Using XPS and FTIR Spectroscopy. J. Biomater. Nanobiotechnol. 2013, 04, 194–203. [Google Scholar] [CrossRef]

	



Walkowiak-Przybyło, M.; Komorowski, P.; Walkowiak, B. Differences in the expression of cell cycle genes in osteoblasts and endothelial cells cultured on the surfaces of Ti6Al4V and Ti6Al7Nb alloys. J. Biomed. Mater. Res. Part A 2017, 105, 1607–1617. [Google Scholar] [CrossRef]

	



Filova, E.; Vandrovcova, M.; Jelinek, M.; Zemek, J.; Houdkova, J.; Jan Remsa; Kocourek, T.; Stankova, L.; Bacakova, L. Adhesion and differentiation of Saos-2 osteoblast-like cells on chromium-doped diamond-like carbon coatings. J. Mater. Sci. Mater. Med. 2017, 28, 17. [Google Scholar] [CrossRef] [PubMed]

	



Goddard, J.M.; Hotchkiss, J.H. Polymer surface modification for the attachment of bioactive compounds. Prog. Polym. Sci. 2007, 32, 698–725. [Google Scholar] [CrossRef]

	



Xu, L.-C.; Siedlecki, C.A. Effects of surface wettability and contact time on protein adhesion to biomaterial surfaces. Biomaterials 2007, 28, 3273–3283. [Google Scholar] [CrossRef] [PubMed]

	



Liao, T.T.; Zhang, T.F.; Li, S.S.; Deng, Q.Y.; Wu, B.J.; Zhang, Y.Z.; Zhou, Y.J.; Guo, Y.B.; Leng, Y.X.; Huang, N. Biological responses of diamond-like carbon (DLC) films with different structures in biomedical application. Mater. Sci. Eng. C 2016, 69, 751–759. [Google Scholar] [CrossRef] [PubMed]

	



Komorowski, P.; Walkowiak-Przybyło, M.; Walkowiak, B. Early cell response to contact with biomaterial’s surface. J. Biomed. Mater. Res. Part B Appl. Biomater. 2016, 104, 880–893. [Google Scholar] [CrossRef]

	



Ogwu, A.A.; Okpalugo, T.I.T.; Ali, N.; Maguire, P.D.; McLaughlin, J.A.D. Endothelial cell growth on silicon modified hydrogenated amorphous carbon thin films. J. Biomed. Mater. Res. Part B Appl. Biomater. 2008, 85B, 105–113. [Google Scholar] [CrossRef]

	



Ishikawa, J.; Tsuji, H.; Sato, H.; Gotoh, Y. Ion implantation of negative ions for cell growth manipulation and nervous system repair. Surf. Coatings Technol. 2007, 201, 8083–8090. [Google Scholar] [CrossRef]

	



Schmidt, D.R.; Waldeck, H.; Kao, W.J. Protein Adsorption to Biomaterials. In Biological Interactions on Materials Surfaces; Springer US: New York, NY, USA, 2009; pp. 1–18. [Google Scholar]

	



Lagonegro, P.; Rossi, F.; Galli, C.; Smerieri, A.; Alinovi, R.; Pinelli, S.; Rimoldi, T.; Attolini, G.; Macaluso, G.; Macaluso, C.; et al. A cytotoxicity study of silicon oxycarbide nanowires as cell scaffold for biomedical applications. Mater. Sci. Eng. C 2017, 73, 465–471. [Google Scholar] [CrossRef]

	



ISO 10993-5:2009-Biological evaluation of medical devices--Part 5: Tests for in vitro cytotoxicity. Available online: https://www.iso.org/standard/36406.html (accessed on 3 May 2019).








[image: Nanomaterials 09 00812 g001 550]





Figure 1. The scanning electron microscopy (SEM) images of the deposited coatings: (A) secondary electron imaging; (B) backscattered electron imaging, (1) diamond-like carbon (DLC), (2) Si-DLC 0, (3) Si-DLC 1, (4) Si-DLC 2, (5) Si-DLC 3, (6) Si-DLC 4. 
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Figure 2. The X-ray photoelectron spectroscopy (XPS) wide scans of the surface of the Si-DLC 0 and Si-DLC 4 samples. 
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Figure 3. The deconvolution of the C 1s band for the deposited Si-DLC coatings: (A) Si-DLC 4, (B) Si-DLC 3, (C) Si-DLC 2, (D) Si-DLC 1, (E) Si-DLC 0. 
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Figure 4. The sp2/sp3 bonding ratio of the deposited DLC and Si-DLC coatings. 
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Figure 5. The Fourier transform infrared spectroscopy (FTIR) spectra of the deposited coatings Si-DLC coatings: (A) Si-DLC 4, (B) Si-DLC 3, (C) Si-DLC 2, (D) Si-DLC 1, (E) Si-DLC 0. 
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Figure 6. The surface free energy and wettability of the deposited DLC and Si-DLC coatings after sterilization. 
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Figure 7. Endothelial cells’ proliferation on the surface of the deposited Si-DLC coatings (live/dead assay). 
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Figure 8. Cytotoxicity of the deposited Si-DLC coatings towards the endothelial cells (live/dead assay). 
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Figure 9. Endothelial cells’ viability in direct and indirect contact with the deposited Si-DLC coatings (XTT assay). 
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Table 1. Chemical composition of the deposited DLC and Si-DLC coatings according to the XPS analysis.
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	Sample
	Si Target Power [W]
	Si [at.%]
	O [at.%]
	C [at.%]
	N [at.%]





	DLC
	0
	-
	9.84 ± 0.11
	89.48 ± 0.24
	0.68 ± 0.21



	Si-DLC 0
	10
	1.83 ± 0.01
	13.72 ± 0.16
	84.45 ± 0.41
	-



	Si-DLC 1
	20
	3.79 ± 0.04
	21.93 ± 0.34
	74.28 ± 0.30
	-



	Si-DLC 2
	40
	5.58 ± 0.03
	18.80 ± 0.07
	75.62 ± 0.10
	-



	Si-DLC 3
	60
	14.34 ± 0.10
	28.90 ± 0.30
	56.76 ± 0.19
	-



	Si-DLC 4
	80
	22.15 ± 0.37
	24.85 ± 0.18
	53.00 ± 0.54
	-
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Table 2. Decomposition of the C 1s peak for the examined DLC and Si-DLC coatings.
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	Sample
	Si-C/SiOxCy
	C sp2
	C sp3
	C-O
	C=O
	COO-R
	sp2/sp3





	DLC
	-
	59.28 ± 0.69
	17.98 ± 0.65
	11.86 ± 0.07
	5.95 ± 0.04
	4.93 ± 0.01
	3.30 ± 0.16



	Si-DLC 0
	1.50 ± 0.00
	71.70 ± 1.00
	13.50 ± 0.10
	7.80 ± 0.20
	3.65 ± 0.25
	2.10 ± 0.50
	5.30 ± 0.11



	Si-DLC 1
	3.30 ± 0.10
	63.95 ± 0.75
	14.85 ± 0.05
	9.50 ± 0.20
	4.70 ± 0.20
	3.70 ± 0.20
	4.31 ± 0.07



	Si-DLC 2
	9.30 ± 1.60
	57.15 ± 4.65
	16.95 ± 2.95
	8.95 ± 0.15
	1.70 ± 0.20
	5.50 ± 0.30
	3.53 ± 0.89



	Si-DLC 3
	18.10 ± 0.40
	53.55 ± 0.65
	14.30 ± 0.80
	7.45 ± 0.25
	3.65 ± 0.05
	2.95 ± 0.05
	3.76 ± 0.26



	Si-DLC 4
	36.00 ± 0.50
	42.85 ± 0.75
	13.65 ± 0.05
	4.70 ± 0.20
	1.35 ± 0.05
	0.95 ± 0.05
	3.14 ± 0.07
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Table 3. Decomposition of the O 1s peak for the obtained Si-DLC coatings.
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	Sample
	C=O
	Si-O-C/SiOxCy
	SiOx





	Si-DLC 0
	11.85 ± 0.95
	67.45 ± 1.35
	20.70 ± 2.30



	Si-DLC 1
	7.20 ± 1.10
	69.25 ± 1.05
	23.55 ± 2.15



	Si-DLC 2
	7.15 ± 2.25
	70.15 ± 0.15
	22.70 ± 2.10



	Si-DLC 3
	1.25 ± 0.25
	83.15 ± 0.25
	15.60 ± 0.20



	Si-DLC 4
	-
	84.85 ± 0.15
	15.15 ± 0.15
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