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Abstract

:

Production of diamond coatings on titanium substrates has demonstrated as a promising strategy for applications ranging from biosensing to hard tissue engineering. The present study focuses on monitoring the nucleation and growth of bone-like carbonated-hydroxyapatite (C-HA) on polycrystalline diamond (PCD) synthetized on titanium substrate by means of a hot filament chemical vapor deposition (HF-CVD) method. The surface terminations of diamond coatings were selectively modified by oxidative treatments. The process of the C-HA deposition, accomplished by precipitation from simulated body fluid (SBF), was monitored from 3 to 20 days by Raman spectroscopy analysis. The coupling of morphological and structural investigations suggests that the modulation of the PCD surface chemistry enhances the bioactivity of the produced materials, allowing for the formation of continuous C-HA coatings with needle-like texture and chemical composition typical of those of the bone mineral. Specifically, after 20 days of immersion in SBF the calculated carbonate weight percent and the Ca/P ratio are 5.5% and 2.1, respectively. Based on these results, this study brings a novelty in tailoring the CVD-diamond properties for advanced biomedical and technological applications.
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1. Introduction


The unique combination of properties such as hardness, corrosion resistance, chemical inertness, biocompatibility and non-cytotoxicity provides diamond a great added value for applications ranging from optoelectronics to quantum sensing, from drug delivery to tissue engineering [1,2,3,4,5,6,7,8]. In this view, advances in technology are addressing the attention of the scientific community to the production, characterization and processing of synthetic diamonds. In fact, the crystal structure, size, shape, morphology, surface chemistry and physical properties of synthetic diamonds can be properly tuned through specific growth conditions and processes [9,10,11,12,13,14]. In this scenario, diamonds produced in form of films on various substrates through chemical vapor deposition (CVD) methods have demonstrated great potential in fields extending from engineering to biomedicine [14,15,16,17,18]. Specifically, CVD approaches to produce diamond coatings offer several advantages, including precise control of growth conditions, versatility of substrates and deposition over large areas. In this context, many efforts are dedicated to produce diamond layers on a variety of substrates such as silicon, titanium, niobium, tantalum, molybdenum and glassy carbon [2,14,19,20,21], as well as the possibility to incorporate foreign species, such as Nd, N, Ti and hybrid Si-Ni entities, within the diamond lattice directly during the diamond growth [7,9,22,23]. In addition, CVD techniques have proven to be powerful tools to tailor crystallographic defects, sp2 and amorphous carbon content, amount of grain boundaries and surface terminations (H, O) of diamond materials [24,25,26].



Among the possible substrates, titanium and its alloys (Ti6Al4V) have a competitive advantage over other systems thanks to an outstanding combination of electroconductivity, tensile strength, corrosion resistance and biocompatibility [27,28,29,30]. In particular, recent studies focused on the exploitation of diamond coatings on titanium substrates [27,28,29,30] for biomedical applications like biosensing [31], memristive devices [32], heart valves [33] and regenerative medicine [34,35,36]. Regarding the latter, CVD-diamond coatings have shown significant promise as scaffolds for hard tissue engineering [5,8,9,37]. In fact, diamond phase was not only demonstrated to behave as a chemical protection against the corrosion phenomena by body fluids, but also to produce a bone–implant interface enhancing the biocompatibility with respect to bare titanium substrates [3,5,38,39]. A great amount of the literature acknowledges that the controlled roughness, topography and surface composition of CVD-diamond layers can stimulate osteoblasts (i.e., bone-forming cells) to proliferate and differentiate [9,17,38], while few studies explored the ability of diamond to favor the formation of bone-like hydroxyapatite (Ca10(PO4)6(OH)2) mineral, which is generally considered as a proof of concept anticipating the biomaterials’ osteointegration ability in vivo. In particular, Strąkowska et al. pointed out how homogeneity and electrical conductivity of diamond substrates play a key role on the electrochemical deposition of hydroxyapatite coatings [40]. Similarly, Fox et al. demonstrated that the in vitro exposure to simulated body fluid (SBF) enables apatite deposition onto unmodified PCD systems [9,41].



Among the possible methods for producing hydroxyapatite, the precipitation from SBF permits the formation of bone-like hydroxyapatite with a carbonate ions’ amount reproducing the bone mineral stoichiometric composition [42,43,44,45]. Such a carbonated hydroxyapatite (C-HA) can be distinguished in type A or B depending on whether the carbonate group replaces the hydroxyl or phosphate group, respectively. When the replacement of PO43− by CO32− ions results in a Ca/P ratio of about 2.0, a C-HA analogous to that of biological apatite minerals is obtained [45,46,47,48,49]. Therefore, the development of synthesis strategies capable of providing B-type C-HA coatings with structure, morphology and chemical composition similar to those of the bone mineral can be considered of great interest for tissue engineering applications.



In this context, the present research is devoted to investigating how the bioactivity of CVD diamond can be purposely modulated by surface chemistry and topography for allowing the formation of C-HA with tailored compositional, morphological and structural features. To this aim, hot filament chemical vapor deposition (HF-CVD) was employed to synthesize PCD films on titanium substrates. The surface terminations of the diamond layers were selectively modified by oxidative treatments in air at 350 °C. Then, the growth of C-HA crystals by precipitation from SBF on diamond layers was monitored by means of Raman spectroscopy analysis after regular periods of time from 3 to 20 days. The obtained results evidenced that the modulation of polycrystalline diamond films’ surfaces is crucial to enhance the deposition and growth of C-HA crystals with morphology and chemical composition similar to those of the bone-mineral.



Taken together, the collected results underline how the possibility of specifically controlling and modifying the synthesis conditions of CVD diamond allows the production of materials with functions that can be modulated in relation to the development needs of advanced and industrially scalable technological devices.




2. Materials and Methods


2.1. Chemicals


HClO4, methanol, n-butanol, NaCl, NaHCO3, KCl, K2HPO4, MgCl2∙6H2O, CaCl2 and Na2SO4 were purchased by Merck KGaA and used as received.




2.2. Diamond Films Synthesis and Processing


Titanium substrates were prepared by cutting a 0.5 mm thick polycrystalline titanium sheet in 1 cm × 1 cm squares which were flatted by a cylindric piston. To obtain a mirror-like surface, the titanium substrates were cleaned by electropolishing operation. The electropolishing solution was prepared by mixing 30 mL of 70% HClO4, 295 mL of methanol and 175 mL of n-butanol [38]. Electropolishing process was performed at −30 °C, applying a potential of 20 V for 15 min. Titanium foils were connected to the anode, while plates of stainless steel were connected to the cathode. Before the CVD process, a seeding operation was carried out to encourage nucleation and growth of homogeneous diamond films on the titanium substrates. Each titanium sheet was subjected to a 15 min sonication cycle in a “seeding” solution of 50 mg nanodiamond powder in 20 mL ethanol and then washed in ethanol. To synthesize the diamond films, a 1.25:100 CH4/H2 mixture activated by a Joule-heated Ta filament was used. Filament temperature and chamber pressure were respectively held at about 2130 ± 10 °C and 36 ± 1 torr during all the synthesis process which lasted for three hours. To modify the surface composition, diamond films were annealed in air at 350 °C for 20 min. Annealed and pristine diamond films were named as “D_A” and “D” samples, respectively. Bare titanium sheets (Ti samples) were used as reference to monitor the apatite deposition.




2.3. Hydroxyapatite Precipitation


A 1.5 SBF with inorganic ions concentrations simulating human blood plasma was prepared following the methodology outlined by Kokubo et al. [50]. Specifically, chemical reagents such as NaCl (206 mmol), NaHCO3 (6.3 mmol), KCl (4.4 mmol), K2HPO4 (1.5 mmol), MgCl2∙6H2O (2.4 mmol), CaCl2 (3.7 mmol) and Na2SO4 (0.8 mmol) were dissolved into distilled water at 37 °C. Then, the solution was buffered at pH 7.40 by using 1 M HCl. To ensure that no precipitation occurred before experimental use, the prepared 1.5 SBF was refrigerated at 4 °C overnight. Daily for 20 days, each sample was accurately washed and exposed by immersion to fresh SBF for the entire 24 h. Before the analyses, the samples were repetitively washed with distilled water and dried overnight in air and at RT.




2.4. Characterization Techniques


SEM, EDX, Raman spectroscopy and XPS techniques were utilized to characterize the synthesized materials.



A Zeiss Auriga 405 Field Emission Scanning Electron Microscopy (FESEM) (Zeiss Microscopy GmbH, Jena, Germany), equipped with a Bruker Quantax detector (Bruker, Berlin, Germany), was used to obtain the SEM images and EDS spectra, maintaining a pressure of about 10−5 to 10−6 mbar. The electron beam operated at a working distance of 6 mm, while the acceleration voltage was set at 10 keV for both imaging and collecting the EDX spectra. The collected images were processed by using Image J software.



An XploRA ONE™ Raman Microscope (Horiba Italia Srl, Rome, Italy) was employed to collect Raman spectra. Raman analysis was performed in order to evaluate the structural quality of the deposited diamond films. All the spectra were acquired with the laser source at 532 nm operating at 1% power, the grating set on 2400 grooves/mm and acquisition time of 20 s. Each single peak or band in the spectra was deconvolved with a Lorentzian line shape to derive position, intensity and full width at half maximum (FWHM) parameters.



XPS analysis was performed using a KRATOS Axis Ultra DLD apparatus (Kratos Axis Ultra DLD, Manchester, UK). An incident monochromatic X-ray beam from Al target (15 kV, 10 mA) was focused on sample surface. The angle between the X-ray emitter and the photoelectron detector direction was set at 0°. The electron energy analyzer was operated with a pass energy of 20 eV enabling the collection of high-resolution spectra. A step size of 0.05 eV was employed. The core level spectrum was deconvolved through Voigt functions, after performing a Shirley background subtraction.



All the characterizations are performed at RT.





3. Results


3.1. Diamond Films


SEM images and deconvolved Raman spectra of diamond layers grown on electropolished Ti substrates before (D) and after (D_A) annealing treatment are shown in the Figure 1.



We can observe that both the samples exhibit a polycrystalline texture, constituted by triangularly faceted grains (Figure 1a). The high magnification images were processed through ImageJ software to obtain a 3D detailed reconstruction of the samples surface topography (inset in Figure 1a). The topographic investigation was carried out on 5 μm × 5 μm squares areas. Averaged surface roughness (Ra) values were derived from the analysis of three different SEM images for each sample. This procedure provided for both D and D_A Ra ~350 nm, which is a value comparable to the nanoscale architecture of natural tissues. From this result it is evident that the adopted annealing treatment produced no significant effects on the diamond topography. On the contrary, a different profile was detected for the Raman spectra of the two samples (Figure 1b) indicating that the thermal process induced structural modifications within the diamond phase. To better detail such an aspect, for each sample five different Raman spectra were collected and analyzed from different microregions. Each spectrum was deconvolved with four Lorentzian lines, that are the diamond line at around 1332 cm−1 and the D, G and amorphous carbon (α-C) bands at about 1350, 1570 and 1510 cm−1 [51,52,53]. For each sample the diamond volume fraction (   Σ d   ) was also calculated following the procedure described in Refs [54].    Σ d    values of 92 and 96 were collected for D and D_A, respectively. In particular, the IDIA/ Iα-C ratio between the integrated intensities of diamond line (IDIA) and α-C band (Iα-C) ranges from 0.14 for D to 0.57 for D_A, strongly evidencing a considerable reduction in the amorphous carbon content due to the annealing treatment. Accordingly, the reduction from 13 to 10 cm−1 of the diamond line FWHM for D_A indicates an increase in the crystalline quality. Both these results can be reasonably explained with the elimination of amorphous carbon content and sp2 carbon phases at the boundaries of the nanometric diamond grains.



Further speculation can be made by considering the results of the XPS analysis. In Figure 2 typical spectral surveys (a) and representative deconvolved C 1s high-resolution spectra (b) along with the signals’ attribution are reported for annealed D_A and reference D sample. The data were averaged on three spectra taken from different zones of each sample.



The survey spectra were analyzed by referencing the peak related to the C 1s level of diamond at 285 eV [55,56]. In this view, the signal located at around 532 eV is assigned to the oxygen O 1s, reasonably due to carbon atoms in oxidized configurations. In perfect agreement with previous studies [31,38], no Ti signals are detected for both diamond layers, indicating that the adopted annealing method was successful in avoiding delamination phenomena. The quantitative analysis of the experimental data provides a surface elemental composition of about 98.5% C and 1.5% O for D sample. Conversely, around 90% C and about 10% O are found for D_A. To get a deeper insight into the surface chemical composition, the high-resolution C1s spectra were deconvolved by using three Voigt lines referring to C-C (284.8 eV), C-Hx (285.3 eV) and C–O bonds (286.3 eV) (Figure 2b) [55,57,58,59]. It is to be noted that no titanium carbide neither C=C bonds signals are detected, corroborating the hypothesis that the thermal treatment was able to remove amorphous and graphitic carbon, without producing detachment of the diamond films from the underlying titanium substrates. Deconvolution procedure also allows determining the values of binding energy (BE), area and FWHM for each peak. The relative component concentrations (content percentage) are obtained from each sub-peak area of C 1s spectra. The relative concentrations of each component were determined from the corresponding sub-peak area by taking into consideration the Scofield sensitivity factors. The values are reported in Table 1.



We can note that the diamond layers exhibit a rather different surface composition. The larger degree of surface oxidation exhibited by D_A can be explained as due to the annealing treatment. At the temperature of 350 °C, the dangling and C-Hx bonds are in fact expected to interact with the air oxygen molecules, enabling the formation of surface C-O moieties.




3.2. Carbonated Hydroxyapatite Growth


To evaluate how the controlled introduction of oxygen-containing groups can modulate the ability of diamond surface to precipitate C-HA, D and D_A samples were soaked for 20 days in 1.5 SBF. The monitoring of C-HA formation was accomplished by means of Raman spectroscopy analysis performed as a function of exposure time to SBF (Figure 3) [45]. Three different Raman spectra were collected and analyzed from different microregions.



The Raman spectra show the typical signals of apatite-based minerals at about 430, 590, 960 and 1045 cm−1, and which can be attributed to ν2, ν4, ν1 and ν3 PO43− modes, respectively (Figure 3a) [60,61,62,63]. The peak at ~1070 cm−1 is attributable to the carbonate ν1 mode in B-type sites, indicating the success in producing a mineral phase closely resembling biological apatite [60,64,65].



Upon closer observation of the spectra, one notices that the C-HA signals are better defined for D_A than for reference D and Ti supports. In details, the peak assigned to the ν4 phosphate mode at about 590 cm−1 appears after 14 days for C-HA grown on D_A substrate, while such a signal can be observable only after 20 days of 1.5 SBF exposure for the other two substrates. These findings evidence that the annealed diamond promotes the achievement of a good apatite structural quality faster than both the bare titanium and the pristine diamond film. In addition, the lack of signals in the region between 1070 and 1110 cm−1, typically ascribed to A-type C-HA, point outs an almost complete substitution of carbonate ions in the B-sites of the apatite lattice [61,62,66].



In order to evaluate and compare the structural features and the amount of the C-HA deposits on the various substrates, the time evolution of the integrated intensity value (I960) (Figure 3b) and of the band amplitude (FWHM960) (Figure 3c) of the ν1 phosphate mode were respectively monitored. As a general trend, the I960 and FWHM960 values monotonically increase and decrease, respectively, under exposure to 1.5 SBF. Specifically, we observe that I960 values of C-HA grown on D_A are systematically higher than those of the C-HA precipitated on reference D and Ti substrates at each investigated time of immersion. Analogously, FWHM960 values are found always lower for the C-HA deposited on D_A with respect to those of C-HA on D and Ti substrates. More in detail, for C-HA on D_A it is possible to observe a rapid and significant increasing in the I960 value between 3 and 7 days, while a rather gradual increase is noted between 10 and 20 days of SBF exposure. On the other hand, for C-HA on D a minimal change in the I960 value was detected between 3 and 5 days, while the signal intensity raises more rapidly between 5 and 20 days. In particular, a remarkable increasing can be observed between the 10th and 14th day of immersion, suggesting that the enrichment of the apatite-like nuclei occurs in this period of exposure. These different trends can be reasonably explained by taking into account the surface chemistry features, suggesting that the controlled introduction of oxygen-containing groups performed on D_A significantly reduces the time required C-HA to grow. Nonetheless, the crystalline quality of C-HA is very similar for all investigated substrates, as disclosed by the trend of the FWHM960 values (Figure 3c).



From Raman spectra it is also possible to achieve an indication on the carbonate content of C-HA by the Equation (1) derived by Spizzirri et al. [66]:


   % W   (    CO  3  2 −    )  =    (     I  1070      I  960        )  –   0.05   2.8   × 100  



(1)




where    % W   (    CO  3  2 −    )    is the carbonate weight percent and      I  1071      I  960       is the ratio between the integrated intensities of the combined carbonate-phosphate (I1070) and the phosphate ν1 (I960) peaks. The calculated    % W   (    CO  3  2 −    )    values are reported in Figure 3d. We can note that for all three substrates the carbonate content is maximum after the first three days of C-HA formation with a variable value between 15 and 17%, and then constantly decreases and settles at day 20 at values between 5 and 7% which are similar to those of the natural inorganic mineral of human bones [63,67,68]. This trend can be explained by the lower solubility of calcium carbonate which initially enriches the first apatite nuclei generated by SBF, and subsequently consolidate their C-HA structure under the longer exposure times to the simulated body fluid.



Information about the morphology and elemental composition of the C-HA deposits were achieved by SEM-EDX analysis. In Figure 4 the results collected for D_A, D and reference Ti substrates after 20 days of immersion in 1.5 SBF are reported.



As shown in Figure 4a, the substrate strongly modulates the morphological features of the C-HA phase. In fact, Ti substrate produces a ‘patchy’ apatite-like deposition while the formation of sparse apatite globules sized around 1–5 µm is observed on D. Interestingly, a continuous and thick coating was indeed observed for D_A sample. As evidenced by the insets in the Figure 4a, all the C-HA crystals exhibit a needle-like texture, which is a fundamental requirement to induce osteogenic activities of bone forming cells [69].



The chemical composition and the Ca/P ratio values were evaluated by means of EDX spectroscopy by analyzing 3 μm × 3 μm squares areas of the C-HA deposit. As a general trend, the analysis shows that oxygen, carbon, calcium and phosphorous are the main components, while elements such as Na, Cl, Mg and K were detected only in traces. In line with SEM analysis, traces of Ti element (>0.8%) disclosed for C-HA on Ti are evidently due to the substrate, suggesting that the C-HA deposits’ thickness is lower than 1 μm. Analogously, the consistent amount of carbon detected for C-HA on D plausibly arises from the uncoated diamond areas. It is worthy to note that a carbon percentage around 6% is detected for the C-HA on Ti and D_A substrates, corroborating the amount of carbonate ions derived by Raman spectroscopy analysis. The calculated Ca/P ratio are 2.11, 2.09 and 2.05 for C-HA on D_A, D and Ti, respectively. All these values are strictly close to those of human bone mineral [45,46,47,48,49], nevertheless the better structural and coating quality of C-HA on D_A can be explained by the interplay between the morphological, structural and surface chemistry features of the modified D_A diamond layer. A possible mechanism for the formation of C-HA crystals on the oxidized diamond surface of D_A is tentatively described in Figure 5.



As disclosed by XPS analysis, D_A sample shows an ~ 10% amount of singly bonded C-O polar groups on its surface. In this view, it is reasonable to argue that the grafting of calcium, carbonate and phosphate ions is enhanced under these conditions. In particular, this process is expected to be even more accentuated in the first days of exposure to 1.5 SBF. In fact, the incorporation of carbonate ions, as well as the secondary nucleation and crystal growth of the apatite-like nuclei would be plausibly favored by the presence of the C-O polar groups on diamond surface, producing a continuous and homogenous C-HA deposit as the immersion time in SBF increases.





4. Conclusions


The present research is devoted to investigating how the bioactivity of the diamond phase to precipitate carbonated hydroxyapatite from a physiological environment can be purposely tailored by the modulation of diamond surface chemistry and structural features. A HF-CVD method was employed to synthesize polycrystalline diamond films on titanium substrates. An oxidative treatment in air at 350 °C was adopted to functionalize the diamond surface with a 10% of singly bonded C-O groups. The growth of C-HA crystals by precipitation from a simulated body fluid was monitored by means of Raman spectroscopy analysis after regular periods of time from 3 to 20 days. The collected results pointed out the capability of the annealed diamond to support and promote the growth of a B-type C-HA with a carbonate content strictly close to that of human bone. Furthermore, the annealing treatment was found to enhance the deposition of C-HA with respect to bare titanium and as-grown PCD films. In particular, the SEM-EDX analyses corroborated that the employed method for the controlled introduction of C-O moieties on diamond surface is crucial to obtain continuous C-HA coatings with crystals showing morphology and chemical composition similar to those of the bone-mineral. Such findings make the annealed diamond system a valuable bioactive platform to be used as scaffold in the implantable prosthesis field.
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Figure 1. (a) SEM images and (b) deconvolved Raman spectra of pristine (D) and annealed (D_A) diamond samples. Insets: 3D SEM image and Raman signals attributions. 
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Figure 2. (a) Survey XPS spectra; (b) deconvolved high resolution C 1s spectra of D and D_A samples along with signals attribution (blue line: C-C bond signal; green line: C-Hx bond signal; red line: C-O bond signal). 
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Figure 3. (a) From top to down: Raman spectra of apatite-like deposits acquired on D_A (green lines), D (blue lines) and Ti (red lines) substrates after exposure to 1.5 SBF for 3, 5, 7, 10, 14 and 20 days. Trend of: (b) I960, (c) FWHM960 and (d)    % W   (    CO  3  2 −    )    values as a function of the exposure time. Error bars represent the standard deviation of the parameters derived by the deconvolution of three Raman spectra. 
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