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Abstract

:

The aim of the study was to qualitatively investigate the structure of the surface layer of TiO2 on dental implants made of Ti-6Al-4V subjected to different manufacturing treatments. M (machined), B (Al2O3-blasted), E (HNO3\HF-etched), B + E and A (B + E + anodized) implants and a further group receiving the same treatments as the first group with the addition of a final decontamination with cold plasma were included in the study. Examination was performed using micro-Raman spectroscopy. The surface treatments evaluated did not achieve the formation of crystalline TiO2. The increase in the complexity of surface treatment produced a proportional increase in the thickness of amorphous TiO2 oxide. In the B + E group, the plasma treatment enhanced the amorphous oxide thickness of TiO2. The other surfaces treated by plasma decontamination did not show a difference to the respective untreated ones. The investigated surface treatments did not change the crystalline cage of TiO2 in Ti-6Al-4V implants but affected the thickness of the oxide layer. The biological response could be influenced by different oxide thicknesses. Additional information on superficial TiO2 structural organization can be obtained by micro-Raman evaluation of dental implants. Dental implants with B + E + plasma and A superficial treatments allowed the maximum formation of the amorphous oxide thickness.
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1. Introduction


From Brånemark’s initial studies, titanium represents the most-used material, although not the only one, for the production of endosseous dental implants [1,2,3]. Success rates with titanium implants are high in both the short and long term; moreover, they are indicated in many particular situations [4,5,6,7,8,9,10].



The native very thin (<10 nm) oxide layer of TiO2 gives features of exceptional biocompatibility to titanium [11,12,13,14]. Moreover, Ti and its alloys possess mechanical and chemical properties that make them ideal implant materials [15]. Commercially, pure titanium is classified into four grades by its stoichiometric composition, with grade one having the least (0.18%) and grade four having the most (0.4%); in addition, grade five titanium alloy (Ti-6Al-4V) is also used for commercially available dental implants [16,17]. Due to the presence of minimal quantities of contaminants, mechanical features of resistance increase from grade one to grade five [16,18]. Amorphous titanium oxide forms during normal ambient conditions on Ti; moreover, in nature, three crystalline phases of titanium dioxide exist, namely anatase, rutile and brookite; the latter is rarely found because of its metastable crystal structure [19,20].



Through the application of an appropriate heat treatment, amorphous TiO2 transforms to the anatase, thanks to its lower surface free energy compared to rutile, and then to the rutile phases. The anatase phase completely transforms into the rutile phase at 680 °C [20]. To obtain rutile at low temperatures, precipitation of crystalline TiO2 and hydrothermal methods are needed [21]. The biological effects of the morphological characteristics of the implant surfaces have been thoroughly investigated [17,22], while little information concerns the influence of the different polymorphic crystalline phases of TiO2 on osseointegration. The crystalline phase of TiO2 can influence bioactivity. Crystalline TiO2 appears to favor apatite deposition [13,23,24,25]. Anatase coating enhanced osseointegration in in-vivo studies in rabbits [26,27] and reduced marginal bone loss in humans [28].



Moreover, the anatase-coated surfaces proved to be more sensitive to UV light and showed a greater photocatalytic effect [29]. Recent studies have also shown that bacterial flora can be influenced by the titanium surface structure. Anatase exposed to near-UV light demonstrated a strong bactericidal effect [30,31]. Anatase-coated titanium surfaces significantly reduced the presence of bacteria on the subgingival and screw-threaded portion of healing screws in humans [32], but, recently, in a small-sample-size and short-term study in humans, antibacterial features of anatase-coated implant collars were only partially confirmed [28].



Literature on the relation between surface treatment and superficial oxide layer structure is scarce. Most clinical titanium implants have thin surface oxides and can therefore be expected to have essentially amorphous surface oxides. As the oxides’ thickness increases, a crystalline structure becomes possible [12].



Anodic oxidation (anodization) and thermal treatment demonstrated the ability to form a crystalline layer of TiO2 on commercial pure and alloy titanium surface [27,33,34,35].



Recently, anatase was clearly identified in two commercially available implants, with an anodizing surface treatment. The remaining surfaces (machined, acid-etched, blasted or plasma-sprayed) presented spectra that can be fitted only weakly or moderately to the rutile and/or amorphous TiO2 spectra. Moreover, this study does not disclose the alloy composition of each implant analyzed [36]. Another study on commercially available implants evaluated the structure of TiO2 by TEM. This study identified anatase on anodized and on blasted and acid-etched surfaces and rutile on machined surfaces [37].



Plasmas can be categorized as either thermal (hot) plasmas or cold (low-pressure) plasmas (CPs or LPPs) [38]. CP treatment allows surface activation while operating at low ambient temperatures, with an enhancement of the surface energy and an osteoblastic spread [39,40,41]. CP-treated titanium implant surfaces showed a significant reduction in surface-adsorbed C content and more uniform and higher osteogenic responses in vivo [42,43].



Raman Spectroscopy (RS) is a non-invasive and non-destructive method widely used to investigate the crystalline degree and quality of material [44,45], and in the case of TiO2, RS can identify its naturally occurring crystalline phases [20,46]. TiO2 anatase phase is tetragonal, with two chemical formula per unit cell (space group D194h(I41/amd)). Among its six Raman active modes (Table 1), the most intense is the Eg mode, peaked at 144 cm−1, whose linewidth is also correlated to the average grain size or crystalline disorder. The rutile structure is tetragonal, with two TiO2 units per cell, and space group D144h(P42/mnm) has four Raman active modes (Table 1) [46,47,48].



For the brookite structure, the lower symmetry and larger unit cell with respect to anatase and rutile cells result in a larger number of Raman active modes with a rich Raman spectrum. The reference Raman spectra for the three crystal cages of TiO2 are reported in Figure 1a. Recently, the TiO2 phases of the root surface of commercially available titanium dental implants, subjected to various surface treatments, were investigated by RS [18,36]. It has been proposed that the rapid formation of the oxide layer during manufacturing leads to an amorphous TiO2 layer on implant surfaces [19,36], but information on the formation of TiO2 phases during manufacturing stages is extremely limited.



Therefore, although the presence of TiO2 has been identified as responsible for osseointegration, little is known about the quality of this TiO2 or the relationship between the crystallographic conformation of TiO2 and the surface treatment carried out. Since the crystalline conformation of TiO2 could have interesting biological effects, in this study we tried to evaluate its presence following different commonly performed surface treatments.



The aim of this article is to evaluate the presence and transformation of TiO2 at the implant surface at different manufacturing stages by means of RS. The sampled thicknesses are strongly reduced by the highly inhomogeneous surfaces of the samples, and we estimate scattering volume heights of the order of tens of nanometers, markedly reduced with respect to the typical focus depth in transparent materials.




2. Materials and Methods


To study the presence and the transformation of TiO2 at the implant surface at different manufacturing stages, experimental Ti-6Al-4V implants were produced by FMD Medical Devices (Rome, Italy). All the samples were obtained from the same titanium alloy lot and underwent the same manufacturing procedures, like those used for commercial Ti dental implants, excepting from those characterizing the surface. In this study, samples consisted of screw-form implants measuring 5.5 mm in diameter and 14 mm in length. A couple of implants for each surface treatment were examined. The basic common procedures consisted of: 1) machining (milling) of the initial rod in the presence of a lubricant; 2) ultrasonication bath with solvents, and 3) packaging in glass tubes under laminar flow hood and dry heat sterilization at 170 °C for 3 h.



The surface treatments are listed in Table 2. Surface treatment procedures consisted of: Al2O3 sandblasting with particles with an average size of 180–200 μm; etching with a HNO3 (64.5%) and HF (0.5%) solution for 15 s; direct current anodization at 60 V for 15 s; etching with a HNO3 (65%) solution for 15 s; low-pressure plasma (LPP) treatment with Ar gas for a period of 20 min at 0.35 mbar with an Atto Plasma Cleaner with integrated PC control (Diener electronic GmbH, Ebhausen, Germany).



A randomly selected site in the apical and in the collar zone was analyzed by RS for each of the implants tested. Spectra were considered identical when the Raman shifts of the peaks appeared at the same wavenumber, and the relative intensities of the major peaks demonstrated a less than 20% height difference [36].



Micro-Raman measures were conducted at room temperature. A LabRAM Dilor spectrometer (HORIBA, Japan) and an Olympus microscope HS BX40 (Shinjuku Monolith, Japan) were used for measurements. A He-Ne laser with a wavelength of 632.8 nm was employed to produce the excitation radiation. The implants were mounted on a motorized xy stage and tested with a laser spot of about 2 µm in diameter and with a 50x objective. In this case the numerical aperture was NA = 0.95 with a focal depth at the minimum confocal hole width equal to 10 microns in transparent materials. A long working distance objective was also used to focus the light on the valleys between the threads of the screw. The spectral resolution was about 1 cm−1. Neutral filters with different optical density irradiated the samples at different light intensities leading to power density values from 5 × 103 W/cm2 to 5 × 105 W/cm2. As a detector, a cooled CCD camera was used, with typical integration times of about 2 min.



Attention was paid to the acquisition of background signals in order to perform reliable background subtractions for each sample. The surface roughness provoked a very intense, unresolved backscatter, with the appearance of interferential ripples in the spectra. For each sample, an incoherent white light source was used to acquire sample-dependent background signal, resulting from the superposition of electronic noise and blank scattered field.



The spectra reported in Figure 1 are the raw data, while the spectrum reported in Figure 2 has been obtained after subtraction of the scattered background. In any case, the spectra have been sampled in different regions, and for each sample region the spectrum has been averaged over 5 runs. The data were analyzed by using best-fitting procedures from Origin LabCalc from Origin Lab Corporation (Northampton, MA, USA). Lorentzian curves were used as fitting functions. With the actual spectral resolution, Raman modes from different sample regions or different samples were considered equal when the peaks appeared at the same wavenumber within an interval of ± 1cm−1 and the relative intensities demonstrated less than 20% height difference.



Microstructural characterization of all samples was performed using a high-resolution scanning electron microscope (SEM, TESCAN Mira 3XMU) operated at 25kV and equipped with an energy dispersion spectroscopy (EDS) analysis unit (EDAX).




3. Results


We analyzed a series of implants, from untreated Ti-alloy to the finished implant. For each step, the effect of plasma treatment was verified. In Figure 1b the Raman representative spectra from sample N1-N5 are reported in the energy range between 100–800 cm−1, i.e., the region where the Raman modes of titania should be active.



N1 samples present a machined surface. No Raman signals are evident in their spectra. Only weak and narrow lines are visible at low energy due to the laser plasma straight lines clearly visible for the high reflectivity of the starting material. A clear sign of TiO2 is not evident. Nevertheless, since the TiO2 layer in machined implants is below 10 nm, a non-typical spectrum is usually obtained, possibly resembling structures arising from a thin discontinuous TiO2 layer formed at the metal/oxide interface [36,49]. In such cases, Raman analysis may fail to identify the type of the oxides due to bulk interference [36,50]. Although a previous study [36] observed traces indicating the presences of anatase and amorphous TiO2, the intensity of the Raman signal is too low in both our observation and, in our opinion, in theirs, to attribute to the spectra a unique interpretation.



N2 samples present a machined and Al2O3-blasted surface. The related spectrum displays unresolved frequency Raman activities in the spectral region from 100 to 400 cm−1 together with a weak but well-structured Raman signal at about 416 cm−1. The unresolved frequency Raman activity observed in the N2 sample spectrum could be ascribed to an oxide amorphous phase, and it is impossible to rule out the presence of Ti-O bonds in this phase. The Raman signal at about 416 cm−1 is consistent with the presence of corundum residuals [see database http://rruff.info/Corundum]. All the Al2O3-blasted samples presented RS features of corundum.



N3 is a machined and acid-etched surface. The Raman spectrum is very similar to the N1 ones and the same considerations allowed to exclude any formation of TiO2 layer, even highly disordered. The etching treatment tested in the present study does not appear to affect the solid state of implant surfaces.



The N4 surface was blasted with Al2O3 and subsequently etched with HNO3/HF. The Raman spectrum displays a sizable band centered close to 140 cm−1 accompanied by broadened Raman activity extending to 400 cm−1. These features can be considered a direct indication of the formation of TiO2 amorphous phase [36], characterized by a much less intense Raman signal than the one of anatase or rutile phases, but with the clear presence of the Raman signal reminiscent of the Eg mode of anatase structure. Therefore, it seems appropriate to state that the synergistic effect of sandblasting with Al2O3 and etching with HNO3/HF further increases the thickness of the amorphous TiO2 layer.



The N5 surfaces were subjected to the blasting and acid etching treatment and were also subjected to anodization with direct current at 60 V for 10 s. The Raman spectrum in the first region between 100 and 300 cm−1 is quite similar to the N4 spectra but with a net increase in the total scattered yield. Furthermore, one can appreciate in the region between 400 and 700 cm−1 the presence of weak and broadened Raman structures, in just the energy region where other Eg modes and, in particular, A1g stretching modes of anatase are expected. Therefore, it is possible to say that the applied anodization procedures cause a further development of the oxide layer; we can also infer that the disorder tends to decrease, and, even if a good crystal quality is far from being achieved, as evidenced by the very low Raman band intensities and the observed broadening, it is likely that highly distorted TiO6 octahedra tend to be assembled on a long range scale.



It is interesting to evaluate if this highly disordered TiO2 oxide layer was affected by the plasma treatment.



Figure 1c shows the room-temperature Raman signals of the same samples previously described, but in this case each sample has undergone the final LPP decontamination treatment.



It could be claimed that the plasma treatment does not lead to any significant change in the surface, except for blasted and etched surfaces. By directly comparing the samples that differ only in the plasma process, some assessments could be done. In Figure 1d,e, respectively, a comparison between the Raman spectra of N4 and N4A, and of N5 and N5A samples is shown. As regards N4 and N4A samples, it is possible to appreciate an increase in the Raman yield after plasma treatment, probably due to the presence of an amorphous TiO2 phase. The same thing is not verified for N5 and N5A samples; in this regard, it is reasonable to conclude that the amorphous TiO2 phase is promoted by the anodizing process, the plasma treatment being ineffective on an already anodized surface.



Thus, the anodized surface, regardless of the occurrence of CP treatment, is characterized by the presence of highly disordered TiO2 phase. We tried to evaluate the degree of disorder of the TiO2 layer by analyzing the Raman linewidth of the low energy mode for sample N5.



In Figure 2a, the Raman spectrum from the top of the sample N5 is reported in the range 100–750 cm−1. The rough data have previously been subtracted from by the correct background. Indeed, some ripples visible in Figure 1a are here absent. We then performed a best-fitting procedure using as the fitting function a sum of three Lorentzian curves and one Gaussian curve. Raman activity from an ordered structure gave rise to Lorentzian-shaped bands with the linewidth as a marker of crystalline quality. The lower the value of the linewidth, the higher the crystalline quality. Gaussian curves are instead commonly used in Raman spectra to consider the effect of diffuse disorder in the studied solid oxide, regardless of the source and nature of the disorder.



The best-fitting procedure made it possible to satisfactory interpolate the experimental data with the evidence of a Gaussian component with an integrated intensity greater than the sum of the three Lorentzian curves. The Gaussian is centered at around 200 cm−1 while the Lorentzian curves are peaked at around 148, 419 and 600 cm−1. The lower energy component is clearly a signature of the Eg mode in the anatase structure. It is difficult to attribute the other component due to the highly defective system. In any case, we observe an intense, highly broadened Raman response extending beyond 500 cm−1, displaying a Gaussian behavior on which three Lorentzian modes emerge, of which the first, at 148 cm−1, is the most intense.



In addition, from the estimation of the linewidth of the Eg mode at lower energies, we can further obtain information about the disorder affecting that part of the TiO2 oxide layer which can be considered anatase-like.



In Figure 2b the linewidths derived from the best-fitting procedure are plotted. On the x axis there are the points from the sample, N5. The first and the last are the value obtained from anatase single crystal and anatase nano-structured powders, with an average grain size of about 10 nm [51,52].⁠ One can see that the values obtained from 10 different regions of sample N5 are markedly scattered, but in any case they range between 50 cm and 100 cm−1. These values are extremely large relative to those obtained from single crystal (around 7 cm−1) and from nano-structured crystals (around 20 cm−1). The present values, 8–14 times larger than those from an ordered anatase structure, indicate that the TiO2 oxide layers are characterized by a lacking crystal order both on the long range and short-range scale. This is an indication of an amorphous surface layer, where in any case a weak presence of highly defective crystalline TiO2 phase is observable.



We corroborated these results by means of SEM analyses, in particular on the samples N5 before and after CP treatment. This was because the N5 samples had been subjected to the whole set of treatments, i.e., to the blasting and acid etching treatment and also to anodization. The SEM micrographs are reported in Figure 3 for both samples.



SEM results indicate that the surface morphologies are not affected by plasma treatments. Indeed, both sample surfaces are characterized by flat areas larger than 10 microns mixed with small grains (1–5 microns) often edge-shaped. EDS analyses allowed us to quantify the amount of oxygen and other elements (Table 3). In the table, the elemental analyses from sample N1 have been also reported for the sake of comparison. It is clearly shown that in treated samples the amount of oxygen increases, as a result of the ongoing oxidative processes involving titanium and also due to the presence of oxygen in residual corundum from the blasting process, as evidenced by the Al increase. In any case, these results confirmed that plasma treatment does not affect the surface of implants and, in particular, that effectively a layer of titanium dioxide is formed, even if with a high disorder degree as derived from Raman measurements.




4. Discussion


This study evaluated qualitatively, by means of RS, the TiO2 layer on dental implants made of Ti-6Al-4V subjected to the most common surface treatments performed during the production procedures. The analysis showed an increase of the thickness of amorphous TiO2 in the following steps in ascending order: N1, N3, N2, N4, N4A, and N5. LPP did not affect TiO2 presence and quality, except for on the N4A surface, which showed an increased oxide layer relative to the untreated surface. Our observations indicate that the increase in the complexity of the surface treatment corresponds to an increase in the thickness of the surface oxide layer, but the formation of crystalline TiO2 has not been observed.



N1, N3 and N2 surfaces showed a low Raman intensity even though it progressively increased, corresponding to a reduced TiO2 thickness. This result is compatible with that of a study carried out on commercially available implants, in which the constitutive alloy is not reported [36].



N1 showed the lowest Raman intensity; this result should not be interpreted as the absence of an oxide layer, but as the presence of a thinner oxide layer than the analysis capacity of RS can detect, of the order of 10 nm, as already reported in the literature [12]. For the N2 surface, the RS peak at about 416 cm−1 is interpreted as the presence of Al2O3, as also reported on commercially available implants [36]. As the RS signal of corundum traces is present on all the Al2O3-blasted surfaces, it is possible to affirm that the treatments of acid etching, anodization and cold plasma evaluated in this study were not able to completely remove the corundum residues.



Surface N4 showed a further increase in RS intensity but did not indicate the presence of crystalline TiO2. Instead, a previous study showed for an Al2O3-blasted and double acid-etched surface a much higher RS intensity and a spectrum clearly corresponding to the presence of crystalline TiO2 [36].



However, it must be considered that the two surfaces are very different both in the type of acid treatment and in the composition of the titanium bulk. These results would seem to indicate that the combined treatment of sandblasting and acid etching assessed in the present study on grade five titanium alloy is not able to stimulate the growth of crystalline TiO2, as was previously reported using different acids and etching times on commercial pure grade four titanium.



The N5 surface showed the greatest RS intensity, without indicating the presence of crystalline TiO2. Previously published results regarding commercially available implants with an anodized surface instead showed instead in the spectrum clearly indicative of a significant presence of anatase [36]. Additionally, in this case, it should be pointed out that the two surfaces were very different both for the anodizing treatment and for the bulk material.



Previously, it has been reported that anodization treatment produces the formation of anatase also on grade five titanium [34]. In that study, however, the anodizing treatment occurs with a lower current (20 V instead of 60 V) and for much longer times (15 min instead of 15 s). Other studies showed the formation of anatase on grade four titanium implants subjected to anodizing processes [37]. Additionally, in this case, besides the anodizing process being different, the material constituting the bulk was also different.



The results of the present study therefore indicate, overall, that the experimental treatments evaluated on grade five titanium alloy did not produce the appearance of anatase or crystalline TiO2, as previously published. However, it is necessary to specify that, in the previous studies, the implant surface was not analyzed after each manufacturing step, and that only the final surfaces of different commercially available implants were analyzed, not providing much information on the manufacturing procedures, including for the titanium alloy. In this study, on the other hand, the effects of the various manufacturing steps on Ti-6Al-4V alloy implants were evaluated. Our observations indicate an increase in the TiO2 layer, in amorphous form, in the following steps in ascending order: turning; etching with HNO3/HF; sandblasting with Al2O3; sandblasting and etching; sandblasting, etching and plasma decontamination; sandblasting, etching and anodizing with or without plasma decontamination. Further studies are needed to explore the biological implications of the characteristics of the TiO2 layer.




5. Conclusions


The results of the present study make it possible to deepen the knowledge of the TiO2 layer structure present on Ti-6Al-4V alloy dental implant surfaces, in relation to different widely used production treatments. Through Raman microscopy, the presence of amorphous TiO2 has been identified, with increasing intensity, on surfaces: 1) sandblasted and etched; 2) sandblasted, etched and plasma-treated; and 3) sandblasted, etched and anodized.
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Figure 1. Raman spectra at room temperature for different systems: (a) anatase, rutile and brookite synthetic powders; (b) samples N1-N5 and the background signal for N5 sample; (c) CP-treated samples N1A-N5A. In panels (d) and (e) a comparison between untreated and CP-treated samples is reported respectively for N4 and N5 samples. The arrows in Figure 1e indicate the TiO2 Raman bands while the asterisks indicate the main ripple structures. 
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Figure 2. (a) Raman spectrum at room temperature for N5 sample (open circle) and the result from the best-fitting procedure (solid line). The single components used to obtain the best-fitting curve are also reported [see text]. (b) The values of the linewidth for the Eg mode at around 150 cm-1, derived from the results of the best-fitting analyses from ten Raman spectra (point 2–point 11). The first and the latter are the typical values obtained from a single crystal anatase crystal and nanosized (10 nm) powders. 
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Figure 3. SEM micrographs of (a) sample N5 and (b) sample N5A. 
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Table 1. Raman active modes for anatase and rutile.
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	Active Modes
	Anatase (cm−1)
	Rutile (cm−1)





	A1g
	519
	612



	B1g
	399, 519
	143



	B2g
	-
	826



	Eg
	144, 197, 639
	447
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Table 2. List of the surface treatments examined.
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	Code
	Surface Treatment
	Code
	Surface Treatment





	N1
	Machining + ultrasonic cleaner + packaging and sterilization
	N1A
	N1 + Plasma



	N2
	Machining + Al2O3 blasting + ultrasonic cleaner + packaging and sterilization
	N2A
	N2 + Plasma



	N3
	Machining + ultrasonic cleaner + HNO3\HF etching + packaging and sterilization
	N3A
	N3 + Plasma



	N4
	Machining + Al2O3 blasting + ultrasonic cleaner + HNO3\HF etching + packaging and sterilization
	N4A
	N4 +Plasma



	N5
	Machining + Al2O3 blasting + ultrasonic cleaner + HNO3\HF etching + anodization + HNO3 etching + packaging and sterilization
	N5A
	N5 + Plasma
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Table 3. Elemental composition of N1, N5, N5A samples as derived from EDS analyses. The data are expressed as percentage of weight (wt%).
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	N1
	N5
	N5A





	Ti
	85,6
	66,7
	68,2



	O
	1,6
	18,7
	17,8



	Al
	5,8
	7,5
	7,3



	C
	4,1
	4,8
	4,2



	V
	2,9
	2,6
	2,6
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