NANOTOPOGRAPHY EVALUATION OF POROUS TITANIUM TREATED BY CONTROLLED CHEMICAL OXIDATION
A. A. Ribeiro1, R. M. Balestra1, F. M. T. Mendes2, L. C. Pereira3, M. V. de Oliveira1
1Divisão de Processamento e Caracterização de Materiais, Instituto Nacional de Tecnologia, Avenida Venezuela, 82/602, Saúde, 20.081-312, Rio de Janeiro, RJ, marize.varella@int.gov.br.
2Divisão de Catálise e Processos Químicos, Instituto Nacional de Tecnologia, Rio de Janeiro, RJ.
3Programa de Engenharia Metalúrgica e de Materiais, Universidade Federal do Rio de Janeiro, Rio de Janeiro, RJ.
ABSTRACT
Bone formation around implants is influenced by surface properties. Since cell/matrix/substrate interactions associated with cell signaling occur in the nanoscale dimension, the present work aimed to modify porous titanium (Ti) surfaces at nanoscale by a controlled chemical oxidation treatment for enhancing their biological activity. Porous Ti samples with 61.38% porosity were processed by powder metallurgy. They were treated with a mixture consisting of equal volumes of concentrated H2SO4 and 30% aqueous H2O2 for 4 hours at room temperature under continuous agitation. Sample characterizations were performed by Quantitative Metallographic Analysis, Scanning Electron Microscopy/Energy Dispersive X-Ray Spectroscopy and X-Ray Photoelectron Spectroscopy. Based on the results, the controlled chemical oxidation induced nanopits formation with average diameter of 16.13 nm on porous Ti samples. The treated surfaces revealed to be consisted predominately by TiO2. The biocompatibility of the modified Ti samples will be assessed by culture cells and compared with non-nanotextured samples.
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INTRODUCTION

Advances in nanotechnology underpin new and exciting research in the area of biocompatible materials. The biocompatibility of an implanted material is determined primarily by its initial interactions at the tissue/implant interface. Several surface properties can affect these interactions, including composition, surface energy, roughness and topography. With proper control and management, manipulation of surface features may hold the key to developing innovative materials that not are easily accepted by the human body but can have a subsequent functional effect(1,2).
Titanium (Ti) and its alloys are common biomaterials that are widely used in orthopedic and dental implants for multiple reasons. Recently, studies have demonstrated that Ti implants with porous structure, which may consist of macro-pores (100-500 (m), micro-pores (< 20 (m) and nano-pores (1-10 nm), can encourage osteointegration and prevents implantation failure by providing spaces for bone cells, vascular and bone tissue ingrowth to form mechanical interlocking(3,4).
Porous Ti samples with different porosity levels can be properly processed by powder metallurgy (PM), which has demonstrated to be an advantageous technique since all steps are performed in the solid state, at low temperatures, avoiding the high reactivity of titanium in the melt. Further, PM provides a good control of porous structures that favors processing reproducibility(5).
The porous structure of Ti implants may provide a better osseointegration and also their native surface layer of inert amorphous TiO2 confers excellent biocompatibility. Surface modifications by techniques such as sandblasting, machining and chemical treatment with acids have been used successfully to modify topography at the microscale and thus to stimulate cellular and tissue response. However, such modifications are not on the scale at which the cells function. Recently, attention has focused on nanoscale surface modifications to improve biointegration, such as creating specific nanogeometries that selectively influence and control cellular behavior(2).
A variety of chemical and physical methods have been used to generate bioactive nanotopographies on metal surfaces. These include, for example, electrochemical modification and anodic oxidation. Further, recently studies have demonstrated the use of chemical oxidation to create reproducible nanopatterns on the commonly used biocompatible metals such as Ti and Ti alloys. By simply immersing the Ti-based material in an etching solution made by mixing concentrated sulfuric acid (H2SO4, a strong acid) and aqueous hydrogen peroxide (H2O2, an oxidant), it is possible to create a reproducible sponge-like network of nanopits on the surface. Theses surfaces have been shown to have beneficial effects on both initial and subsequent osteogenic (bone-forming) events in vitro(6-8).
The present work reports a modification of porous Ti surfaces at nanoscale by controlled chemical oxidation for enhancing their biological activity. Physicochemical evaluation of the TiO2 layer formed on modified porous Ti substrates was performed, in order to reveal detailed features of surface morphology and chemical composition.
MATERIALS AND METHOD

Porous Ti samples were processed by PM using Ti powder, ASTM F67 grade 2, manufactured by HDH-hydrogenation-dehydrogenation process (Micron Metals/USA). Titanium powders with 125-149 (m particle size range and ammonium bicarbonate as pore former additive, with 355-425 (m particle size range, were manually mixed and isostatically pressed at 350 MPa. The pore former additive elimination was conducted at 170°C for 2 hours in a chamber furnace in air. Sintering was performed in a vacuum furnace (better than 10-5 Torr) at 1200°C for 2 hours.
The samples were cleaned by a sequence of ultrasonic bath, in order to eliminate the superficial organic impurities, and air-dried in an oven.
Two cleaned substrates were submitted to controlled chemical oxidation treatment with a mixture consisting of equal volumes of concentrated H2SO4 and 30% aqueous H2O2 for 4 hours at room temperature under continuous agitation. Later, the samples were rinsed with deionized water in an ultrasonic bath for 10 minutes and air-dried in an oven for 1 hour at 60°C. Before immersion of samples in the oxidative mixture, the components were combined on ice bath to control the exotherm of mixing, and the cooling bath was removed to allow the temperature to rise to room temperature.
Sintered sample dimensions were measured with a MARATHON electronic digital caliper (0-150 mm, precision of 0.01 mm). Height and diameter measurements were collected on five different points for each sample; the result corresponds to the average of measurements for a total of 20 samples.
Porous Ti substrate without chemical treatment (control) was prepared by metallography for Optical Microscopy (OM) analysis. Pore morphology and average porosity were determined by quantitative metallographic analysis, using Image Pro Plus 4.0 software, in about 10 random images.

The morphological surface characterization of control and treated samples was performed by Field Emission Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDS) conducted in a FEI (model Quanta FEG 450) microscopy operated at 20 kV. Nanopit size was measured by a SEM calibrated scale bar.
The chemical composition of treated sample was analyzed by X-ray Photoelectron Spectroscopy (XPS) using a Hemispherical Energy Analyzer (Specs Phoibos 150), equipped with an AlKα (1486.6 eV) unmonochromatic source at base pressures less than 5.10-9 mbar. The measurements were made at a take-off angle of 90°. High-resolution spectra were charge-compensated by setting the binding energy of the C1s peak to 284.6 eV. Elemental concentrations were estimated by measuring peak areas using CasaXPS (Casa Software Ltd., Cheshire, UK).
RESULTS AND DISCUSSION
Figure 1a shows the porous Ti substrate (Dimensions: 7.52 ( 0.04 mm in height and 7.71 ( 0.01 mm in diameter) processed by PM. Figures 1b and 1c present the SEM and OM images, respectively.
From Figures 1b and 1c, it is observed a macroporous structure consisting of closed micropores, large interconnected macropores, an uniforme porosity distribution along the transversal section and inter-particle bond regions (sintering necks), which indicate a well-succeeded sintering. The closed micropores are residual pores from the sintering process and the interconnected macropores are consequence of the pore former additive elimination. Optical quantitative metallographic analyses revealed that porous titanium substrate is composed by 61.38 ( 0.04% average porosity. According to the porosity results and pore morphology, the porous Ti samples processed by powder metallurgy presented adequate porosity features for surgical implant applications(9). Further, the low values of standard deviation for the dimensions, as well as for the porosity, indicate a good dimensional uniformity and structure reproducibility of the applied methodology.
Figure 2 presents SEM images and EDS spectra from porous Ti substrates before and after chemical treatment. At high magnification, the untreated sample, Figure 2a, was smooth with no topographical features.On the other hand, the treated sample, Figure 2c, showed a modified surface characterized by nano-sized pits with mean diameter of 16.13 ( 5.42 nm, uniformly distributed across the pore walls. From EDS spectra, Figure 2b and 2d, only Ti and O peaks were oberved for both samples, indicating no significant chemical modification on the treated surface. However, the surfaces will be better assessed by XPS analysis, since when Ti is exposed to H2O2 with or without acid, dissolution and oxidation of the metal accur, and the H2O2/acid/Ti reaction leads to the formation of a nanoporous layer of TiO2 on the Ti surface(10).
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Figure 1 – Porous Ti substrate processed by PM: (a) macrographic image, (b) SEM image, (c) OM image.
Figure 3 displays XPS spectra from the treated porous Ti samples. The chemical composition as determined by XPS analysis is observed in the wide scan survey spectrum (Figure 3a) and Table 1. The chemical composition indicated presence of titanium oxide with some contaminants such as C, N, Fe and Si. It is worth noting that no traces of sulfur (S) were observed, even though the samples were immersed in concentrated H2SO4.
Ti2p core level spectrum is presented in Figure 3b, which indicates an intense doublet at 458. 09 eV (Ti2p3/2) and 463.70 eV (Ti2p1/2). The doublet is attributed to Ti4+, demonstrating that the obtained oxide layer after chemical oxidation consists of pure TiO2, since no other form of titanium oxide was observed. Further, Timetallic peaks were not observed, which suggests that the TiO2 layer formed after chemical treatment is higher in thickness than the oxide native layer (~6 nm)(11).
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Figure 2 – SEM/EDS images from porous Ti substrates: (a,b) control, (c,d) treated.
Figure 3c shows O1s core level spectrum, which indicates clearly the O1s peak from Ti-O bond at 529.52 eV with shoulder peak at higher energy. Deconvolution of the O1s spectrum suggested that this shoulder originate from O in OH- species (530.73 eV) and adsorbed water (532.82 eV), respectively. The fractions of O1s (TiO), O1s (OH-) and O1s (H2O) were 43.08%, 52.18% and 4.74%, respectively. It is worth mentioning the importance of OH- content on the TiO2 surface newly generated by chemical treatment, since it is related with an enhancement of apatite nucleation and protein adsorption(6). In this sense, the biocompatibility of modified Ti samples will be assessed by culture cells and compared with non-nanotextured samples.
Table 1 – Quantitative surface composition of porous Ti sample after chemical oxidation as determined by XPS.
	Element
	Ti
	O
	C
	N
	Fe
	Si

	Amount (At%)
	7.95
	33.15
	50.06
	5.06
	0.82
	2.96


At% – atomic percentage
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Figure 3 – XPS spectra from the treated porous Ti sample: (a) survey spectrum, (b) Ti2p core level spectrum, (c) O1s core level spectrum.
CONCLUSIONS

This study showed that the powder metallurgy is useful for processing porous Ti samples with adequate porosity features for implant osseointegration. The nanostructured surface was properly obtained by a chemical treatment. According to SEM and XPS analyses, the treated surfaces are composed predominately by a nanoporous TiO2 layer, which may lead to a biocompatility improvement of the material.
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