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ABSTRACT

Chemical and physical methods have been generally used for modifying the surface of titanium implants with
the aim of achieving better osseointegration. In this work, an evaluation of the effect of different chemicals
and thermochemical treatments on the surface modification of titanium was carried out. Plates of commer-
cially pure titanium were polished and treated with four different methods. Scanning electron microscopy,
atomic force microscopy, energy-dispersive X-ray spectroscopy, infrared spectroscopy, X-ray diffraction and
drop shape analysis were used to characterize the modified titanium surface. Our results showed that the
AEPTTT surface exhibited the highest Ra values followed by AEAT, AEPT, polished Ti and AE samples. In
addition, the AEAT and AEPTTT treatments developed the largest surface area, while the AE treatment pro-
duced the lowest surface area. Furthermore, the AEAT treatment created the most hydrophilic surface, which
is known to positively affect the osseointegration rate of dental implants.

Keywords: Titanium, surface modification, hydrogen peroxide treatment, alkali treatment, thermochemical
treatment.

1. INTRODUCTION

The osseointegration of titanium implants and its alloys requires long implantation times [1]. Several works
report the formation of fibrous tissue on the surface of titanium implants, a fact that negatively influences its
behavior in vivo [2, 3]. The modification of the chemistry and phase compositions of the surface has been
tested with success to improve both the biocompatibility and bioactivity of the titanium [4, 5]. In order to
achieve this purpose, coatings of calcium phosphates, oxides, hydroxides, and titanates have been used [6-9].
Also, the modification of the surface roughness and (or) topography has been successfully employed to en-
hance bioactivity on titanium and its alloys [7, 10]. It is known that surface roughness influences the adhe-
sion, growth, and cell proliferation processes [11, 12]. Additionally, the combination of the chemical (or
phase) composition and surface roughness also has an influence on the bioactivity of titanium implants [13].
The surface contact angle (wettability) is another key factor that influences this parameter [14].

In the past years, several new surface treatments have been reported to achieve these purposes [15-17]. These
treatments are based on physical or chemical principles [18]. For example, in order to modify the surface
roughness and topography of titanium, different treatments have been used, such as blasting, acid etching,
electrochemical and thermochemical treatments, plasma spray and its combinations [6, 19-21]. The combina-
tion of acid etching with a treatment in hydrogen peroxide — hydrochloric acid mixture and further thermo-
chemical treatments has increased the bioactivity of titanium and reduced the osseointegration time of dental
implants [4, 7, 8, 19, 22]. Also, the incorporation of calcium, sodium or phosphate ions to the titanium sur-
face has been investigated with promising results [7, 22-24]. A successful application of a porous coating
doped with phosphate ions on dental implants was reported by SUL et al. [25]. In addition, alkaline treat-
ments based on sodium incorporation to the titanium surface with the purpose of enhancing the bioactivity of
the modified surface have been reported [26].
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Other research has been focused on increasing the wettability of the titanium surface. A treatment called
Sandblasted and acid-etched (SLActive®) and developed by the Institute Straumann showed an increase in
the performance of dental implants in vivo [27]. Additionally, according to ELIAS et al. [28], the titanium
dental implants subjected to different surface treatments show a high value of reversible torque when its sur-
face was more hydrophilic and when had a high superficial roughness. The wettability of titanium is also
related to the chemical composition of its surface [18]. RUPP et al. found that high values of the surface
roughness (Ra) increased the hydrophilic of the titanium surface [29]. The titanium implants with super-
hydrophilic and micro-rough surfaces have attracted much interest due to their osseointegration potential.
Super-hydrophilic implants have shown an increase in the bone-implant contact area and a strong mechanical
fixation in the early healing phase [29, 30].

Different parameters of surface roughness (average height, peak distance, number of peaks) and topography
have an influence on the surface area of the titanium implants [28]. However, the effect of surface area on the
wettability of titanium has not been sufficiently studied. In addition, the study of the combined effect of the
variables: surface roughness, topography, elemental and phases composition in titanium surfaces can be a
suitable alternative for obtaining superior properties at the bone-implant interface in order to decrease the
osseointegration time of implants.

The present paper aims to compare the topography, surface roughness, surface area and contact angle (wetta-
bility) obtained using the most common surface treatments applied to commercially pure titanium. Also, we
introduced some modifications to these methods in order to improve the published results. We developed a
simple chemical treatment using a combination of acid etching and alkali treatment in order to obtain a hier-
archical micro/nano-structured surface on commercially pure titanium.

2. MATERIALS AND METHODS

Commercially pure titanium plates (20 x 5 x 1 mm), grade 2, were polished using silicon carbide emery paper
from 120 to 600 mesh. Then, the samples were cleaned with abundant distilled water and dried in a stove at
60 °C for 1 h. All samples were immersed in a mixture of 2.75M HF / 3.94M HNO3 v/v 1:1 for two minutes
at room temperature (acid etching, AE variant). Afterward, the samples were extracted from the acid mixture
and rinsed with abundant distilled water. Then, they were placed in an ultrasonic bath with distilled water for
15 minutes and finally dried in a stove at 60 °C for 1h. In the second surface treatment (AEPT), after acid
etching, the samples were immersed in a mixture of 8.8M H,0,/0.1M HCI v/v 1:1 at 80 °C for 30 minutes.
Then, the samples were rinsed with distilled water and dried in a stove at 60°C for 1 h. Additionally, some
AEPT samples were subjected to further thermochemical treatment in air at atmospheric pressure, at 400°C
for 1 h (AEPTTT variant). In the fourth variant (AEAT), some AE samples were immersed in a 10M NaOH
aqueous solution at 60 °C for 24 h. After the treatment process, the samples were removed from the solution,
rinsed with abundant distilled water, and dried in a stove at 60 °C for 1 h.

Infrared spectroscopy (IR) was used for the identification of functional groups. The spectra were collected in
the 400-4000 cm™ wavenumber range using a Nicolet Magna 550 Series 11 Fourier Transform infrared spec-
trometer with a diffuse reflectance accessory (SpectraTech). The modified surfaces were also investigated by
X-ray diffraction (XRD) using a Thermo Electron XTRA diffractometer with a CuKa radiation (A = 1.54056
A) in the range of 20 = 20-50° with a resolution of 0.01°. The PCPDFWIN database, v. 2.4 ICDD PDF-
2/2003 was used for the identification of the chemical phases.

The micrographs of the surfaces were obtained using a scanning electron microscope Philips 505, while the
chemical composition was determined by energy-dispersive X-ray spectroscopy. The topography and surface
roughness of the samples were acquired using an atomic force microscope (Surface Imaging Systems). All
measurements were performed in non-contact mode over an area of 36 x 36 um. The arithmetic average of
the absolute height values of the profile (Ra), the maximum peak-to-valley height (Rmax) and the surface
area (S) were obtained using the SIScanPro v1.3 software.

The measurements of the contact angle formed between the treated surfaces and drops of a solution with a
high content of calcium and phosphate ions (SCS) was performed using an optical contact angle measuring
system Dataphysics OCA 10. Five samples were employed for each surface, using drops of 15 pL. The com-
position of the SCS solution was previously reported [31]. The contact angle reported was the average value
of a total of 10 measurements. The measurements were performed at room temperature, with controlled rela-
tive humidity.

The roughness parameters (Ra and Rmax), the surface area and the contact angle of the four treated surfaces
were compared using Statgraphics Centurion XV software. The differences between these parameters were
evaluated using a multiple range comparison with multiple range tests. A confidence level of 95% (p < 0.05)
was considered statistically significant.
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3. RESULTS AND DISCUSSION

3.1 Characterization of the polished surface

The polished titanium surface (Figure 1A) showed several scratches aligned in the direction in which the
abrasive particles were displaced during the polishing process. This result was confirmed in the micrographs
from atomic force microscopy (AFM) (Figure 1B and C). AFM characterization of this sample showed a
surface area of 1447 um? and an average value of surface roughness (Ra) of 1060 + 232 nm.
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Figure 1: SEM (A) and AFM (B and C) micrographs of the polished titanium surface.

EDS analysis of the elemental composition of the polished surface of titanium showed two main peaks corre-
sponding to titanium, without any further signals from other elements (Figure 2A). It is important to show
that there are no contaminants, regarding the treatment performed. This observation was corroborated by

XRD analysis (Figure 2B).
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Figure 2: EDS spectrum (A) and X-ray diffraction patterns (B) of the polished titanium surface.

3.2 Characterization of the modified surfaces

The morphology and topography of the treated surfaces showed significant differences between them. AE
treatment cleaned the surface from native oxides and other impurities. This sample showed the absence of
scratches observed after the polishing process (Figure 3A), which were replaced by cavities on the surfaces
with dimensions between 3 and 15 pm. Also, it was observed the formation of micro-cavities of about 1 um
inside the cavity walls.

The subsequently AEPT treatment did not significantly change the shape of the cavities formed during the
AE treatment. However, this second treatment caused the formation of numerous micro- and submicron cavi-
ties throughout the entire surface and inside the aforementioned AE cavities (Figure 3B). It was also
impossible to observe the micro-cavities generated during the acid etching. The micro-cavities found in the
samples under the AEPT treatment were not observed in the AEPTTT surfaces (Figure 3C), and at low mag-
nification, only cavities similar to those formed on AE surfaces were observed.

The AEAT treatment showed a hierarchical micro/nano-structured surface. In this sample, the cavities
formed during the acid etching were observed at low-magnification SEM (Figure 3A). However, their edges
were less sharp than those on the AE surface. These cavities had a size between 5 and 18 um. In addition,
high-magnification SEM images showed a porous network structure (Figure 3E and F). This surface was en-
tirely covered by submicron or nano-cavities (with a size between 48 and 540 nm), separated by thin walls
(with a thickness between 12 and 76 nm). Furthermore, some isolated structures with globular shape and size
under 3 um were observed.

The AEAT surfaces also showed some micro-cracks (Figure 3D, E, and F), which could affect the mechani-
cal properties of the coating, with the resulting decrease in the performance of the biomedical device. How-
ever, similar cracks were found in previous studies when using the alkali-treatment on titanium and its alloys,
with no impact on their mechanical behavior [32].
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Figure 3: SEM images of the titanium surface modified by four different treatments: A) AE, B) AEPT, C) AEPTTT, D-
F) AEAT.

In general, AFM images (Figure 4A, B, C, and D) of the four studied surfaces corroborate the morphologies
and topographies previously observed by SEM.

AFM images showed the changes in morphology and topography of AE surface in comparison with the pol-
ished surface (Figure 4A). In addition, it was determined that the cavities formed on the titanium surface dur-
ing the AE treatment had a depth greater than 2 um. In the AEAT surface, it was observed more peaks and
valleys formed during the treatment than in the rest of the surfaces. Also, it was corroborated the multiscale
topography in this surface, which was formed by micro-submicron-nano cavities (Figure 4D). In addition, the
submicron and nano-cavities were distributed all over the surface, showing a depth of about 1 um (Figures
3D and4D) and a perpendicular orientation to the surface.
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Figure 4: AFM images (two-dimensional and three-dimensional) of the titanium surface with different surface treat-
ments: A) - AE, B) - AEPT, C) - AEPTTT and D) - AEAT.

The AEPTTT surface (Figures 3C and 4C) showed the highest values of Ra and Rmax (Figure 5), which
could be associated with the increase of the oxide layer thickness during the thermochemical treatment. The
largest surface area was obtained using the AEAT; however, its surface roughness (Ra and Rmax) was lower
than those obtained in the surface AEPTT. This behavior should be related to its hierarchical surface. The
surface roughness values (Ra and Rmax) and surface area (Figure 5) obtained in the AE and AEPT surfaces
showed no statistically significant differences between them.
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Figure 5: Influence of surface modification treatments on the surface roughness and surface area. Statistically significant
differences with: + AE surface, * polished surface (P), - AEPT surface and o AEAT surface.

Surface roughness values (Ra and Rmax) of the AEPTTT and AEAT samples showed statistically significant
differences with AE surface (Figure 5). Also, Ra value obtained in the AEPTTT surface showed a statistical-
ly significant difference with rest of surfaces. Furthermore, the surface area of the AEAT and AEPTTT sur-
faces showed statistically significant differences with the rest of surfaces.

In general, the four surface modifications used in this work produced micro-roughness surfaces (Ra) on the
titanium, in levels between 1.0 um and 1.8 um. Several experimental results have demonstrated that the rate
of osseointegration and the biomechanical fixation of titanium implants are influenced by its surface rough-
ness [33-35]. It was found that a moderately rough surface exhibited a better bone response than a smooth or
rough surface [36, 37]. WENEBERG et al. [36] advised that a titanium surface roughness (Sa) between 1 and
2 pum should have a strong bone response. This behavior is probably related to the biological responses on the
cellular level, which are directly influenced by the surface topography. Osteoblast proliferation and its differ-
entiation on the titanium surface, as well as the production of local growth factors and cytokines, are affected
by the surface roughness and topography [38]. In addition, the surface roughness is a key factor on the titani-
um surface wettability. Roughness and wettability both interfere with protein adsorption processes during
host tissue - implant contact [22, 39].

The IR spectrum of the AE surface does not show any band (Figure 6A). This result proved the effectiveness
of the treatment in the removal of oxides and other impurities on polished surfaces. The AEPT treatment
changed the chemical composition of the AE surfaces due to the formation of titanium peroxo complexes
(Figure 6B). This was assumed by the appearance of two bands in the infrared spectrum located at 570 cm-1
and 1000 cm-1, which corresponds to O-O and Ti-O vibrations of the peroxide group on the titanium surface
[40]. It has been shown that the formation of bone-like apatite on titania gels is induced by the Ti-O- groups
present on its surface. According to ZHANG et al. [8], a large number of Ti-O- groups are necessary for in-
ducing the apatite nucleation in titanium surfaces.

The subsequent application of a thermochemical treatment modified the AEPT surfaces. As a result, the per-
oxide groups were transformed into oxide (Figure 6C), presumably forming titanium dioxide in the anatase
variety. The presence of a strong band at about 800 cm-1 corresponding to the Ti-O vibration in anatase and
the disappearance of the peroxide group bands, corroborates this result [41]. The IR spectrum of the AEAT
surface showed a strong band located at 650 cm-1 and another strong and broad band near to 880 cm-1,
which were previously reported to the Ti-O vibrations in the titanate group (TiO32-) and rutile, respectively
(Figure 6D) [42, 43]. It also showed a band at about 1640 cm-1 belonging to the H-O-H vibration caused by
the adsorption of water, and finally a broad band located at 3400 cm-1 which was also associated with O-H
vibration of adsorbed water. In this surface, a mixture of one or more compounds of the sodium titanates
family and titanium dioxide could be obtained, presumably from the rutile variety. Besides, the high intensity
of the bands corresponding to the water absorption could be indicative of the high wettability values showed
on the AEAT surface.
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Figure 6: IR spectra of the titanium samples under different surface modification treatments: A) AE, B) AEPT, C)
AEPTTT, and D) AEAT.

The XRD patterns of the treated surfaces using the AE and AEPT variants showed only the characteristic
peaks of titanium (Figure 7A and B). The absence of peaks corresponding to the titanium oxide in the treated
samples using the AEPT variant (Figure 7B), did not match with the results obtained by IR. This result must
be related to the amorphous nature of the products formed during the reaction of titanium with peroxide and
the nanometric thickness of the layer [44].

During the thermochemical treatment, the amorphous structure of the AEAT surface was transformed into
crystalline titanium dioxide (anatase variety) [45-47]. In the diffraction patterns of the AEPTTT surface (Fig-
ure 7C), two peaks of low intensity were observed on 25.1° and 36.5°, corresponding to reflection 101 and
004 of the anatase. The intensity of these peaks was related to the low thickness of the oxide layer, which has
been reported between 30 and 200 nm [48, 49].

The X-ray diffraction patterns of AEAT sample (Figure 7D) showed a mixture of rutile and sodium
pentatitanate (Na,TisOy;). The peaks observed in 26 = 27.8°, 35.4° 41.5° to 36.4° were assigned to rutile,
while that the peaks in 20 = 12.2°, 24.8°, 30.6°, 44.5°, and 48.7° were assigned to the sodium pentatitanate.
The low relative intensity of the peaks corresponding to both phases denotes a low layer thickness and (or)
low-crystalline structures.
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Figure 7: X-ray diffraction patterns of titanium samples under different surface modification treatments: A)- AE, B) -
AEPT, C) - AEPTTT and D) -AEAT.

Figure 8 showed the contact angle values of all surfaces under different surface modification treatments. The
contact angle of the AEAT surface exhibited the lowest value of all samples, showing statistically significant
differences with the rest of the surfaces under study. Also, statistically significant differences between the
contact angles of the surfaces AEPTTT and AE were found.

On the other hand, no statistically significant differences were found between the contact angles of the other
surfaces. The contact angle of all the studied surfaces was lower than 90° (Figure 8), indicating their hydro-
philic nature. Additionally, an increase in the wettability was observed with the increase of the surface area,
showing that the AEAT surface was the most hydrophilic surface. Here, it is important to consider the effect
of the surface chemistry, since the formation of hydrated Na,TisO.; on the AEAT surface could be responsi-
ble for the higher wettability of this surface, compared with the rest of the phases obtained in this work [50].
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Figure 8: Contact angle of the modified surfaces.

The influence of the surface wettability on the interactions between the implant surface and the surrounding
biological environment is already known [51-53]. The hydrated TiO, at the implant surface interacts with
inorganic ions (calcium and phosphate) and organic molecules (proteins, lipoproteins, and peptides) from the
biological environment [51]. This interaction allows the formation of a bone-like apatite layer on the surface,
increasing the implant osseointegration rate.

In this work, the AEPTTT and AEAT surfaces with micro and nanostructured topography showed the highest
contact angle compared with the rest of the surfaces. ZHANG et al. [19] have found an increase of the wetta-
bility of the samples with sandblasting with large-grit corundum and acid-etched (SLA) treatments plus SLA
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surface with alkali treatment or H,O,/HCI treatment. They reported a higher cell attachment, proliferation
ratio, ALP activity and calcium deposition quantity than SLA and Ti-control surfaces for MC3T3-E1 cells.
Also, they have found good osseointegration of both surfaces with host bone in animal studies.

4. CONCLUSIONS

The treatments used in this work modified the topography, morphology and surface roughness of the polished
surface of commercially pure titanium. The resulting surfaces showed surface roughness (Ra) values between
1.0 umand 1.8 pum. Also, the values of contact angle were lower than 90°, indicating their hydrophilic nature.
These results should favor the osseointegration processes on the four surfaces under study. In addition,
AEPTTT and AEAT surfaces showed changes in its chemical and phase composition in comparison with the
polished titanium surface. The formation of hydroxyl groups and TiO, were observed in both surfaces (ana-
tase on AEPTTT surface and rutile on AEAT surface). Also, it was detected the presence of amorphous sodi-
um pentatitanate (Na,TisOy;) on the AEAT surface. These phases should modify the contact angle of both
surfaces by increasing their wettability.

In the most promising surface (AEAT), a multiscale topography (formed by micro- submicron- and nano-
pores) was obtained using a simple chemical method, with no drawbacks such as thermal treatment at high
temperatures. This surface showed the largest surface area, although its surface roughness values (Ra and
Rmax) were lower than those presented by the APTT surface. This result should be related to its hierarchical
micro/nano-structured surface. In addition, the AEAT surface showed the highest wettability values, which is
linked to its multiscale topography and phase composition.
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