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Abstract 

The entire route from anodic oxidation and surface characterization, including in vitro 

experiments and finally in vivo osseointegration assays were performed with the aim to 

evaluate nanotubular and crystalline annealed titanium oxides as asuitable surface for grade 2 

titanium permanent implants. 

Polished titanium (T0) was compared with anodized surfaces obtained in acidic media with 

fluoride, leading to an ordered nanotubular structure of titanium oxide on the metal surface, 

characterized by tube diameter of 89 ± 24 nm (Tnts). Samples were thermally treated in air 

(TntsTT) to increase the anatasecrystalline phase on nanotubes, with minor alteration of the 

structure. Corrosion tests were performed to evaluate the electrochemical response after 1, 14 

and 28 days of immersion in simulated body fluid (SBF). Based on the in vitroresults, heat 

treated titanium nanotubes (TntsTT) were selected as a promissory candidate to continue with 

the osseointegrationin vivo assays.The in vivo results showed no major improvement in the 

osseointegration process when compared with untreated Ti after 30 days of implantation and 

there also was a lower increase in the development of new osseous tissue.  

 

Keywords: 
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1. Introduction 

A rapidly established, strong and long-lasting connection between an implant and bone is 

essential for the clinical success of orthopedics and dental implants. Metal implants are 

preferred for load-bearing applications because they exhibit excellent mechanical properties 

such as young´s modulus, tensile strength, ductility, fatigue life, and wear 

resistance1,2.Requirements for permanent metallic implants include properties such as 

corrosion resistance, and biocompatibility. After decades of study and improvement of 

metallic implant quality, the influence of the surfacecharacteristics of the devices in 

osseointegration process is indubitable3,4. Surface modification strategies induce changes in 
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physico-chemical properties or alter the architecture of the surface topography5. Most 

processes induce both type of changes simultaneously over different length scales6,7. 

 
 

The surface technology of metallic implants have considerably progressedfrom bioinerts 

surfaces to bioactive surfaces and further to biomimetic engineerednano-texturized surfaces 

such as titanium coveredwith TiO2nanotube arrays7. Some works suggested that nano-surface 

characteristicsincrease the rate of initial osseointegration between Ti alloys and the 

surrounding tissue, strengthening the bond between implants and new bonegrowth8–10.  

Titanium anodic oxides growth may lead to different structures depending on the acid 

mixtures used as electrolyte11–13. The anodic oxide structure is characterized by the presence 

of nanotubes when fluorides are included in the electrolytic media14. Fluoride ions are 

responsible for the formation of nanotubes or pores in the titanium oxide in a growth-

dissolution process during anodization15–17. 

Other crucial aspect of surface titanium oxides as promoter of osseointegrationare crystalline 

phases. Anodized nanotubes are often amorphous11and post anodization treatments are 

performed to obtain anatase, rutile or mixture of both phases18,19. Thermal treatments are 

currently the most effective route to obtain crystalline nanotubes.Anatase is pointed as the 

higher bioactive phase18,20. The crystalline phases may differ after thermal treatments for 

nanotubes with different diameter21.  

In this work, nanotubes were produced by anodic oxidation in commercially puretitanium (CP 

Ti), controlling the structural features of anodic oxides, with anatase as a bioactive crystalline 

phase and studying the impact on new bone formation rate.The morphology, crystalline 

phases and electrochemical behaviourwere characterized in a simulated body solution (SBF). 

Finally,in vivoexperiments in a rat model were performedto evaluate the characteristics of the 

new bone in closed contact with Ti implants. 

 

2. Experimental 

2.1. Materials and surface modification treatments  

Flat specimens of 20 x 25 x 0.4 mmof CP Tigrade 2  Ti (wt.%: 99.2, C 0.1 max, Fe 0.3 max, 

H 0.01 max, N 0.03 max and O 0.25 max, Roberto Cordes, Argentine) were usedfor surface 
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characterization and electrochemical tests, whereas 0.8 mm diameter x 10 mm length 

cylindersof the same material were used as implants for in vivo assays.  

 
 

The specimens were surface treated with the conditions detailed in table I. Anodizing process 

was performed in a twoelectrode cell using a power source Consort EV231 (Belgium) and Pt 

wire as counter electrode. The electrolytic solution was prepared by dilution of concentrated 

acids (Sigma Aldrich) with de-ionized water (18.2 MΩcm, Millipore). A Cu wire on an 

extreme of the samples was used as electrical contact, conveniently isolated from the 

electrolyte. Before and after each test the samples were cleaned with acetone, dried in air and 

stored in a dryer.  

 

2.2. Surface characterization 

The overall surface morphology of the specimens was observed by scanning electron 

microscopy (SEM) using a FE-SEM Carl Zeiss Sigma (Germany)operatedin secondary 

electron modeat 3 kV. Crystalline phases were determined with X-ray diffraction at grazing 

angle (G-DRX) (PANalyticalX’PertProdiffractometer, UK) and Raman spectroscopy (Invia 

Reflex confocal Raman microprobe, Renishaw, UK). G-XRD spectra were obtained with Cu-

Kα radiation at 40 kV and 40mA, between 10º-70º degrees with 0.02ºs-1 speed at 2º incidence 

angle. Raman spectra were obtained using an argon laser of 514 nm and a 50x objective lens. 

No thermal effects were observed on the samples during the measurements.  

 

2.3.Nanotubes diameter Size distribution  

Quantitative morphological data such as nanotubes size and size distribution were acquired by 

SEM micrograph image processing.Image analysis techniques have been widely used for 

particle size measurement22. In this work, nanotubes size distribution throughout the sample 

was using an automatic algorithm that allows the detection and measurement of the nanotubes 

diameters by applying three techniques: a) enhancement, b) binarization, and c) 

characterization by shape factors (maximum diameter). Finally, the histogram corresponding 

to the size distribution is obtained. The nanotubes size distribution is defined as the discrete 

function p(dk)=nk, (dk is the kth diameter measured and nk is the number of particles with 

that diameter). 
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2.4. Immersion in simulated body fluid solution (SBF) 

Electrochemical and immersion tests were performed in a solution with ion concentration 

similar to blood plasma23. All reagents were provided by Sigma-Aldrich (analytical grade, 

85.0%).Deionized water (18.2 MΩcm, Millipore) was used throughout. The solution was 

buffered to pH 7.4 with concentrated HCl and tris(hydroxymethyl)aminomethane (tris). 

Titanium samples were maintained in SBF following the recommendations of ISO 

23317:20014 (E) standard24. Separated sets of specimens were kept in SBF solution for 1, 14 

and 28 days at a constant temperature of 37ºC. The sample area (in mm2) to the solution 

volume (in mL) ratio was set equal to 10.  

 

2.5. Electrochemical tests  

Electrochemical essays were carried out in a Reference600 (Gamry,USA) electrochemical 

unit ina conventional three electrode cell with saturated calomel electrode (SCE, Radiometer 

Copenhagen) as reference and a Pt wire as counter electrode (CE). Potentiodynamic 

polarization curves were conducted from the corrosion potential (Eoc) to 1.5 V and 

backwards, or up to a maximum current density of 0.001 A.cm−2, at a sweep rate of 

0.001V.s−1. Electrochemical impedance spectroscopy (EIS) tests were performed with a 

perturbation signal of 10 mV rms around Eoc and measured between 10–2 and 106Hz. Prior to 

every test, the system was mantained at least for 40 minutes up to stabilization. All 

electrochemical tests were conducted on different samples at least for quadruplicated after 1, 

14 and 28 days of immersion in SBF solution maintained at 37°C in stove.    

 

2.6. In vivo studies 

2.6.1. Animals  

Twelve-week-old male WKAH/Hok rats weighing 300-330 g were used. The animals were 

divided in two groups:Control Titanium (T0) and annealed titanium oxide nanotubes 

(TntsTT). All animals were housed in a temperature controlled room with 12h of alternating 

light-dark cycle and provided with water and food ad libitum throughout the study. The 
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experiments were approved by the Bioethics Committee HIEMI-HIGA, (Mar del Plata, 

Argentine, October2011). 

 
 

 

2.6.2. Surgical procedure 

The protocol followed for implantation surgery was described elsewhere25,26.Implants were 

placed bilaterally ensuing 4implants per rat. T0 andTntsTT implants were placed by press-fit 

into bothtibia and femur extending into the medullar canal.  

 

2.6.3 Bone labeling with fluorochromes 

A polychrome sequential fluorescent labelling method was used to characterize the new bone 

formation and mineralization process. Different fluorochromes were intraperitoneally 

administered at a sequence of 30mg/kg alizarin complexone (Sigma-Aldrich, USA),and 

20mg/kg calcein (Sigma-Aldrich, USA)after 2 and 4 weeks from surgery.Fluorochromes bind 

to calcium ions and later can be incorporated at mineralization sites. The animals were 

sacrificed 30 days after implantation. The fluorescent dyes were detected in histological 

sections with afluorescence microscope (Nikon EclipseTi, Japan) giving an indication of new 

extracellular matrix deposition27. 

 

2.6.4 Histological analysis 

Thirty days after implantation, sixrats with T0 and six rats with TntsTT implants (individuals 

from different litters) were deeply anesthetized with Ketamine/Xylasine (80mg/kg, 10mg/kg) 

and sacrificed with an overdose of sodium pentobarbital. The retrieved samples were treated 

as in previous works25,26.Proximal cross-sections transversal to the central long axis of the 

tibia and femur (n=6 /surface treatment group) were prepared and cut. Three sections from the 

proximal regions were selected for this study. Samples were stained with Toluidine blue, that 

allows the observation and identificationof tissues (e.g. bone and bone marrow) around the 

metal-implant interface without removing the PMMA and then examined in an optic 

microscope (Nikon Eclipse Ti, Tokyo, Japan). 

Histomorphometricdetermination of the thickness of the newly formed bone in contact with 

the implants was performed using the software ImageJ (opensource:http 
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://rsb.info.nih.gov/ij/features.html). The area of the primary press-fit contact of the implant 

and bone was excluded from the analysis. Thus, only new bone was analyzed28. 

 
 

 

2.6.5 Mineral apposition rate (MAR) 

The mineral apposition rate (MAR, µm/day) is the rate at which mineral accretion occurs at a 

remodeling site during the period of bone formation. MAR is a fundamental 

histomorphometric variable, and it is a reliable measure of osteoblast function. Fluorochrome 

sequential labelling was performed postoperatively as reported previously29,30 (fluorochromes 

and dosage informed in 2.6.3). The names and symbols used are those describedin 

conventional bone histomorphometry31.  

 

2.6.6. Statistical analysis of in vivo results  

In this study, the data are shown as mean value ± σMEAN (standard deviation of the mean). 

Differences between the groups were assessed by a non-parametric test. Man-Whitney test 

was performed using GraphPad In Stat version 3.00 (Graph Pad Software). All statistical 

analysis was considered significant when p value < 0.05.  

 

3. Results  

3.1. Surface Characterization  

3.1.1. Morphology of the oxide films formed on titanium 

SEM sequence of the surface appearance of titanium in the three surface conditionsis 

presented in Fig. 1. Low and high magnification images were taken not only to determine 

nanometric parameters as nanotube diameter but also to characterize the general aspect of the 

entire surface. This is not often included in the papers even when the size of biomedical 

implants are devices with several square centimeters long, and the entire device surface is 

required to be attached to bone. The main surface characteristics of T0 samples (Fig. 1a-c) is 

the presence of regular machining groovesand ridges (G-R) and tearing (T) originated in the 

sheet processing and mechanical polishing32. Fig. 1d-freveal the general appearance of the 

anodized surface (Tnts samples). The fullcoverage of the surface by anodization is evident in 

low magnification micrographs. In Fig. 1e,the presence of two main featuresat the 
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micrometrical scale is evidenced, a granulated continuous film and some homogeneously 

distributed columns, with a characteristic rosette like structure. These rosettes were previously 

reported as a characteristic shape of titanium anodic oxide growing in acidic media with and 

without fluoride ions33,34. At higher magnifications (Fig. 1f) nanotubes with open (OTnts)and 

close top (CTnts)are distinguished.Two height levels are well differentiated,the upper 

correspond to nanotubestop closed whereas the lower is composed for open nanotubes. 

Finally, TntsTT samples are showed in Fig.1g-i. No major changes in surface features 

distribution or size due to the heat treatment are detected with SEM analysis when comparing 

to Tntscondition. No collapse of the nanotubes is observed after heat treatment. 

 
 

 

3.1.2. Size distributions of nanotube diameter 

Fig. 2 illustrates the algorithm used to determine the nanotube diameters.First, the inner part 

of open nanotubes was enhanced by a contrast stretching algorithm35,36.Fig. 2a shows the 

result as agrayscale image, where enhanced regions represent the inside of the open nanotubes 

(Fig. 2b). This image shows a bimodal histogram used to determine a threshold value to 

discriminate the inside nanotubes from the background. In the second step, a binary image 

isobtained (Fig. 2c).Finally, the maximum and minimum diameters of every object (inside 

nanotubes) present in the binary image aremeasured according to the magnification of the 

original image (Fig. 2d). Considering the maximum diameter obtained for every object in the 

micrograph, the histogram corresponding to the size distribution of nanotubes is obtained 

(Fig. 2e). The process is repeated with images from different samples with the same surface 

condition and the results are condensed in Fig. 2f. The size distribution corresponds to a 

normal distribution with a mean diameter of 89 nm and standard deviation of 24 nm.The same 

procedure is performed to a set of images of TntsTT samples, and the corresponding 

histogram is presented in Fig. 2g. In this case, the obtained values are 82 nm with standard 

deviation of 33 nm. 

 

3.1.2. Crystalline phases – G-DRX and Raman spectroscopy analysis 

Fig. 3 shows the G-DRX spectra of the studiedconditions. As expected, T0 spectrum only 

presents diffraction peaks corresponding to metallic titanium37. On anodized samples, the 
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main peak of anatase (PDF 00-001-0562) appears after heat treatment (TntsTT) whileTnts 

samples do not evidence crystalline TiO2 diffraction peaks. X-ray diffraction requires an 

important amount of crystalline phase present to be detected from diffraction peaks. Even 

when low incident angle is used, reducing the penetration, metallic peaks appear very intense 

in anodized samples, due to the small thickness and porosity of the anodic layer compared to 

the penetration length of the technique. On the contrary, Raman spectroscopy gives 

information from a few nanometers in depth of the sample surface, and therefore is more 

sensitive to the presence of small regions of crystalline order in thin films38.  

 
 

Fig 4 shows the Raman spectra of the samples. T0 does not present peaks of any crystalline 

structure, meanwhile Tnts and TntsTTpresent peaks characteristic of crystalline phases 

insurface film oxide samples39,40. Thespectra were taken in different sites over one unique 

sample. In Tnts, broad, low intensity peaks are obtained in somesites of the sample, 

expressing the partial crystallinity, small crystal size and a prevalence of amorphous order in 

the film41.However, intense anatase peaks are also present. TntsTT spectra showsthat after 

heat treatment, anatase presence is found in all the sites tested over the sample surface, the 

intensity of the peaks increased, and rutile is detected as a broad low intensity shoulder.  

 

3.2.Electrochemical behavior in SBF solution 

Fig. 5.a. presents the anodic polarization curves after 1 day of immersion in SBF for all the 

surface conditions studied. T0 presents a continuous increase in the current density with 

anodic potential until a passive state is reached at 300 mV vsSCE. Further anodic polarization 

does not lead to an increase in current density in the wide anodic potential range recorded, 

evidencing the passivity of the surface. The porous nanotubular structure in Tnts presents a 

similar current density than T0 with higher passivation potential, whereas TntsTT samples 

present an improvement ofthe electrochemical resistance, behaving as a passive surface in all 

the applied potential range, with a current density around one order of magnitude lower than 

T0. 

Along with anodic polarization curves, EIS gives information of the protective effectiveness 

of the surface layers in SBF solution. As shown in Fig. 5b, high impedance barrier layers are 

evidenced with EIS. Tnts response is characterized by one time constant with 
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pseudocapacitive electronic behavior, with a slightly lower value of impedancecompared to 

T0. Heat treated TntsTT films present one time constant with higher phase angle and 

impedance modulus than Tnts, both indicating an increase of the barrier effect of the oxide, in 

accordance with anodic polarization results. The decrease in the phase angle at low 

frequencies for both anodized samples is consistent with a porous film as expected due to the 

open structure of the layers.   

 
 

Since deterioration of the anodized surfaces could imply instability in vivo,electrochemical 

tests after 1, 14 and 28 days of immersion in SBF at 37°C according to ISO23317:2007(E)24 

were performed, and the results are presented in Fig. 6. 

Anodic polarization curves of T0 present an increase in passivation potential after 14 days of 

immersion that remains after 28 days, with similar passive current density. EIS results of T0 

show that the capacitive behavior of the native oxide remains and also does the protective 

effectiveness of the surface layer. These results indicate that the interaction between anions in 

SBF and native oxide do not deteriorate the barrier layer on titanium.Tnts stabilizes after 14 

days of immersion with a low passive current that remains after 28 days. EIS results 

evidencethe evolution of the complex surface film structure during immersion time. These 

films do not behave as pseudo-capacitors, possibly due to the deterioration induced by the 

simultaneous growth/dissolution process during anodization. Remarkably, although TntsEIS 

shows changes in electrochemical response of the surface film during immersion time, that 

leads to changes in the bode plots, the current density remains almost unaltered. Finally, 

TntsTTsamples present low passivity current density, almost unaltered during immersion time 

and similar to those observed for Tnts after 14 days of immersion. Nevertheless, bode plots 

present important differences between TntsTT andTnts:while Tnts presents two defined 

timeconstants that characterizesa porous surface, the TntsTT suggesta closed structure 

evidenced by time constants very close or superimposed42. The annealed nanotube oxide 

behaves as a barrier layer with no major changes during immersion time. The stability of the 

films seems to increase due to thermal treatment, and this result, along with the increase in 

anatase leads a promising surface condition of TntsTT for further in vivo tests. 

 

3.3.In vivo osteointegration of implants surface 
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3.3.1. Histological analysis and histomorphometry 

 
 

The animals recovered perfectly well after the surgery and neither signs of infection nor 

inflammation were noted upon clinical examination during the experiment. 

Fig. 7 shows optical microscopy images of Toluidine blue staining section of T0 andTntsTT 

implants30 days after surgery intibia and femur rat model.Four weeks after implantation, all 

implants are in direct contact with the surrounding bone, with no signs of inflammation at the 

bone implant interface.Neither mononuclear cell accumulations, nor osteoclast are seen close 

to the implants in both tibia and femur.No fibrous scar tissue is detected around the T0 and 

TntsTT implants. Inboth setsof samples, it is possible to distinguish the newly formed bone or 

the novo bone formation zone (with the implant in contact with the marrow medium). In this 

region,lamellar bone is in close contact with both implants (bone-implant contact). Although 

new bone formed around TntsTT implants showshomogeneoustissue all around the implants, 

there are areas where no bone was growth, displaying gaps between the new bone formations.  

The histomorphometricquantitativeanalysis (Fig.8)reveals that after 30 days of implantation 

surgery, there is a slight decreasing tendency in the thickness of the new bone formed on 

TntsTT in both, tibia and femur bonescompared to T0. The results show no meaning 

dispersion in both bone condition analyzed. 

 

3.3.2 Dynamic Histomorphometry  

Sequential fluorescent labelling is usedto record and monitor new bone formation around the 

different implant groups by applying two types of fluorochromes. Fig.9 shows calcein and 

alizarin complexone deposition around the implants and it determined the mineral 

appositionprofile in tibia and femur rat model 30days after implantation. Fluorescent markers 

were detected in control T0 and annealed TntsTTimplants with the same irregular and intense 

distribution.Nonetheless, Fig. 10 shows the sequential fluorescent labeling where 

fluorochrome distribution exhibits an organized and clean profile in both conditionsfor tibia 

and femur bones. 

Fig.10 shows MAR quantitativeresults 30days after surgery in the bone ingrowth around the 

T0 and TntsTT implantsboth in femur and tibia bones. The results show a tendency to a 

marked decrease in MAR in both bones on TntsTT when compared to the control. 
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4. Discussion 

Among other properties, Titanium and its alloys are used for orthopaedic and dental 

applications as a consequenceof their ability to osseointegrateinto the surrounding 

bone43,44.Latelyresearch has focusedthe attentionin surface engineered implants fabricated via 

anodization to generate self-ordered nanotubular structures composed of TiO245.It has been 

demonstrated that the variations in the TiO2 nanostructure could affect the adhesion, 

proliferation and cellular differentiation which was directly  associated with the generation of 

bone tissue46–48.Although those studies clearly support the modification of nanotubes as a 

suitable technique to improve the bioactivity of titanium implants, there is still some 

discrepancies over size and physico-chemical properties of TiO2 nanotubes for optimal new 

bone formation and osseointegration.  

From the crystalline and surface morphology analysis, our thermal treatment resulted 

successful in increasing the crystalline phases of Tnts with no substantial changes in 

nanotubes diameter, which remains between 82 and 89 nm. According to theRaman 

spectroscopy results, the increase in anatase after annealingmay be attributed to both the 

growth of anatase domains present in Tntsevidenced by the increase in Raman intensity peaks 

and also the appearance of new crystalline domains in TntsTT samples presenting anatase 

peaks over most of the analysed sites. Raman spectra also notices of some amount of 

rutileformed during heat treatment. 

As important as biocompatibility, corrosion resistance is critical to determine the performance 

of a permanent implant. The presence of chloride ions in body fluids and their ability to 

induce localized corrosion on many metallic alloys, made human blood plasma a highly 

aggressive environment49. SBF was extensively used to evaluate the electrochemical 

behaviour of titanium in vitro, and its use in this work facilitates the comparison with 

literature results50,51.There has been reported strong interactions between SBF or Hanks’ 

solution ions and surface oxides on titanium51,52, playing an important role in corrosion 

resistance after long period of immersion53. 

The film growth-dissolution process involved in the anodization of Tnts may alter the native 

film54and weaken the protection against corrosion in SBF solution, and be responsible for the  
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Tnts slightly higher current density and passivation potential than T0 that can be observed in 

figure 5.Moreover, the metal / oxide (M/O) surface alteration of Tnts surfaces is also evident 

when comparing the T0 and Tnts EIS results. The former, as expected, behaves as a non-ideal 

capacitive film, while the later present lower maximum phase angle and narrower frequency 

range with pseudocapacitive response. 

 
 

 

Heat treatedTntsTT presents similar current density and passive behaviour as Tnts, but with a 

pseudocapacitive behaviour according to EIS. Since SBF contains several ions that may 

interact with the surfaces studied, EIS results not only describe the structure of the films but 

rather the film/ions interactionsare also represented and superimposed.Improvement in 

corrosion resistance in Ringer solution was observed after heat treatment by Saji et al.55 and 

by Munirathinam et al.56.  

In T0, the native oxide formed in air is modified during immersion in SBF as evidenced in the 

increase in the passive potential. The effect of immersion looks similar to the obtained in 

aluminium during sealing immersion process57. No thickening of the oxide film results 

evident from EIS or polarization curves, since the growth of a protective layer often results in 

a diminish in current density and increase in impedance58. The initial condition (mechanical 

polish) lead to better results, regarding the corrosion resistance,  than those obtained for as 

received titanium sheets58. EIS results after immersion present a slight decrease in phase angle 

in the low frequency region, often related to an increase in surface defects59 accounting for the 

deleterious effect of SBF ions (chlorides mainly) on the surface oxide. 

 

Our electrochemical results after 1 day of immersion are similar to those obtained by Hilario 

et al60. They performed apatite forming ability experiments as a bioactivity tests and found 

good results in anatase nanotubes. The excellent corrosion resistance of titanium was not 

dramatically changed by the nanotubular anodic film growth in this study. Nevertheless, T0, 

Tnts and TntsTT conditions presented high impedance and low corrosion density currents, 

both features of surfaces coated with a protective layer61. After 28 days of immersion, the 

three systems were stabilized with similar current densities and EIS results indicated that 

TntsTT behaves similarly to T0. Some deterioration of the anodic oxides is often observed 
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after immersion62. These results, presenting minor changes in electrochemical response and 

stability during immersion, are similar to those obtained by Krupa et al. on anodic films on 

titanium growth in electrolytes with Ca and P ions after 1000 hours of immersion in SBF63. 

 
 

If binding between an implant material and bone cannot be formed initially, then acceptance 

of the implant by the body, or more precisely the bone cell, fails. It is important to note that 

only 33–62% bone–implant contact is achieved by modern titanium implants with 

commercially available surface treatments after 3–6 months of implantation, indicating 

opportunities for improvements in osseointegration through research64. The focus of this study 

is to understand the influenceannealed TntsTTon the early osseointegrative properties of 

titanium implants in an animal model.It is widely known that the success of an implant 

strongly depends on the first cellular events, such as growth, proliferation and differentiation 

processes, which are regulated by specific genes and proteins associated with new bone 

tissue65,66. Thus, the success of osseointegration depends on the stable initial adhesion of 

osteoblasts onto the implant surfaces, which is a crucial prerequisite to subsequent cell 

functions such as synthesis of extracellular matrix proteins and formation of mineral 

deposits67.  

Our in vivo results indicated that both control T0 and TntsTT havelaminar bone growth on the 

surface of the implants in rat femur and tibia without significant difference in bone thickness 

30 days after surgery. In accordance with these results, MAR showed no substantial changes 

between treatments inboth bones.Probably, changes in MAR and bone thickness could be 

noticed by the nanotubes presence only immediately after the implant is placed, since after 30 

days post-surgery, only a plateau in bone formation is observed.Therefore, it is of 

mainimportance in further studies to evaluate the very initial cell adhesion properties on the 

nanotubes surface. In line with this, Li et al.9 have evaluated the responses of rat 

mesenchymal stem cells to 75 nm diameter nanotubeswith different crystalline phases, 

including anatase, rutile, and anatase/rutile mixture. Theyshow that rat mesenchymal stem 

cells (rMSCs) had similar adhesion, proliferation, and differentiation behaviour on 

nanotubeswith different crystallinity. In addition, no noticeable differences in vinculin-

associated focal adhesion points were observed between different samples. On the other hand, 

Roguska et al.68 examined the adhesion of living cells (human osteosarcoma cell line—
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U2OS) on TiO2 nanotubes with different diameters and crystalline phases. Their results 

showed that cells adhesion was maximized when nanotube structure changes from pure 

anatase to an anatase-rutile mixture. Likewise, Ying LI., et al.9 reported that the TiO2 

nanotube structure with 70nm diameter produced by anodization exhibits beneficial effects on 

osteoblast cell proliferation and differentiation and, in order to achieve better 

osseointegration, they combined hydroxyapatite to the TiO2 nanotube structure. Theirin vivo 

animal experiment in a rat model revealed that both 

 
 

nano-texturized surfaces were much 

compatible with the surrounding tissue than pure Ti surfaces. Additionally, Bjursten et al.8 

implanted discs with TiO2 nanotubes and with Ti grit-blasted surfaces in compression on the 

flat cortical bone in the proximal anterior tibias of rabbits. They formed TiO2 nanotubes 

withanatase,with 100 nm outer diameter by 80 nm inner diameter. After four weeks, TiO2 

nanotube implants showed significantly higher bone-implant contact area compared with the 

grit blasted implants and histological analysis confirmed new bone formation and increased 

levels of calcium and phosphorus on the surfaces of the nanotubes compared with the 

microtextured implants.  

 

Conclusions 

Commercially pure titanium was anodized in acidic media with fluoride leading to ordered 

nanotubular structures of titanium with tubes diameter of 89±24 nm (Tnts). Samples with heat 

treated (TntsTT) lead to an increase in anatase with small presence of rutile. Corrosion tests 

revealed that after 28 days of immersion in SBF there are no major alterations in the corrosion 

resistance of TntsTT when compared with the polished surface.  

The in vivo results evidenced new osseous tissue in bothconditions implanted.In accordance 

with these results, mineral apposition rate (MAR) showed no meaning changes between 

treatments and in both bones. Probably, changes in MAR parameters and bone thickness 

would be affected by the nanotubes presence immediately after the implant is placed, reaching 

a plateau in bone formation 30 days post-surgery. 

 

Acknowledgements 

This article is protected by copyright. All rights reserved.



 
 

The support from the ConsejoNacional de InvestigacionesCientíficas y Técnicas (CONICET, 

PIP 572), from the Universidad Nacional de Mar del Plata (Project 15G/331) and from the 

Ministerio de Ciencia, Tecnologia e InnovacionProductiva (MINCyT) (Project PICT-14-1452) 

are acknowledged.The authors also acknowledge Mr. Sebastian Rodriguez, INTEMA, 

Argentina for his help in sample preparation. 

 
 

 

Disclosures 

The authors report no conflicts of interest. 

 

References 

(1)  Niinomi, M. Review Article Mechanical Biocompatibilities of Titanium Alloys for 

Biomedical Applications. J. Mech. Behav. Biomed. Mater.2008, 1, 30–42. 

(2)  Goriainov, V.; Cook, R.; Latham, J. M.; Dunlop, D. G.; Oreffo, R. O. C. Bone and 

Metal: An Orthopaedic Perspective on Osseointegration of Metals. Acta 

Biomater.2014, 10 (10), 4043–4057. 

(3)  Wu, S.; Liu, X.; Yeung, K. W. K.; Guo, H.; Li, P.; Hu, T.; Chung, C. Y.; Chu, P. K. 

Surface Nano-Architectures and Their Effects on the Mechanical Properties and 

Corrosion Behavior of Ti-Based Orthopedic Implants. Surf. Coatings Technol.2013, 

233, 13–26. 

(4)  Silva-Bermudez, P.; Rodil, S. E. An Overview of Protein Adsorption on Metal Oxide 

Coatings for Biomedical Implants. Surf. Coatings Technol.2013, 233, 147–158. 

(5)  Dohan Ehrenfest, D. M.; Coelho, P. G.; Kang, B. S.; Sul, Y. T.; Albrektsson, T. 

Classification of Osseointegrated Implant Surfaces: Materials, Chemistry and 

Topography. Trends Biotechnol.2010, 28 (4), 198–206. 

(6)  Ceré, S.; Gomez Sanchez, A.; Ballarre, J. Anodisation and Sol–Gel Coatings as Surface 

Modifi Cation to Promote Osseointegration in Metallic Prosthesis. In Biomedical and 

pharmaceutical applications of electrochemistry; 2016; pp 197–265. 

(7)  Kulkarni, M.; Mazare, A.; Gongadze, E.; Perutkova, Š.; Kralj-Iglič, V.; Milošev, I.; 

Schmuki, P.; A Iglič; Mozetič, M. Titanium Nanostructures for Biomedical 

Applications. Nanotechnology2015, 26 (6), 1–18. 

This article is protected by copyright. All rights reserved.



 
 

(8)  Bjursten, L. M.; Rasmusson, L.; Oh, S.; Smith, G. C.; Brammer, K. S.; Jin, S. Titanium 

Dioxide Nanotubes Enhance Bone Bonding in Vivo. J. Biomed. Mater. Res. - Part 

A2010, 92 (3), 1218–1224. 

 
 

(9)  Li, Y.; Song, Y.; Ma, A.; Li, C. Surface Immobilization of TiO 2 Nanotubes with Bone 

Morphogenetic Protein-2 Synergistically Enhances Initial Preosteoblast Adhesion and 

Osseointegration. 2019, 2019. 

(10)  Souza, J. C. M.; Sordi, M. B.; Kanazawa, M.; Ravindran, S.; Henriques, B.; Silva, F. 

S.; Aparicio, C.; Cooper, L. F. Acta Biomaterialia Nano-Scale Modification of 

Titanium Implant Surfaces to Enhance Osseointegration. Acta Biomater.2019, 94, 112–

131. 

(11)  Vanhumbeeck, J.-F.; Proost, J. Current Understanding of Ti Anodisation: Functional, 

Morphological, Chemical and Mechanical Aspects. Corros. Rev.2009, 27, 117–204. 

(12)  Zwilling, V.; David, D.; Perrin, M. Y.; Aucouturier, M. Structure and 

Physicochemistry of Anodic Oxide Films on Titanium and TA6V Alloy. Surf. Interface 

Anal.1999, 637 (January), 629–637. 

(13)  Cai, Q.; Paulose, M.; Varghese, O. K.; Grimes, C. A. The Effect of Electrolyte 

Composition on the Fabrication of Self-Organized Titanium Oxide Nanotube Arrays by 

Anodic Oxidation. J. Mater. Res.2005, 20 (1), 230–236. 

(14)  Gong, D.; Grimes, C. A.; Varghese, O. K.; Hu, W.; Singh, R. S.; Chen, Z.; Dickey, E. 

C. Titanium Oxide Nanotube Arrays Prepared by Anodic Oxidation. J. Mater. 

Res.2001, 16 (12), 3331–3334. 

(15)  Minagar, S.; Berndt, C. C.; Wang, J.; Ivanova, E.; Wen, C. A Review of the 

Application of Anodization for the Fabrication of Nanotubes on Metal Implant 

Surfaces. Acta Biomater.2012, 8 (8), 2875–2888. 

(16)  Zhou, X.; Nguyen, N. T.; Özkan, S.; Schmuki, P. Anodic TiO2 Nanotube Layers: Why 

Does Self-Organized Growth Occur - A Mini Review. Electrochem. commun.2014, 46, 

157–162. 

(17)  Regonini, D.; Bowen, C. R.; Jaroenworaluck, A.; Stevens, R. A Review of Growth 

Mechanism, Structure and Crystallinity of Anodized TiO2 Nanotubes. Mater. Sci. Eng. 

R Reports2013, 74 (12), 377–406. 

This article is protected by copyright. All rights reserved.



 
 

(18)  Park, H. H.; Park, I. S.; Kim, K. S.; Jeon, W. Y.; Park, B. K.; Kim, H. S.; Bae, T. S.; 

Lee, M. H. Bioactive and Electrochemical Characterization of TiO2 Nanotubes on 

Titanium via Anodic Oxidation. Electrochim. Acta2010, 55 (20), 6109–6114. 

 
 

(19)  Varghese, O. K. Crystallization and High-Temperature Structural Stability of Titanium 

Oxide Nanotube Arrays. 2003. 

(20)  Balakrishnan, M.; Narayanan, R. Synthesis of Anodic Titania Nanotubes in 

Na2SO4/NaF Electrolyte: A Comparison between Anodization Time and Specimens 

with Biomaterial Based Approaches. Thin Solid Films2013, 540, 23–30. 

(21)  Bauer, S.; Pittrof, A.; Tsuchiya, H.; Schmuki, P. Size-Effects in TiO2 Nanotubes: 

Diameter Dependent Anatase/Rutile Stabilization. Electrochem. commun.2011, 13 (6), 

538–541. 

(22)  Mora, C. F.; Kwan, A. K. H. Sphericity , Shape Factor , and Convexity Measurement 

of Coarse Aggregate for Concrete Using Digital Image Processing. 2000, 30, 351–358. 

(23)  Kokubo, T.; Kushitani, H.; Sakka, S.; Kitsugi, T.; Yamamum, T. Surface-Structure 

Changes in Bioactive. 1990, 24, 721–734. 

(24)  Implants for Surgery -- In Vitro Evaluation for Apatite-Forming Ability of Implant 

Materials - ISO 23317:2014. 2014. 

(25)  Katunar, M. R.; Gomez Sanchez, A.; Ballarre, J.; Baca, M.; Vottola, C.; Orellano, J. C.; 

Schell, H.; Duffo, G.; Cere, S. Can Anodised Zirconium Implants Stimulate Bone 

Formation? Preliminary Study in Rat Model. Prog. Biomater.2014, 3 (1). 

(26)  Katunar, M. R.; Gomez Sanchez, A.; Santos Coquillat, A.; Civantos, A.; Martinez 

Campos, E.; Ballarre, J.; Vico, T.; Baca, M.; Ramos, V.; Cere, S. In Vitro and in Vivo 

Characterization of Anodised Zirconium as a Potential Material for Biomedical 

Applications. Mater. Sci. Eng. C2017, 75, 957–968. 

(27)  Kajiwara, H.; Yamaza, T.; Yoshinari, M.; Goto, T.; Iyama, S.; Atsuta, I.; Kido, M. A.; 

Tanaka, T. The Bisphosphonate Pamidronate on the Surface of Titanium Stimulates 

Bone Formation around Tibial Implants in Rats. Biomaterials2005, 26 (6), 581–587. 

(28)  Jaatinen, J. J. P.; Korhonen, R. K.; Pelttari, A.; Helminen, H. J.; Korhonen, H.; 

Lappalainen, R.; Kröger, H. Early Bone Growth on the Surface of Titanium Implants in 

Rat Femur Is Enhanced by an Amorphous Diamond Coating. Acta Orthop.2011, 82 (4), 

This article is protected by copyright. All rights reserved.



 
 

499–503. 

 
 

(29)  van Gaalen, S. M.; Kruyt, M. C.; Geuze, R. E.; de Bruijn, J. D.; Alblas, J.; Dhert, W. J. 

A. Use of Fluorochrome Labels in In Vivo Bone Tissue Engineering Research. Tissue 

Eng. Part B Rev.2009, 16 (2), 209–217. 

(30)  Jiang, X.; Wang, S.; Zhao, J.; Zhang, X.; Zhang, Z. Sequential Fluorescent Labeling 

Observation of Maxillary Sinus Augmentation by a Tissue[Hyphen]Engineered Bone 

Complex in Canine Model. Int J Oral Sci2009, 1 (1), 39–46. 

(31)  Parfitt, A. M.; Drezner, M. K.; Glorieux, F. H.; Kanis, J. A.; Malluche, H.; Meunier, P. 

J.; Ott, S. M.; Recker, R. R. Bone Histomorphometry: Standardization of 

Nomenclature, Symbols, and Units: Report of the Asbmr Histomorphometry 

Nomenclature Committee. J. Bone Miner. Res.1987, 2 (6), 595–610. 

(32)  Juodzbalys, G.; Sapragoniene, M.; Wennerberg, A.; Baltrukonis, T. TITANIUM 

DENTAL IMPLANT SURFACE MICROMORPHOLOGY OPTIMIZATION. J. Oral 

Implantol.2007, 33 (4), 177–185. 

(33)  Raja, K. S.; Misra, M.; Paramguru, K. Formation of Self-Ordered Nano-Tubular 

Structure of Anodic Oxide Layer on Titanium. Electrochim. Acta2005, 51 (1), 154–

165. 

(34)  Aloia Games, L.; Gomez Sanchez, A.; Jimenez-Pique, E.; Schreiner, W. H.; Ceré, S. 

M.; Ballarre, J. Chemical and Mechanical Properties of Anodized Cp-Titanium in NH4 

H2PO4/NH4F Media for Biomedical Applications. Surf. Coatings Technol.2012, 206, 

4791–4798. 

(35)  Otsu, N. Threshold Selection Method From Gray-Level Histograms. IEEE Trans Syst 

Man Cybern1979, SMC-9 (1), 62–66. 

(36)  Gonzalez, R. C.; Woods, R. E.; Masters, B. R. Digital Image Processing, Third Edition. 

J. Biomed. Opt.2009, 14 (2), 029901. 

(37)  Destefani, J. D. Introduction to Titanium and Titanium Alloys. Properties and 

Selection: Nonferrous Alloys and Special-Purpose Materials. ASM International 

January 1, 1990, p 0. 

(38)  John, N.; George, S. Chapter 5 - Raman Spectroscopy; Elsevier Inc., 2017. 

(39)  Hardcastle, F. Raman Spectroscopy of Titania (TiO2) Nanotubular Water-Splitting 

This article is protected by copyright. All rights reserved.



 
 

Catalysts. J. Ark. Acad. Sci.2011, 65, 43–48. 

 
 

(40)  Alemany, L. .; Bañares, M. .; Pardo, E.; Martı́n-Jiménez, F.; Blasco, J. . Morphological 

and Structural Characterization of a Titanium Dioxide System. Mater. Charact.2000, 

44 (3), 271–275. 

(41)  Barberis, P.; Merle-Méjean, T.; Quintard, P. On Raman Spectroscopy of Zirconium 

Oxide Films. J. Nucl. Mater.1997, 246 (2–3), 232–243. 

(42)  Walter, G. W. A Review of Impedance Plot Methods Used for Corrosion Performance 

Analysis of Painted Metals. Corros. Sci.1986, 26 (9), 681–703. 

(43)  Titanium in Medicine Material Science, Surface Science, Engineering, Biological 

Responses and Medical Applications; Brunette, D. M., Tengvall, P., Textor, M., 

Thomsen, P., Eds.; Springer International Publishing, 2001. 

(44)  Chakraborty, A.; Kundu, B.; Basu, D.; Pal, T. K.; Nandi, S. K. In Vivo Bone Response 

and Interfacial Properties of Titanium-Alloy Implant with Different Designs in Rabbit 

Model with Time. Indian J. Dent. Res.2011, 22 (2), 277–284. 

(45)  Lavenus, S.; Trichet, V.; Le Chevalier, S.; Hoornaert, A.; Louarn, G.; Layrolle, P. Cell 

Differentiation and Osseointegration Influenced by Nanoscale Anodized Titanium 

Surfaces. Nanomedicine2012, 7 (7), 967–980. 

(46)  Su, E. P.; Justin, D. F.; Pratt, C. R.; Sarin, V. K.; Nguyen, V. S.; Oh, S.; Jin, S. Effects 

of Titanium Nanotubes on the Osseointegration, Cell Differentiation, Mineralisation 

and Antibacterial Properties of Orthopaedic Implant Surfaces. Bone Jt. J.2018, 100B 

(1), 9–16. 

(47)  Yu, Y.; Shen, X.; Luo, Z.; Hu, Y.; Li, M.; Ma, P.; Ran, Q.; Dai, L.; He, Y.; Cai, K. 

Osteogenesis Potential of Different Titania Nanotubes in Oxidative Stress 

Microenvironment. Biomaterials2018, 167, 44–57. 

(48)  Yuan, Z.; Liu, P.; Liang, Y.; Tao, B.; He, Y.; Hao, Y.; Yang, W.; Hu, Y.; Cai, K. 

Investigation of Osteogenic Responses of Fe-Incorporated Micro/Nano-Hierarchical 

Structures on Titanium Surfaces. J. Mater. Chem. B2018, 6 (9), 1359–1372. 

(49)  von der Mark, K.; Park, J. Engineering Biocompatible Implant Surfaces. Prog. Mater. 

Sci.2013, 58 (3), 327–381. 

(50)  Prando, D.; Brenna, A.; Diamanti, M. V.; Beretta, S.; Bolzoni, F.; Ormellese, M.; 

This article is protected by copyright. All rights reserved.



 
 

Pedeferri, M. Corrosion of Titanium: Part 1: Aggressive Environments and Main 

Forms of Degradation. J. Appl. Biomater. Funct. Mater.2017, 15 (4), 0–0. 

 
 

(51)  Hanawa, T.; Asami, K.; Asaoka, K. Repassivation of Titanium and Surface Oxide Film 

Regeneration in Simulated Bioliquid. J Biomed Mater Res11998, 40, 530–538. 

(52)  Alves, V. A.; Reis, R. Q.; Santos, I. C. B.; Souza, D. G.; de F. Gonçalves, T.; Pereira-

da-Silva, M. A.; Rossi, A.; da Silva, L. A. In Situ Impedance Spectroscopy Study of 

the Electrochemical Corrosion of Ti and Ti-6Al-4V in Simulated Body Fluid at 25°C 

and 37°C. Corros. Sci.2009, 51 (10), 2473–2482. 

(53)  Shi, X.; Xu, L.; Wang, Q. Porous TiO2 Film Prepared by Micro-Arc Oxidation and Its 

Electrochemical Behaviors in Hank’s Solution. Surf. Coatings Technol.2010, 205 (6), 

1730–1735. 

(54)  Kowalski, D.; Kim, D.; Schmuki, P. TiO2 Nanotubes, Nanochannels and Mesosponge: 

Self-Organized Formation and Applications. Nano Today2013, 8 (3), 235–264. 

(55)  Saji, V. S.; Choe, H. C. Electrochemical Corrosion Behaviour of Nanotubular Ti-

13Nb-13Zr Alloy in Ringer’s Solution. Corros. Sci.2009, 51 (8), 1658–1663. 

(56)  Munirathinam, B.; Pydimukkala, H.; Ramaswamy, N.; Neelakantan, L. Influence of 

Crystallite Size and Surface Morphology on Electrochemical Properties of Annealed 

TiO2 Nanotubes. Appl. Surf. Sci.2015, 355, 1245–1253. 

(57)  Zhao, X.; Zuo, Y.; Zhao, J.; Xiong, J.; Tang, Y. A Study on the Self-Sealing Process of 

Anodic Films on Aluminum by EIS. 2006, 200, 6846–6853. 

(58)  Gomez Sanchez, A.; Schreiner, W.; Duffó, G.; Ceré, S. Surface Modification of 

Titanium by Anodic Oxidation in Phosphoric Acid at Low Potentials. Part 1. Structure, 

Electronic Properties and Thickness of the Anodic Films. Surf. Interface Anal.2013, 45 

(6), 1037–1046. 

(59)  Kaushik, D.; Alias, M. N.; Brown, R. An Impedance Study of a Carbon Fiber/Vinyl 

Ester Composite. Corrosion1991, 47 (11), 859–867. 

(60)  Hilario, F.; Roche, V.; Nogueira, R. P.; Junior, A. M. J. Influence of Morphology and 

Crystalline Structure of TiO<inf>2</Inf> Nanotubes on Their Electrochemical 

Properties and Apatite-Forming Ability. Electrochim. Acta2017, 245, 337–349. 

(61)  Narayanan, R.; Seshadri, S. K. Phosphoric Acid Anodization of Ti-6Al-4V - Structural 

This article is protected by copyright. All rights reserved.



 
 

and Corrosion Aspects. Corros. Sci.2007, 49 (2), 542–558. 

 
 

(62)  Alves, A. C.; Wenger, F.; Ponthiaux, P.; Celis, J. P.; Pinto, A. M.; Rocha, L. A.; 

Fernandes, J. C. S. Corrosion Mechanisms in Titanium Oxide-Based Films Produced 

by Anodic Treatment. Electrochim. Acta2017, 234, 16–27. 

(63)  Krupa, D.; Baszkiewicz, J.; Sobczak, J. W.; Biliński, A.; Barcz, A. Modifying the 

Properties of Titanium Surface with the Aim of Improving Its Bioactivity and 

Corrosion Resistance. J. Mater. Process. Technol.2003, 143–144 (1), 158–163. 

(64)  Maeztu, M. A. De; Braceras, I.; Alava, J. I.; Improvement, C. G. Improvement of 

Osseointegration of Titanium Dental Implant Surfaces Modified with CO Ions : A 

Comparative Histomorphometric Study in Beagle Dogs §. 2008, No. January, 441–447. 

(65)  Zhang, X.; Chen, J.; Pei, X.; Wang, J.; Wan, Q.; Jiang, S.; Huang, C.; Pei, X. Enhanced 

Osseointegration of Porous Titanium Modified with Zeolitic Imidazolate Framework-8. 

ACS Appl. Mater. Interfaces2017, 9 (30), 25171–25183. 

(66)  Chen, S.; Guo, Y.; Liu, R.; Wu, S.; Fang, J.; Huang, B.; Li, Z.; Chen, Z.; Chen, Z. 

Tuning Surface Properties of Bone Biomaterials to Manipulate Osteoblastic Cell 

Adhesion and the Signaling Pathways for the Enhancement of Early Osseointegration. 

Colloids Surfaces B Biointerfaces2018, 164, 58–69. 

(67)  Zhou, J.; Frank, M. A.; Yang, Y.; Boccaccini, A. R.; Virtanen, S. A Novel Local Drug 

Delivery System: Superhydrophobic Titanium Oxide Nanotube Arrays Serve as the 

Drug Reservoir and Ultrasonication Functions as the Drug Release Trigger. Mater. Sci. 

Eng. C2018, 82, 277–283. 

(68)  Roguska, A.; Pisarek, M.; Belcarz, A.; Marcon, L.; Holdynski, M.; Andrzejczuk, M.; 

Janik-Czachor, M. Improvement of the Bio-Functional Properties of TiO2 Nanotubes. 

Appl. Surf. Sci.2016, 388, 775–785. 

 

 

 

 

 

 

This article is protected by copyright. All rights reserved.



 
 

 

 
 

 

 

 

 

 

 

 

 

 

 

  

Table I. Surface treatments performed in this work and sample labeling. 

Figure 1:SEM photomicrographs (Secondary Electron Imaging mode).a-c. Polished titanium 

(T0) appearance at different magnifications. d-f. Anodized oxide film as formed(Tnts). g-i. 

Anodized film after thermal treatment (TntsTT).Electron beam energy 3 kV.CTnts: nanotubes 

with close top, G-R: Regular machining grooves and ridges, OTnts: nanotubes with open top, 

T: tearing. 

Figure 2: Algorithm for detection and measurement of size distribution of nanotubes 

diameters. a. Original image, b. Image where enhanced regions, c. Binary image, d. Minor 

and major diameter of the nanotubes, e. Histogram presenting size distribution of Tnts in 

micrograph a, f. g. Size distribution of inside nanotubes for a set of images with Tnts 

condition. 

Figure 3: G-DRX spectra of – T0 – Tnts– TntsTT. Anatase peak position is pointed out. 

Figure 4:  Raman spectra. a. Tnts: intense anatase peaks. b. TntsTT: intense anatase as major 
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phase, with evidence of rutile presence. 

 
 

Figure 5: a. Anodic polarization curves of – T0 – Tnts– TntsTTin SBF solution after 1 day of 

immersion. b. Bode plot corresponding to · T0 · Tnts· TntsTT in SBF solution after 1 day of 

immersion. 

Figure 6: Anodic polarization curves and EIS bode plots of T0 (a,b), Tnts (c,d) and 

TntsTT(e,f) after 1, 14 and 28 days of immersion in SBF solution at 37°C. 

Figure 7:  Histology showing bone-implant interface in rat tibia and femur cross-section 30 

days after the implantation. A-B: Tibia A: T0, B: TntsTT, and C-D: Femur. C: T0, D: TntsTT. 

(Staining: Toluidine blue). 

Figure 8: Thickness of new bone layer on the implant surface in T0 and TntsTT 30 days after 

surgery.The data are shown in the form of mean value ± σ MEAN (standard deviation of the 

mean)n=6 bones per group (by non-parametric test. Man-Whitney). T0: control and TntsTT: 

annealed titanium oxide nanotubes. 

Figure 9: Fluorescent microscopy image of rat tibia (A-F) and femur (G-L) cross-sections 

with T0 and TntsTT 30 days after surgery. Green (Calcein) and red (Alizarin Complexone) 

lines are seen in the new bone around the implant. BM: bone marrow, I: implant, T0: control; 

TntsTT:annealed titanium oxide nanotubes. Original magnification: 10x. 

Figure 10:  Quantitative analysis of mineral apposition rate (MAR) in T0 and TntsTT 

implants 30 days after surgery. The data are shown in the form of mean value ± σ MEAN 

(standard deviation of the mean) n=6 bones per group (by non-parametric test. Man-Whitney). 

T0: control and TntsTT: annealed titanium oxide nanotubes. 

 

 

This article is protected by copyright. All rights reserved.



Table I. Surface treatments performed in this work and sample labeling

Surface treatment
Sample denomination

Polishing Anodizing Heat Treatment

T0 Mechanical polishing with 

400 and 600 grit paper, 

water as lubricant.

Tnts Mechanical polishing with 

400 and 600 grit paper, 

water as lubricant.

Potentiostatic anodization in 

1 mol.L-1 H3PO4 + 0.3 % HF 

solution, 30 V, 60 minutes.

TntsTT Mechanical polishing with 

400 and 600 grit paper, 

water as lubricant.

Potentiostatic anodization in 

1 mol.L-1 H3PO4 +0.3 % HF 

solution, 30 V, 60 minutes.

180 minutes at 350ºC 

in air atmosphere, and 

cooling in furnace.
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