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Abstract 
 

The nanostructures and within them, the titanium dioxide nanostructures have had 

an investigative awakening because they have a large surface area, allowing ion 

exchange processes and possible photocatalytic activity. One of the structures that 

have attracted more the attention of researchers is nanotubular because it presents 

unique geometric properties that allow it to be applied as a catalyst in reactions that 

employ radiation for removing water contaminants, like the sensor of chemical 

compounds present in the air, and in medicine as a biomedical device. Although 

there are several methods of producing titanium dioxide nanotubes, one that has 

gained strength because of its easy implementation and simplicity is the anodizing 

process. Titanium is a material used in many engineering fields due to its high 

mechanical and corrosion resistance properties, but to further enhance the above 

features, anodizing is presented as a viable option for surface improvement, 

because it can produce nanotubes with higher organization and orientation that with 

other techniques could not be obtained. This project aim was obtained 

homogeneous TiO2 nanotubes on c.p Ti using aqueous electrolytes. For that 

purpose, an anodizing protocol was established to get geometrically homogeneous 

nanotubes by modifying different parameters of the anodizing process. Then the 

best coatings were selected and were characterized by SEM, TEM, AFM, XRD, and 

micro-Raman, correlating the obtained with the nano-tubular coating 

characteristics, after that, it was analyzed the effect of the above on biocompatibility 

and antibacterial capacity of coatings by bioassays.   
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Introduction 

The titanium is a material with low density, high corrosion resistance, high 

mechanical strength, and bio-compatibility; this allows its use in aerospace, 

automotive and biomedical applications [1]–[3]. Titanium has the capacity to 

naturally form a passive layer of titanium oxide (TiO2); this layer provides it with 

corrosion resistance by inhibiting the release of ions and allows its use in biomedical 

applications [4], [5]. However, to enhance its possible application as bio-implant, it 

is necessary to modify the characteristics of this passive layer in both morphology 

and thickness, transforming, thus, the surface properties of the material [6], [7]. 

Among the possible morphologies that can be obtained with TiO2, the nanotube 

morphology has had a great surge in the research field because this geometry has 

a big specific surface that allows their applications in catalysis, solar cells, and 

biomedical devices, etc. [8], [9]. The formation of titanium oxide nanotubes has been 

carried out mainly through techniques such as sol-gel, hydrothermal processes, and 

anodizing [10].  

Anodizing as surface modification technique has gained attention in the scientific 

community because of its easy use, versatility, and low cost compared to other types 

of surface treatments [11]–[14]. Besides the above features, the anodizing process 

allows modifying the titanium, whereby the nanotube TiO2 layer grows tidily with 

regular diameter and normal to the surface, in contrast with the other techniques 

mentioned above in which nanotubes are obtained in free form and with a lower 

degree of order [15], [16]. Furthermore, during the anodizing process, it is also 

possible to vary the nanotube morphology through the control of the process 
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parameters. Nanotubes produced in aqueous electrolytes have size uniformity 

problems, in contrast with the nanotubes produced in organic electrolytes, especially 

the ethylene glycol based, which have a higher uniformity [17]–[20]. However, this 

organic electrolyte has a higher cost, higher toxicity, lower yield and needs a more 

complicated protocol for his final disposition compared with aqueous electrolytes; 

this last part could be a problem when the process is carried out at industrial scale. 

Therefore, the titanium surface control during anodizing process by using affordable 

electrolytes is one of the main requirements for nanotubes production at industrial 

scale. 

The first reports of nanotubes formation are attributed to Zwilling et al [21] in 1999, 

but over the years, those first nanotubes, which had a low degree of organization 

and less than a micron of length, have evolved into highly ordered nanotubes 

hundreds of microns thick [18], [22]. The first electrolytes used to produce nanotubes 

were aqueous solutions with HF, those electrolytes generated disorganized and 

short nanotubes; however, the use of organic electrolytes allowed highly ordered 

nanotubes and lengths higher than 200 µm [18], [22], [23]. Because of the 

characteristics that offers the nanotubes produced in organic media, the research 

work related with them has increased notably [24]–[26]. Although, it is necessary to 

consider that those electrolytes are more expensive and less environmentally 

friendly in contrast to the aqueous electrolytes. Thus, this generates a research 

opportunity to increase the organization of the nanotubes produced in aqueous 

electrolytes. To achieve the last aim, sodium carboxymethylcellulose (CMC) was 

used as additive in an aqueous electrolyte. CMC is a cheap, no toxic and 
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environmental friendly reactive widely used in food, cosmetics, and drugs [27]–[30]. 

To the best of our knowledge, the reports of use of aqueous electrolytes that contains 

CMC are few [31], [32]; furthermore, in those research works only one experimental 

condition was analyzed. In this experimental work, it has been studied various 

anodization parameters such as electrolyte temperature, fluoride concentration, 

electrolyte aging, anodizing time, pH and CMC concentration with the aim to 

increase the organization of nanotubes produced in aqueous electrolytes. To 

measure the nanotubes organization, a quantitative Fast Fourier Transformation 

(FFT) analysis was made by using SEM images of the nanotubes surfaces. 

On the other hand, implants have been used to replace osseous tissues that were 

damaged as a consequence of degenerative diseases, accident trauma or injuries 

among others; allowing to the affected patients to remain active and productive for 

a lengthier period of time [2]. Depending of the location, the implants often get 

rejected which causes their subtraction and replacement leading to a high cost for 

the medical insurances, a higher hospitalization time and patient annoyance [33], 

[34]. The lack of bone bonding is one of the major causes of implant rejection [35]; 

this is caused by the deficiency of interaction between the peri-implant bone and the 

implant. In the recent years, some experimental works have been highlighted the 

importance of the surface modification of the implants with nanostructures [35]–[39]. 

The main reason to carry out those kind of surface modifications is mainly increasing 

the bone cell proliferation, adhesion and differentiation around the implant producing 

new bone tissue which results in a successful osseointegration [40], [41]. Titanium 

has been widely used in implantology due to their properties as biocompatibility, 
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strength and corrosion resistance [24], [42], [43]; however, through their surface 

modification an increase of those properties can be achieved. Due to the Titanium 

features, this material could be anodized producing TiO2 with various morphologies 

on their surface [1] [2]. One of most promissory structures is the nanotubular, due to 

their high surface area, that allows titanium an easy interaction with bone cells that 

finally permits new bone growth [36]. However, bacterial infection is one of the main 

issues that implantable devices must tackle. In fact, bacterial infections on different 

implantable devices derive on implants removal from patients [33], [44], [45]. In the 

first step of the bacteria colonization process, bacteria adhere to the surfaces of 

biomaterials, afterwards the bacteria proliferate and finally the biofilms appear; as a 

consequence of biofilm formation, the bacteria become more resistant to treatment 

with systemic antibiotics [34], [46], [47]. Depending on the biomaterial, the infecting 

microorganisms can vary, for instance, Staphylococcus aureus and Staphylococcus 

epidermidis are the most common detected pathogens in implants, as well as the 

Gram-negative microorganism Pseudomonas aeruginosa [33], [45], [48]. Due to this 

kind of risks, nanotechnology has been used for improving the implants rate of 

success [49]. By using surface modification is possible to reduce the bacteria 

adhesion and proliferation; two important steps before the bacteria biofilm formation 

[34], [44]. Thus, with the aim to reduce bacteria colonization, titanium surfaces have 

been modified with acid etch, alumina blast, smooth machined, anodizing, among 

others. Anodizing has been used to modify the titanium surface due to their low cost, 

versatility, and easy operability [1]. Anodizing allows to produce nanotubular 

coatings on titanium; the nanotube structures could improve the surface properties 

and modify the interaction with external agents (bacteria, cells, fungi etc.) [43], [48], 
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[50], [51]. Kunrath et al reports that although there are studies about the relationship 

between the TiO2 nanotubes surface characteristics and the biological behavior 

(bacteria /cells), this is not completely clarified [52]. The propose of producing 

nanotubes with different diameters and various heat treatments was to correlate the 

nanotube characteristics (morphology, internal diameter, phase composition and 

surface properties) and the antibacterial properties against both Staphylococcus 

Aureus and Pseudomonas Aeruginosa strains. To achieve this, in this investigation 

nanotubular coatings produced at various conditions (as-anodized, heat and UV 

treated) have been characterized by Raman spectroscopy, XRD (X-ray Diffraction), 

SEM (Scanning Electron Microscopy), TEM (Transmission Electron Microscopy), 

Geometric Phase Analysis (GPA), HRTEM (High Resolution Transmission Electron 

Microscopy), SAED (Selected Area Electron Diffraction) and Atomic Force 

Microscope (AFM); all combined with antimicrobial activity and bacterial adhesion 

essays. In the same way, the effect of nanotubes with different diameters, various 

heat treatments and UV irradiation, looking to correlate the nanotube characteristics 

(morphology, internal diameter, phase composition and surface properties) with the 

adhesion, proliferation and mineralization of osteoblast cells. 

This research confronted the challenge to increase the uniformity of nanotubes in 

the anodic coatings produced in aqueous electrolytes by modifying the parameters 

of the anodizing process (pH, electrolyte composition, electrolyte aging, voltage, 

current, electrolyte temperature and anodizing time) to further correlate the 

morphological and physicochemical properties with biological properties in terms of 

cell adhesion and antibacterial ability. 
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Hypothesis 

¿Is it possible to improve the homogeneity of the nanotubes produced in 

aqueous solutions for potential biomedical applications?  
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General Objective 

To study the formation of homogeneous nano-tubular structures of titanium 

dioxide by anodizing of commercially pure titanium in aqueous electrolytes and 

to evaluate the effect of nanotube diameter, heat treatment and photocatalytic 

activation on the osseointegration and infection resistance for biomedical 

applications. 

 

Specific Objectives 

To systematically analyze the effect of the different variables involved in the 

formation of nanotubes of TiO2, namely: pH, electrolyte composition, electrolyte 

aging, voltage, current, electrolyte temperature and anodizing time in the 

characteristics of the formed structures, seeking to establish the anodizing 

conditions that allows obtaining nano-tubular coatings with a homogeneous 

geometry.  

To study the effect of geometrical characteristics (internal and external diameter 

and spacing) of the more homogeneous samples obtained, as well as of heat 

treatment and photo-catalytic activation on wettability and other surface 

properties e.g. roughness, surface charge and surface energy. 
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To evaluate the biological properties of uniformly anodized surfaces, using 

cytotoxicity tests such as MTT and osteoblast interaction in terms of adhesion 

and proliferation. 

To study the antibacterial behavior of uniformly anodized surfaces with and 

without both heat treatment and photo-catalytic activation, by bacteria adhesion 

tests. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



XXIII 
 

Materials and Methods 

Samples anodization and coatings characterization 

Square samples of c.p titanium grade 2 (ASTM F-67), with an area of 2 cm2 and 1 

mm of thickness were mechanically polished with SiC paper up to grade 2500, and 

finally cleaned in acetone in an ultrasonic bath for 20 minutes. 

Then after, the samples were prepared at voltages of 20, 15 and 10 V in 200 mL of 

an aqueous solution containing sodium carboxymethylcellulose (CMC) and NaF, the 

electrolyte pH was adjusted using H3PO4. The anodic coatings were obtained using 

a DC power supply (Kepco BHK 500-0.4 MG) and the current data was recorded 

during 5 hours. The configuration used in the anodization was composed by two 

electrodes, the titanium sample was the anode and a platinum mesh were the 

cathode. When the anodization was completed, the samples were extracted from 

the anodized solution and cleaned with deionized water and dried in cold air. The 

temperatures used to the heat treatments were  200, 350 and 600 ° C, the ramp 

used at each temperature will be shown at further sections, after the heat treatment 

the samples were allowed to slowly cool inside the oven. The UV treatment consisted 

of irradiaton of the anodic coatings using a high intensity UV lamp with a wavelength 

of 435 nm for 30 minutes, the distance between the samples and the lamp was 2.5 

cm, and the UV dose was 3.44 mJ/cm2. 

The morphology of the coatings was observed by Scanning Electron Microscope 

(SEM) using a JEOL JSM 6940 LV instrument and a Field Emission Scanning 

Electron Microscope (FESEM) (TESCAN MIRA3 SEM). The coating thickness 
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measurements were made by scratching the surface sample and then tilting the 

sample holder to get the SEM images. The FFT analysis were made using the WSxM 

5.0 software [53] and other measurements as internal diameter and coating 

thickness were made using the public domain software Image J  

The Transmission Electron Microscope (TEM) used was a Tecnai G2 F20 S-Twin 

TMP equipment, with a field emission source, resolution of 0.1 nm at 200 kV, 

maximum magnification in TEM 1.0 MX and, GATAN camera US 1000XP-P. HRTEM 

and SAED images were analyzed using the Digital Micrograph software with the 

Difftools script [54] and CrysTBox [55], [56]. Pdf files (rutile (01-088- 1172), anatase 

(01-089-4921), and the work of Bowden [57] were used to identify the crystal phases 

comparing d-spacings.  

For X-ray diffraction (XRD) analysis, the instrument used was a PANanalytical 

EMPYREAN model with Cu Kα radiation and 2θ scan from 5 to 100 degrees. For 

micro-Raman spectroscopy was employed a Labram High Resolution Jovin Yvon 

Horiba spectrometer.  

The Atomic Force Microscope (AFM) used was an MFP-3D AFM (Asylum 

Research), and the AFM images were processed with the open-source software 

Gwydion [58] and the ARgyle light software. For the surface roughness 

measurements, a Dektak XT profilometer was used. Five measurements were thru 

along 500 µm in various sample positions. Roughness parameters (Ra, Rsm, Rz, 

and Rq) were calculated based on this data. Surface potential measurements where 

made using an Asylum Research MFP-3D AFM (Oxford Instruments) using a dual-

pass technique. Topography was mapped using tapping-mode AFM during the first 
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pass, which is then traced at a set lift height above the surface performing the surface 

potential measurement. During the second pass of Kelvin probe force microscopy 

(KPFM), the mechanical drive of the cantilever is disabled and an alternating current 

bias voltage (Vac = 1 V) is applied to the probe at the mechanical resonance of the 

cantilever. Vac causes the cantilever to oscillate due to the attractive and repulsive 

electrostatic interaction between the probe and the sample. A feedback loop 

monitors and keeps constant the amplitude of the cantilever oscillations by applying 

a compensating direct current bias voltage to the probe to cancel the probe−sample 

electrostatic forces. The tips used were silicon Ti−Ir coated (Asyelec-01) with a 

nominal spring constant of 2.89 N/m and resonance frequency of 71.7 kHz. The scan 

size was 5 μm at a scan rate of 0.5 Hz [59]. 

The contact angle measurements were executed using a Goniometer/Tensiometer 

Ramé-hart Model 250 Standard using water as probe liquid. The samples used for 

the contact angle measurements at 30 and 60 days were stored in the dark. The 

surface free energy (SFE) calculations were carried out using the Neumann method, 

whose equation is: 

𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃 = 2 �𝛾𝛾𝑆𝑆 
𝛾𝛾𝐿𝐿 
�
0.5
𝑒𝑒𝑒𝑒𝑒𝑒[−𝛽𝛽(𝛾𝛾𝐿𝐿 – 𝛾𝛾𝑆𝑆 )2] − 1  (1) 

where   𝛽𝛽 = 0.0001247 (m2/mJ)2, 𝛾𝛾𝐿𝐿 =72.8 mJ/m2, 𝜃𝜃 the contact angle measured for 

each sample and 𝛾𝛾𝑆𝑆  the surface free energy. The Neumann equation was solved 

using numerical methods. 
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Antimicrobial activity   

The determination of antibacterial activity against both Gram-positive 

(Staphylococcus Aureus, (ATCC ® 29213TM)) and Gram-negative (Pseudomonas 

Aeruginosa, (ATCC® 27853™)) strains, were performed by the disk diffusion assay 

(Kirby-Bauer) [60]. Both strains were aerobically cultured at 37ºC for 24 h on Müeller-

Hinton agar plate to proceed with the inoculum adjusting the bacterial suspension 

turbidity to a 0.5 McFarland Standard, comparable to a bacterial suspension of 

1.5x108 UFC/ml. The strains were inoculated onto each plate; then, the samples 

were placed and incubated at 37ºC for 24 h. All the samples (0.49 mm2) were 

sterilized by dry heat, placed into a muffle furnace (Barnstead/Thermolyne) at 170 

ºC for one hour previously to the essay; and, the UV treated samples were used in 

this essay 1.5 months after irradiation. All the assays were replicated three times. 

Bacterial Adhesion  

Adhesion of bacteria on the different surfaces was evaluated by using S. aureus 

(ATCC ® 29213TM) and P. aeruginosa (ATCC® 27853™), strains. With this purpose, 

both bacteria suspensions were individually incubated and seeded on agar for 24 

hours at 37°C to expand the culture. Posteriorly, one isolated colony was 

resuspended in 3 mL of PBS, and the concentration of bacteria was determined by 

using the McFarland turbidity standards and adjusted to 1 to 2 x 108 CFU / mL. The 

same protocol used to sterilize the samples in the antimicrobial activity essay was 

used here. Then, the samples were placed in 24 well plates, and 20 uL of each 

inoculum was seeded on the surface of each material and incubated at 37ºC.  After 

one hour, samples were washed five times with PBS and fixed with 4% formaldehyde 



XXVII 
 

for 30 min. Next, cells were dehydrated by using a series of ethanol concentrations 

in PBS (30%, 50%, 70%, 80%, 90%, and 100%), each dilution during 15 min. Finally, 

samples were air-dried and covered with gold and observed by SEM. 

Proliferation assay  

Cell proliferation was determined by Alamar Blue assay (Invitrogen). For this 

purpose, human osteoblast-like cell line (SaOS-2, ATCC® HTB-85™) were seeded 

at a concentration of 10,000 cells/cm2 on the top of the nanotubular anodic coatings 

and incubated at 37 °C with 5% CO2. Quantification of the cell grow was performed 

every 24h during 4 days.  For that, the quantity of viable cells was measured by 

addition of Alamar Blue solution (Thermo Scientific) to the culture medium at a 1:10 

ratio. Then, cells were incubated at 37°C during 90 min, after that, medium was 

transferred to a new plate and fluorescence was measured in a spectrophotometer 

(Biotek FL-600) at an excitation wavelength of 530 nm with an emission wavelength 

of 590 nm. Fluorescence values were corrected in relation to the average blank.  

After each measurement new medium was added to the samples and incubated until 

next time point. Assays were performed in three independent experiments. 

Cell-Material Interaction 

Osteoblasts were seeded at a density of 10.000 cell/cm2 on the nanotubular anodic 

coatings and incubated at 37 °C with 5% CO2. After 1h and 48h, cells were washed 

with phosphate buffered saline (PBS) and fixed with 2.5% glutaraldehyde at 4 °C 

(overnight). Afterward, specimens were washed three times with PBS and 

dehydrated in each of the following concentrations: 30, 50, 70, 80, 90 and 100%; 

during 15 min each. Finally, Samples were dried in a critical point dryer (Samdri-
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795), sputter coated with gold (Dentom Vacuum Desk IV) and analyzed using SEM 

(SEM, JEOL JSM-6490LV). Pictures at 600x and 3000x magnifications were taken. 

Mineralization 

SaOS-2 osteoblasts were seeded at a concentration of 10.000 cell/cm2 directly on 

the nanotubular anodic coatings in presence of differentiation medium consisted of 

McCoy (Invitrogen), 10% FBS, 1% penicillin streptomycin, 50mg/ml L- ascorbic acid, 

1mM b-glicerophosphate (Sigma) and 0.01μM Dexamethasone (Sigma). Medium 

was changed every two days. Cells growing in the culture plate without differentiation 

medium were used as negative control. After 7 and 14 days cells were fixed with 

ethanol and stained with alizarin red to detect mineralization zones by using light 

microscopy (Nikon Eclipse E200). Pictures at 10x, 20x and 50x magnifications were 

taken.  
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1.Chapter 1                                                                                            
TiO2 nanotubular structures for biomedical 
applications 
 
Several parts of the text and figures have been taken from: 

TiO2 nanotubular structures for biomedical applications. 
Robinson Aguirre Ocampo, Félix Echeverría Echeverría. 
Journal of Engineering Science and Technology Review 
Submitted for Publication 
Abstract 

Titanium dioxide nanotubes combined the geometrical properties of a tubular 

structure with the physicochemical properties of TiO2, and these ordered nanotubes 

improve the surface characteristics of a material such as titanium, with high 

mechanical resistance, and low density, enhancing its use for biomedical devices, 

thanks to the improved interaction between cells and the nanostructured surface. In 

this chapter, we discuss various aspects of the anodizing technique when used to 

obtain ordered nanotubes and how the process parameters can be controlled to 

obtain highly ordered TiO2 nanotubes. Besides, we review the biological activity of 

TiO2 nanotubes, the effect of nanotube size on this bioactivity, the antibacterial effect 

of TiO2 nanotubes without doping and finally novel applications of TiO2 nanotubes 

employed as a biomaterial are discussed. 
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1.1 The anodization technique for producing self-ordered TiO2 nanotubes  

Anodic oxidation is an electrolytic process that generates a layer which could be 

used for decorative purposes or protection against corrosion. The piece to be 

anodized is submerged in a conductive solution and connected to a direct current 

source at the positive pole, i.e. the anode of the circuit. On the other hand, the 

cathode is a piece usually made of platinum or some material that conducts 

electricity and with low or none reactivity in the anodizing solution. To produce 

nanotubes using the anodizing technique, the applied potentials used are between 

1-30 V for an aqueous electrolyte and 20-100 V for non-aqueous electrolytes. The 

content of fluoride ions generally used is from 0.4 to 2.0% in weight; if the amount of 

fluoride ion is too low, only a barrier coating is formed, but if it is too high, the titanium 

sample is electropolished.  

Although the TiO2  formation mechanism is under discussion, few models have been 

proposed for TiO2 nanotubes formation, such as “plastic flow” [61], and “oxygen 

bubble mold” [62]; however, the classic mechanism reported for the majority of 

authors is based in field assisted oxidation and dissolution [63]–[66]. Figure 1 shows 

the typical curve of current density vs. time for nanotube formation processes under 

potentiostatic control, where five stages of formation are described (S1 to S5 in 

Figure 1). In the first step, an oxide barrier layer is formed and therefore, the current 

density decreases (equation  2), water molecules are divided in O2- and H2 assisted 

by the electric field (equation 3 and equation  4) and O2- ions travel through the 

barrier layer and reacts with Ti4+ ions produced by titanium oxidation (equation 2 

and equation 5). In the second stage, the number of bites and cracks increases, 
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acting as nucleation sites for the pores that begin their formation process due to the 

presence of the fluoride ion (equation 6 and equation 7). that forms [TiF6]2− ions 

by reaction with TiO2 in the barrier layer surface, or reacting with Ti4+ ions that travel 

outwards across the barrier layer. This process generates an increase in current 

density until it reaches a maximum density of pinholes and cracks. In the third stage, 

the current density begins to decrease when the thickness of the porous structure 

increases. As the process progresses over time, the porous structure begins to 

transform into a nanotubular structure due to an equilibrium between field assisted 

oxidation and field assisted dissolution (equation 2, equation 6 and equation 7). 

This change in the structure is part of step 4. In step 5, the previous transformation 

is completed and the nanotube already has its final form.  

𝑻𝑻𝑻𝑻 + 𝟐𝟐𝑯𝑯𝟐𝟐𝑶𝑶 → 𝑻𝑻𝑻𝑻𝑶𝑶𝟐𝟐 + 𝟒𝟒𝑯𝑯+ + 𝟒𝟒𝒆𝒆− (2) 

𝑯𝑯𝟐𝟐𝑶𝑶 + 𝟐𝟐𝒆𝒆− → 𝑯𝑯𝟐𝟐 + 𝑶𝑶𝟐𝟐− (3) 

𝟐𝟐𝑶𝑶𝟐𝟐− → 𝑶𝑶𝟐𝟐 + 𝟒𝟒𝒆𝒆− (4) 

𝑻𝑻𝑻𝑻 → 𝑻𝑻𝑻𝑻𝟒𝟒+ + 𝟒𝟒𝒆𝒆− (5) 

𝑻𝑻𝑻𝑻𝟒𝟒+ + 𝟔𝟔𝑭𝑭− → [𝑻𝑻𝑻𝑻𝑭𝑭𝟔𝟔]𝟐𝟐− (6) 

𝑻𝑻𝑻𝑻𝑶𝑶𝟐𝟐 + 𝟔𝟔𝑭𝑭− → [𝑻𝑻𝑻𝑻𝑭𝑭𝟔𝟔]𝟐𝟐− (7) 

In the literature, four generations have been identified for TiO2 nanotubes formation 

using the anodizing technique. Each generation have a different sort of electrolyte, 

in the first generation strong acids were used accompanied of HF in aqueous 

solutions; the nanotubes produced in this generation had a length equal or lower 

than 500 nm due to the high oxide dissolution rate. Besides, these nanotubes had 

unions between them similar to “ribs”, and the organization was low  [16], [67], [68]. 

In the second generation, HF was replaced by fluoride salts and buffered solutions 
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or weak acids replaced the strong acids; the nanotubes lengths were close to 1 µm 

and the organization was better than the nanotubes produced in the first generation 

[69], [70]. In the third generation the aqueous solutions were replaced by organic 

solutions with fluoride salts. In this generation the nanotubes do not show ribs but 

had a smooth wall surface; nevertheless, in some cases those nanotubes growth up 

in coral reef structures with different condition of packing along the surface [71]–[73]. 

Some discrepancies are found in the literature about the fourth generation, some 

authors reported that in the fourth generation fluoride free electrolytes were used 

[74]–[77], other authors reported that in the fourth generation organic solutions were 

used, but with a precise anodizing parameters control to produce highly packed and 

organized TiO2 nanotubes [17], [20], [22], [78]. 

1.2 Factors affecting the nanotubes growth 

Many factors affect the nanotubes growth such as: anodizing time, pH, electrolyte 

reuse, anodic coating removal and re-anodization, and applied potential [20], [79], 

[80]. Table 1 shows the effect of electrolyte composition and fluoride source on the 

internal diameter and growth rate. Organic electrolytes, specially, the ethylene glycol 

based solutions have a higher growth rate compared with aqueous electrolytes; this 

behavior can be attributed to the more aggressive conditions of dissolution of the 

aqueous electrolytes compared with the organic electrolytes [79]. However, using 

additives in aqueous electrolytes thicker nanotubes could be produced [3]. In Figure 

2, the effect of the electrolyte nature (keeping voltage, and anodizing time constant  
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for both experiments) on the nanotubes coating thickness is showed. From this figure 

it is clear that the nanotube length in the organic electrolyte (ethylene glycol) is 

almost 3 times higher compared to the aqueous electrolyte.  

Table 1. Effect of anodizing parameters on the characteristics of TiO2 nanotubes.  

Electrolyte  
Fluoride 
Source 

Growth 
rate 

(nm/min) 

Applied 
potential 

(V) 

Internal 
diameter 

(nm) 
Ref. 

Dimethyl 

sulfoxide 
HF 4.51 20 70 [81] 

Dimethyl 

sulfoxide 
HF 

11 

22 

40 

60 

120 

150 
[73] 

 
Figure 1. Typical current density vs. time response for anodic formation of a nanotube 

TiO2 coating. 
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Ethylene glycol, 

2 vol. % H2O 
NH4F 216 60 110 [18] 

Ethylene glycol, 

3 vol. % H2O 
NH4F 135 50 119 [82] 

Ethylene glycol HF 290 120 70 [22] 

Ethylene glycol, 

10 vol. % H2O 
NH4F ------- 

60 

90 

120 

150 

180 

150 

260 

360 

470 

570 

[83] 

Ethylene glycol NH4F 41 60 100 [84] 

Ethylene glycol, 

Lactic acid, 5 

vol. % H2O 

NH4F 2467 120 100 [85] 

Ethylene glycol, 

3 vol.% H2O 
NH4F 308 60 140 [86] 

Glycerol NH4F 13 20 90 [86] 

Glycerol NH4F 7.91 30 130 [87] 

H2O HF 12.5 20 60 [16] 

H2O, H3PO4 HF 

6.66 

9.16 

13.33 

16.66 

10 

15 

20 

25 

50 

70 

100 

120 

[88] 

H2O, H3PO4 HF ------ 1-20 

15 

20 

30 

50 

70 

100 

[89] 

[90] 
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H2O, Na2SO4 NaF 

25 

16.66 

9.16 

6.66 

20 100 [69] 

 

In any case, for the best of our knowledge, the higher growth rate reported is for a 

mixture of ethylene glycol, lactic acid and water with a value of about 2467 nm·min-

1 [45] whereas the lower is for dimethyl sulfoxide, about 4.51 nm·min-1 [8]. 

Regarding the nanotube internal diameter the higher and lower values are about 570 

nm [83] and 10 nm [3], respectively. 

1.2.1 Electrolyte pH 

The electrolyte pH has a direct effect in the chemical dissolution control; thus, it 

affects the geometric characteristics (uniformity) and the length principally. Besides, 

the pH value controls the amount of OH- and H+ ions in the electrolyte; therefore, it 

influences the oxidation rate [91]. Wei Lai et al. [92] produced nanotubes with 

glycerol and NH4F varying the pH value from 1 to 7; the authors found that the length 

was higher when the pH value was 7. Besides, the nanotubes were more uniform at 

higher pH values compared with lower pH values. The authors explained those 

results based on the chemical reactions; in acidic conditions, the amount of H+ ions 

is high, affecting the H2O hydrolysis (equation 2 and equation 3), reducing the 

amount of oxygen present, thus the layer formed will be less dense and 

consequently, the chemical dissolution process increases, restraining oxide growth. 

Besides, at lower pH values the nanotubes were shorter due to the high chemical 

etching at the tip of the tubes as a consequence of high H+ and [𝑻𝑻𝑻𝑻𝑭𝑭𝟔𝟔]𝟐𝟐− ion 
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concentrations; similar results were found by Sreekantan et al. [91].The pH value 

has an effect in the TiO2 nanotubes uniformity, nanotubes produced in acidic 

aqueous solutions (pH value: 1-2) have lower uniformity [16], [42], [88], [93], [94], 

compared with nanotubes produced in organic solutions (pH value: 5-7) [22], [84], 

[85]. The explanation of the last phenomena is mainly based on the fact that the pH 

value directly controls oxide growth rate (O2- concentration depends on pH value 

[94]) and chemical dissolution rate [3], [91], [92], thus controlling the coating 

morphological characteristics. 

1.2.2 Electrolyte reuse 

Many authors had been reported the anodizing of dummy samples to “get older” the 

electrolyte before anodization of the sample of interest [17], [95], [96], with the aim 

of increasing uniformity and self-organization. Zhu et al. [95] found that the use of 

aged electrolytes increases the adhesion the nanotube layer to the titanium surface. 

The author attributes this phenomenon to changes in the dissolution rate that allow 

a decrease in the internal stresses in the barrier layer and the titanium surface 

interface. Sopha et al [97] evaluated the electrolyte aging effect on the nanotubes 

morphology and found that the nanotubes growth rate was slower and the diameter 

increases after electrolyte aging; the author reported that such variations in the 

nanotubes, can be attributed to the changes in viscosity, pH and fluoride ion 

concentration, when the electrolyte was aged.  
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Figure 2.Thickness of nanotube TiO2 coatings produced in (a) organic electrolytes, (b) 

aqueous electrolytes. 

 
1.2.3 The anodic coating removal and re-anodization  

With the objective of increasing the uniformity and self-organization several authors 

proposed the removal of the initial coating produced in the first anodization stage 

and then, the same sample is re-anodized under the same conditions. The removal 

of this coating can be carried out by ultrasonic waves [98], [99], adhesive tape [100] 

or using a chemical reagent [101], [102]; as a result a concave nano-texture can be 

formed on the titanium substrate and these act as nucleation sites for new nanotubes 

with a higher organization compared with the nanotubes produced in the first 

anodization stage. 

1.3 Highly self-ordered TiO2 nanotubes 

The formation of highly self-ordered TiO2 nanotubes using the anodization process 

generally is carried out using viscous organic electrolytes [78], [103]–[105]; this kind 

of electrolytes allow an equilibrated process with a lower dissolution rate due to low 

ion mobility, and those parameters had a strong influence in the uniformity and 

organization grade. Albu et al. [22] produced highly ordered TiO2 nanotubes with 
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ethylene glycol and HF with a length of 250 µm; these authors found that the first 

stage of formation of these nanotubes included a highly ordered hexagonal close-

packed structure, similar to the reported for anodized aluminum. Besides the above, 

the authors said that control of the fluoride content and the applied potential is 

necessary to obtain highly ordered TiO2 nanotubes. Li et al. [17] produced highly 

ordered TiO2 nanotubes with ethylene glycol and NH4F using a two-step anodization 

method. They aged the electrolyte by 60 hours with a dummy titanium sheet, after 

that, the titanium sample was anodized for 24 hours, and then after, the nanotube 

coating was removed using an ultrasonic bath. A pattern appeared on the titanium 

sheet, and after anodizing the sample by a second time, highly ordered nanotubes 

were obtained. Wu et al. [82] produced highly ordered TiO2 nanotubes with ethylene 

glycol and NH4F with a length of 24 µm; the authors reported that the nanotubes as-

anodized were made of the anatase phase. Sulka et al. [100] produced highly 

ordered TiO2 NTs, using a three step anodization process: the titanium samples 

were electropolished until mirror condition, and the first step of anodization was 

carried out during three hours in ethylene glycol and NH4F at 60 V and 20 0C. This 

coating was removed by ultrasonic agitation, and the titanium surface showed non-

uniform concaves. The second step of anodization was carried out at the same 

conditions than the first step producing a better organization and pore arrangement 

in contrast with the produced in the first step. This coating was removed once more 

by ultrasonic agitation, and the titanium this time had uniform concaves; after the 

third anodization step, the nanotubes produced had a higher uniformity and 

organization compared with those produced in the first and second anodization 

steps. 
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1.4 The biologic activity of TiO2 nanotubes  

The TiO2 nanotubes have been used in implantology since this material combines a 

geometry with a high surface area [24], [72], [80] together with the titanium dioxide 

biological properties which encourage cell adhesion (see Figure 3) [89], [106]–[108] 

and prevent bacterial adhesion [43], [109], [110]. The nanotube properties can be 

enhanced with heat treatment [43], [111], [112], which change the nanotubes 

amorphous structure of the as-anodized surface for a defined crystalline phase 

(either rutile or anatase,) or a mix between them. Another heat treatment 

consequence is that the nanotubes increase its mechanical stability [107] and this 

fact, influences cell adhesion and antibacterial properties [9], [113]. Table 2 is a 

summary of the experimental work explored this part of the review, which compares 

type of electrolyte, internal diameter, cell or bacteria used, and main conclusion of 

the article. For the antibacterial properties it should be highlighted the intrinsic 

antibacterial properties of TiO2 nanotubes without silver doping or antibiotic load. 

Table 2. Review of biological behavior of TiO2 nanotubes obtained with different 
electrolytes  

Electrolyte  
Fluorid

e 
Source 

Internal 
diameter 

(nm) 

Cells or 
bacteria used  

Main 
conclusions 

Ref 

H2O, Acetic 

Acid 
HF 45 

MG-63 

osteoblast 

The nanotubular coatings 

of TiO2 after thermal 

treatment have a more 

hydrophilic character and 

better stability in biological 

fluids, resulting in a better 

biocompatibility. 

[114] 
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H2O HF 70 

MC3T3-E1 

osteoblast 

cells  

Treatment after anodizing 

with a NaOH solution 

makes it more bioactive, 

the growth of 

hydroxyapatite accelerated 

by a factor of 7 and 

adhered cells increased by 

400% with respect to not 

anodized Ti. 

[112] 

H2O HF 70 MC3T3-E1 

Adhesion and proliferation 

of osteoblasts were 

improved by the 

nanotubular morphology, 

the number of cells 

adhered increased in the 

nanotubular surfaces in 

~300-400% with respect to 

the surface without 

anodizing. 

[115] 

H2O, H3PO4 HF 100 MC3T3-E1 

TiO2 nanotubular coatings 

have excellent 

hydrophilicity, excellent 

cell response in in vitro 

assays, and also 

osseointegration in in vivo 

assays. 

[116] 

H2O, H2SO4, 

citric acid  
NaF 70 

Osteoblastic 

precursor cell 

line 

(OPC1) 

Nanotubes show a better 

adhesion and a spacing of 

osteoblasts and therefore 

exhibit better proliferation 

and differentiation than 

cells planted on Ti without 

anodizing. 

[36] 
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Glycerol, H2O NH4F 50,85 -------- 

Thermal treatment is 

necessary to provide 

nanotubes with bioactivity 

and chemical stability for 

longer periods. 

[117] 

Ethylenglycol NH4F 

Nanopore: ~ 

100 

Nanotube: ~ 

70 

SaOS2  

Titanium with a highly 

ordered nanoporous layer 

at the surface, shows lower 

biocompatibility and the 

filopodia of the cells 

attached to it are shorter, 

compared with other 

structures. 

[39] 

H2O, Acetic 

Acid 
HF 30,50,70,100 

MC3T3-E1 

mouse 

osteoblast  

Effect of different methods 

of autoclave sterilization on 

cell adhesion on TiO2 

nanotube coatings with 

internal diameter of 70 and 

100 nm and it was 

compared with 30 and 50 

nm nanotube coatings. 

Nanotube size effect on 

bioactivity was observed 

only for low cell seeding 

density. 

[37] 

H2O, H3PO4 HF 30 

In vivo test, 

animal chose: 

adult pig    

TiO2 nanotubes improve 

the function of osteoblasts 

at an early stage of bone 

development; besides, the 

nanotubes structure did 

not suffer damage as a 

consequence of 

implantation process. 

[38] 
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H2O HF ~ 80 

In vivo test, 

animal chose: 

one year old 

rabbits  

TiO2 nanotubes show a 

considerable increase in 

tensile strength at the 

junction between the living 

bone and the implant 

compared to samples 

without anodizing. 

[118] 

Ethylenglycol

, H2O 
NH4F 

150,260,360,

470,570 
MC3T3-E1 

All nanotubular surfaces 

promote a high 

proliferation rate and high 

levels of ALP (alkaline 

phosphatase) compared to 

titanium without anodizing, 

the highest ALP level was 

achieved with internal 

diameters of 150 nm and 

the highest proliferation 

was achieved for 

diameters of 470 nm. 

[83] 

H2O, H3PO4 HF 
15,20,30,50,

70,100 

GFP-labeled 

MSCs 

An internal diameter of 15 

nm is optimal for cell 

adhesion, proliferation, 

and differentiation, 

whereas very large sizes 

such as 100 nm do not 

allow good cell adhesion 

and therefore proliferation 

and differentiation are 

affected. 

[89] 

[90] 

Glycerol, H2O NH4F 
40,60,80,100

,110,120 

Human 

osteosarcoma 

U2OS cells 

Nanotubes with a diameter 

greater than 100 nm (i.e. 

110 and 120 nm) increase 

proliferation, while the 

differentiation is increased 

[107] 
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in coatings with diameters 

around 80 nm. 

H2O, Acetic 

Acid 
 HF 30,50,70,100 

MC3T3-E1 

mouse 

osteoblast  

Coatings with a large 

internal diameter (> 100 

nm), have great potential 

as a material for implants 

because they induce 

elongation of osteoblasts, 

have great capacity for 

bone formation, and 

increase levels of ALP with 

respect to lower diameter 

(<70nm). 

[119] 

H2O, 

(NH4)2SO4 
NH4F 30,50,70,90 

MG-63 cells 

(ATCC-1427) 

Nanotubes with a diameter 

of 30 nm promote 

adhesion, proliferation and 

differentiation in contrast 

with the larger diameters. 

[120] 

H2O, 

NaH2PO4 
HF 15, 100 ------ 

Small nanotube (15 nm) 

diameters have a higher 

number of fibronectin 

binding sites therefore 

greater cell adhesion than 

large (100 nm) diameters, 

in which fibronectin 

interacts only at the edges 

of the nanotubes. 

[121] 

Glycerol NH4HF2 30,70,100 

In vivo test, 10 

months old 

minipigs    

70 nm is the optimum size 

for implants of TiO2 

nanotubes because it 

favors Osseo conductivity 

and osseointegration. 

[122] 
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H2O, H3PO4 HF 
15,30,50,70,

100 

In vivo test, 

domestic pigs    

The BIC (bone implant 

contact) is higher for 

nanotubes with an internal 

diameter greater than 50 

nm as the BMP-2 (bone 

morphogenetic protein-2) 

analysis indicates. In 

addition, nanotubes with 

larger diameters would 

have more capacity to 

introduce medicinal 

products in their interior 

with respect to nanotubes 

with inferior diameters. 

[123] 

Glycol NH4F 
30, 50, 60, 

80, 100 
P. Gingivalis 

TiO2 nanotube coatings 

with an internal diameter in 

the range of 60-80 nm 

inhibit the growth of this 

type of bacteria. 

[113] 

Glycerol, 

H2O 
NH4F 75 

S. Aureus   P. 

Aeruginosa 

Nanotubes treated 

thermally at high 

temperatures (> 550 ° C) 

have a higher corrosion 

resistance compared to 

coatings treated at lower 

temperatures. Besides, 

nanotubes treated at high 

temperatures increase the 

inhibitory activity of 

bacteria S. Aureus and P. 

Aeruginosa. 

[43] 
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H2O HF 20, 80 
S. Aureus 

S. Epidermidis 

20nm diameter thermally 

treated nanotubes reduce 

the growth of bacteria 

compared to titanium 

without anodizing and TiO2 

coatings with 80nm 

diameter with and without 

heat treatment and 20nm 

diameter with no heat 

treatment. 

[9] 

H2O HF   
20, 40, 60, 

80  

S. Aureus 

S. Epidermidis 

 

80 nm nanotubes thermally 

treated had the higher 

antibacterial effect, 

besides, the crystallinity, 

nanotube size, surface 

chemistry and 

hydrophilicity had a direct 

effect on the adhesion of 

the analyzed bacteria. 

[109] 

 
From the data presented in Table 2, it is observed that although in all cases it is 

reported that nanotubular structures on Ti are beneficial for biological applications of 

this material, there are still uncertainties on the optimal characteristics of these 

structures for such applications. One aspect that remains under discussion is the 

effect of the internal diameter, there is not agreement if this value should be in the 

order of 100 nm [107], [119] or well below this value, i.e.15-30 nm [120] [121]. 

Regarding, the effect of self-ordering level of the nanotubes structure, there is just 

little information, but it appears that highly ordered structures are not beneficial for 

biological applications [39]; further investigation is required on this aspect, in which 
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structures with various levels of self-ordering will be compared so clear differences 

on biological tests allow to fully clarify this topic. Finally, published reports indicate 

that the formation of nanotubular structures on Ti are an efficient antibacterial 

method, which is improved when the surface is thermally processed after anodizing 

[9], [43], [109], [113]. Following some of these issues are further discussed. 

1.4.1 Effect of diameter in the biological performance of TiO2 nanotubes  

The relationship between the biological response and nanotube size is under 

discussion. In the in vitro tests, researchers are divided principally in two groups; the 

first group affirm that nanotubes with an internal diameter between 15 and 30 nm 

improves the biological response of a TiO2 surface whilst the second group indicates 

that diameters higher than 100 nm increase this biological response. Park et al 

[90][89] found that sizes between 15 and 30 nm induced osteoblast cell proliferation 

and adhesion mainly through the integrin clustering and focal contact. Besides, 

nanotubes with diameters greater than 70 nm do not promote focal contact and thus 

apoptosis appears accompanied with a big decrease of cellular activity. Gongadze 

et  al [121] found that osteoblast cells have a big attraction for the sharp convex  

edges of  nanotubes, small nanotubes have a large amount of sharp convex edges 

per unit area compared with large nanotubes, and this condition promotes the 

absorption of fibronectin and vitronectin; those proteins facilitate the interaction 

between the osteoblast cells and the surface (See Fig.3). Similar results has been 

reported by other authors [120], [124], [125]. On the other hand, K. Brammer et al 

[119] found that nanotubes with diameters larger than 100 nm have a great potential 

as osseous implant because they induce elongation of osteoblasts and increase the 
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levels of ALP (alkaline phosphatase) with respect to smaller diameters (< 70nm ). 

Zhang et al [83] produced nanotubes with internal diameters between 150 and 570 

nm, the authors found that all anodized surfaces have a high proliferation rate and 

high ALP levels compared with un-anodized titanium; besides, nanotubes with 

internal diameters of 150 nm had the highest level of ALP, whereas diameters of 470 

nm had the highest proliferation rate. Other authors [107], [108], [122] reported 

similar results. Wilmowsky et al [123] did in vivo tests for nanotubes with diameters 

between 15 and 100 nm and found that the osteocalcin expression was higher in 

nanotubes with 70 nm in diameter, the BMP-2 (bone morphogenetic protein-2) and 

BIC (bone implant contact) analyses show better results in diameters above 50 nm. 

Wang et al [126] experimented with nanotubes with a sizes between 15 and 100 nm, 

these authors suggest that 70 nm is the optimum size as these nanotubes promote 

osseous-integration and osseous-conductivity.  

 
Figure 3. Osteoblast cell adhered to TiO2 nanotube coating. 
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1.4.2 Effect of heat treatment on the biological activity of TiO2 nanotubes 

Nanotubes produced through the anodized process have an amorphous structure  

[111], [127], [128].The amorphous structure can be converted in a defined crystalline 

structure with a heat treatment [129]–[131]. The polymorphs obtained after the heat 

treatment are dependent on the temperature employed, for temperatures equal or 

higher than 600°C rutile and anatase phases are present in the coating, but with the 

rutile phase in higher proportion. On the other hand, for temperatures lower than 

600°C the anatase phase is predominant [129], [131]. After the heat treatment the 

concentration of fluoride ion decrease in TiO2 nanotubes surface, and the wettability 

increases for the presence of rutile and anatase phases which have a higher surface 

energy in contrast to the amorphous phase, these phenomena contribute to cell 

adhesion and proliferation [71], [75], [95], [96], [97]. Bai et al [134] produced 

nanotubes with ethylene glycol and NH4F; the nanotubes produced were heat 

treated at 450, 600 and 750°C and the anatase phase was found at 450°C whilst at 

600°C the rutile phase was observed with a partial nanotubes disintegration and at 

750°C, the nanotubes completely collapsed. The authors found that nanotubes heat 

treated at 600°C had the highest cellular activity. Yu et al [132] produced nanotubes 

in a aqueous solution with HF, the nanotubes were heat treated at 450, 550 and 

650°C, at 450°C the anatase phase was found, at 550°C both anatase and rutile 

phases were present and the nanotubes collapsed at 650°C. These authors found 

that nanotubes with anatase and rutile had a higher proliferation and mineralization 

in contrast with amorphous nanotubes and non-anodized surfaces. 
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1.4.3 Antibacterial properties of TiO2 nanotubes  

Titanium is widely used in implantology, but close to 30 % of titanium implants are 

contaminated with bacteria and this contamination implies surgical removal of the 

implant and antibiotics treatment for eradicating the bacteria [135]. TiO2 nanotubes 

on a titanium surface has been used for decreasing bacteria adhesion and 

proliferation, due to the characteristics of these coatings in contrast with the non-

anodized titanium [9], [113], [136]. Narendrakumar et al [137] evaluated the 

adherence of S. sanguinis and S. mutans on three different size nanotubes (100, 50 

and 15 nm). They concluded that the lower size nanotubes had the lowest adhesion 

of those bacteria strains. On the other hand, Ercan et al [109] evaluated the 

adherence of S. epidermis and S. aureus and the effect of heat treatment at 500°C, 

combined with various diameters of nanotubes (20, 40, 60 and 80 nm). The authors 

found that the 80 nm nanotubes with heat treatment had the better antibacterial 

effect of all analyzed surfaces and concluded that the antibacterial action can be 

controlled modifying these parameters in the nanotubes (heat treatment and 

diameter). Mazare et al [43] produced nanotubes with glycerol and NH4F and then 

applied heat treatment at 350, 450, 550, 650 and 750°C. These authors found that 

the samples heat treated at higher temperatures had the lower adherence of S. 

aureus and P. aeruginosa; they correlate this behavior with the presence of a 

crystalline phase on the coatings, especially the rutile phase. 

1.5 Contact angle and surface free energy 

The titanium surface treatments have as an aim the enhancement of their superficial 

properties to modify the interaction with foreign agents, in this case, cells and 
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bacteria. One way to measure the surface interaction with external agents is through 

contact angle (CA) measurements, the probe liquid in those tests is generally water. 

Koch et al. [138] report four classifications based on the contact angle value. A 

superhydrophilic surface have a CA value less than 10° degrees, a surface with a 

CA value higher than 10° and lower than 90° is called hydrophilic, a hydrophobic 

surface has a CA value more than 90° and less than 150°, and, finally, if the surface 

has a CA higher than 150° is called super hydrophobic. The CA is closely related to 

the surface free energy (SFE), namely, a CA value higher is associated with a lower 

SFE and vice versa [139], [140]. Some authors reported changes in the TiO2 

nanotubes contact angle after heat treatments [42], [43], [107], [110], [111], [141], 

UV irradiations [9], [128], [141] and, as an effect of internal diameter [42], [109], 

[120]. Generally, those treatments decrease the CA; thus, increasing the SFE. It is 

worth to highlight that the nanotube coating as-anodized produces a decreasing in 

the CA compared with the titanium without anodizing [39], [142], [143]. The CA and 

SFE influence the biological behavior of TiO2 nanotubes, as a consequence of the 

individual morphologic characteristics [43], [51], [109], [135]. Peng et al. [51] 

produced nanotubes with an internal diameter of 30 and 80 nm. The authors report 

that the 80 nm nanotubes have a lower CA in contrast to the 30 nm nanotubes; thus, 

this characteristic allows cells adhesion and prevent bacteria colonization. 

1.6 Novel applications of TiO2 nanotubes as biomaterial 

Nanotubes generally are used in the biomedical field for bone generation  

(osteoblast) [35], [39], [107], [144], fibroblast [145], [146] and Mesenchymal stem 

cell [125], [147]; but others authors found other applications in this field. Sorkin et al 
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[148] used nanotubes on titanium as neural prostheses, the authors compared 

nanotubes obtained in an aqueous solution with nanotubes obtained in an organic 

solution; both types of nanotubes were produced using HF and heat treated at a 

530°C. The authors found that the nanotubes increased the wettability of titanium 

samples in contrast to un-anodized samples. Besides, the biological behavior of 

Murine neural stem cells in the anodized surfaces was better compared with the un-

anodized surfaces. On the other hand, the nanotubes produced in organic systems 

had a biological behavior slightly better compared with the nanotubes produced in 

an aqueous system. These authors concluded that for this application, nanotubes 

produced in an organic system are better because they have better conductance, 

which improves neural stimulation by electric pulses. Shen et al [149] produced 

nanotubes with 30 nm diameter in phosphoric acid and HF and heat treated at 500°C 

for 3 hours. The authors evaluated the nanotubes with and without ECM 

(extracellular matrix) and they found that the combination of nanotubes with anatase 

and rutile phases and ECM, improved adhesion and proliferation of HUASMC 

(human umbilical artery smooth muscle cell).  

1.7 Conclusions 

In this work we reviewed anodizing as a technique to produce nanotubes on the 

titanium surface, the formation mechanisms reported in the literature, the effect of 

the anodizing parameters on the nanotubes characteristics (length, internal diameter 

and uniformity) and how these process parameters can be carefully controlled to 

produce highly ordered TiO2 nanotubes. Regarding mechanism of nanotubes 

formation, it is still under discussion and some models such as “plastic flow”, and 
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“oxygen bubble mold” has been proposed, but the most reported mechanism is the 

field assisted oxidation and dissolution. In the literature, four generations have been 

recognized for TiO2 nanotubes formation by the anodizing technique. Each 

generation have a different sort of electrolyte, thus, the nanotubes produced in each 

generation have different characteristics. Anodizing parameters such as: anodizing 

time, pH, electrolyte reuse, anodic coating removal and re-anodization, and applied 

potential can be modified to control the nanotube characteristics; besides, under 

certain conditions, highly self-ordered TiO2 nanotubes can be produced. Regarding 

biological applications, it is still disagreement on the effect of internal diameter on 

cells behavior. According to in vitro tests results, researchers are divided principally 

in two groups, the first group affirm that nanotubes with an internal diameter between 

15 and 30 nm improve the biological response and on the other hand, the second 

group indicates that the diameters higher than 100 nm increase the biological 

response. One possible explanation of the contradiction in opinions, could be related 

with the different protocols used and the different origin of the cells tested (human, 

mouse). In-vivo tests results indicate that coatings with a diameter higher than 50 

nm have the better behavior, but more studies are needed to clarify this point. Finally, 

it is clear the intrinsic antibacterial properties of TiO2 nanotubes and it is also 

accepted that antibacterial properties can be enhanced by heat treatment, but the 

effect of the internal diameter remains unclear. 
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2.Chapter 2                                                                     
Effect of the anodization parameters on TiO2 
nanotubes characteristics produced in aqueous 
electrolytes with CMC 
 
Several parts of the text and figures have been taken from: 

Effects of fluoride source on the characteristics of titanium dioxide nanotubes. 
Robinson Aguirre Ocampo, Félix Echeverría Echeverría. 
Applied Surface Science 445 (2018) 308–319. 
https://doi.org/10.1016/j.apsusc.2018.03.139 
 

Abstract 

Nanotube structures were produced on the titanium surface by anodization using an 

aqueous electrolyte composed of carboxymethylcellulose (CMC) and NaF. The aim 

of using this kind of the electrolyte is to study the effect of the addition of CMC in the 

nanotube morphology and organization. To the best of our knowledge, for the first 

time a comprehensive study about the effect of the anodization parameters on the 

nanotubes characteristics, using aqueous electrolytes with CMC was reported. The 

regularity ratio (RR) based on the FFT images was used to measure the nanotube 

organization. The addition of CMC at the aqueous electrolyte does not affect the 

packability and increase the nanotube organization in contrast to the nanotubes 

produced in an aqueous electrolyte without CMC. The nanotubes length was 

https://doi.org/10.1016/j.apsusc.2018.03.139
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affected by the CMC concentration on the electrolyte, furthermore, the highest 

nanotube length measured in this work was about 5.85 µm. The internal diameter 

measured at potentials of 20, 15 and 10 V was about 100, 63 and 48 nm respectively, 

however, at lower potentials diameters lower than 30 nm were obtained, and the 

lowest value measured was about 9.5 nm. 

2.1 Results and discussion  

2.1.1 The current density vs time curves 

Figure 4 (a) shows a typical curve for the anodization to produce TiO2 nanotubes, 

the process starts with a suddenly current rise, after that, the current decrease 

quickly due to the barrier layer formation [25], [150], [151]. Afterwards, it occurs a 

change in the slope of the curve (SI), that indicates the commencement of pore 

nucleation [152], [153]. The barrier layer continues growing until the current reach a 

minimum value (Jmin), at this point, the oxygen ions movement through the barrier 

layer is restricted due to the oxide thickness reached and consequently the 

oxidation/dissolution equilibrium is displaced towards the dissolution side, thus, the 

pore formation increases (SII); this process continues until the maximum density of 

pores is achieved (Jmax). Next, the nanopores begin to reorganize and to compete 

between them to convert into nanotubes. The change in the slope of the curve 

indicates the beginning of a new stage (SIII) in the nanotube formation process, in 

which the nanotubes start to grow as the process advances. Apolinaro et al. [152] 

defined the nucleation time as: tn = tIII – tI ,  where tIII and tI were the times to achieve 

SIII and SI, respectively. According to Apolinaro et al., the nucleation time is directly 

related to the degree of ordering and uniformity of the nanotubes, thus, the higher 
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nucleation time the better nanotubes ordering. Figure 4 (b) and (c) shows the current 

density vs time curves for aqueous electrolytes with and without CMC, respectively, 

keeping the other parameters unaltered (20 V, 0.5 wt.% CMC,0.5 wt.% NaF and 5 

hours). Both curves had the typical form described in Figure 4 (a), showing the 

nanotubes formation stages described before. On the other hand, some differences 

can be observed, especially in the time required at each stage. Table 3 shows the 

times for all stages, the time required for each stage is higher for the nanotubes 

produced using CMC in contrast to the electrolyte without CMC. Besides the above, 

the nucleation time for the CMC electrolyte is around 8 times higher compared to the 

electrolyte without CMC. 

Comparing the nanotubes produced with CMC (Figure 4 (e) and (f) and without CMC 

(Figure 4 (g) and (h)) it is clear that both the organization and circularity increased 

in the nanotubes produced with the electrolyte that contains CMC in contrast to the 

aqueous electrolyte without CMC. The main reason for the changes in the nucleation 

time is the increase in viscosity due to the CMC addition. In viscous electrolytes the 

ion movement is restricted, thus, nanotubes with a higher organization can be 

achieved [17], [22], [84]. Generally, the electrolytes used to obtain highly ordered 

nanotubes are viscous organic solvents (for example ethylene glycol, glycerol, and 

dimethyl sulfoxide). However, several  authors reported some issues related to the 

packing and coating uniformity (for example cracks, no regular spaces between 

nanotubes, and coral-like structures) [79], [154]–[160].On the other hand, in aqueous 

electrolytes due to their lower viscosity (higher ion movement), the organization is 
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low (polygonal shape instead of circular shape and non-uniformity nanotubes size), 

but generally they had a higher packability [42], [70], [94], [114], [161]. 

Table 3. Times for different stages of the anodization 

Electrolyte tI (s) tII (s) tIII (s) tn (s) 
Aqueous 
Without CMC 

5.60 20.37 122.77 117.17 

Aqueous 
With CMC 

9.58 101.98 933.22 923.64 

 
Figure 4. Current-time responses during the anodization of titanium (a) typical form 
(b) in an aqueous electrolyte without CMC (c) in an aqueous electrolyte with CMC 

(d) in an aqueous electrolyte with CMC for several voltages. SEM images of 
coatings obtained in (e)-(f) an electrolyte with CMC (g)-(h) an aqueous electrolyte 

without CMC. 
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Figure 5. Illustration of different kind of nanotubes organization ((a), (c) and (e)) and 
their respective FFT images ((b), (d) and (f)); different kind of FFT images ((g) and 

(h)). 



30 
 

Using SEM images, it is possible to make a qualitative organization analysis. 

However, it is necessary to measure the nanotube ordering in a quantitative way, for 

that reason, the averaged regularity ratio (RR) [162]–[167] method based in the FFT 

measurements was used, whose equation is:  

𝑅𝑅𝑅𝑅 = 𝐼𝐼
𝑊𝑊1 2⁄

√𝑛𝑛
𝑆𝑆3 2⁄   (8) 

Where 𝐼𝐼 is the intensity of the radial average, 𝑊𝑊1 2⁄  the width of the radial average at 

the half of its height, n is the number of nanotubes analyzed and S is the area. 

According with Stępniowski [164] the interpore distance is the physical interpretation 

of the radial average and the peak width is related to the data dispersion. Besides 

the numerical analysis described before, the FFT shape can be also analyzed. Thus, 

for practical purposes, a nanotube structure with a desirable organization had an 

FFT image with a circular shape (Figure 5 (a) and (b)). However, in nanotube 

structures with a lower organization, the FFT shape has other geometrical forms, for 

instance, in Figure 5 (c) and (d) an ellipse is obtained, although, other polygonal 

shapes could be generated. Figure 5 (e) and (f) shows a disorganized nanotube 

structure and their respective FFT image; in this case the FFT image does not have 

a defined shape, instead, a completely blurred image is produced. Figure 5 (g) and 

(h) show two FFT images from nanotube structures showed in Figure 4 (e) and (f) 

and Figure 4 (g) and (h), respectively. In the first case, in Figure 5 (g), a circular 

shape is clearly observed, as a consequence of the organized nanotube structure 

seen in the Figure 4 (e) and (f). In the second case, Figure 5 (h) shows a blurred 

FFT image with an ellipse shape, due to the disorganized nanotube structure (no 
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circular with a higher variability in the internal diameter) observed in the Figure 4 (g) 

and (h). 

2.1.2 Electrolyte Temperature Effect 

The electrolyte temperature effect has been analyzed by several authors [20], [168]–

[171] with the aim to improve the nanotubes characteristics. Kapusta-Kołodziej et al 

[168] produced nanotubes using an electrolyte composed by glycerol and NH4F and 

water varying the temperature between 10 and 40 °C. The authors reported that the 

temperature had a high influence on characteristics such as oxide thickness, pore 

diameter and porosity. In our case, the main purpose was to improve the 

organization. Thus, we selected electrolyte temperatures below and above the room 

temperature (≈ 25 °C). Figure 6 shows the SEM images of the anodic coatings 

produced at 5, 25 and 60 °C keeping the other parameters unaltered (20 V, 0.5 wt.% 

CMC, pH 4, and 0.5 wt.% NaF). For 5 °C nanotubular structures were formed, but 

with particles that cover the nanotubes, those particles are made of TiO2 and titanium 

hydroxide (corroborated by EDX). Similarly, in order to clean the anodized surface, 

the anodization time was increased up to 16 hours using the same temperature; 

nevertheless, the particles still covering the nanotubes. However, at 60 °C only few 

nanotubes were produced, and they were disorganized and immersed in an oxide 

layer. On the other hand, at room temperature, the nanotubes had a surface free of 

particles or residues and a higher organization in contrast to the other temperatures. 

As the electrolyte temperature is changed also its viscosity varies, consequently 

affecting the nanotube morphology [168], [170]–[174]. At high temperatures (60 °C) 

the electrolyte viscosity decreases [175] producing a non-homogeneous dissolution  
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during anodization; thus, producing non-uniform anodic coatings with both 

nanotubes and compact oxide layers. At low temperatures (5 °C), the electrolyte 

viscosity rises [175], producing well defined nanotubular structures, but with oxide 

particles on the nanotubes tip due to an insufficient rate of dissolution. Hence, the 

optimal equilibrium between oxide dissolution and formation was achieved at room 

temperature. Ying-Chin Lim et al [172] produced nanotubes in aqueous solutions 

with NH4F and H2SO4. They found covered nanotubes at 10 °C and partially formed 

nanotubes at 40 °C. The findings of Ying-Chin Lim et al. are in agreement with our 

results.  

2.1.3 Aging Electrolyte Effect 

The aging electrolyte process consists in anodize dummy samples before to anodize 

the sample of interest, this process has been used by several authors [17], [26], 

[155], [176]–[178] seeking to improve the organization of TiO2 nanotubes. Although, 

the mechanism is not completely understood, some authors have proposed an 

 
Figure 6. SEM images showing the temperature electrolyte effect on nanotubes 

morphology. 
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explanation. Regonini et al. [26] and Roy et al [13] indicate that the main reason why 

the aging process improves the organization of TiO2 nanotubes is related to the 

increase in concentration of the 𝑇𝑇𝑇𝑇𝐹𝐹62− ion, thus reducing the TiO2 dissolution and 

increasing the rate of TiO2  formation due to the conductivity arise. Figure 7 show 

the aging electrolyte effect (50 hours) on the anodic surfaces for two pH values (1.5 

and 4) keeping the other parameters unaltered (20 V, 1.5 wt.% CMC 0.5 wt.% NaF, 

and 20 hours). As observed in Figure 7, for a pH value of 4, without aging the 

nanotube structures obtained present individual walls, however, after the aging 

process, the nanotubes were similar to coral-like structures and from the cross-

section view is not possible to easily identify individual nanotubes. One possible 

explanation for this phenomenon is related to the H+ ion concentration. Due to the 

aging process, the H+ ions in the electrolyte are gradually consumed. These ions, 

according to equation 9, are needed to the occurrence of the titanium dioxide 

dissolution, which is in turn required to nanotubes formation. Thus, the lack of H+ 

ions produces a not homogeneous dissolution which affects the nanotube 

morphology. 

𝑻𝑻𝑻𝑻𝑶𝑶𝟐𝟐 + 𝟔𝟔𝑭𝑭− + 𝟒𝟒𝑯𝑯+ → 𝑻𝑻𝑻𝑻𝑭𝑭𝟔𝟔𝟐𝟐−  + 𝟐𝟐 𝑯𝑯𝟐𝟐𝑶𝑶   (9) 

On the other hand, for a pH value of 1.5 with and without aging, nanotubes with 

individual walls were observed, with not important changes of the nanotubular 

coatings. This could be explained as in this case the electrolyte has an excess of H+ 

ions, thus, the concentration remains high enough to support the nanotube 

formation, even after 50 hours of aging. From our results, we can conclude that the 

aging process have not a positive effect on the nanotubes organization in these 
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electrolytes. Generally, a positive effect of an aging process has been reported only 

in organic electrolytes [17], [155], [177], [179]; however, the result found in our work  

is very interesting as the electrolyte at a pH value of 1.5 could be easily implemented 

in an industrial process of nanotube coatings production, because it is capable of 

growth similar coatings both in fresh and aged electrolytes (before and after of 50 

hours of aging). 

2.1.4 The anodization time effect  

Figure 8 shows the SEM images of nanotube coatings obtained using different 

anodization times but without changing the rest of experimental variables (20 V, 0.5 

wt.% CMC, pH 4, 25 °C, and 0.5 wt.% NaF). The aim of this experimental sets was 

to know the lowest anodization time that allows getting uniform and clean nanotube 

coatings (without residues from the anodization). For an anodization time of 3 hours, 

organized nanotubes were present in all analyzed surfaces, showing individual 

walls, which are characteristic of this kind of structure; however, some particles cover 

 
Figure 7. SEM images showing the electrolyte aging effect on the nanotubes 

organization. 
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the nanotube tip. Tang et al. [180]] reported the same phenomenon in nanotubes 

produced in an electrolyte composed of glycerol, NH4F and a low amount of water. 

The authors showed that those particles were formed by the partial dissolution of a 

thin and compact titanium dioxide layer formed in the early stage of the nanotubes 

formation process. Those particles remain on the surface due to the lower etching 

rate in viscous electrolytes, also the authors propose two ways to clean the anodic 

surfaces. The first one is related to increase the anodization time to allow the 

chemical dissolution of those particles and the second one is associated to a 

posterior chemical etching process assisted by ultrasound in a diluted aqueous 

solution of HF. 

In our case, the CMC increased the electrolyte viscosity and hence decreased the 

etching rate; thus, oxide aggregates appear in nanotubes produced at 3 hours due 

to the short anodization time. According to our results, an anodization time of 5 hours 

produced the better result (based on the RR). When analyzing the effect of a longer 

anodization time (20 hours) on the nanotube characteristics, it was observed the 

occurrence of significant changes in the morphology, decreasing the nanotube 

structure ordering in contrast with the results from the nanotube coating got at 5 

hours (see Figure 8). Regonini et al. [181] reported similar results using an 

electrolyte composed of glycerol, NaF, and water at 20 V for 20 hours. According to 

the literature, a certain time it is necessary to allow the nanotubes to organize 

themselves and increase their uniformity and organization degree [25], [26], 

[161].However, an extreme long anodization time promotes the corrosion at the tip, 

affecting the nanotube morphology [6], [24], [26]. The anodizing time effect on the  



36 
 

nanotube length has been reported by several authors [91], [154], [161], [182], [183] 

and confirmed here in Figure 8.  

 
Figure 8. SEM images showing the anodization time effect on nanotubes 

organization and length. 
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2.1.5 Fluoride Concentration Effect 

Generally, the electrolyte used to produce TiO2 nanotubes through the anodization 

contains between 0.20 and 1 wt. % of fluoride sources (HF, or fluoride salts) [13], 

[26], [183]. Concentrations below of 0.20 wt. % propitiate barrier layer formation 

instead of TiO2 nanostructures. On the other hand, using concentrations upper than 

1 wt. % is not viable to produce TiO2 nanotubes due to the higher dissolution rate 

that affects the barrier layer formation [12], [26]. However, a certain amount of 

fluoride is necessary to produce nanotubes, although, it is worth to highlight that the 

fluoride excess affects the nanotube morphology and adhesion to the substrate 

[184]–[186]. Thus, it is necessary to identify the lower concentration that allows the 

nanotube formation without affecting their properties. Figure 9 shows the 

nanostructures produced using two concentrations of NaF (0.25 and 0.50 wt.%) 

keeping the other anodization parameters unaltered (20 V, 0.5 wt.% CMC ,5 hours, 

pH 4 and room temperature). From that figure, it is clear formation of nanotubes in 

both cases, but with some differences; for 0.25 wt.% a dense layer covers the 

nanotubes, this layer is clearly observed in the SEM images at 5,000X and 10,000X. 

From eq.1, 6 moles of F- are necessary to dissolve the TiO2, thus, if exist a lack of 

fluoride ions, the chemical dissolution rate is not enough to dissolve this top layer 

that covers the nanotubes. Previous works have reported this kind of layer [13], 

[187]–[189] on the nanotube surface. Roy et al. [13] defined this coating as an 

initiation layer remnants that cover the nanotubes top whereas the nanotubes 

continues growing beneath; under auspicious conditions of dissolution, this layer is 

removed in the final stages of nanotube formation process [187]. In contrast, the 
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nanotubes produced using 0.50 wt.% does not have this dense layer; thus, this 

concentration leads to form clean nanostructures, namely, without oxide layers or 

particles covering the nanotubes. Furthermore, the nanotubes produced using 0.50 

wt.% had a higher organization in contrast to the produced using 0.25 wt.%. From 

the literature, the most popular concentrations of fluoride source are 0.50 wt.% [70], 

[109], [190]–[192] and  0.25 wt.% [17], [18], [23], [78], [84], [193], [194], however, in 

some cases higher values have been used too [94], [160], [184]. 

 

2.1.6 pH and electrolyte composition effect 

Figure 10, Figure 11 and Figure  12 shows the effect of the electrolyte pH and CMC 

concentration on nanotubes organization for 20, 15 and 10 V, respectively. In these 

experiments, the values for anodizing time, fluoride concentration and temperature 

were the better values reported above (5 hours, 0.5 wt.% and room temperature 

respectively). In Figure 10 the results obtained for the nanotubular coatings formed 

at 20 V of anodizing voltage are presented. From Figure 10 at pH 5 and 0.5 wt.% of 

CMC, only few nanotubes are visible surrounded by an oxide layer; thus, the RR is 

equal to zero. A possible reason is related to the lack of H+ ions that affects the oxide 

 

Figure 9. SEM images showing the fluoride concentration effect on nanotubes 
morphology. 
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dissolution rate (equation 9). Sreekantan et al. [91] produced nanotubes using an 

aqueous electrolyte composed by Na2SO4 and NH4F at 20V. They explained the 

reduced rate of nanotube growth at higher pH values based on  

the deficiency of H+ ions and therefore they recommended to increase the anodizing 

time to produce well defined and ordered nanotubes at those pH values.  

From Figure 10, at pH 4 and 0.5 wt.% of CMC a highly organized nanotube structure 

can be observed with an RR of about 0.97; this value is the highest of all RR values 

 

Figure 10.Effect of the electrolyte pH and CMC concentration on nanotubes 
organization using a potential of 20 V. 
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obtained in this research work. On the other hand, using the same CMC 

concentration but with a pH value of 1.5, the organization decreased, resulting in a 

RR of about 0.21. Furthermore, the FFT shape is oval instead of circular. A possible 

reason for this result is related to the excess of H+ ion, that increases the dissolution 

rate producing disorganized nanotube structures [70], [75]. The remaining conditions 

showed the formation of nanotubes structures, but with a lower organization 

compared to the condition at pH 4 and 0.5 wt.% of CMC. It is important to mention 

that all tested conditions at 20 V had a high packability (see SEM images at 

10,000X). In addition, the use of CMC does not affect this coating feature, prevailing 

the characteristic good packability of the coatings produced in aqueous electrolytes. 

Similarly, excluding the nanotube structure produced at pH 1.5 and 0.5 wt.% of CMC, 

the FFT images with an RR different to zero, has a high circularity (>0.90).  

When using 15 V as anodizing potential (Figure 11), at high pH values (4 and 5) and 

using 0.5 wt.% of CMC, although nanotube structures were produced, most of them 

are fully covered and disorganized. In contrast, at pH of 1.5 and 0.5 wt.% of CMC an 

organized nanotube structure was observed with an RR of about 0.56; this value is 

the highest for anodization at 15 V. The condition at pH 1.5 and 1 wt.% of CMC, had 

an RR close to the highest value at this potential. Thus, to produce organized 

nanotubes at 15 V, low pH values and high CMC concentrations are required, in 

contrast to the results obtained at 20 V. Likewise, the coatings produced at 15 V has 

a high packability (see SEM images at 10,000X), furthermore, the FFT images show 

a high circularity (excluding those with RR=0). 
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Finally, the coatings obtained at 10 V of anodization potential are shown in Figure 

12. These results reveal how when using 0.5 wt.% of CMC the nanotubes produced  

were disorganized or not formed at all, disregarding the pH value employed. Similarly 

occurs for anodization at pH 3 and 1.5 wt.% of CMC. However, at pH 1.5 and 1.5 

wt.% of CMC the highest value of RR was obtained, although at pH 1.5 and 1 wt.% 

of CMC a high value was also obtained. Thus, from our results, to form organized 

nanotube at 10 V, low pH values and high CMC concentrations are needed, similar 

 

Figure 11. Effect of the electrolyte pH and CMC concentration on nanotubes organization 
using a potential of 15 V. 
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to what was observed for the nanotubes obtained at 15 V. As in the samples treated 

at higher potentials, for 10 V, the SEM images at low magnification show a high 

packability of these coatings; additionally, the FFT images show a high circularity 

(excluding those with RR=0).  

The RR calculations to measure the organization of nanostructures has been widely 

used in alumina arrays [162], [164]–[166], [195]–[199]. Nevertheless, from the best 

of our knowledge, in TiO2 nanotubes only exist few reports which calculate the RR 

[200]–[202] and other works only report the FFT images as an indirect measure of 

organization [203].  

Table 4 shows the measurements of internal diameter, circularity and interpore 

distance for the nanotube structures showed in Figure 10, Figure 11 and Figure 12, 

(excluding those with RR=0). The interpore distance measurements were calculated 

using the procedure reported by Stępniowski et al [167]. From Table 4, it is clear the 

direct relationship between voltage and internal diameter, furthermore, there is also 

a correlation between voltage and interpore distance. The values of internal diameter 

and interpore distance are similar for each set of samples prepared at a given value 

of voltage; it is for 20 V, the average values for internal diameter and interpore 

distance are 100.54 and 119.71 nm, for 15 V, 63.43 and 92.84 nm, and for 10 V, 

47.5 and 69.37 nm. Circularity has been used as an indicative of organization in 

previous works [163]–[166], [197]. From our results, it is observed that the use of 

electrolytes that contains CMC promotes the formation of nanotubes with higher 

circularity values (>0.80) in contrast to the nanotubes produced in aqueous 
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electrolyte without CMC. In addition, these results indicated that higher values of 

circularity are related with higher values of RR. 

 

Figure 13 shows the cross-section SEM images of nanotubes obtained in 

electrolytes with different contents of CMC keeping the other anodization parameters 

unaltered (20 V, 0.5 wt.% NaF, 20 hours, and pH 4). From this figure, the nanotubes 

length increased with the rise of CMC content from 0.5 wt. % to 1 wt.%; however, 

when the CMC content was raised from 1 to 1.5 wt.%, that parameter dramatically 

 

Figure 12. Effect of the electrolyte pH and CMC concentration on nanotubes 
organization using a potential of 10 V. 
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decreased. An explanation of this phenomenon can be based on the electrolyte 

viscosity; an increase in the viscosity affects the diffusion rate producing a slow 

motion of ions (especially fluoride ion) which allows to get higher thickness [79], 

[181]. However, if the viscosity continues raising, at some point, the opposite effect  

is presented, namely, short nanotubes are produced in highly viscous electrolytes 

[136], [190].In an electrolyte with high viscosity, besides the dissolution control, the 

 

Figure 13. CMC content and pH value effect on nanotubes length. 
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oxide formation is also affected due to the ions low movement (principally O2-), thus 

shorter nanotubes are achieved. Dumitriu et al [190] compared two kind of 

electrolytes (ethylene glycol (EG) and polyethylene glycol (PEG)) under the same 

anodization parameters and found that the length of nanotubes produced in PEG 

was very short (330.4 nm) in contrast to those produced in EG (2.40 µm). 

Additionally, to the best of our knowledge, the nanotubes obtained at 1wt.% CMC 

had the higher length  (about 5.85 µm) reported in an aqueous electrolyte at 20 V 

and pH 4 [11], [204]. The pH effect on the nanotube length has been reported by 

several authors [69], [91], [92], [151], [204], [205]. From Figure 13, decreasing the 

pH value from 4 to 1.5 the length decreased from 5.85 to 2 µm. Beranek et al [151] 

produced nanotubes structures in an aqueous electrolyte composed by H2SO4 and 

HF. These authors reported that nanotubes formed during 20 hours at 20 V had a 

length of about 550 nm. From those results and the values obtained in the present 

study, it can be concluded that the use of CMC inhibits the TiO2 high dissolution 

produced in aqueous acidic electrolytes. Furthermore, the nanotube lengths 

obtained in this experimental work are close to the previously reported [171], [181] 

at similar anodizing conditions in glycerol.     

From Figure 10, Figure 11 and Figure 12, it can be concluded that for the formation 

of organized nanotubes, lower pH values and higher CMC concentrations are 

needed when the applied potential decreasing. Previous reports in anodic alumina 

layer [162]–[164] show a direct relationship between the voltage and the regularity 

ratio. According to the present results, the maximum RR value (about 0.97), 

calculated at 20 V was higher in contrast to the highest values obtained at 15 and 
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10 V (about 0.56 and 0.60, correspondingly). However, when analyzing the 

maximum RR values at 15 and 10 V, the same tendency was not observed. 

Additionally, the results obtained here indicate that the use of CMC in the aqueous 

electrolyte does not affect the packability (see Figure 9) and increases the nanotube 

organization compared with the nanotubes produced in an aqueous electrolyte 

without CMC (RR about 0.16) (see Figs. 1 and 2). 

Table 4. Internal Diameter, circularity and interpore distance of anodic coatings.  

Experimental 

Condition 

Internal     

Diameter (nm) 

Circularity Interpore 

Distance (nm) 

Potential 

(V) 

pH 4 and 0.5 wt.% 

CMC 
99.08 ± 15.13 0.90 ± 0.05 123.11 ± 5.46 

 

 

20 

 

 

 

pH 1.5 and 0.5 wt.% 

CMC 
88.60 ± 12.82 0.82 ± 0.08 109.77 ± 3.66 

pH 3 and 1 wt.% 

CMC 
104.26 ± 15.21 0.86 ± 0.06 118.38 ± 6.27 

pH 1.5 and 1 wt.% 

CMC 
111.93 ± 17.13 0.87 ± 0.06 121.33 ± 3.75 

pH 3 and 1.5 wt.% 

CMC 
98.47 ± 17.18 0.88 ± 0.04 123.10 ± 2.46 

pH 1.5 and 1.5 wt.% 

CMC 
100.95 ± 12.47 0.88 ± 0.05 122.59 ± 5.90 
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2.1.7 Other potentials evaluated 

According to the literature the more common nanotube diameters reported are 

higher than 30 nm [159]; furthermore, reports about nanotubes with lower diameters 

are scarce [20], [161], [206]–[210]. One of the advantages of obtaining nanotubes 

pH 1.5 and 0.5 wt.% 

CMC 
63.62 ± 7.46 0.88 ± 0.05 97.11 ± 1.88 

 

 

15 

pH 3 and 1 wt.% 

CMC 
62.85 ± 11.84 0.89 ± 0.04 90.36 ± 0.93 

pH 1.5 and 1 wt.% 

CMC 
73.30 ± 11.69 0.88 ± 0.06 94.97 ± 2.25 

pH 3 and 1.5 wt.% 

CMC 
66.29 ± 10.03 0.88 ± 0.04 104.23 ± 4.19 

pH 1.5 and 1.5 wt.% 

CMC 
51.08 ± 7.32 0.92 ± 0.04 77.56 ± 2.55 

pH 3 and 1 wt.% 

CMC 
41.69 ± 5.49 0.85 ± 0.06 68.32 ± 2.96 

 

10 

pH 1.5 and 1 wt.% 

CMC 
55.92 ± 5.43 0.91 ± 0.02 70.63 ± 2.25 

pH 1.5 and 1.5 wt.% 

CMC 
44.89 ± 6.79 0.90± 0.04 69.16 ± 2.01 

Without CMC 83.04 ± 26.02 0.68 ± 0.05 99.32 ± 15.46 20 
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with lower diameters is the increase of the surface area [210], which is a promising 

property in applications like solar cells and biomedical devices, among others.   

Based on the better condition to produce nanotubes at 10 V, it is pH 1.5 and 1.5 

wt.% of CMC experimental essays were made at 7, 5, and 3 V. For 2 V the condition 

to produce nanotubes was pH 4 and 1 wt.% of CMC; for potentials lower than 2 V 

was not possible to produce nanotubes. The anodizing time for the assays at 7, 5 

and 3 V was 20 hours and for 2 V was 24 hours. Figure 14 show TEM, FESEM and 

AFM images of nanotubes produced at those potentials. From the low magnification 

 

 

Figure 14.TEM, FESEM and AFM images of nanotubes produced at 7, 5, 3 and 2 V. 
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images is clearly seen the high packability of those small nanotubes. In this figure, it 

can be observed that the nanotubes obtained at 7 V (TEM images) present individual 

walls and an internal diameter of about 31 nm. In the same figure, the FESEM 

images also reveal the formation of nanotubes structures when anodizing at 5 and 

3 V, with smaller internal diameters as expected, around 25 and 19 nm, 

correspondingly. For analysis of the nanotubes formed at 2 V, both AFM and TEM 

were employed. From the AFM image it is clear the nanotubular structure of the 

surface. Furthermore, from the TEM image at the middle in the bottom row, it is 

possible to observe that those nanotubes are quite short, just about 103 nm, despite 

the long anodization process (24 h). In addition, the TEM image at the right in the 

bottom row, shows the nanotubes walls, which are about 7.6 nm thick (indicated by 

dashed lines). To the best of our knowledge, these nanotubes, with an internal 

diameter of 9.5 nm, have the smallest diameter reported in the literature. 

2.2 Conclusions  

We have analyzed the role of CMC as additive in aqueous electrolytes to produce 

organized TiO2 nanotubes. The use of CMC in the aqueous electrolyte did not affect 

the packability and increase the nanotube organization in contrast to the nanotubes 

produced in an aqueous electrolyte without CMC. Furthermore, this kind of 

electrolyte promoted the formation of nanotubes with higher circularity values (>0.80) 

in contrast to the nanotubes produced in aqueous electrolyte without CMC. 

Organized nanotubes formed at 15 and 10 V needed lower pH values in contrast to 

the nanotubes produced at 20 V. Nanotube length is affected by the pH value, 

anodization time and CMC content on the electrolyte. The highest nanotube length 
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measured in this work was about 5.85 µm. Nanotubes with an internal diameter lower 

than 30 nm were obtained, furthermore, nanotubes with an internal diameter about 

9.5 nm were successfully produced.  
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3.Chapter 3                                                                     
Effect of surface characteristics on the 
antibacterial properties of TiO2 nanotubes 
produced in aqueous electrolytes with CMC 
 
Several parts of the text and figures have been taken from: 

Effect of surface characteristics on the antibacterial properties of TiO2 nanotubes 
produced in aqueous electrolytes with CMC. 
Robinson Aguirre Ocampo, Mónica Echeverry-Rendón, I. DeAlba-Montero, Sara 
Robledo, Facundo Ruiz, Félix Echeverría Echeverría. 
Journal of Biomedical Materials Research Part A. (2020) 1– 18. 
https://doi.org/10.1002/jbm.a.37010 
 
Abstract 

Nanotubular structures were produced on a c.p. Titanium surface by anodization in 

an aqueous electrolyte that contained carboxymethylcellulose (CMC) and NaF. The 

internal diameters obtained at voltages of 20, 10, and 2 V were about 100, 48, and 

9.5 nm, respectively. Those diameters were measured using Scanning Electron 

Microscopy (SEM), Transmission Electron Microscopy (TEM) and Atomic Force 

Microscopy (AFM). Several heat treatments at 200, 350 and 600 °C were made to 

produce nanotubes with different TiO2 polymorphs (anatase, rutile), at 200 °C no 

phase change was observed, at 350 °C the nanotubes change from amorphous 

phase to anatase, and at 600 °C the rutile phase was predominant. It is worth to 

highlight that the nanotubes produced at 2 V and heat treated at 600 °C were 
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composed entirely by rutile and the nanotubular structure was maintained. These 

phases were corroborated by X-Ray Diffraction (XRD) and Micro-Raman 

microscopy. Titanium suboxides were found in all evaluated nanotube coatings 

using Selected Area Electron Diffraction (SAED) and High Resolution Transmission 

Electron Microscopy (HRTEM). d-spacing maps produced with Geometric Phase 

Analysis (GPA) showed that the titanium suboxides were uniformly distributed in the 

nanotubes. All tested surfaces were superhydrophilic (high surface free energy), and 

the superhydrophilic behavior was maintained after at least 30 days, regardless of 

the heat treatment. The nanotubes with UV treatment and heat treatment at 350, 

and 600 °C had a bacteriostatic comportment against S. aureus and P. aeruginosa. 

The nanotubular coatings obtained at 20 V and heat treated at 350 °C produced the 

lower bacteria adhesion against both strains evaluated. 

3.1 Results and discussion 

3.1.1 Morphologic characterization 

In our previous work [3], we studied the production of nanotubular coatings using 

aqueous electrolytes with CMC varying anodization variables as voltage, electrolyte 

temperature, electrolyte aging, anodizing time, electrolyte fluoride concentration,  

electrolyte CMC concentration, and electrolyte pH. From our results, we selected 

three kinds of conditions that produce nanotubes with different internal diameters 

and better morphologic characteristics (nanotube organization and clean nanotube 

surface) (Figure 15). Table 5 shows the experimental conditions for each 

nanotubular coating and the internal diameter and barrier layer thickness 

measurements. It is worth to highlight that the other anodization parameters remain 
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unaltered (electrolyte temperature: room, fluoride concentration: 0.5 wt% of NaF). 

From Table 5, it is clear that the barrier layer thickness and coating thickness depend 

directly on the applied voltage; this relationship has been proposed in previous 

experimental works [153], [199], [211], [212]. From our findings, for lower voltages 

(i.e. 2 V), the same behavior was observed. 

Table 5. Morphologic characteristics of as-anodized anodic coatings 

 

 

Voltage (V) Experimental 

conditions 

Internal 

diameter (nm) 

Barrier layer 

thickness 

(nm) 

Coating 

thickness 

(µm) 

 

 

20 

Anodizing time: 

5 hours, pH 4 

and 0.5 wt% of 

CMC  

 

99.08 ± 15.13 [3] 

 

40.83 ± 0.62 

 

2.83±0.02 [3] 

 

 

10 

Anodizing time: 

5 hours, pH 1.5 

and 1.5 wt% 

CMC 

 

44.89 ± 6.79 [3] 

 

31.52 ± 1.21 

 

0.63± 0.02 

 

 

2 

Anodizing time: 

24 hours, pH 4 

and 1 wt% of 

CMC 

 

9.50 ± 1.50 [3] 

 

4.60 ± 0.38 

 

0.10 ± 0.01 
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To evaluate the heat treatment effect on the properties of the nanotubular coatings; 

we selected several temperatures (200, 350, and 600 °C). According to the literature 

review and previous work, the treatment was chosen to transform the amorphous 

phase into anatase or rutile, or a combination of them. However, the heat treatment 

at 200 °C does not produce a phase change. From the literature review, the heat 

treatment, especially at high temperature (>500°C) modify the  crystalline structure 

and stability of TiO2 nanotubes [42], [50], [94], [114], [128], [129], [131], [213]. 

Besides, in some cases the heat treatment produces a complete collapse of the 

nanotubular structure [42], [131], [214]–[217] For the best of our knowledge, the 

majority of scientific works only reports nanotubular coatings heat treated with 

internal diameters higher than 80 nm; however, the effect of heat treatment in 

nanotubes with lower diameters (< 40 nm) have not been extensively studied. The 

main reason for the nanotube collapse (partially or totally) is the phase 

transformation from anatase to rutile [129], [134], [213], [215], [216]; however, the 

transformation from the amorphous phase to the anatase phase does not produce 

significative changes on the nanotubes [43], [214], [218], [219]. 

In our previous work [42], we proposed a heat treatment to produce crystalline 

nanotubes with a combination of rutile and anatase phases. As a consequence of 

the heat treatment at 600 °C, the nanotubes with the lowest internal diameter 

collapsed, thus, a lower temperature (560 °C) was necessary to maintain the 

nanotubular structure. 
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Figure 15.TEM, SEM and AFM images of nanotubes produced at 20, 10, and 2V. 
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Figure 15 shows the anodic coatings obtained in this experimental work. It is worth 

to highlight that the nanotubular structure was maintained at 600 °C, including the 

lowest internal diameters (about 45 nm and 9.5 nm). A possible explanation is 

related to the temperature ramp used in each heat treatment. From Figure 16, the 

ramp used in our previous work needed about 2 hours to increase the temperature 

from 25 °C to 600 °C. However, in the present work, the temperature ramp slowly 

increases and maintain the temperature during some time; besides, the highest 

temperature (600 °C) was kept only for two hours, in contrast to the four hours from 

our previous work.  

Figure 17 shows the heat treatment effect on the nanotube length; as a 

consequence of the heat treatment, the nanotube length decrease; in our case, the 

length after heat treatment in both cases is similar (about 2.3 and 2.5 µm for 350 °C 

and 600 °C respectively). Previous studies indicated a decrease in length after heat 

treatment  [42], [128], [213], [214], [218]. Chin-Lin et al. [214] produced nanotubes 

using an aqueous electrolyte composed by H3PO4 and NH4F. They reported a 

decrease of 21 % in nanotube length after heat treatment at 600 °C for two hours. 

Fang et al. [128] produced nanotubes using an aqueous electrolyte composed by 

glycol, NH4F, and water. They found a decrease of 36 % in nanotube length after 

heat treatment at 600 °C for two hours. However, in our experimental work, the 

nanotubular coatings only decrease by 12 % after heat treatment at 600 °C. 

Regarding the 350 °C heat treatment effect on nanotube lengths, our results were 

similar to those reported in previous works [43], [128], [214].   
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Figure 17.Heat treatment effect on nanotube length, AA (As anodized) and HT 
(Heat Treated). 

 

 
Figure 16.Temperature ramps for each heat treatment. 
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3.1.2 Raman Characterization 

Figure 18 shows the Raman spectra of all nanotube coatings with (350 and 600°C) 

and without heat treatment.  From Figure 18 (a), the Raman spectra for the layers 

without heat treatment have the characteristic form with broad peaks about 150,450 

and 600 cm-1 reported in previous experimental works for the amorphous phase of 

TiO2 [94][42][220]. Furthermore, after the heat treatment at 200 °C, the Raman 

spectra was equal to the coatings without heat treatment; thus, it can be concluded 

that it does not occur a phase change. Figure 18 (b) and (c) show the Raman spectra 

for the anodic coatings after heat treatment at 350 and 600 °C respectively. From 

Figure 18 (b), the predominant phase in all nanotubular layers after heat treatment 

at 350 °C was anatase. From Figure 18 (c), after heat treatment at 600 °C, anatase 

and rutile phases were present on the nanotubes produced at 20V and 10V; 

however, the nanotubes produced at 2 V only was composed by rutile phase. 

Previous works have reported stabilization of the rutile phase in TiO2 nanotubes with 

small diameters (< 30 nm) after heat treatment [206], [221], [222]. Bauer et al. [221] 

produced TiO2 nanotubes in both aqueous and organic electrolytes with internal 

diameters lower than 30 nm and about 100 nm. The authors found that the 

nanotubes with an internal diameter lower than 30 nm were transformed to rutile and 

the nanotubes with internal diameter about 100 nm were turned into anatase after 

the same heat treatment at 450 °C, regardless the kind of electrolyte used. However, 

previous works reported that the rutile formation in TiO2 nanotubes is highly 

influenced by the titanium substrate [130], [206], [221], [222], including the 

stabilization of the rutile phase in TiO2 nanotubes with small diameters (< 30 nm) 
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[130], [206], [221]. Yang et al.[130] produced TiO2 nanotubes using an electrolyte 

composed by glycerin and 0.5 wt% NH4F at 20 V. The authors found that the 

nanotubes connected to the titanium surface started the transformation to the rutile 

phase at 550 °C. On the other hand, the authors reported that the nanotubes in a 

free form, namely, detached from the titanium surface, were composed entirely by 

anatase, inclusive after a heat treatment at 700 °C. The relationship in weight 

between the rutile and anatase (WR/WA) was calculated for the Raman spectra of 

anodic coatings heat treated at 600 °C, using the equation 10 described by 

Hardcastle et al [220]  and Zhang et al [223]; where I445 and I396 are the intensities 

at 445 and 396 cm-1 respectively. From Table 6, the rutile phase proportion 

increases with the decrease of voltage, namely, nanotubes with lower diameters and 

lengths had higher percentages of rutile phase after heat treatment at 600 °C. The 

last behavior has been reported by Liu et al.[206] and is closely related with the 

stabilization phenomenon of the rutile phase in TiO2 nanotubes with small diameters 

discussed above. The authors found that the rutile phase appeared in small 

nanotubes compared to the bigger nanotubes, which were composed entirely by 

anatase, after the same heat treatment at 450 °C.     

 

𝑊𝑊𝑅𝑅
𝑊𝑊𝐴𝐴

= 3.64(𝐼𝐼445
𝐼𝐼396

) (10) 
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Figure 18. Raman spectra of nanotube coatings obtained without heat treatment (a) 

heat treated at 350 °C (b) and heat treated at 600 °C (c). 
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Table 6. The relationship in weight between the rutile and anatase (WR/WA) and 
mass fraction of rutile (fr) for the coatings after heat treatment at 600 °C.   

Voltage (V) WR/WA fR 

20 3.85 0.57 

10 4.16 0.60 

2 6.42 1 

 

3.1.3 XRD Characterization 

Figure 19 shows the XRD spectra of nanotube coatings as-anodized and after heat 

treatment at 350 and 600°C. The XRD spectra for the anodic coatings without heat 

treatment and heat treated at 200 °C (Figure 19 (a)) only show peaks associated to 

the Titanium substrate; furthermore, those peaks are present in all XRD spectra 

analyzed, and from now it is not necessary to mention them. From Figure 19 (a), at 

lower 2θ values (From 5 to 15°), intensity value starts in a higher value and 

decreasing with the increase of 2θ, with a bump about 13°; the last behavior has 

been reported in previous works [39], [224], [225]. Valeeva et al.[224] produced 

nanotubes using an electrolyte composed by ethylene glycol, NH4F, and water. They 

found the same comportment in the XRD spectra at small 2θ values, and they 

concluded that the absence of peaks and the shape of the spectra were related to 

the amorphous phase. From Figure 19 (b) after heat treatment at 350 °C, only peaks 

related to the anatase phase were observed for the anodic coatings obtained at 20 

and 10 V. However, the XRD spectra for the nanotubes produced at 2 V after heat 

treatment at 350 °C do not show peaks associated with the anatase phase. Figure 

19 (c) shows characteristic peaks associated to anatase and rutile phases for anodic 



62 
 

coatings obtained at 20 V and 10 V after heat treatment at 600 °C; however, the 

nanotubes produced at 2 V after the same heat treatment were composed only by 

rutile phase. Spurr and Myers proposed the equation 11  to calculate the mass 

fraction of rutile; where 𝐼𝐼𝐴𝐴 and 𝐼𝐼𝑅𝑅  are the intensities of peaks (110) and (011) of 

anatase and rutile respectively.  

From Table 6, the mass fraction of rutile increases with the decrease of applied 

voltage; corroborating the previous results found by Raman spectroscopy. The XRD 

spectra confirm the previous finding from Raman spectra, showing only anatase 

phase after the heat treatment at 350 °C for the anodic coatings obtained at 20 and 

10 V; however, the XRD spectra did not show peaks related to the anatase phase. 

The differences between the Raman and the XRD spectra are associated with the 

technique sensitivities. Previous works have been reported that the Raman 

technique has a higher sensitivity to the TiO2 crystalline phases compared to XRD 

[226]–[228]. Wei Lu et al. [228] reported anatase trace amount detection in TiO2 thin 

films using Raman characterization; on the other hand, the XRD method did not 

detect any anatase. Furthermore, the anodic coatings obtained at 20 and 10 V, and 

heat treated at 600 °C had a composition of anatase and rutile phases, and the rutile 

proportion increased with the decrease of voltage. The anodic coatings produced at 

2V and heat treated at 600 °C were composed only by rutile phase; generally, the 

complete transformation to rutile phase destroys the nanotubular structure [129], 

[213], [215], [216]; however, for the best of our knowledge, this is the first report of 

nanotubes with an internal diameter about 10 nm composed entirely by rutile, which 

maintained the nanotubular structure (see Figure 15).  



63 
 

𝑓𝑓𝑅𝑅 = 1.26𝐼𝐼𝑅𝑅
𝐼𝐼𝐴𝐴+1.26𝐼𝐼𝑅𝑅

  (11) 

 

 
Figure 19. XRD spectra of nanotube coatings without heat treatment (a) and after heat 

treatment at 350 °C (b) and 600 °C (c). 
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3.1.4 TEM Characterization 

According to the results of previous sections, the nanotubular coatings have an 

amorphous structure in the as-anodized condition; however, as a result of the 

anodization process, non-stoichiometric oxides can be formed [94], [229]–[232]. The 

non-stoichiometric oxides are called titanium suboxides or Magnely phases which 

have the empirical formula TinO2n-1. The Magnely phases have remarkable 

properties as high electrical conductivity, high corrosion resistance, and optical 

properties, among others [233]–[235]. Recently, Jemec Kokalj et al. [236] evaluated 

the environmental hazard of titanium suboxides on six organisms and two human 

cell lines. They found that Magnely phases can be classified as non-hazardous 

material. Although, the mechanism of suboxide formation on the TiO2 nanotubes is 

under discussion some authors propose different explanations based on OH- 

incorporation [26], and O2- concentration gradients [231], [237]. Regonini et al.  [26] 

propose an explanation to this phenomenon based on the OH- incorporation. 

According to Regonini, electrolytes with compounds with bonds C=O or C-OH inject 

into the barrier layer OH- ions instead O2- ions producing a non-stoichiometric oxide 

due to the oxygen deficiency. Chen et al. [231] and Wang et al. [237] proposed a 

mechanism based on the O2- concentration gradient. According to these authors, O2- 

ions travel inside the barrier layer to react with Ti4+ ions travelling in the opposite 

way; depending on the coating zone more or less O2- will be available to react, i. e. 

the deeper region in the titanium dioxide layer has the higher oxygen lack.  To identify 

the possible crystalline phases, present on the nanotubes with and without heat 

treatment, we measured d-spacings from the SAED and HRTEM images and 
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correlated those with crystallographic databases (see materials and methods 

section). From Figure 20, d-spacing analysis was divided into two zones, in the first 

zone (overlapped zone), d-spacing values under 0.3509 nm are related to both 

titanium suboxides and TiO2 polymorphs (anatase and rutile); thus, the phase 

identification in this zone was difficult. However, d-spacing values above 0.3509 nm 

are related only to titanium suboxides; thus, in this zone, the phase identification is 

easier. 

 
Figure 20. d-spacing distribution. 

3.2.4.1 SAED Analysis 

According to previous sections (XRD and Raman characterization), the TiO2 

nanotubes as-anodized have an amorphous structure. However, from Figure 21, 

SAED images in all evaluated conditions without heat treatment (as-anodized) and 

heat treated at 200 °C show reflections associated to titanium suboxides, anatase 

and rutile phases; nevertheless, the results of XRD and Raman characterization did 

not reveal the presence of those phases. This behavior has been reported in 

previous works [94], [224], [232], and a possible explanation could be related to the 

existence of nanocrystalline phases. Petukhov et al. [232] produced nanotubes 
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using an electrolyte composed by glycerol, NH4F, and water. The authors found 

reflections on the SAED images associated with TiO2 (both anatase and rutile) TiO, 

and Ti2O3; although, the XRD spectra show that the nanotubes were completely 

amorphous. The findings of Petukhov et al. are in agreement with our results. SAED  

images for the nanotubes heat treated at 350 °C shows mainly reflections associated 

to anatase phase, in accord with the previous Raman results; however, some 

reflections associated to rutile phase were found in all evaluated anodic coatings 

heat treated at 350 °C. Some authors [128]–[131], [215] have reported several 

temperatures in the range between 400 – 600°C in which the anatase phase starts 

the transformation to rutile phase. However, according to our findings, at 350 °C 

 
Figure 21.SAED images of the as-anodized and heat-treated anodic coatings. 
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already exists reflections associated with the rutile phase; the differences between 

rutile nucleation temperatures could also be explained based on nanocrystalline 

phases. Using SAED is possible to reveal weak reflections that do not have enough 

intensity to show up in the XRD spectra. The results for the nanotubes heat treated 

at 600 °C agree to previous findings which show a mix between anatase and rutile 

phases for anodic coatings obtained at 20 and 10 V and only the rutile phase for 2 

V.   

3.2.4.2 HRTEM Analysis 

Figure 22 shows the HRTEM images of nanotube coatings as-anodized and after 

heat treatment at 350 and 600°C; and Table 7 shows the d-spacing values 

measured using the FFT images (inset on the HRTEM images). d-spacing values 

associated with titanium suboxides were found in all evaluated nanotube coatings; 

even, for those anodic coatings in which SAED characterization did not reveal the 

presence of those phases. In the scientific literature some crystallization mechanism 

has been proposed [128]–[131], [215], [217]; at temperatures about 600 ° C, all the 

mechanism proposed show that the rutile phase formation zone is the nanotube 

base, and rutile does not form at the nanotube tip. From Table 7, d-spacing values 

were correlated to the characteristic peaks found in XRD spectra allowing the 

identification of rutile phase on different nanotube positions (Top and bottom). From 

our results, d-spacing values related to rutile were found at nanotube top for the 

anodic coatings obtained at 20 and 10 V after heat treatment at 600 °C; our findings 

are not in agreement to the literature mechanism proposed. It is worth to highlight 

that the differences on the findings could be explained based on the techniques used 
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to measure the reflections associated to rutile phase, due to the majority of those 

works used XRD in contrast with the HRTEM analysis used in this experimental 

work. Furthermore, the anodic coatings obtained at 10 V and heat treated at 350 °C 

(base and top) shows reflections associated with the rutile phase, corroborating the 

findings of the SAED analysis in the previous section.   

 

 
Figure 22.HRTEM and FFT images of the as-anodized and heat-treated anodic 

coatings. 
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Table 7.d-spacing measurements for the coatings produced.  

 
View 

Measured 
interplanar 
distance 

(nm) 

Reported 
interplanar 
distance 

(nm) 

Possible 
crystalline 

phases 

 
Condition 

 
 
 
 
 
 
 
 

Top 

0.6492 (1) 0.6465 Ti8O15 (0 0 4)  
 
 
 
 
 
 
 
 

20 V-
HT600 

 
 
 
 

0.3723 (2) 0.3782 
0.3709 
0.3771 

Ti7O13 (1 0 1) 
Ti8O15 (1 0 1) 
Ti4O7 (1 0 2) 

0.2537 (3) 0.2476 Rutile (0 1 1) 
0.2017 (4) 0.2042 Rutile (1 2 0) 
0.1826 (5) 0.1890 Anatase (0 2 0) 
0.1739 (6) 

 
0.1754 
0.1726 
0.1736 
0.1750 
0.1734 
0.1753 
0.1732 

Anatase (0 2 2) 
Ti4O7 (2 0 6�) 
Ti5O9 (3 0 3�) 

Ti6O11 (1 4 �  5 � ) 
Ti7O13 (3  2 �  5) 
Ti8O15 (1 4 �  7 � ) 
Ti9O17 (1 4 �  7 � ) 

 
 
 
 
 
 
 
 
 
 
 
 

Top 

0.9178 (1) 0.9544 Ti6O11 (0 0 2)  
 
 
 
 
 
 
 
 
 
 
 

20 V-
HT350 

 
 
 
 

0.7314 (2) 0.7874 
0.7316 

Ti5O9 (0 0 1) 
Ti9O17 (0 0 4) 

0.6136 (3) 
 

0.6170 
0.6465 

Ti4O7 (0 0 2) 
Ti8O15 (0 0 4) 

0.5256 (4) 0.5263 
0.5204 
0.5173 
0.5249 
0.5147 
0.5231 

Ti4O7 (1 0 0) 
Ti5O9 (1 0 1 � ) 
Ti6O11 (1 0 5) 
Ti7O13 (1 0 5) 
Ti8O15 (1 0 5) 
Ti9O17 (1 0 7) 

0.4927 (5) 
 
 

0.4950 
0.4808 
0.5001 

Ti6O11 (1 0 3) 
Ti7O13 (1 0 7) 
Ti9O17 (1 0 5) 

0.3725 (6) 
 

0.3782 
0.3709 
0.3771 

Ti7O13 (1 0 1) 
Ti8O15 (1 0 1) 
Ti4O7 (1 0 2) 

 
 
 
 
 
 

Side 

0.3812 (1) 0.3782 
0.3888 
0.3771 

Ti7O13 (1 0 1) 
Ti6O11 (1 0 1) 
Ti4O7 (1 0 2) 

 
 
 
 
 
 

20 V-
HT350 

0.2623 (2) 0.2629 
0.2606 
0.2623 
0.2625 
0.2620 

Ti4O7 (2 0 0) 
Ti5O9 (2 0 1 � ) 
Ti6O11 (2 0 8) 
Ti7O13 (2 0 1) 
Ti8O15 (2 0 1) 
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0.2619 Ti9O17 (0 2 1)  
 
 
 

0.1750 (3) 
 

0.1754 
0.1726 
0.1736 
0.1750 
0.1734 
0.1753 
0.1732 

Anatase (0 2 2) 
Ti4O7 (2 0 6�) 
Ti5O9 (3 0 3�) 

Ti6O11 (1 4 �  5 � ) 
Ti7O13 (3  2 �  5) 
Ti8O15 (1 4 �  7 � ) 
Ti9O17 (1 4 �  7 � ) 

0.1547 (4) 0.1540 
0.1570 
0.1540 
0.1568 
0.1542 
0.1546 

Ti4O7 (0 0 8) 
Ti5O9 (0 0 5) 
Ti6O11 (3 0 7) 
Ti7O13 (3 0 4) 
Ti8O15 (1 2 2) 
Ti9O17 (3 0 2) 

 
 
 
 
 
 

Top 

0.3825 (1) 0.3782 
0.3888 
0.3771 

Ti7O13 (1 0 1) 
Ti6O11 (1 0 1) 
Ti4O7 (1 0 2) 

 

 

 

20 V-
HT200 

0.2967(2) 0.3080 
0.2945 
0.2968 
0.3008 
0.2999 
0.2945 

Ti4O7 (0 0 4) 
Ti5O9 (0 2 2 � ) 
Ti6O11 (1 0 1 � ) 
Ti7O13 (1 0 1 � ) 
Ti8O15 (1 0 1) 
Ti9O17 (0 2 4) 

0.2602 (3) 
 

0.2629 
0.2606 
0.2623 
0.2625 
0.2620 
0.2619 

Ti4O7 (2 0 0) 
Ti5O9 (2 0 1 � ) 
Ti6O11 (2 0 8) 
Ti7O13 (2 0 1) 
Ti8O15 (2 0 1) 
Ti9O17 (0 2 1) 

0.2377 (4) 0.2476 Rutile (0 1 1) 
 
 
 
 
 
 
 
 
 
 

Bottom 

0.5656 (1) 0.5617 Ti7O13 (0 0 4)  

 

 

 

 

20 V-AA 

0.3968 (2) 0.3925 
0.3888 
0.3890 

Ti5O9 (0 0 2) 
Ti6O11 (1 0 1) 
Ti7O13 (1 0 9) 

0.3762 (3) 
 

0.3782 
0.3709 
0.3771 

Ti7O13 (1 0 1) 
Ti8O15 (1 0 1) 
Ti4O7 (1 0 2) 

0.3332 (4) 0.3347 
0.3348 
0.3364 
0.3357 
0.3347 
0.3343 

Ti4O7 (0 2 0) 
Ti5O9 (0 2 1 � ) 
Ti6O11 (1 2 �  1�) 
Ti7O13 (1 2 �  1�) 
Ti8O15 (1 2 �  1�) 
Ti9O17 (1 2 �  1�) 

0.2527 (5) 0.2476 Rutile (0 1 1) 
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0.1840 (6) 0.1890 Anatase (0 2 0) 
 
 
 
 
 
 
 
 
 

Side 

0.6306 (1) 0.6465 Ti8O15 (0 0 4)  

 

 

 

 

20 V-AA 

0.3672 (2) 0.3655 
0.3654 

Ti8O15 (1 0 1) 
Ti9O17 (1 0 1) 

0.3027 (3) 
 

0.3080 
0.2945 
0.2968 
0.3008 
0.2999 
0.2945 

Ti4O7 (0 0 4) 
Ti5O9 (0 2 2 � ) 
Ti6O11 (1 0 1 � ) 
Ti7O13 (1 0 1 � ) 
Ti8O15 (1 0 1) 
Ti9O17 (0 2 4) 

0.2439 (4) 0.2476 Rutile (0 1 1) 
0.1535 (5) 

 
0.1540 
0.1570 
0.1540 
0.1568 
0.1542 
0.1546 

Ti4O7 (0 0 8) 
Ti5O9 (0 0 5) 
Ti6O11 (3 0 7) 
Ti7O13 (3 0 4) 
Ti8O15 (1 2 2) 
Ti9O17 (3 0 2) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Top 
 
 
 
 
 
 
 
 
 
 
 

1.0943 (1) 0.9544 Ti6O11 (0 0 2)  

 

 

 

 

 

 

 

 

10 V-
HT600 

 

 

 

 

0.7463 (2) 0.7874 
0.7316 

Ti5O9 (0 0 1) 
Ti9O17 (0 0 4) 

0.6050 (3) 
 

0.6170 
0.6465 

Ti4O7 (0 0 2) 
Ti8O15 (0 0 4) 

0.3884 (4) 0.3888 
0.3890 

Ti6O11 (1 0 1) 
Ti7O13 (1 0 9) 

0.3686 (5) 
 

0.3655 
0.3654 

Ti8O15 (1 0 1) 
Ti9O17 (1 0 1) 

0.2430 (6) 0.2476 Rutile (0 1 1) 
0.2221 (7) 0.2283 Rutile (0 2 0) 
0.2104 (8) 0.2177 Rutile (1 1 1) 
0.2042 (9) 0.2042 Rutile (1 2 0) 

0.1733 (10) 0.1754 
0.1726 
0.1736 
0.1750 
0.1734 
0.1753 
0.1732 

Anatase (0 2 2) 
Ti4O7 (2 0 6�) 
Ti5O9 (3 0 3�) 

Ti6O11 (1 4 �  5 � ) 
Ti7O13 (3  2 �  5) 
Ti8O15 (1 4 �  7 � ) 
Ti9O17 (1 4 �  7 � ) 

0.1536 (11) 
 
 

0.1540 
0.1570 
0.1540 
0.1568 
0.1542 
0.1546 

Ti4O7 (0 0 8) 
Ti5O9 (0 0 5) 
Ti6O11 (3 0 7) 
Ti7O13 (3 0 4) 
Ti8O15 (1 2 2) 
Ti9O17 (3 0 2) 
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0.1309 (12) 0.1335 Anatase (2 2 
0) 

 
 
 
 

Bottom 

0.3691 (1) 0.3655 
0.3654 

Ti8O15 (1 0 1) 
Ti9O17 (1 0 1) 

 

 

10 V-
HT600 

0.2544(2) 0.2476 Rutile (0 1 1) 
0.1767 (3) 

 
0.1754 
0.1726 
0.1736 
0.1750 
0.1734 
0.1753 
0.1732 

Anatase (0 2 2) 
Ti4O7 (2 0 6�) 
Ti5O9 (3  0 3�) 

Ti6O11 (1 4 �  5 � ) 
Ti7O13 (3  2 �  5) 
Ti8O15 (1 4 �  7 � ) 
Ti9O17 (1 4 �  7 � ) 

 
 
 
 
 
 

Bottom 

0.6733 (1) 0.6170 
0.6465 

Ti4O7 (0 0 2) 
Ti8O15 (0 0 4) 

 

 

 

10 V-
HT350 

0.3844 (2) 0.3888 
0.3890 

Ti6O11 (1 0 1) 
Ti7O13 (1 0 9) 

0.2871 (3) 
 

0.2817 
0.2833 
0.2808 
0.2808 
0.2897 

Ti4O7 (1 0 4�) 
Ti6O11 (0 2 2) 
Ti7O13 (0 0 8) 

Ti8O15 (1 2 �  7 � ) 
Ti9O17 (1 2 �  3) 

0.2518 (4) 0.2476 Rutile (0 1 1) 
0.2138 (5) 0.2177 Rutile (1 1 1) 

 
 
 

Top 

0.6329 (1) 0.6170 
0.6465 

Ti4O7 (0 0 2) 
Ti8O15 (0 0 4) 

 

 

10 V-
HT350 

0.3705 (2) 0.3782 
0.3709 
0.3771 

Ti7O13 (1 0 1) 
Ti8O15 (1 0 1) 
Ti4O7 (1 0 2) 

0.2462 (3) 0.2476 Rutile (0 1 1) 
 
 
 
 
 
 
 
 
 
 
 

0.8464 (1) 0.7874 
0.9544 
0.7316 

Ti5O9 (0 0 1) 
Ti6O11 (0 0 2) 
Ti9O17 (0 0 4) 

 

 

 

 

 

 

0.5324 (2) 0.5263 
0.5204 
0.5173 
0.5249 
0.5147 
0.5231 

Ti4O7 (1 0 0) 
Ti5O9 (1 0 1 � ) 
Ti6O11 (1 0 5) 
Ti7O13 (1 0 5) 
Ti8O15 (1 0 5) 
Ti9O17 (1 0 7) 

0.3625 (3) 
 

0.3655 
0.3654 

Ti8O15 (1 0 1) 
Ti9O17 (1 0 1) 
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Bottom 
 
 

0.2621 (4) 0.2629 
0.2606 
0.2623 
0.2625 
0.2620 
0.2619 

Ti4O7 (2 0 0) 
Ti5O9 (2 0 1 � ) 
Ti6O11 (2 0 8) 
Ti7O13 (2 0 1) 
Ti8O15 (2 0 1) 
Ti9O17 (0 2 1) 

10 V-
HT200 

0.2321 (5) 0.2283 Rutile (0 2 0) 
0.1778 (6) 

 
0.1754 
0.1726 
0.1736 
0.1750 
0.1734 
0.1753 
0.1732 

Anatase (0 2 2) 
Ti4O7 (2 0 6�) 
Ti5O9 (3 0 3�) 

Ti6O11 (1 4 �  5 � ) 
Ti7O13 (3  2 �  5) 
Ti8O15 (1 4 �  7 � ) 
Ti9O17 (1 4 �  7 � ) 

0.1310 (7) 0.1335 Anatase (2 2 
0) 

 
 
 
 
 
 
 
 
 
 
 

Side 
 
 

0.5411 (1) 0.5263 
0.5204 
0.5173 
0.5249 
0.5147 
0.5231 

Ti4O7 (1 0 0) 
Ti5O9 (1 0 1 � ) 
Ti6O11 (1 0 5) 
Ti7O13 (1 0 5) 
Ti8O15 (1 0 5) 
Ti9O17 (1 0 7) 

 

 

 

 

 

 

10 V-AA 

0.4697 (2) 0.4722 
0.4705 

Ti5O9 (1 0 0) 
Ti7O13 (1 0 3) 

0.3623 (3) 
 

0.3655 
0.3654 

Ti8O15 (1 0 1) 
Ti9O17 (1 0 1) 

0.3382 (4) 0.3347 
0.3348 
0.3364 
0.3357 
0.3347 
0.3343 

Ti4O7 (0 2 0) 
Ti5O9 (0 2 1 � ) 
Ti6O11 (1 2 �  1�) 
Ti7O13 (1 2 �  1�) 
Ti8O15 (1 2 �  1�) 
Ti9O17 (1 2 �  1�) 

0.2664 (5) 
 
 

0.2629 
0.2606 
0.2623 
0.2625 
0.2620 
0.2619 

Ti4O7 (2 0 0) 
Ti5O9 (2 0 1 � ) 
Ti6O11 (2 0 8) 
Ti7O13 (2 0 1) 
Ti8O15 (2 0 1) 
Ti9O17 (0 2 1) 

0.2271 (6) 0.2283 Rutile (0 2 0) 
0.1748 (7) 0.1754 

0.1726 
0.1736 
0.1750 
0.1734 
0.1753 
0.1732 

Anatase (0 2 2) 
Ti4O7 (2 0 6�) 
Ti5O9 (3 0 3�) 

Ti6O11 (1 4 �  5 � ) 
Ti7O13 (3  2 �  5) 
Ti8O15 (1 4 �  7 � ) 
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Ti9O17 (1 4 �  7 � ) 

 
 
 
 
 

Bottom 

0.4820 (1) 0.4950 
0.4808 
0.5001 

Ti6O11 (1 0 3) 
Ti7O13 (1 0 7) 
Ti9O17 (1 0 5) 

 

 

 

10 V-AA 

0.3712 (2) 0.3782 
0.3709 
0.3771 

Ti7O13 (1 0 1) 
Ti8O15 (1 0 1) 
Ti4O7 (1 0 2) 

0.2851 (3) 
 

0.2817 
0.2833 
0.2808 
0.2808 
0.2897 

Ti4O7 (1 0 4�) 
Ti6O11 (0 2 2) 
Ti7O13 (0 0 8) 

Ti8O15 (1 2 �  7 � ) 
Ti9O17 (1 2 �  3) 

0.2140 (4) 0.2177 Rutile (1 1 1) 
0.1842 (5) 0.1890 Anatase (0 2 0) 

 
 
 
 
 
 
 
 
 
 
 

Side 
 
 

0.5040 (1) 0.5263 
0.5204 
0.5173 
0.5249 
0.5147 
0.5231 

Ti4O7 (1 0 0) 
Ti5O9 (1 0 1 � ) 
Ti6O11 (1 0 5) 
Ti7O13 (1 0 5) 
Ti8O15 (1 0 5) 
Ti9O17 (1 0 7) 

 

 

 

 

 

 

 

2 V-HT600 

0.3812 (2) 0.3782 
0.3888 
0.3771 

Ti7O13 (1 0 1) 
Ti6O11 (1 0 1) 
Ti4O7 (1 0 2) 

0.3547 (3) 0.3509 Anatase (0 1 
1) 

0.3129 (4) 0.3228 Rutile (1 1 0) 
0.2710 (5) 

 
 

0.2798 
0.2725 
0.2750 

Ti4O7 (0 2 2) 
Ti5O9 (0 2 1) 
Ti7O13 (0 2 2) 

0.2390 (6) 0.2476 Rutile (0 1 1) 
0.1835(7) 0.1890 Anatase (0 2 0) 

 
 
 
 
 
 
 
 

Side 
 

1.0564 (1) 0.9544 Ti6O11 (0 0 2)  

 

 

 

 

2 V-HT350 

0.6356 (2) 0.6170 
0.6465 

Ti4O7 (0 0 2) 
Ti8O15 (0 0 4) 

0.3799 (3) 
 

0.3782 
0.3771 

Ti7O13 (1 0 1) 
Ti4O7 (1 0 2) 

0.2091 (4) 0.2042 Rutile (1 2 0) 
0.1515 (5) 0.1540 

0.1570 
0.1540 
0.1568 
0.1542 
0.1546 

Ti4O7 (0 0 8) 
Ti5O9 (0 0 5) 
Ti6O11 (3 0 7) 
Ti7O13 (3 0 4) 
Ti8O15 (1 2 2) 
Ti9O17 (3 0 2) 
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Side 
 

0.8760 (1) 0.9544 Ti6O11 (0 0 2)  

 

 

 

 

2 V-HT200 

0.2671 (2) 0.2629 
0.2606 
0.2623 
0.2625 
0.2620 
0.2619 

Ti4O7 (2 0 0) 
Ti5O9 (2 0 1 � ) 
Ti6O11 (2 0 8) 
Ti7O13 (2 0 1) 
Ti8O15 (2 0 1) 
Ti9O17 (0 2 1) 

0.2302 (3) 0.2283 Rutile (0 2 0) 
01818 (4) 0.1890 Anatase (0 2 0) 
0.1552 (5) 0.1540 

0.1570 
0.1540 
0.1568 
0.1542 
0.1546 

Ti4O7 (0 0 8) 
Ti5O9 (0 0 5) 
Ti6O11 (3 0 7) 
Ti7O13 (3 0 4) 
Ti8O15 (1 2 2) 
Ti9O17 (3 0 2) 

 
 
 
 
 
 
 
 
 

Side 
 
 

0.6498 (1) 0.6170 
0.6465 

Ti4O7 (0 0 2) 
Ti8O15 (0 0 4) 

 

 

 

 

2 V-AA 

0.2645 (2) 0.2629 
0.2606 
0.2623 
0.2625 
0.2620 
0.2619 

Ti4O7 (2 0 0) 
Ti5O9 (2 0 1 � ) 
Ti6O11 (2 0 8) 
Ti7O13 (2 0 1) 
Ti8O15 (2 0 1) 
Ti9O17 (0 2 1) 

0.2322 (3) 0.2283 Rutile (0 2 0) 
0.2048 (4) 0.2042 Rutile (1 2 0) 
0.1805 (5) 0.1890 Anatase (0 2 0) 
0.1522 (6) 

 
0.1540 
0.1570 
0.1540 
0.1568 
0.1542 
0.1546 

Ti4O7 (0 0 8) 
Ti5O9 (0 0 5) 
Ti6O11 (3 0 7) 
Ti7O13 (3 0 4) 
Ti8O15 (1 2 2) 
Ti9O17 (3 0 2) 

                                          

3.2.4.3 d-spacing maps 

Previous experimental works [94], [229]–[232], [237] reveal the presence of titanium 

suboxides; however,  from the literature reviewed so far, there is not enough 

evidence about suboxides have a preferred nucleation zone on the nanotube (i.e., 

base, top or walls). Thus, Geometric Phase Analysis (GPA) [56], [238], [239] was 

used to generate d-spacing maps using the tool  “gpagui” in the CrysTBox software.  
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Figure 23.Geometric phase analysis of the as-anodized and heat-treated anodic 

coatings obtained at 20 V. 
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The d-spacing maps show the distribution of d-spacing values of an HRTEM image. 

Figure 23 shows HRTEM images of anodic coatings obtained at 20 V with and 

without heat treatment and their d-spacing map. According to previous sections, d-

spacing values upper 0.3509 nm are related to titanium suboxides; thus, from Figure 

23, it is clear that the titanium suboxides are uniformly distributed in all evaluated 

conditions. Wang et al. [231] proposed a mechanism for TiO2 nanotube formation in 

which the formed oxide is mainly TiO2, however, the oxide located at the interior is 

composed by titanium suboxides formed due to the lack of O2-. Our results are in 

agreement and corroborate the findings obtained for these authors.  

Table 8. Contact angle at three different times and surface free energy 

measurements. 

 

 

 

Sample Contact angle 
(°) t=0 days 

Contact 
angle (°) 

t=30 days 

Contact 
angle (°) 

t=60 days 

Surface free 
energy (mJ/m2) 

t=60 days 
20 V-AA ≈0 11.32 18.44 69.32 
20 V-UV ≈0 ≈0 ≈0 72.80 

20 V-TT 200 ≈0 ≈0 10.62 71.59 
20 V-TT 350 ≈0 ≈0 ≈0 72.80 
20 V-TT 600 ≈0 ≈0 ≈0 72.80 

10 V-AA ≈0 8.76 9.92 71.73 
10 V-UV ≈0 ≈0 ≈0 72.80 

10 V-TT 200 ≈0 10.63 12.34 71.18 
10 V-TT 350 ≈0 ≈0 ≈0 72.80 
10 V-TT 600 ≈0 ≈0 ≈0 72.80 

2 V-AA ≈0 23.89 27.60 69.59 
2 V-UV ≈0 ≈0 ≈0 72.80 

2 V-TT200 ≈0 ≈0 12.16 71.22 
2 V-TT350 ≈0 ≈0 ≈0 72.80 
2 V-TT600 ≈0 ≈0 ≈0 72.80 
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3.1.5 Contact angle, surface free energy, and roughness measurements.  

Table 8 shows the contact angle measurements at three different times (0, 30, and 

60 days) and the surface free energy (SFE) calculations at 60 days. From Table 8, 

all anodic coatings at t=0 days (as produced) had a superhydrophilic comportment 

(≈0 °) regardless, the samples were heat treated, UV treated, or only anodized. After 

30 days, the samples heat and UV treated continued with a superhydrophilic 

behavior; however, although the as-anodized samples (20 and 10 V) had a 

superhydrophilic comportment, the anodic coating obtained at 2 V as-anodized 

change to a hydrophilic behavior. After 60 days, the samples heat treated at 350 and 

600 °C and UV treated continued with a superhydrophilic behavior. Anodic coatings 

with a superhydrophilic comportment have the higher SFE values; our results are in 

agreement to previous works [1], [42], [240]. From the literature review, the 

nanotubular coatings as-anodized are generally hydrophilic [42], [51], [96], [107], 

[143], [241]–[243]; however, the hydrophobic [42], [141], [244], [245] and 

superhydrophilic [109], [147], [246] behavior also have been reported. From Table 

8, all anodic coatings as-anodized were superhydrophilic, regardless of the internal 

diameter and roughness differences (Table 9). Previous works have reported 

differences in the contact angle values related to the inner diameter [96], [147], [241], 

[245] and roughness [51], [87], [242], [247]; however, our results are not in 

agreement with those previous investigations. Possible explanations for the contact 

angle values of the as-anodized surfaces could be related to aggregations on the 

nanotube tip (nanograss) [248] and the anodizing time [249], [250]. Yang et al. [248] 
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produced nanotubes using an electrolyte composed by ethylene glycol, NH4F, and 

water. They found that the clean nanotubes, namely, those without aggregations on  

Table 9. Roughness and surface potential measurements of the anodic coatings. 

 

the nanotube tip or “nanograss” had a superhydrophilic behavior (≈0 °) in contrast to 

the nanograss covered nanotubes which have a hydrophilic behavior (40 °). The 

results found by Yang et al. are in agreement with our findings; from our previous 

work [3] and Figs. 1 and 3, the anodic coatings as-anodized were nanograss free; 

thus, this could be a reason for the superhydrophilic comportment of the as-anodized 

coatings. Luo et al. [249], [250] produced nanotubes using an electrolyte composed 

Sample Ra (µm) Rsm (µm) Rz (µm) Rq (µm) Surface 
potential (mV) 

20 V-AA 0.55 ± 0.06 85.47 ± 28.41 3.53 ± 0.51 0.69 ± 0.08 359.96 ± 14.99 
20 V-UV 0.55 ± 0.06 85.47 ± 28.41 3.53 ± 0.51 0.69 ± 0.08 -24.08 ± 3.74 
20 V-TT 

200 0.79 ± 0.09 74.81 ± 10.20 4.48 ± 0.42 0.98 ± 0.09 426.86 ± 6.68 

20 V-TT 
350 0.86 ± 0.19 116.15 ± 27.07 4.66 ± 0.79 1.05 ± 0.21 421.37 ± 4.24 

20 V-TT 
600 0.55 ± 0.06 85.47 ± 28.41 3.53 ± 0.51 0.69 ± 0.08 420.45 ± 10.08 

10 V-AA 0.19 ± 0.03 42.36 ± 6.38 1.47 ± 0.17 0.24 ± 0.03 407.17 ± 5.34 
10 V-UV 0.19 ± 0.03 42.36 ± 6.38 1.47 ± 0.17 0.24 ± 0.03 116.99 ± 2.73 
10 V-TT 

200 0.83 ± 0.08 68.02 ± 17.45 5.10 ± 0.55 1.05 ± 0.10 379.98 ± 10.65 

10 V-TT 
350 0.35 ± 0.02 41.12 ± 6.67 2.32 ± 0.17 0.43 ± 0.02 314.93 ± 12.78 

10 V-TT 
600 1.01 ± 0.14 97.62 ± 17.35 5.85 ± 0.74 1.25 ± 0.16 258.81 ± 5.24 

2 V-AA 0.32 ± 0.03 52.85 ± 7.00 2.31 ± 0.21 0.40 ± 0.03 341.97 ± 5.27 
2 V-UV 0.32 ± 0.03 52.85 ± 7.00 2.31 ± 0.21 0.40 ± 0.03 82.14 ± 3.40 

2 V-
TT200 0.70 ± 0.10 62.85 ± 28.80 4.32 ± 0.56 0.87 ± 0.12 253.06 ± 9.44 

2 V-
TT350 0.62 ± 0.09 55.72 ± 3.08 4.03 ± 0.67 0.78 ± 0.12 158.91 ± 6.44 

2 V-
TT600 0.64 ± 0.06 69.26 ± 16.45 3.74 ± 0.33 0.79 ± 0.08 423.45 ± 4.91 
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by ethylene glycol, HF, and water. They found that increasing the anodizing time the 

contact angle decreased, and anodic coatings obtained between 6 and 8 hours had 

superhydrophilic behavior. The findings of Luo et al. are in agreement with our 

results; from Table 5, the anodizing time for the anodic coatings is greater than or 

equal to 5 hours, thus, this could be another cause for the superhydrophilic 

comportment of the as-anodized coatings. From the literature review, the nanotubes 

heat and UV treated had a superhydrophilic comportment [43], [109], [141], [142], 

[218]; furthermore, it is worth to highlight that superhydrophilic behavior of this kind 

of samples was kept for two months after they were produced. According to our 

results, the superhydrophilic behavior and time that this comportment continues 

depend both on the nanotubes and their crystallographic phases [143], [218], [240]. 

3.1.6 Antibacterial Properties 

Figure 24 shows the results of the antimicrobial activity test of the anodized surfaces 

using S. aureus and P. aeruginosa strains. From Figure 24, not inhibition halo is 

present around the samples; however, some kinds of samples present S. aureus 

growing up on their surface (marked with an asterisk); on the other hand, P. 

aeruginosa did not grow up in any of the evaluated anodic coatings.  According to 

Pankey et al. [251], a bacteriostatic material could be defined as a material that 

prevents bacteria growth. From our results, the coatings on which does not grow up 

bacteria could be described as bacteriostatic. The bacteriostatic behavior could be 

explained based on the anodic coating characteristics (wettability, surface free 

energy, crystallographic phase, among others) [34], [252] and the bacteria strain  
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features. From the literature review, bacteria strain features as hydrophilicity or 

hydrophobicity have been reported in previous works [48], [109], [253]–[258]. 

 
Figure 24. Photographs of the antimicrobial activity test (S. aureus and P. aeruginosa) 

of the anodized surfaces. 
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S. aureus strain has been reported as hydrophilic [109], [255]–[257]; on the other 

hand, P. aeruginosa has been reported as very hydrophobic [253], [256], [257]. 

Orapiriyakul et al.[34]  reports that the bacteria adhesion and proliferation depends 

on the material surface characteristic and bacteria features, namely, hydrophobic 

bacteria prefer a hydrophobic surface and vice versa. Likewise, Birkenhauer et al. 

[259] reported that material characteristics influence bacteria adherence, 

morphology, development, and growth. From Table 8, all anodic coatings as 

anodized were superhydrophilic; thus, this explains the reason why S. aureus grew 

up on all as-anodized surfaces no matter the internal diameter and, P. aeruginosa 

did not grow up in any of all as-anodized coatings despite the inner diameter. 

Previous works [34], [260]–[268] have reported that UV light on TiO2 nanotubes 

reduce the bacteria colonization and inhibit biofilm formation; nevertheless, the 

majority of reports indicate that this effect remains only when the light source is on. 

On the other hand, some authors reports [263]–[266] a post-irradiation antibacterial 

effect on the TiO2 nanotubes. According to our results, all UV treated were 

superhydrophilic; however, S. aureus and P. aeruginosa both did not grow up in any 

of the UV treated samples; the most probable explanation is related to the UV post-

irradiation effect on the TiO2 nanotubes. From Table 9, the surface potential of the 

samples UV-treated is lower than the as-anodized samples; according to Gallardo-

Moreno et al. [264] and Zhang et al. [263], the UV irradiation produces an excess of 

surface charge due to the slow recombination of electron-holes pair. The 

antibacterial effect is due to the excess of electrons that can generate reactive oxide 

species (ROS) such as: hydroxyl radical, hydrogen peroxide and superoxide radical, 

which induce bacteria inactivation [261], [266], [269]–[274]. 
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Figure 25. Representative SEM images of bacterial adhesion (S. aureus and P. 

aeruginosa) on anodized surfaces. 
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Likewise, Birkenhauer et al. [259] reported that materials with a tendency to negative 

surface potentials values had an antibacterial activity on P. aeruginosa and MRSA. 

Our results are in agreement with these authors, the values of surface potential in 

UV treated samples were lower (more negative) in contrast to the as-anodized 

samples; those results are in agreement with  the  previous works of Daviosdóttir et 

al. [275] and Motola et al. [267] . The samples heat treated at 200 °C have the same 

antibacterial behavior that the as-anodized samples; thus, this heat treatment does 

not have an additional effect on the antibacterial performance. S. aureus and P. 

aeruginosa both did not grow up in any of samples heat treated at 350 and 600 °C, 

despite they have different inner diameters and the superhydrophilic behavior of the 

anodic coatings after the heat treatment. From the literature, nanotubes composed 

by anatase and rutile phases have higher antibacterial properties in contrast to the 

amorphous phase [43], [50], [109]. In addition, in the literature there is no definite 

reason for the antibacterial properties of heat-treated nanotubes. The explanation 

could be based on the intrinsic properties of crystalline nanotubes; Lipovsky et al. 

[276] reported that anatase and rutile phases could generate ROS without any 

exposure to illumination. Figure 25 shows SEM images of bacterial adhesion test of 

the anodized surfaces using S. aureus and P. aeruginosa strains. From Figure 25, 

S. aureus and P. aeruginosa strains adhered to all analyzed coatings; however, the 

number of bacteria adhered on the nanotubes produced at 20 V and heat treated at 

350 °C is lower in contrast to the other kind of the anodic coatings; thus, both inner 

diameter (about 100 nm) and crystalline phase (anatase) have an effect on bacteria 

adhesion of both strains. Ercan et al. [109] produced TiO2 nanotubes with diameters 

between 20 and 80 nm with and without heat treatment at 550 °C. The authors found 
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that the nanotubes with 80 nm diameter composed entirely by anatase phase had 

the higher antibacterial properties against both S.epidermis and S. aureus strains. 

Our results are in agreement to the authors. According to N. Gusnaniar et al.[255], 

bacteria strain could adhere to surfaces inclusive under unfavorable conditions. For 

instance, Bhadra et al. [277] report that P. aeruginosa is capable of adhering to many 

kinds of surfaces; however, under unfavorable adherence conditions occurs a 

membrane deformation which could affect their viability. According to our results 

(see Table 9), it is not a direct relationship between bacteria adhesion and 

roughness. Previous reports have shown that bacteria prefer rough surfaces [34], 

[278], [279]; on the other hand, recent studies report that nano-smooth surfaces 

promotes bacteria attachment [280]–[282]; thus, an unified opinion about the 

roughness effect on bacteria adhesion is not encountered on the scientific literature 

available.  

3.2 Conclusions 

We have analyzed the effect of heat and UV treatment on the characteristics of TiO2 

nanotubes and their antibacterial properties. Nanotubes heat treated at 600 °C using 

a ramp with stabilization steps keep the nanotubular structure, inclusive for the 

lowest inner diameters; furthermore, the nanotube length reduction after the heat 

treatment was lower compared with the scientific literature data. HRTEM and SAED 

revealed d-spacing values related to titanium suboxides; also, after the heat 

treatment at 350 and 600 °C. d-spacing values related to the rutile phase were 

detected in nanotubes different zones. The nanotubes UV treated, and heat treated 

at 200, 350, and 600 °C were superhydrophilic inclusive two months after 
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preparation. The nanotubes UV treated, and heat treated at 350, and 600 °C had a 

bacteriostatic behavior against S. aureus and P. aeruginosa. Anodic coatings 

obtained at 20 V at heat treated at 350 °C had the lower bacteria adhesion against 

both strains evaluated.     
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4.Chapter 4                                                                     
Effect of TiO2 nanotubes size, heat treatment, and 
UV irradiation on osteoblast adhesion, proliferation 
and mineralization 
 
Several parts of the text and figures have been taken from: 

Effect of TiO2 nanotubes size, heat treatment, and UV irradiation on osteoblast 
adhesion, proliferation and mineralization. 
Robinson Aguirre Ocampo, Mónica Echeverry-Rendón, Sara Robledo, Félix 
Echeverría Echeverría. 
In preparation 
 
Abstract 

The effect of the nanotube characteristics on the osteoblast cell adhesion and 

proliferation as well the cell mineralization was studied. All the anodic coatings were 

biocompatible; however, surface characteristics as surface topography, wettability, 

charge, and phase composition could affect the osteoblast adhesion, proliferation 

and mineralization. The nanotubular coatings with higher roughness and UV 

irradiated improved early cell adhesion; however, the nanotubes with a diameter 

about 10 nm and composed entirely by rutile or anatase phases affect negatively the 

early cell adhesion. The number of filopodia rise with the reduction in the internal 

diameter of the anodic coating, the mineralization had the same behavior, namely: 

decrease of the internal diameter induces a superior rate of matrix mineralization. 
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4.1 Results and discussion  

4.1.1 Cell proliferation 

Alamar Blue assay was used to obtain fluorescence emission measurements every 

day for a total of 4 days. Figure 26 shows a graph of percentage of mitochondrial 

activity respect to the control for osteoblasts that were seeded on the nanotubular 

anodic coatings. In all kind of coatings, the graph has the typical form that shows the 

progressive cellular growth with time. All nanotubular coatings were non-cytotoxic 

irrespective of the applied voltage or post-anodization treatment that was used. From 

the statistical analysis between all different kind of coatings, it can be concluded 

there is no significant differences. 

4.1.2 Cell morphology 

From the literature review, three kind of cell morphology adhered to the surfaces has 

been identified: round, branched, and spindle (see Figure 27) [122], [191], [283]–

[286]. The round shape is characteristic of the early stages of cellular adhesion [283] 

and also indicates a poor attachment to the surface [1], [2], [283]. On the other hand, 

branched or spindle shape of the adhered cells indicates adherence and affinity 

between cells and substrate [286], [287]. 

Obata et al [287] studied the correlation between the cell shape and percentage of 

living cells. The authors found a direct correlation between the branched and spindle 

shapes and the percentage of living cells. Fu et al. [284] reports that the spreading 

shape regulate cell differentiation and apoptosis. In fact, they report that cells with a 
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Figure 26. Osteoblast proliferation in nanotubular coatings. 
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round shape had a higher level of apoptosis; on the other hand, the branched shape 

osteoblast cell grew in the same way to the original cell linage. 

Figure 28 and Figure 29 show the SEM images of osteoblast cells that grew up on 

the anodic nanotubular coatings after 1 and 24 hours of being seeded respectively. 

From the literature review, the physicochemical properties that had a higher 

influence on the osteoblast cell adhesion and proliferation on biomaterials are: the 

surface topography, wettability, charge, and phase composition [41], [121], [288]–

[290]. Previous experimental works have been reported the influence of the surface 

wettability on the osteoblast cell adhesion [1], [35], [36], [41], [111], [114], [288], 

[289], [291], [292].The majority of authors report a better cell adhesion on 

superhydrophilic surfaces in contrast to hydrophobic surfaces [1], [291], [292]. Das 

et al. [36] produced nanotubes using an electrolyte composed by an aqueous 

solution of citric acid, sulfuric acid, and NaF. They found that the osteoblast cells 

seeded on hydrophobic anodic nanotubular surfaces produced a poor cell 

attachment. 

 
Figure 27 .Types of adhered osteoblast cells. 
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Figure 28. SEM images showing osteoblast growing on surfaces after one hour of being 

seeded. 
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Figure 28 shows the results of the early cell adhesion test (1 hour) in all kind of the 

anodic coatings; it is worth to highlight that for this short time, some kind of samples 

show spread (branched) cells, in contrast to the control that show round cells. From 

Figure 28, some different cell morphologies could be observed (round and 

branched); although, from the results of Table 8, all anodic coatings as-anodized 

were superhydrophilic. Thus, other characteristics also could influence the early cell 

adhesion. From the literature review, surface charge is a key factor in the cell 

adhesion process [41], [121], [286], [290], [293].In fact, one of key step on the early  

osteoblast cell adhesion involves the absorption of positively charged proteins 

(vitronectins, laminins, and fibronectins), these proteins act like bridges between the 

cell and the surface ;thus, surfaces with a negative surface charge could contributes 

positively to the osteoblast cell adhesion [39], [121], [290], [294]. From Figure 28, 

some differences were observed between the cell seeded on the 10 V and 2 V as-

anodized samples in contrast to the 10 V and 2 V UV irradiated samples; in the as-

anodized samples the cell have a round shape in contrast to the branched shape 

observed on the UV irradiated samples. From Table 9, the value of surface potential 

for the UV irradiated samples is lower in contrast to the as-anodized sample value, 

this could be an explanation for the differences in the cell morphology in this kind of 

samples. Previous works [263], [295]–[297] have reported an enhancement on the 

biocompability of TiO2 nanotubular coatings irradiated with UV light. The authors 

reports an increasing in the  osteoblast cell colonization and viability [297] combined 

with a rise in the adhesion, proliferation and differentiation [296]. Wu et al. [297] 

evaluated the UV irradiation effect on the bioactivity of  TiO2 nanotube coatings. The 

authors found that the irradiated samples absorbed the proteins related to the cell 



93 
 

adhesion process faster in contrast to the non-irradiated samples; besides, the 

irradiated samples show a higher percentage of surface colonization and early  cell 

adhesion in contrast to the non- irradiated samples. It is worth to highlight that the 

only difference between the as-anodized and the UV irradiated samples at the same 

voltage was the irradiation process. Roughness is another important characteristic 

that affect the cell adhesion, some authors reports that increasing roughness could 

improves cell adhesion; however, after a maximum value ,the opposite effect is 

observed [41], [111], [283]. 

From Table 9 and Figure 28, the direct relationship between roughness and the 

improving of early cell adhesion is evident, due to the cell seeded on the anodizing 

coatings with the higher roughness values have a branched shape. However, in the 

case of smaller nanotubes (2 V), it seems that the complete transformation to rutile 

or anatase phases is not beneficial to the early cell adhesion. In real conditions, in 

the surface implants occurs a “race for the surface” between the cells and the 

bacteria strains; thus, if cells quickly covered the implant surface this will be less 

susceptible to bacteria colonization [298], [299]. 

From the literature review, the cell attachment process involve the formation of 

filopodia and lamellipodia [39], [42], [124], [145], [300], [301]. The filopodia are 

composed of microtubules and actin filaments, with a morphology similar to “fingers” 

that help the cell to sense the surface searching desirable adhesive sites on the 

biomaterial surface. Once the filopodia detects the location, lamellipodia is formed 

conducting the cells to colonize that location. From the literature review, it can be 

concluded that a higher number of filopodia indicates a favorable compatibility  
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Figure 29. SEM images showing osteoblast growing on surfaces after 24 hours of being 

seeded. 
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between the cells and the biomaterial surface; as the filopodia acts like site of cell 

anchorage and attachment [39], [145], [301]. From Figure 29, after 24 hours of being 

seeded, the cells adhered to all kind of anodic coatings and they had a branched 

morphology. However, some specific differences were observed in the adhered cells 

morphology; the number of filopodia increases with the decrease of the nanotube 

internal diameter. 

Nevertheless, the cells adhered to the anodic coating produced at 20 V and heat 

treated at 350 °C has a higher number of filopodia, similar to value presented in the 

lowest diameter nanotubes. Thus, from our results, it seems that the internal 

diameter and the nanotube phase has a higher influence on the number of filopodia, 

thus, in the cell anchorage.        

4.1.3 Cell mineralization 

According to the literature review, the mineralization is the last stage of the 

osteoblast differentiation (proliferation, matrix maturation, and mineralization) in 

which those cells are enriched with osteocalcin producing mineral compounds which 

are composed mainly for calcium phosphates [292], [302], [303]. Mineralization is a 

key stage in the process of production of new bone; an unequilibrated mineralization 

process could cause diseases as osteomalacia [304]. Figure 30 and Figure 31 show 

the optical images of osteoblast cells that grew up on the anodic nanotubular 

coatings after 7 and 14 days of being seeded respectively. Staining with alizarin red 

confirmed osteoblast cells proliferation and differentiation characteristic for this cell 

phenotype in all kind of the anodic coatings; extracellular mineralized nodules were 

observed similar to the reported in previous experimental works; sites of calcium  
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Figure 30. Differentiation and mineralization activity of osteoblasts on anodized surfaces 

after seven days. 
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Figure 31. Differentiation and mineralization activity of osteoblasts on anodized surfaces 

after 14 days. 
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4.2 Conclusions 

Implant failure or success depend principally of their surface characteristics which 

could propitiate the osteoblast cell adhesion and proliferation until achieve the 

mineralization and thus the formation of new bone. From this experimental work, all 

kind of anodic coatings were biocompatible, demonstrating that nanotubular 

coatings did not affect the cells viability and survival. However, some differences 

were found that directly depends of the surface physicochemical characteristics. The 

roughness improved the early cell adhesion and the decrease of the internal 

diameter increase the number of filopodia and the number of mineralization zones. 

Those results could help to design biomaterials based on TiO2 nanotubes that 

encourage and helps to produce new peri-implant bone around the implant.  

 

deposition were identified as red zones [292], [303]. From Figure 30, a higher 

number of mineralized nodules were observed after 7 days in the nanotubular 

coatings produced at voltages of 10 V and 2 V in contrast to the 20 V. From Figure 

31, after 14 days the nodules are spread around all the anodic surfaces; however,  

a higher number of nodules or zones of calcium deposition were found in the 

nanotubular coatings produced at voltages of 10 V and 2 V in contrast to the 20 V. 

Nonetheless, the anodic coating produced at 20 V and heat treated at 350 °C had 

a number of nodules similar to the values found in anodic coatings with lower 

internal diameters. On the other hand, a lower number of nodules were found on 

the anodic coatings heat treated at 600 °C. Thus, from our results, it seems that 

the internal diameter and phase composition affect the mineralization process.  



99 
 

Discussion 
 
In order to prevent the implant surface colonization by bacteria strains, various  

treatments have been used, some related to antibiotics release, or in other cases 

consisting in the liberation of silver ions from the implant [34], [305].  Antibiotics have 

been widely used to reduce of bacterial infections in patients recently implanted; 

however, the uncontrolled use of this kind of substances has allowed the 

development of new antibiotic-resistant bacteria strains [46]. On the other hand, the 

liberation of silver ions has been useful against both gram-positive and gram-

negative bacteria strains proliferation; however, some authors have reported cell 

toxicity associated with the silver use [34], [305], [306].Thus, it is necessary to adopt 

new approaches for preventing implants bacterial infection without increase the 

bacteria resistance or loss biocompatibility [49], [247]. Among those new 

approaches are the implant surface modification with nanotopography or using 

nanostructured coatings [33], [34], [52], [247]. Previous works have reported that 

nanotubular structures have antibacterial properties against various bacterial strains 

such as Staphylococcus epidermidis [51], [307] ,Streptococcus mutans [266], 

Porphyromonas gingivalis [113], [266] Staphylococcus aureus [43], [308], 

Pseudomonas aeruginosa [43], [308] and Escherichia coli [309]. However, the effect 

of some nanotubular characteristics (diameter, crystalline phase and UV irradiation) 

on the antibacterial properties has not been reported yet. For instance, the effect of 

small internal diameters with and without different heat treatments and with and 

without UV irradiation on the bacteria strains comportment.  
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In real environments, it occurs a competition for colonization of the implant surface 

between the bacteria strains and the osteoblastic cells; therefore, if cells quickly 

cover the implant surface this will be less vulnerable to bacteria colonization. Both 

processes of adhesion (bacteria and cells), are mediated at the beginning by 

proteins adsorption on the implant surface [44]. Previous authors report the reduction 

on the bacteria adhesion in superhydrophobic surfaces due to prevention of proteins 

adsorption [44], [310]. In addition, some authors report a decrease of osteoblastic 

cells adhesion and proliferation in superhydrophobic surfaces and those authors 

related this behavior with the reduced capacity of adsorbing proteins [310], [311]. On 

the other hand, in previous works [42], [121], [294], [307] it has been reported that 

TiO2 nanotubes coatings increase the osteoblastic cell adhesion and proliferation, 

due to higher rates of protein adsorption which is related to the hydrophilic 

comportment of this kind of coatings. From the results of the present experimental 

work, we showed the antibacterial properties of superhydrophilic TiO2 nanotubes 

coatings; additionally, those nanostructures showed a higher bioactivity in terms of 

osteoblast adhesion, proliferation and mineralization.  
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General Conclusions 

As a result of this experimental work, CMC and NaF aqueous electrolytes allows to 

obtain homogeneous nanotubes with different diameters (from ≈ 10 nm to ≈ 100 nm); 

furthermore, for the best of knowledge, the nanotubes with an internal diameter 

about 10 nm were the lowest found reported in the scientific literature. The last was 

achieved through the systematically study of the anodization parameters as: pH, 

electrolyte composition, electrolyte aging, voltage, current, electrolyte temperature 

and anodizing time. The addition of CMC changes the viscosity and helps to produce 

organized nanotubes; however, the carefully control of anodizing parameters is 

necessary to obtain organized nanotubes using aqueous electrolytes that contains 

CMC. As a consequence of higher dissolution of the aqueous electrolytes, the 

nanotube produced in aqueous electrolytes have a reduced length. However, the 

aqueous electrolytes with CMC allows to obtain thinner nanotubes, in our case, 5.85 

µm.   

Nanotubes with the higher organization levels were heat treated at 200, 350 and 600 

°C and irradiated with UV light, after that, all kind of anodic coating were 

characterized using Raman spectroscopy, XRD, SEM, TEM, (GPA), HRTEM, SAED, 

AFM and contact angle. Nanotubes heat treated at 600 °C using a ramp with 

stabilization steps kept the nanotubular structure, even for the lowest inner 

diameters; furthermore, the nanotube length reduction after the heat treatment was 

lower compared with the scientific literature data. HRTEM and SAED revealed d-

spacing values related to titanium suboxides; also, after heat treatment at 350 and 

600 °C. d-spacing values related to the rutile phase were detected in different zones 
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of the nanotubes. The nanotubes UV treated, and heat treated at 200, 350, and 600 

°C were superhydrophilic inclusive two months after preparation. 

All kind of anodic coatings were submitted to antibacterial, cell adhesion, proliferation 

and mineralization essays. The data from the biological essays were correlated with 

the information from the characterization essays. The nanotubes UV treated, and 

heat treated at 350, and 600 °C had a bacteriostatic behavior against S. aureus and 

P. aeruginosa. Anodic coatings obtained at 20 V and heat treated at 350 °C had the 

lower bacteria adhesion against both strains evaluated. All kind of anodic coatings 

were biocompatible, demonstrating that nanotubular coatings did not affect the cells 

viability and survival. However, some differences were found that directly depends 

on the surface physicochemical characteristics. The roughness improved the early 

cell adhesion and the decrease of the internal diameter led to increase the number 

of filopodia and the number of mineralization zones. 

Finally, correlating the antibacterial essays with the osteoblast cell adhesion, 

proliferation and mineralization results, all kind of conditions produced at 10 V and 2 

V had good results in the antibacterial essays and osteoblast cells essays. However, 

the best results in both kind of essays were achieved in the nanotubular coatings 

obtained at 20 V and heat treated at 350 °C. These coatings potentially have great 

potential in biomedical applications as implants; however, tribological and in vivo 

assays would be necessary for his future application as a biomedical device.    
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