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Abstract 
Implant surface properties define the interaction of the implant with the 

surrounding tissue. To obtained advanced biological, mechanical and physical 

properties, metallic implants are often exposed to different kinds of surface 

modification. The electrochemical anodization process is an efficient method for 

nanostructured surface modification, which leads to the formation of nanotubular oxide 

layers on metallic surfaces. These obtained layers could be applied in biomedicine due 

to their chemical stability, biocompatibility and non-toxic nature in the human body. As 

a part of different kinds of medical implants such as dental implants, artificial hip joints, 

bone plates, screws, spinal fixation devices or stents, an oxide layer significantly 

increases cells adhesion and plays a significant role in improving the rate of 

osseointegration. However, an important topic in research of implants with a 

nanotubular oxide layer is integrity during fixation and exploitation and possible 

damage initiation and development. This review article aims to present the application 

of nanotubular oxide layers in biomedicine and to explain their influence on the 

biocompatibility and osseointegration of medical implants. Influence of the layers 

properties, such as roughness or contact angle, and the influence of their morphology on 

biocompatibility and osseointegration, as well as the influence of fixation and 

exploitation on the damage of the nanotubular oxide layer, are considered. 

 

Keywords: application of nanotubular oxide layer; biocompatibility; damage of 

nanotubular oxide layer; Ti-based implants; osseointegration. 

                                                 
 Corresponding author: Dragana R. Barjaktarević, dbarjaktarevic@tmf.bg.ac.rs  

https://doi.org/10.30544/401
mailto:dbarjaktarevic@tmf.bg.ac.rs


244 Metall. Mater. Eng. Vol 24 (4) 2018 p. 243-259 

 
Introduction 

Nanotechnology is defined as a discipline aimed at understanding the properties 

and application of structures, devices, and systems where the dimensions are less than 

100 nm [1, 2]. Nanotechnology in medicine can be used for the production of devices, 

structures, and materials with a positive effect on human health. Some of the 

applications of nanotechnology in medicine are presented in Fig. 1. Advance uses of 

nanotechnology are in medical therapy as nanoparticles for antibiotics delivery or 

vaccines, production of surgical tools and bone replacement materials or stents with a 

nanostructured layer [1]. For example, one of an important application of 

nanotechnology in medicine is in the production of devices of nanometers dimension 

that could be used to target drug delivery to a specific place or as a detector for early 

stages of disease [3]. The other significant application of nanotechnology in medicine is 

the production of biomaterials used in orthopedic and dental implants. 

Nanotechnology can be used for making nanostructured surfaces of implants that 

have non-specific adsorption of proteins and could increase the biocompatibility of the 

materials in the human body [4].  

One of the ways to produce a nanostructured implant surface is forming an oxide 

layer that is made of nanotubes using different methods for the modification of a 

surface. For example, to obtain a TiO2-based nanotubes template [5, 6], the sol-gel 

process [7], hydrothermal treatment [8, 9] and electrochemical anodization [10] could 

be used. Nanotubes are specifically structured nanoparticles of a defined geometry with 

nanometre wall thickness, and a significant length to diameter ratio.  

 

Fig. 1. Application of nanotechnology in medicine [2]. 

The basis of the nanostructured modification of surfaces of metallic 

biomaterials  
The main electrochemical surface modification methods used for nanostructured 

metallic biomaterials are anodization, micro-arc anodization, and electrodeposition [11]. 

The anodization process is a surface modification method that is usually used in case of 

titanium-based materials, but anodization can be applied to a large number of metallic 
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materials in order to obtain nanostructured surfaces. The equipment for anodization 

consists of a cell with two or three electrodes: titanium-based materials as the anode and 

working electrode, platinum as cathode and counter electrode and when the cell has 

three electrodes, the Ag/AgCl electrode is used as a reference electrode [12]. The 

advantage of the anodization process is the ability to make the nanostructured formation 

with a direct connection to the substrate. Also, the anodization process can be used to a 

large and different shape of the substrate (this is the case with an implant) [13]. The 

disadvantage of the anodization process is the expensive equipment required when the 

process is applied for very complicated shapes [13]. 

The most significant advantage of the anodization process is that it can create a 

homogeneous nanotubular oxide layer. The form of the nanotubular oxide layer and the 

dimensions of the nanotubes diameter, length and wall thickness may be controlled 

using the parameters of the anodization process [14-16].  

One of the first reports concerning anodization as a method suitable for the 

formation of self-organized TiO2 nanostructured surfaces on a titanium implant was by 

Dezfuly et al. [17]. Subsequently, Zwilling et al. [18] showed that the anodization 

process in an electrolyte containing fluoride ions is an efficient method for obtaining a 

nanostructured oxide layer on titanium and the titanium alloy Ti-6Al-4V. They varied 

the conditions of the anodization process and finally concluded that the nanotubular 

oxide layer was formed at voltages of 5 V and 10 V within 20 minutes. The nanotubular 

oxide layer formed on titanium and titanium alloys have lengths from a few hundred 

nanometers to up to several micrometers depending on the electrochemical anodization 

parameters [19-22]. It was shown, that the formation of a 4.4 μm thick titanium 

nanotubular oxide layer is possible using anodization in NaF or KF electrolytes [19] 

while using ethanol in the presence of HF leads to the formation of 2.3 μm long 

nanotubular oxide layer [20]. Fluoride solutions at a pH value of 7 create nanotubular 

oxide layers of 2.5 μm [21]. Aguire et al. [23] reported that the nanotubular oxide layer 

has a thickness of approximately 0.5 μm in HF electrolyte, while in the presence of a 

fluoride salt, such as NaF or NH4F, the thickness of the nanotubular oxide layer 

doubles. 

Low concentrations of fluoride ions in the electrolyte (less than 0.05 wt.%) lead 

to the formation of the stable oxide layer. On the contrary, high fluoride ion 

concentration, around 1 wt.% does not lead to the formation of an oxide layer because 

of the direct reaction between Ti4+ and the fluoride ion. Medium concentrations of 

fluoride ions lead to the creation of a nanoporous structure and a nanotubular oxide 

layer [24]. 

Many authors explain the physical formation of the nanotubular oxide layer and 

their connection to the parameters of the anodization process [24, 25, 26]. They 

presented a mechanism in which a decrease in the current density occurs due to the 

formation of a compact oxide film. In the next stage, a random nanoporous structure is 

formed, and the surface area increases causing the current density to increase. During 

the second stage, the nanoporous layer progressively dissolves while the layer with 

formed nanotubes grows. In the last stage, the current density achieves a steady value, 

which indicates that a nanotubular oxide layer is obtained, Fig. 2. This mechanism of 

the formation of a nanotubular oxide layer indicates that nanotubes grow with 

increasing anodizing time. Moreover, nanotubes can grow at various speeds because 

nanotubes “contest for the current” [26]. For this reason nanotubes in the nanotubular 
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oxide layer may have different geometries. When the dissolution of the nanoporous 

structure is finished, and if metallic materials have been removed from the solution in 

time, a nanotubular oxide layer can be formed. On the contrary, if the anodization is too 

long, this will lead to the formation of a nanotubular oxide layer with thin nanotubes 

walls.  

 

Fig. 2. Representation of the formation of a nanotubular oxide layer [25]. 

This technology that is used to replace the thin natural oxide layer that forms on 

the surface of a titanium implant due to exposure to the air present with a thick oxide 

coating nowadays is complemented and widely used in the production of dental and 

orthopedic implants. The DOTIZE® technology was developed by DOT America and is 

one of the first anodization processes applied in the industry of metallic biomaterials. 

Using the DOTIZE® technology, an oxide layer with a maximal thickness of 5 µm is 

produced, leading to nanoroughness of the implant surfaces and better biocompatibility, 

increased corrosion and wear resistance and no significant changes in dimensions of Ti-

based materials are produced [27]. Also, Nobel Biocare® is a commercial dental 

implant with an anodized surface that is often used in clinical testing [28, 29]. One of 

the possible titanium anodizing systems in the manufacture of medical device consists 

of a few general steps, as shown in Fig. 3 [30]. First, materials are placed in a cleaner 

tank, and then they are rinsed. Subsequently, the materials are etched in a selected 

solution, with the immersion time depending on the aggressiveness of the solution and 

then completely rinsed. The tank anodizing step includes the presence of a voltage and 

current. The time of this step can be longer if there are holes in the implant as they are 

less assessable. After the process time, the materials are removed and rinsed. 
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Fig. 3. System and general steps of the anodization process [30]. 

Application of nanotubular oxide layers as biomaterials  
TiO2 based nanotubes can be used in different biomedicine application due to 

their chemical stability, biocompatibility and non-toxic properties in the human body, 

Fig. 4 [31]. 

 

 

Fig. 4. Applications of TiO2 based nanotubes [31]. 

Titanium and especially titanium alloys are some of the most used metallic 

biomaterials in tissue engineering because they have excellent biocompatibility and 

osseointegration [32, 33]. Osseointegration is a phenomenon that refers to the formation 

of a structural and functional connection between the bone and an implant, whereby a 

bone-implant complex is formed as a single entity [34]. Factors that have an impact on 

the osseointegration process are the shape of the implant, the chemical composition of 

the implant material, the presence of a coating and the state of the implant surface. 



248 Metall. Mater. Eng. Vol 24 (4) 2018 p. 243-259 

 
Reactions between implant materials and tissue depend on the surface topography and 

properties of the implant, an implant with a rough surface showing faster 

osseointegration than a smooth surface [35]. Natural tissues, such as extracellular matrix 

proteins, minerals, and pore in membranes, have nanometer dimensions and for this 

reason, many papers consider that nanostructured surface modification of biomaterials 

might improve the growth and interaction of tissue cells [1]. A nanostructured surface 

enhances integration with the surrounding tissue because, as stated by the authors, of 

rapid deposition of calcium [36-38].  

There are two essential factors in a better response of human cells to an implant 

with a nanotubular oxide layer: increased surface roughness and extraordinary 

hydrophilicity [39]. An implant surface with a larger surface area, produced by the 

spacing between nanotubes, offers a suitable implant-cells connection. Yu et al. [40] 

showed that a nanotubular oxide layer with nanotubes of diameters between 0 nm and 

120 nm creates a surface roughness of between 0 nm and 46.54 nm, while a nanotubular 

oxide layer has contact angles with water of 0°, which is more hydrophilic than a 

smooth Ti surface with a contact angle of 80°. Figure 5 shows that the formation of a 

nanotubular oxide layer increases the roughness of the surface, but increasing the 

diameter of the nanotubes does not make significant changes in the surface roughness. 

On the other hand, the anodization process on the titanium surface decreases the contact 

angle, and this decrease is more significant with nanotubes of larger diameter.  

 

Sample 

Applied 

voltage 

(V) 

Nanotube 

diameter 

(nm) 

Roughness

R  

(nm) 

Contact 

angle  

(°) 

Ti 0 0 0 54 

30 5 27 13 11 

50 10 46.4 12.7 9 

70 15 69.5 13.5 7 

100 20 99.6 13.2 4 

Fig. 5. Nanotubes dimension and its influence on the roughness and hydrophilicity  

[39, 41]. 

Many papers compared the adhesion and growth of human cells for different 

morphologies of nanotubular oxide layers and different nanotubes diameters. Thus, 

Brammer et al. [41] showed that the anodization process, unrelated the diameter of the 
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nanotubes, increased number of cell, and the viability of the cells, while increasing the 

nanotube diameter to around 100 nm, the elongation of the cells will significantly 

increase. It was shown that extraordinary cell elongation is present on nanotubes with 

diameters of 70 nm and 100 nm, and advanced elongation starts when the nanotube 

diameter is increased from 30 nm to 50 nm [42]. However, a larger diameter has an 

impact on cell elongation of their body. On the other hand, increased nanotube 

diameters lead to decreasing cell adhesion, which occurs because of increasing empty 

space between the nanotubes, while this larger space can enhance cell spreading [42, 

43]. The in vitro tests confirm that the best adhesion of the cells is when the diameter of 

TiO2 nanotubes is less than 100 nm [44]. Park et al. [45] created a nanotubular oxide 

layer with nanotubes of diameter in the range from 15 nm to 100 nm and performed in 

vivo tests. They showed that a nanotubular oxide layer with nanotubes diameter of 15 

nm leads to increased cell adhesion, cell proliferation, and cell viability compared to a 

smooth surface. On increasing the nanotube diameter to between 15 nm to 50 nm, the 

cell adhesion, cell proliferation, and cell viability start to reduce. While, on increasing 

the nanotube diameter to between 50 nm to 100 nm, the cell adhesion, cell proliferation, 

and cell viability are significantly reduced. Figure 6 presents the influence of the 

nanotube diameter on the cell adhesion, cell proliferation, cell elongation, and protein 

absorption. 

 

Fig. 6. Influence diameter of the nanotube on the behavior of the cells [42]. 

The authors of the present article worked on the formation of a nanotubular oxide 

layer on ultrafine-grained commercially pure titanium (UFG cpTi) and ultrafine-grained 

Ti-13Nb-13Zr (UFG TNZ) alloy, which was obtained using a high-pressure torsion 

process (HPT). In a previous study, nanotubular oxide layers were formed on the 

surfaces of TNZ and UFG TNZ alloy using electrochemical anodization during 90 

minutes [46]. The obtained results show that the adhesion of human MRC-5 and animal 

L929 fibroblast cells significantly improved, while the cytoplasm extensions made very 

good contact with a nanotubular oxide layer formed on the surface of the alloys, and this 

was more observable for a nanotubular oxide layer on the UFG TNZ alloy for both cell 

types. Oh et al. [47] estimated the rate of cell adhesion on a titanium surface with a 

nanotubular oxide layer obtained during 30 minutes. The results showed that a 



250 Metall. Mater. Eng. Vol 24 (4) 2018 p. 243-259 

 
nanotubular oxide layer with nanotubes of a diameter of 70 nm showed better cell 

adhesion then titanium before the anodization process.  

Furthermore, the dimension of the nanotubes influences protein absorption. It 

was shown that nanotubes with a diameter of 30 nm lead to the distribution of a larger 

quantity of protein particles that overspread the entire surface of the nanotubular oxide 

layer. Nanotubes with a diameter of 100 nm lead to protein molecules rarely attaching 

to the top of the nanotubes walls, because the empty space between the nanotubes is 

larger when the nanotube diameter is larger [48].  

To estimate the osseointegration rate and the behavior of the surface, Moon et al. 

[49] removed titanium implant screws from animal models after implantation and 

concluded that the contact of an implant with the surrounding bone is significantly 

higher after formation of a nanotubular oxide layer, as presented in Fig. 7. Eun-Ju et al. 

[50] compared the osseointegration rate of a Ti-6Al-4V implant with and without a 

nanotubular oxide layer 3 and 6 weeks after implantation. They concluded that a 

nanotubular oxide layer formed on the implant surface leads to improved bioactivity, 

biomechanical and bone regenerative properties.  

 

Fig. 7. Removed implant from an animal model, (a) non-anodized surface, (b) anodized 

surface [49]. 

The lower value of the modulus of elasticity and closer to that of surrounding 

tissue is one of the main factors in reducing the possibility of structural damage to the 

bone in contact with the implant and in accepting the material after implantation [51]. 

The formation of a nanotubular oxide layer on the implant surface could decrease the 

elasticity modulus values ranging from 23 GPa to 34 GPa [52]. In this way, the modulus 

elasticity values are reduced and thus approach the bone tissue values (10-30 GPa) [53]. 

The modulus elasticity value depends on the nanotubular oxide layer morphology and 

nanotubes dimensions. It was shown that the modulus elasticity values decreased with 

increasing the thickness of the nanotubular oxide layer [54]. Crawford et al. [55] 

showed that by increasing the time of anodization process from 0.25 h to 4 h, the 

thickness of the nanotubular oxide layer increased, but at the same time, lead to 

decreasing the value of the modulus elasticity from 7.2 GPa down to 4.6 GPa, 

respectively. Xu et al. [56] investigated the modulus of elasticity of the nanotubular 
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oxide layer formed of TiO2 nanotubes using the nanoindentation technique. They 

concluded that the modulus elasticity value of materials with nanotubular oxide layers 

was lower compared to smooth materials. With increased displacement in the 

nanoindentation test, the substrate influence on the modulus elasticity values was 

higher. Zielinski et al. [57] showed that the formation of the nanotubular oxide layer 

with a nanotubes diameter ranging from 80 nm to 120 nm and a length of 1 µm on the 

Ti-13Nb-13Zr alloy decreased the modulus elasticity value down to 25.5 GPa. The 

modulus elasticity value of the commercially pure titanium after the nanotubular oxide 

layer formation was reduced from 127.5 GPa to 46.18 GPa [58].  

To show the enhanced rate of osseointegration and contact between surrounding 

tissues and nanostructured modified surface implant, and potential applications of a 

titanium nanotubular oxide layer in tissue engineering, many authors did tests in animal 

models. A detailed overview of already published research results regarding the effect 

of a nanotubular oxide layer on a Ti-based implant on the integration with the 

surrounding tissue is given in Table 1. 

Table 1. The effects of a nanostructured surface of Ti-based materials on the integration 

with the surrounding tissue [28, 29, 35, 59-64]. 

Reference Implant 
Nanotubular oxide layer 

morphology 

Obtained research results 

 

1. Jungner 

et al. [28] 

Titanium 

dental 

implant 

Commercial implants with 

anodized surfaces Nobel 

Biocare ®. 

Results show a 100 % success 

rate of the implants with an 

anodized surface compared to a 

success rate of 96.4 % with 

implants with a smooth surface.  

2. Jungner 

et al. [29] 

Titanium 

dental 

implant 

Commercial implants with 

anodized surfaces (MKIII, 

Ti Unite, Nobel Biocare 

AB). 

After 5 years of use, non-

anodized implants and anodized 

implants show success rates of 

94.7% and 99.4%, respectively. 

The results show no significant 

differences. 

3. Young-

Ah Yi et 

al. [35] 

Titanium 

femur 

bone 

implant 

The Ti nanotubular oxide 

layers had nanotube 

diameters of 30 nm, 50 

nm, 70 nm, and 100 nm. 

The implant with nanotubes of 

diameter 30 nm had larger 

formed bone around the implant 

than the implant with nanotubes 

diameter of 70 nm, after two 

weeks. After six weeks, the 

implant with nanotubes of 

diameter 70nm had larger formed 

bone around the implant.  

4. Lin et 

al. [59] 

Titanium  

screw 

implant 

The Ti nanotubular oxide 

layer had an average 

nanotube diameter of 78 

nm. (obtained at 20 V 

during 20 minutes). 

 

The results show that a 

nanostructured surface had better 

osseointegration when Ti screws 

were implanted in New Zealand 

white rabbits.  



252 Metall. Mater. Eng. Vol 24 (4) 2018 p. 243-259 

 

Reference Implant 
Nanotubular oxide layer 

morphology 

Obtained research results 

 

5. Cheng 

et al. [60] 

 

Titanium  

bone 

implant  

Ti nanotubular oxide 

layers had an average 

nanotube diameter of 30 

nm and 80 nm, formed at 

10 V or 40 V loaded with 

Ag and Sr. 

Antibacterial activity and 

enhanced cell adhesion, viability, 

and proliferation were obtained.  

 

6. Nuhn et 

al. [61] 

  

Ti-6Al-

4V 

stent  

The Ti-based nanotubular 

oxide layers had an 

average nanotubes 

diameter of 90 ± 5 nm and 

length of 1800 ± 300 nm. 

Lower rates of stenosis for the 

titanium-based stents with a 

nanotubular oxide layer. 

 

7. Jang et 

al. [62] 

 

Titanium  

screw 

implant 

 

The Ti-based nanotubular 

oxide layers had an 

average nanotube 

diameter of 70 nm and 

length of 5 µm. 

The nanotubular oxide layer on 

the surface of the screw 

improved the rate of 

osseointegration and stability of 

the implant. 

8. Kubo et 

al. [63] 

 

Titanium 

bone 

implant  

Nanopores with diameters 

of 100 nm, 300 nm, and 

500 nm, and micro-pores 

obtained at the implant 

surface.  

 

Integration with animal tissue 

was three times greater for the 

implants with 300 nm nano-pores 

than the implants with micro-

pores.  

9. Sul [64] 

 

Titanium 

screw 

implant 

The nanotubular oxide 

layers had average 

nanotube diameters of 90 

nm for 30 minutes, 107 

nm for one hour and 108 

nm for three hours. 

A titanium nanotubular oxide 

layer led to significantly 

increased osseointegration and 

formation of new bone around 

the implant.  

 

The nanotubular oxide layer formed using the electrochemical anodization 

process on titanium-based materials could be used for more efficient and exact drug 

delivery than conventional methods [65]. Nanotubes lead to the enhanced maximum 

amount of drug and extended drug release [66], but the morphology of the nanotubes 

formed on the surfaces influences the drug amount. For example, a nanotubular oxide 

layer with 10-20 nm space between nanotubes increased the capacity and surface area 

[39]. Yao et al. [67] demonstrated the use of a nanotubular oxide layer formed on the 

surface of titanium as a drug delivery system. They concluded that a system with 

penicillin could be successfully used for the release of a drug and had improved bone 

cell adhesion. Popat et al. [68] investigated the delivery of the antibiotic gentamycin 

from a nanotubular oxide layer formed on the surface of a titanium implant, and they 

concluded that this way of drug delivery provides greater safety from infection after 

implant surgery. Balasundaram et al. [69] investigated osteoblast adhesion between a 

smooth titanium surface and a nanotubular oxide layer with and without protein-2. They 

concluded that the anodization process increased the roughness of surfaces, which 
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increases cell adhesion, but an excellent cell adhesion was obtained after immobilized 

protein-2 in nanotubes. 

Damages of the nanotubular oxide layer on an implant surface 
A special topic in the research of implants with a nanotubular oxide layer is their 

integrity during fixation and exploitation, as well as possible damage initiation and 

development. In many studies, damage to the nanotubular oxide layer formed on the 

implant surface was observed using different testing methods, such as tribological, 

micro scratch, nanoindentation [55, 70, 71] and control stability of the nanotubular 

oxide layer on the implant surface after implantation in animal models. Shemtov-Yona et 

al. [72] studied the damage to the surface of nanostructured titanium and Ti-6Al-4V 

dental implants after removal from the tissue. This study shows that the examined 

implants with an anodized surface could be without damage. It was shown that the 

nanotubular oxide layer formed on titanium screws was damaged and removed at the 

edge of the screw, while other parts of the implant screw retained the nanotubular 

structure, which had good interaction with animal tissue, Fig. 8 [62]. 

Fig. 8. Screw implant after test in the animal model (a) and 

damage of the nanotubular oxide layer (b) [62]. 

As can be seen in Fig. 9, critical positions (shown with arrows) for damage of 

the nanotubular oxide layer are the edges of the titanium implant screw [73]. 
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Fig. 9. Schematic presentation of the critical position for damage 

of a nanotubular oxide layer [73]. 

On the other hand, Shivaram et al. [74] showed that no damage of the 

nanotubular oxide layer with a length of up to 1 µm was visible after implantation.  

One of the procedures during the implantation that can lead to the damage of the 

nanotubular oxide layer is sterilization, more precisely autoclaving of implants under 

high temperatures and pressures [25]. Shivaram et al. [75] tested damage of the 

nanotubular titanium surface after exposure to various high temperatures. They 

concluded that shorter nanotubes, 300 nm in length, show damage at 400 °C, but 

temperature of 700 °C lead to total damage of the nanotubes. Similarly, longer 

nanotubes, 950 nm in length, showed damage at 500 °C, while total damage to the layer 

was evidenced at 700 °C.  

Fig. 10. The nanotubular oxide layer on the surface of titanium stent and its damage 

[61]. 

The insertion of a dental implant could result in an intense change in the stress 

field, which indicates that the implant does not interact with a bone over the entire 

surface. This fact has a significant influence on damage evolution of the implant 

surface, has been reported [76]. A nanotubular oxide layer formed on a Ti-based stent 

was damaged during the implantation but was still connected to the surrounding tissue, 
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which indicates a strong interaction between the tissue and nanostructured implant 

surface, as presented in Fig. 10 [61].  

In the human body, implants are exposed to different kinds of external loads, 

which could provoke cyclic stress. Variation in stress could lead to damage to part of 

the implant surface. Chen et al. [77] stated that the nanotubular oxide layer on the 

implant surface formed by electrochemical anodization does not change the life duration 

of the implant exposed to fatigue [77], despite damage to the nanotubular oxide layer 

after cyclic stress. Different nanostructured surface modification methods exhibit 

various behaviors of the implants during fatigue. Thus, the acid etching method reduces 

fatigue durability, while a combination of the surface modification methods of blasting 

and acid etching lead to the same fatigue durability as that of a non-modified implant 

[78]. The human body, which is composed of saline solution with a pH value of 7 (in 

special cases, such as cancer or infection, the pH value can be lower) is a corrosive 

environment, which could lead to damage of the implants. The nanotubular oxide layer 

of an implant is corrosion resistant, which is also an important factor because it leads to 

a reduction in corrosion damage of the implant [79, 80, 81]. Also, a reduction in the 

corrosion damage could be achieved using a high-pressure torsion process, as authors of 

this paper showed in a previous study [82]. 

Conclusions 
Electrochemical anodization process, which is used to replace the thin natural 

oxide layer that forms on the surface of a titanium implant due to exposure to the air 

with a thick nanoporous or nanotubular oxide layer, is nowadays complemented and 

widely used in the production of dental and orthopedic implants. The nanotubular oxide 

layers formed on titanium and titanium alloys have a length of up to several 

micrometers and a homogenous morphology. To obtain longer layers, acid or salt in the 

presence of fluoride is used. A medium fluoride ion concentration, (around 0.5 wt. %) 

leads to the formation of a nanoporous structure and nanotubular oxide layer. When 

nanotubular oxide layers are used on medical implants, two important factors for better 

response of human cells exit, i.e., increased surface roughness and extraordinary 

hydrophilicity. It was shown that this oxide layer increases the roughness of the surface, 

but increasing the diameter of the nanotubes does not induce significant changes in 

surface roughness. 

On the contrary, the hydrophilicity increased with increasing nanotubes diameter. 

Nanotubular oxide layers could be used for different kinds of implants and, after tests in 

animal models; they showed enhanced rates of osseointegration and greater contact with 

the surrounding tissues, independent of the nanotubes dimension. On the other hand, 

nanotubular oxide layers could be damaged from the implants during the implantation 

process, but this fact does not change the possibility of their application in biomedicine 

because of their positive effects. 
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