
Anodization: A Promising  
Nano-Modification Technique 

 

As one of the valve metals (including Ti, Al, Ta, Nb, V, Hf, W),  
titanium is protected by a thin titanium oxide layer which spontane-
ously forms on its surface when exposed to air or other oxygen con-
taining environments. This oxide passive layer is typically 2 to 5 nm 
thick and is responsible for the well-documented corrosion resis-
tance property of titanium and its alloys.1 Because of this and their 
excellent mechanical properties, titanium and its alloys are widely 
used in orthopedic and dental applications. However, the native TiO2 
layer is not bioactive enough to form a direct bonding with bone, which 
means the lack of osseointegration to juxtaposed bone might lead to 
long term failure after implantation.2 Specifically, the 10 to 15 year 
lifetime of current titanium-based orthopedic implants is not as long 
as expected by many patients. 3 

As a result, many attempts have been made to improve the surface 
properties of titanium-based implants (e.g., topography, chemistry and 
surface energy), which directly determine the implant-environment 
interactions after implantation. These surface modification techniques 
include mechanical methods (e.g., sand-blasting), chemical methods 
(e.g., acid etching), coatings (e.g., plasma spraying), etc.4-9 Through 
these conventional approaches, a better bonding ability with bone 
has been achieved due to the creation of a optimum micro-scale surface 
roughness, a more favorable surface chemistry, and/or a new morpho-
logy preferred by bone-forming cells (or osteoblasts). However, neither 
these mechanical nor chemical methods have the ability to produce 
controlled surface topographies. Moreover, these methods have the 
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 potential to form surface residuals. Thus, alternative methods to modify 
titanium surfaces are highly desirable for promoting new bone growth.  

Other attempts to improve bone-bonding involves coating titanium-
based implants with hydroxyapatite (HA) or other calcium phosphates, 
which is commonly accomplished by plasma spraying.2 This is based 
on the fact that HA and other calcium phosphates are the main inor-
ganic components of bone and they have been shown by many to di-
rectly bond to juxtaposed bone.10-13 Unfortunately, such coatings have 
long-term failures due to weak adhesion to the metal substrate and dis-
solution once implanted. Therefore, an alternative method to deposit 
HA firmly onto titanium surfaces with optimal bioactivity is highly 
desirable for orthopedic applications. 

In this light, a current strategy is to modify titanium-based implants 
to possess nanometer surface features considering that natural bone 
is a nanostructured material. It is important to note that type I colla-
gen (organic matrix of bone) is a triple helix 300 nm in length, 0.5 
nm in width, and periodicity of 67 nm while HA (inorganic mineral 
phase of bone) are approximately 20 to 40 nm long. Besides, HA 
crystals are uniquely patterned within the collagen network.14 These 
indicate that bone cells may be used to an environment in nano-scale 
rather than micro-scale. Recently, human osteoblasts were observed 
to initially adhere to grain boundaries on both nanophase and conven-
tional titanium; greater osteoblast adhesion was found on nanophase 
titanium that possessed more grain boundaries on the surface.15 
However, the mechanical strength of this nanophase titanium (com-
pacts of nanoparticles) was not high enough for use as a bulk material 
like titanium alloys through metallurgy techniques. Proper nanometer 
surface modification methods for current titanium-based implants are, 
thus, being actively pursued.  

An electrochemical method known as anodization or anodic oxi-
dation is a well-established surface modification technique for valve 
metals to produce protective layers.4 It has been successfully used as 
a surface treatment for orthopedic implants in the past few decades 
and it has some new advances recently. This chapter will present an 
overview of anodization and discuss processing parameters, micro-
structure and composition, biological responses of anodized tita-
nium, which are pertinent for orthopedic applications. Finally, this 
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chapter will also discuss mechanisms of enhanced osteoblast functions 
on anodized titanium that possesses nanometer structures. 

Typical anodization procedures include alkaline cleaning, acid acti-
vation, and electrolyte anodizing. Acid activation is performed in a 
mixture of nitric acid and hydrofluoric acid (HF) to remove the natural 
titanium oxide layer and surface contaminants. The electrolyte ano-
dization is carried out in an electrochemical cell, which usually has a 
three-electrode configuration (titanium anode, platinum cathode and 
Ag/AgCl reference electrode). When a constant voltage or current is 
applied between the anode and cathode, electrode reactions (oxida-
tion and reduction) in combination of field-driven ion diffusion lead 
to the formation of an oxide layer on the anode surface.  

The main chemical reactions specifically for anodizing titanium 
are listed below (Equation (1) to (5) adapted from [4]). 

 
At the Ti/Ti oxide interface: 2 2Ti Ti e+ −⇔ +                         (2.1) 

At the Ti oxide/electrolyte interface: 2
22 2 4H O O H− +⇔ +        (2.2) 

          2 22 4 4H O O H e+ −⇔ + +                               (2.3) 

At both interfaces: 2 2
22 2Ti O TiO e+ − −+ ⇔ +                               (2.4) 

 
Because titanium oxides have higher resistivity than the electro-

lyte and the metallic substrate, the applied voltage will mainly drop 
over the oxide film on the anode. As long as the electrical field is 
strong enough to drive the ion conduction through the oxide, the  
oxide film will keep growing. This explains why the final oxide thick-
ness, d, is almost linearly dependent on the applied voltage, U: 

 
                          d aU≈                                      (2.5) 

Where a is usually a constant within the range 1.5-3 nm/V.4 

2.2.1  Basics of Anodization Process 

2.2  Anodization of Titanium 



 2.2.2  Influences of Processing Parameters 

The resulting oxide film properties (such as degree of nanometer 
roughness, morphology, chemistry, etc.) after anodization varies over 
a wide range according to different process parameters such as applied 
potential (voltage), current density, electrolyte composition, pH, and 
temperature. Different acids (phosphoric acid-H3PO4, sulfuric acid-
H2SO4, acetic acid-CH3COOH, and others), neutral salts, and alka-
line solutions are widely-used electrolytes for the anodization of  
titanium. Their detailed electrochemical oxide growth behavior on 
titanium was studied by Sul et al.16 Generally, it was found that 
among all the electrolytes (including H3PO4, H2SO4, CH3COOH, 
and NaOH, Ca(OH)2) the anodic oxide thickness in H2SO4 was the 
highest. Importantly, the oxide formation ability in acidic electrolytes 
exceeded that in hydroxide solutions. Usually, H3PO4 and H2SO4 
were used to produce thick (tens of microns) and micro-porous oxide 
layers at high voltages. In contrast, fluoride solutions were found  
to have the ability of producing biologically-inspired nano-tubular 
structures in the past few years30-38. Due to the importance of nanos-
tructures for biological applications as discussed above, this will be 
discussed in this section. 

The anodization process can be done either at constant voltage 
(poteniostatic) or constant current (galvanostatic). If the applied volt-
age exceeds the dielectric breakdown limit of the oxide, the oxide will 
no longer be resistive to prevent further current flow and oxide growth, 
which will lead to more gas revolution and sparking. This technique 
is, thus, known as Anodic Spark Deposition (ASD) or Micro-Arc 
Oxidation (MAO). For example, it has been reported that the break-
down potentials for H3PO4 and H2SO4 were around 80 and 100 V, 
respectively.17 Below the breakdown limit, the anodic oxide film 
was relatively thin and usually non-porous using non-fluorine elec-
trolytes.  

A constant temperature during the anodization process is usually 
required to maintain a homogeneous field-enhanced dissolution over 
the entire area. Since increased temperature will accelerate the che-
mical dissolution rate, the working temperature is often kept rela-
tively low to prevent the oxide from totally dissolving.17  
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2.2.3  Creation of Rough Surfaces 

The anodization technique was discovered in the early 1930’s and 
was widely studied in the 1960’s to enhance titanium implant osseoin-
tegration.18 These studies usually adopted a high voltage anodization 
(i.e., ASD) of titanium in electrolyte solutions whose ions would be 
embedded into the oxide coating, resulting in a micro-porous struc-
ture.18-22, 24-27 Table 2.1 shows the anodizing parameters of some 
ASD studies. 

The mechanism of the ASD is usually described by the avalanche 
theory. During anodization, the newly-formed oxide layer on the anode 
is a dielectric barrier to the current flow and it keeps growing until 
reaching the dielectric breakdown limit. Generally, the anodized layer 
is not uniform due to the existence of flaws, defects, local stress, and 
non-uniform oxide thickness. When the applied voltage increases, 
the potential drop at the weak points exceeds the dielectric limit so 
that sparking happens. The local temperature at these points can be 
up to several thousand Kelvin and lead to a local melting process. 
Thermal stressing of these anodized titanium leads to the multiplica-
tion of weak points, i.e., a cascading process, and consequently 
breakdown of the dielectric. Figure 2.1 shows a schematic diagram 
of porous titanium oxide formation proposed by Choi et al.17 

Basically, the anodic film growth is determined by a balance bet-
ween the oxide film formation rate and the oxide dissolution rate 
given by the nature of the electrolyte. Meanwhile, the nature of the 
electrolyte is closely connected with other processing parameters  
 

 

Fig. 2.1. Schematic diagram of porous titanium oxide formation above the break-
down potential: (A) oxide growth to maximal thickness, (B) burst of oxide by the 
formation of crystallites (pore formation), (C) immediate repassivation of pore 
tips, (D) burst of repassivated oxide, and (E) dissolution of the formed oxide and 
second repassivation. (Adapted from Ref. 17) 



 such as electrolyte concentration, applied voltage, current density, 
pH, etc. The explanations in detail could be found elsewhere.16  

2.2.4 Creation of Nano-Roughness 

While the generation of micro-structures through titanium anodiza-
tion is well-established, current research efforts focus on creating 
biologically-inspired nanometer surface structures. Studies has shown 

 
Table 2.1. Experimental parameters of some ASD studies. 

RT = room temperature 
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Electrolyte Molarity  Voltage 

(Current) 
Time (s) Temperature 

(°C)  
Reference 

1  125  - - 19 
Sulfuric acid 0.5, 1, 3  90, 155, 

180  - - 20 

1  80  - RT 21 
Acetic acid 0.1  40-80  8-67   17  16 

2 175 - 25 19 

0.2 
200, 300, 
350  
(70 A/cm2) 

- 20 22 
Phosphoric acid 

1 40-80  10-47 17 16 
Sodium tripoly-
phosphate 

0.15 (210 
A/cm2) - - 18 

5 10-20  - 25 23 Sodium hydroxide 0.1 40-80  22-110  17 16 
Calcium hydroxide 0.1 40-80  13-53  17 16 

0.02/0.1 (70 A/cm2) 1530  4.1-4.5 18 

0.03/0.15 

200, 260, 
300  
(70 A/cm2) 

 20 22 

0.15/0.02 190-600  180 - 24 
0.02/0.15 (70 A/cm2) 1800 - 25 
0.02/0.15 350  1200 20 26 

β-glycerophosphate  
and sodium acetate 0.06/0.3 

250-350  
(50 A/cm2)  - - 27 

Composition

Calcium glycero-
phosphate and 
calcium acetate  

28 Another unique surface morphologie 
obtained through titanium anodization is self-ordered nano-tubular 
structures.30-38 For these studies, fluorine electrolyte solutions are 
used and the applied voltage must be much lower than the dielectric 

in chromic acid at 10–40 V.
that nanoporous structures can be created by titanium anodization
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breakdown. Some of the specific anodizing parameters to create  
titanium nanometer structures are listed in Table 2.2.  

The need of fluoride ions to form nano-porous titania structures 
on a titanium surface under relatively low voltages was first reported 
by Zwilling et al.29 However, the nano-tubular structures were not 
reported here. In 1999, Grimes and co-workers successfully fabricated 
self-ordered nano-tube arrays after anodizing titanium between 10 
and 40 V in dilute (0.5–1.5 wt%) aqueous HF solutions.30 It was found 
that the diameters of nano-tubes were determined by applied voltage 
while the final length of tubes were independent of the anodization 
time. 

The tube diameter was approximately 60 nm and tube length was 
200 nm at 20 V in 0.5% HF solution for 20 min (Fig. 2.2). Later,  

 

 

Electrolyte  
Composition (pH) 

Voltage 
(V) 

Time (h) Tem-
perature 
(°C) 

Thickness 
(nm) 

Pore  
diameter 
(nm) 

Ref. 

CH3COOH and 
0.5 M HF 10 4 - 60 500  

(inter) 17 

0.5 or 1.5 % HF 10-40 <1 18 250 25-65 30 
0.5 % HF 10-23 <1 - 300 22-76 31 
KF and NaF (4.5) 25 20 - 4400 115 34 
DMSO and 
CH3COOH and 4 
% HF 

20 70 RT 2300 60 35 

1 M H2SO4 and 
0.15 % HF 30 24 - 540 140 32 

CH3COOH and 
0.5 % NH4F 20 1 - 200 30 33 

1 M (NH4)2SO4 
and 0.5 % NH4F 20 - - 2500 100 36 

1 M (NH4)H2PO4 
and 1M H3PO4 
and 0.5 % HF 

20 40 - 4070 50 37 

0.138 M HF or 
NaF + 0.5 M 
H3PO4 

20 - 24 500 100-120 
(outer) 38 

RT = room temperature 

structures with different size and thickness. 
Table 2.2. Survey of different fluorine solutions to produce titania nano-tubular 

they developed a method to produce tapered, conical-shape titania 
nano-tubes in 0.5% HF by linearly changing the voltage from 10 to 
23 V (Fig. 4).31 Schmuki and co-workers also observed self-ordered 



 

nano-tubular titanium oxide films in HF/H2SO4 or CH3COOH/NH4F 
electrolyte solutions.32  

Moreover, the nano-tubular (nano-pore) structure was also achie-
ved in organic electrolytes. Choi et al. used nano-indented titanium 
for anodization in ethanolic HF and produced a pore lattice with a 
500 nm inter-pore distance (Figs. 2.3-2.4).17 Schmuki’s group reported 
nano-tubular structures using non-aqueous mixtures of ethanol and 
ammonium fluoride without an imprinting treatment.33 However, in 
these studies, the depth of titania nano-tubes was limited to a few hun-
dred of nanometers. Recently, high-aspect-ratio titania nano-tubes up 
to several micrometers were reported by both Grime’s and Schmuki’s 
groups.34-37 Grime’s group reported the formation of 4.4 µm long  
titania tube arrays by anodizing titanium in NaF or KF of pH 4.5 
(Fig. 2.5).34 They also reported formation of 2.3 µm thick nano-
tubular structures using DMSO/ethanol/HF electrolyte (Fig. 2.6).35 
Meanwhile, Schmuki’s group succeeded in using neutral fluoride solu-
tions to produce nano-tubular structures up to 2.5 µm.36 They achieved  
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Fig. 2.2. FE-SEM top-view images of porous titanium oxide films anodized in 0.5 
wt% HF solution for 20 min under different voltages: (a) 3 V, (b) 5 V, (c) 10 V, 
and (d) 20 V. (Adapted from Ref. 30) 

cation at the bottom of tubes. 
this by controlling the electrochemical parameters to enchance acidifi-
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Fig. 2.3. FE-SEM cross-sectional views of the titania nano-tubes obtained by using a 
time-varying anodization voltages; d denotes diameter of apex and D diameter of 
cone base. (a) Tapered nano-tubes obtained using a ramp rate of 0.43 V/min to 
raise the voltage from 10–23 V within 30 min and then holding the voltage at 23 V 
for 10 min. (b) Tapered nano-tubes obtained by initially anodizing the sample at 
10 V for 20 min and then increasing the voltage linearly at a rate of 1.0 V/min to 
23V, and finally keeping the voltage at 23 V for 2 min (Ref. 31). 

Fig. 2.4. SEM of (a) nano-indented surface of titanium substrate and (b) anodized 
titanium at 10V in ethanolic 0.5M HF for 240 min.(Adapted from Ref. 17) 

 

Fig. 2.5. Lateral view of the nano-tubes formed in a KF and NaF solution at pH 
4.5 under 25 V for 20 h. (Adapted from Ref. 34) 
 



Fig. 2.6. FE-SEM images of titanium foil sample anodized in DMSO and ethanol 
mixture solution (1:1) containing 4% HF at 20 V for 70 h. (a) is top-view and  
(b) is cross-section. Scale bars = 1 µm. (Adapted and redrawn from Ref. 35) 

 
Chemical dissolution, field-assisted dissolution and oxidation are 

the three main reactions in fluorine electrolyte anodization. Among 
these, field-enhanced dissolution has been considered as the predomi-
nant mechanism of titania tubular structure formation by many resear-
chers.30-37 The evolution of nano-tube structures is shown in Fig. 2.7. 
Grime and co-workers proposed a mechanism based on a point defect 
model.31 Grime proposed that the initial pore formation was due to 
 

Fig. 2.7. Evolution of nano-tube structures. Porous titanium oxide films anodized in 
1.5% HF at 20 V for (a) 10s, (b) 30s, (c) 120s, and (d) 8 min. (Adapted from Ref. 30) 
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Fig. 2.8. Schematic diagram of the evolution of nano-tube-like structures on the  
titanium surface during anodization in aqueous HF under constant voltage: (a) oxide 
formation; (b) pit formation in some concave sites; (c) pore formation and growth 
under field-enhanced dissolution leading to voids formation; and (d) fully developed 
tubes. (Based on the model from Ref. 31 and modified according to experimental 
observations) 
 
localized dissolution at weak points and the unanodized metallic por-
tions would exist between the pores. Later, voids were formed in these 
inter-pore regions by field-enhanced oxidation/dissolution (Fig. 2.8). 
The growth of voids in equilibrium with the pores would form the  
final nano-tubular structures. However, it didn’t explain how voids 
are created and lead pores to be well-separated, individual tubes. 
Recently, Raja et al. suggested that the instability of the oxide layer 
and the self-ordered structures could be explained by the perturba-
tion theory; separation of individual nano-tubes of titanium oxide 
layer from the inter-connected nano-pores could be attributed to the 
repulsion forces of the cation vacancies (Fig. 2.9).38  

2.2.5  Control of Chemical Composition 

The ions contained in the electrolyte are usually present in the thick, 
porous ASD film and the concentration of these elements decreases 
from the outer layer towards the substrate.22 For example, phosphorous 



Fig. 2.9. Schematic diagram of (a) pore formation (fluoride addition) during ano-
dization of Ti. The barrier film is intact during porous anodic film formation and 
substrate metal is not attacked locally. Perturbation of the surface shown in (2) can 
lead to adsorption of fluorides at the valleys and develop into nano-tubular structure. 
Higher strain energy density at the valleys drives the mass flow to the lower energy 
crests; (b) pore separation mechanism. Cation vacancies generated by dissolution 
of Ti cations are transported radially from the two sides of common wall of the 
neighbor pores. Charges of similar polarity repel and when electrical neutrality is 
not maintained this repulsion causes separation of pores into individual nano-tubes. 
(Adapted and redrawn from Ref. 38) 
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was found to be embedded in titanium oxide layer after anodization 
with a H3PO4 electrolyte.39 For electrolytes containing Ca and P, 
such as calcium glycerophosphate (Ca-GP) and calcium acetate 
(CA), both Ca and P were contained in the oxide layer with a Ca/P 
ratio close to HA (1.67).40 After an additional hydrothermal treat-
ment (e.g., high pressure streaming), HA crystals were randomly 
precipitated on the anodic oxide film. These HA crystals were usu-
ally columnar or need-like (Fig. 2.10). This could be another way to 
create HA coatings as opposed to plasma spraying. The advantages 
of such HA coatings compared to plasma sprayed HA will be dis-
cussed in following sections. 

Another approach reported to introduce apatite layers onto the ano-
dized titanium is simply by soaking crystalline titania in simulated 
body fluid (SBF) because anodized titanium with anatase and rutile 
titania surfaces were shown to induce apatite formation in vitro. 
Yang et al. soaked titanium metal in SBF for 6 days after H2SO4 

anodization and observed uniform apatite formation (Fig. 2.11).20 One 
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Fig. 2.10. Needle-like or columnar hydroxyapatite crystals deposited on anodized 
titanium after a hydrothermal treatment. (a) ASD followed by Ishizawa’s procedure44 
(Adapted and redrawn from reference 18) and (b) ASD followed by Suh’s proce-

25  (Adapted and redrawn from Ref. 25). Scale bars = 10 µm. 

advantage of this method is that the composition and surface mor-
phology of the resulting apatite layer is very close to those in natural 
bone, but the adhesive strength of such coatings are not clear yet. 

Similarly, a two-step procedure was used to produce nano-scale 
HA for anodized titanium with nano-tubular structures.41 Specifically, 
the anodized titanium was treated with NaOH to form nano-fibers of 
bioactive sodium titanate structures on the top edge of the nano-tube 
wall, which was then immersed in a SBF to induce the formation of 
nano-scale HA (Fig. 2.12). This technique could be useful as well-
adherent bioactive nano-HA layers on titanium-based implants are 
created which simulate the size and shape of natural HA in bone. The 
advantage of introducing nano-HA onto titanium anodized structures 
was supported by previous work revealing greater osteoblast functions 
on nano-HA compared to conventional, or micron grain size, HA.14  

dure .

Fig. 2.11. SEM images of titanium metal soaked in SBF for 6 days after they were 
anodized in 1 M H2SO4 at (a) 155 V and (b) 180 V. (Adapted and redrawn from

 Ref. 20) 



Fig. 2.12. SEM images of (a) nano-inspired sodium titanate nano-fibers and (b) 
nanoscale HA phase. (Adapted and redrawn from Ref. 41) 

Oxide Film 

2.3.1  Structure 

The structures and properties of ASD films were widely investigated 
by Kurze et al.39 The typical morphology of the titania layer resulting 
from ASD is a rough, porous texture with cracks on it (Figs. 2.13 and 
2.14). The dimensions of the pores varied from a few hundred nano-
meters to a few micrometers depending on the processing parameters 
and are not uniform within the same anodized surface. Moreover, these 
pores were interconnected and had a layered structure, i.e., they over-
lapped with each other. The shapes of the pores were mostly round 
or irregular. The diameter of the pores and the film roughness were 
reported to increase with greater current densities (Fig. 2.13),18, 42 
applied potential (Fig. 2.14),20 and electrolyte concentrations.20 The 
thickness of oxide film increases with time up to tens of micrometers.  

In contrast, the biological-inspired nano-tubular structures were 
highly ordered. The pore size is determined by the voltage and can 
be varied from a few tens of nanometers to around 100 nanometers. 
The thickness of the tubular-structured oxide was formed to be a few 
hundred nanometers but has been elongated to a few microns by 
controlling pH and electrolytes. Generally, the dimensions of nano-
tubular structures within one sample are uniform but might be variable 
due to differences (e.g., surface defects) on a substrate. 

 

2.3  Structure and Properties of Anodized  
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Fig. 2.13. SEM micrographs of an ASD formed film on c.p. grade 2 titanium from 
an electrolyte containing 0.015 M calcium glycerophosphate and 0.1 M calcium 
acetate. Increased current density from 20 to 60 mA/cm2 led to a larger pore size 
in the ASD porous structure. (Adapted from Ref. 18) 

 

Fig. 2.14. SEM micrographs of ASD formed film on c.p. titanium from an electrolyte 
2 4

for 1 min. Different voltages from 90 to 155 V led to a larger pore size in the ASD 
porous structure. (Adapted from Ref. 20) 

2.3.2  Corrosion Resistance and Adhesive Strength 

After anodization, thickness of the protective oxide layer increases 
and it could lead to less ion release in the human body. The oxide 
barrier layer (the relatively thin, non-porous oxide layer under the 

containing 1 M H SO  at voltages of: (a) 0 V, (b) 90 V, (c) 155 V, and (d) 180 V 



 porous oxide structures) is considered to contribute to the improvement 
of corrosion resistance. However, it was suggested that the implants’ 
mechanical properties could be impaired with increased spark coat-
ing thickness.18 

The interface between the anodic oxide layer and the titanium 
substrate usually does not show any discontinuity.18 Besides, the HA 
crystals on the hydrothermally treated titanium are gradually grown 
consuming Ca and P in the anodic film. As a result, the interface bet-
ween the substrate, the anodic film, and the HA film are considerably 
strong. The adhesive strength between the anodic oxide films and the 
titanium substrates was reported to be 25 MPa,43 and the adhesive 
strength between the oxide/HA coating and the substrate after a hydro-
thermal treatment was reported to be up to 40 MPa by Ishizawa et al. 
when using less concentrated electrolytes.40, 44 These values are equi-
valent or higher than those of plasma sprayed HA onto titanium  
surfaces, which were reported between 15 to 30 MPa depending on 
different processing parameters.45, 46 Moreover, the HA produced 
from hydrothermal treatment after anodization (AH-HA) seemed to 
be more stable than plasma sprayed HA (PS-HA). It was reported 
that the shear strength of PS-HA in SBF decreased from 28.1 MPa to 
20.4 MPa after 4 weeks47; meanwhile, Ishizawa et al. found that 
AH-HA retained high durability after 300 days in SBF.40 So from a 
mechanical point-of-view, hydrothermally treated anodic titanium 
would be a better choice than HA plasma sprayed titanium.  

Clearly, coating strength, mechanical and other properties are not the 
only concern for orthopedic implants. Cytocompatibility leading to 
promoted bone growth needs to be assessed. Most studies have been 
reported in vitro bone cell responses to anodized and anodized/hydro-
thermally treated titanium surface. Fini et al. reported that the adhe-
sion, spreading, proliferation, and differentiation of osteoblast-like 
cells (HOS-TE85, human osteosarcoma line) were similar on unano-
dized titanium, titanium anodized enriched with Ca/P, and titanium 
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2.3.3.1  In Vitro Studies 

2.3.3  Biological Properties of Anodized Titanium 
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anodized and hydrothermally treated.27 An unexpected increase of 
unattached cells in the latter two substrates was observed. However, 
the percentage of unattached cells was in the range of 10-20% which 
is considered a normal range for cytocompatible materials. On contrast, 
Rodriguez et al. reported increased osteocalcin production on the ano-
dized and hydrothermally treated titanium surfaces but the highest 
alkaline phosphate (ALP) activity on control titanium throughout an 
8 day study using an osteoblast precursor cell line (ATCC, CRL-
1468).48 Both osteocalcin and ALP are markers of osteoblast differ-
entiation to deposit calcium. They explained that a decrease in ALP 
activity was in part attributed to the maturation of osteoblast precur-
sor cells and in part attributed to the increased production of miner-
alized matrix. Also using Ca-GP and CA as an electrolyte, Li et al. 
reported decreased osteoblastic MG63 cell proliferation when anodi-
zation voltage increased above 190 V; however, increased ALP acti-
vity of human osteosarcoma cell line was reported with voltages above 
300 V.24  

Zhu et al. studied the effects of topography and composition of 
anodized titanium surfaces on osteoblast (SaOS-2 derived from  
human osteosarcoma) responses [22]. Their cell experiments showed 
an absence of cytotoxicity and an increase of cell attachment and 
proliferation after anodization in an electrolyte composed of Ca-GP 
and CA. The cells on the surfaces with micro-pores showed an irregu-
lar and polygonal growth and more lamellipodia while cells on the 
titanium control showed many thick stress fibers and intense focal 
contacts. However, they didn’t find any significant difference for 
ALP activity. Suh et al. studied the effects of hydrothermally treated 
anodic films similar to the Zhu formulations and they observed no 
statistical differences in cell viability using the MTT assay when oste-
oblasts (ROS 17/2.8, a rat osteosarcoma cell line) were cultured for 

surfaces.25 In contrast, they found that hydrothermal treatment had 
an effect on early osteoblast attachment, resulting in a more well-
spread shape compared to the cellular rounded shape observed on 
anodized and control titanium after 6 h (Fig. 2.15).  

The different observations in the above in vitro studies could be 
attributed to the use of different anodization parameters and different 
 

cell lines. The optimal anodization conditions are still under investi-
gation. 

4 days on untreated, anodized, and anodized/hydrothermally treated 



Fig. 2.15. SEM of cells after 6 h culturing on (a) control surface, (b) anodized surface 
and (c) anodized surface followed by hydrothermal treatment for 4 h. Scale bars 
=120 µm. (Adapted from Ref. 25) 
 

Since the nano-tubular structure is relatively new, few cytocom-
patibility studies have been completed to examine its potential for 
use as a novel titanium bone implant surface. However, because of 
the size and order of the titania tubular structure (which somewhat 
mimics the natural environment of bone) it is very interesting to deter-
mine whether there is any morphological or size advantage of using 
nano-tubular structures compared to a conventional anodized titanium 
porous structure for enhancing bone cell functions.  

Currently, our research has focused on osteoblast functions on 
such anodized titanium with nano-tubular titania structures. These 
structures are similar to those formed by Gong et al.30 (0.5% HF,  
20 V, 20 min). After anodization, the tubular structures had increased  

Fig. 2.16. Surface roughness of (a) unanodized titanium, (b) anodized titanium with 
nano-particulate structures, and (c) anodized titanium with nano-tubular structures. 
Data = mean + SEM; n = 3; *p < 0.01 (compared to unanodized titanium) and 
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 #p < 0.01. (compared to nano-particulate structure) 
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surface roughness (Fig. 2.16). The inner diameters of the nano-tubes 
were about 70 nm and the depth of them was about 200 nm. To study 
the effects of nanoroughness and morphology, intermediate samples 
that possessed a nano-particulate structure and a medium roughness 
in between the unanodized control and the nano-tubular structure 
were created (0.5% HF, 10 V, 20 min) (Fig. 2.16).  

The experiments showed increased osteoblast adhesion after 4 hour 
of culture with greater anodized titanium roughness (Fig. 2.17). The 
difference in osteoblast morphology was obvious between nano-tubular 
structures and unanodized titanium. Most cells were well-spread on 
anodized titanium with nano-tubular structures while they mostly 
looked round on the control (Fig. 2.18). After 4 weeks of culture, the  
 

Fig. 2.17. Osteoblast adhesion on unanodized titanium, anodized titanium with 
nano-particulate structures (10 V, 0.5 % HF, 20 min), anodized titanium with 
nano-tubular structures (20 V, 0.5 % HF, 20 min), and glass (reference). Values 
are mean + SEM; n = 3; *p < 0.1 (compared to unanodized titanium) and #p < 0.1. 
(compared to anodized titanium with nano-particulate structures) 

Fig. 2.18. Typical osteoblast morphology on (a) unanodized titanium and (b) anodized 
titanium surface with nano-tubular structures after 4 h culture. Scale bars = 10 µm. 



 
anodized titanium with nano-tubular structures promoted the highest 
calcium deposition by osteoblasts among all the samples. These re-
sults indicated that the special nano-tubular structures anodized onto 
the titanium surface may have provided an optimal surface rough-
ness for promoting bone cell function. 
 
2.3.3.2  Mechanisms of Increased Osteoblast Function 

Moreover, protein (fibronectin and vitronectin) adsorption on nano-
tubular samples has been examined to explore the mechanism of enhan-
ced osteoblast adhesion. Fibronectin and vitronectin are two major 
proteins that involved in osteoblast adhesion.49-51 Results showed 
significantly increased both fibronectin (15%) and vitronectin (18%) 
adsorption on nano-tubular structures compared to unanodized tita-
nium samples (Fig. 2.19). Because the cells adhered to the titanium 
surface via pre-adsorbed proteins, increased fibronectin and vitro-
nectin adsorption on anodized titanium substrates with nano-tubular 
structures may explain the observed enhanced osteoblast functions.  

Fig. 2.19. (a) Fibronectin and (b) vitronectin adsorption on unanodized titanium, 
anodized titanium possessing nano-particulate structures (0.5 % HF, 10 V and 20 
min), and anodized titanium possessing nano-tubular structures (0.5 % HF, 20 V 
and 20 min). Values are mean + SEM; n = 3; *p < 0.1 (compared to unanodized  
titanium) and #p < 0.1. (compared to nano-particulate structures) 
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2.3.3.3  In Vivo Studies 

While in vitro assays may generate a quick assessment of cytocom-
patibility, in vivo studies are necessary to fully evaluate new bone 
growth. A survey of in vivo investigations of bone tissue reactions to 
anodized titanium implants is listed in Table 2.3. As with in vitro 
analysis, the varied oxide properties not only include thickness, but 
also morphology, chemical composition, crystallinity, and surface 
roughness.  

Some in vivo studies were mainly interested in the effects of thick, 
porous oxide coating on new bone growth. Less than 200 nm thick 
oxide film anodized in acetic acid showed no significant difference 
compared to unanodized samples after implanted into a rabbit 6 
weeks.21 In contrast, a H3PO4/H2SO4 electrolyte was usually used to 
form thick anodic films up to tens of microns. Enhanced bone bond-
ing was found for micron-thick porous anodic oxide films formed in 
a H3PO4/H2SO4 electrolyte solution in a rabbit model.52-54  

More importantly, changes of surface chemistry could play a more 
important role in inducing new bone growth. Several in vivo studies 
focused on Ca-P enriched anodized titanium with and without 
hydrothermal treatment.24, 27, 55-58 Ishizawa et al. produced 1-2 µm 
HA films on anodic oxide layer and compared bone growth on them 
with unanodized titanium.55 They found strong bone bonding via 
push-out tests with anodized titanium after 8 weeks of implantation 
into rabbits. Following their in vitro work, Fini et al. found the low-
est affinity index on anodized titanium while the highest was found 
on the anodized and hydrothermally treated titanium.27 The low 
bone contact on anodized titanium was probably due to the in vivo 
reduction and degradation of the amorphous titania layer while HA 
crystals aided bone opposition. Giavaresi et al. also supported the 
positive role of HA produced from hydrothermal treatment in accele-
rating bone ingrowth and bone mineralization.56-57 Son et al. reported 
no significant difference for the percent bone contact for all samples 
but did find significantly increased removal torque strength for ano-
dized implants after 6 weeks of implantation into a rabbit.58  

The dissolution of AH-HA and PS-HA in vivo was studied by 
Ishizawa et al.59 Basically, the AH-HA was much more durable than 
PS-HA because of their relatively high crystallinity and their relatively  
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low thickness. Ishizawa et al. also found these two HA had different 
bone responses.59 Specifically, new bone thinly spread over the whole 
AH-HA area while new bone formed from surrounding bones to the 
PS-HA area. This is probably due to their different degradation pro-
perties. One drawback of most of the above studies is that both chemi-
cal composition and surface morphology changed after titanium 
anodization so that it is hard to verify the role of one material pro-
perty. However, Sul et al. indirectly verified a chemical bonding in vivo 
by maintaining surface morphology and roughness and changing 
chemical characteristics (specifically, S, P and Ca enriched implants 
via anodization).60 

The removal torque value (RTQ) showed significant differences 
between Ca-containing anodized titanium implants and unanodized 
titanium implants as well as S-containing anodized titanium implants 
and unanodized titanium implants (Fig. 2.20). The bone to metal 
contact was 186%, 232%, and 272% higher in S, P, and Ca implants, 
respectively, when compared to the control groups. These results 
confirmed that ions incorporated into the titanium oxide layer during 
anodization could have important roles in enhancing bone juxtaposi-
tion. 

 

Fig. 2.20. Mean removal torque values after 6 weeks of healing time. *p < 0.05, 
**p < 0.001. (Adapted from Ref. 60) 

 



interactions on nanoporous or nanophase materials.14, 15, 63, 64 Ideally, 
the future titanium implant should possess roughness in all three 
scales: macro, micro, and nano. One possible approach to accomplish 
this is by subjecting implants to techniques like polishing and mecha-
nical grinding that promote micro-roughness, and then to induce nano-
tubular structures by a quick anodization process. 

Second, micro/nano HA films produced using anodized titanium 
shows some advantages over conventional ones. Although plasma 
spray is still widely used for HA coatings on titanium, anodization 
has a strong role to play to incorporate Ca and P into Ti coatings. 
For example, anodization has the ability to form uniform and thin 
HA or calcium phosphate layers on titanium implants of various 
shapes. Moreover, HA deposited onto the anodized titanium could 
be nano-scale in dimension. One problem that still needs to be more 
fully investigated is the bonding strength between apatite crystals 
and the anodic oxide.  

Furthermore, anodization can be used to incorporate drug deli-
very into titanium-based implants to enhance new bone formation. 
Porous ASD surfaces could be used as matrices for drug storage and 
release65; similarly, the nano-tubular structures could serve as reser-
voirs of chemical mediators, such as bone morphogenetic protein-2 
(BMP-2) and osteogenic protein-1 (OP-1, BMP-7).66 In the future, 
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First, anodization provides a controlled way to create nano-rough-
ness or even nano-features. Generally, there are two mechanisms that 
are responsible for osseointegration of bone: biomechanical interlock-
ing and biological interactions. For biomechanical interlocking, it 
depends on the roughness, and surface irregularity. Current femoral 
stems made of titanium alloys are usually macro-textured to provide 
such surface features for bone to mechanically interlock. For biologi-
cal interactions, it involves complex systems. Considering roughness 
in different scales, it is reported that increased micro/submicron-

 

61, 62 roughness could enhance bone cell function, such as ALP activity.
 while some other studies have revealed the enhanced cell-implant  

2.4  Future Directions  

As a surface modification method, anodization can lead to desired 
chemistry and/or topography changes and could be used with other 
treatments (e.g., hydrothermal) together.  
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the unique porosity that can be well controlled on titanium for ortho-
pedic applications.  

In a word, anodization as a quick and efficient modification method 
of titanium based implants shows significant promise for enhancing 
their 10 to 15 year lifetime.  
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