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Abstract Surface-porous titanium samples were prepared

by anodic oxidation in H2SO4, H3PO4 and CH3COOH

electrolytes under various electrochemical conditions.

X-ray diffraction (XRD), scanning electron microscopy

(SEM) and energy dispersive X-ray spectroscopy (EDX)

were employed to characterize the structure, morphology

and chemical composition of the surface layer, respec-

tively. Closer analysis on the effect of the electrochemical

conditions on pore configuration was involved. It can be

indicated that porous titania was formed on the surface

layer, and the pore configuration was influenced by elec-

trolyte composition and crystal structure of the titania. The

fibroblast cells experiment showed that anodic oxidation of

titanium surface could promote fibroblast adhesion on Ti

substrate. The results suggested that anodic oxidation of Ti

in CH3COOH was suitable to obtain surface-porous tita-

nium oxides layers, which might be beneficial for better

soft tissue ingrowths.

1 Introduction

Titanium and its alloys have been widely used as artificial

implant materials in dental, maxillofacial, bone replace-

ment and orthopaedic surgery due to their excellent

mechanical, chemical properties and biocompatibility

[1–3]. However, as a bioinert metallic material, titanium

implants can not form direct bonds with living bone [4].

Therefore, various methods such as plasma-sprayed

HA-coating [5], NaOH and heat treatment [6–8], anodic

oxidation [9–12] have been developed to improve the

bioactivity of titanium metals.

As known to all, in certain orthopaedic reconstructive

procedures, it would be beneficial for implants to possess

porous structure that enables attachment to both bone and

soft tissues [13]. This includes tendon and ligament reat-

tachment in both upper and lower extremities [14] and tis-

sue attachment for custom devices used for salvaging joint

reconstructions [15] or tumor replacement prostheses [16].

In some occasions, most of outer surfaces of the implants

are in contact with soft tissues. In order to allow soft tissue

ingrowths, many different porous coated and bulk porous

titanium implants have been developed by various methods

[17–22]. But problems such as drastic reduction in fatigue

strength [23] and difficulty to fabric fitting complex-surface

implants have not been resolved [24].

Recently, anodic oxidation (AO) has become an attrac-

tive method to obtain rough, porous titania layer on tita-

nium surface, which is proper to improve the bioactivity of

the substrate [9–12]. Moreover, it can be readily applied to

implants with complex surface patterns [25] and the

structural and chemical properties of anodic layer can be

controlled by altering electrochemical parameters [11]. In

previous reports, it was shown that anodic oxidation could

be carried out in various electrolytes and the maximum

pore size is several microns [12, 26–30], which is rather

small for soft tissue ingrowths [31]. Recently, most of the

studies focus on the apatite-forming ability assessment of

AO Ti in SBF [9–12]. However, further analysis of surface

morphology and crystal structure, especially pore config-

uration has been few reported, which might be essential to

develop better surface-porous implants.

In this paper, the morphology and crystal structure of the

AO surface-porous titanium, especially the influence of the
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electrochemical parameters on the pore configuration, were

investigated after treated in H2SO4, H3PO4 and CH3COOH

electrolytes. A heterogenous larger porous-structure

amorphous titanium oxides layer on Ti substrate was pre-

pared in CH3COOH electrolyte. In addition, fibroblasts

adhesion properties in short-term culture on anodized

titanium surfaces were discussed.

2 Materials and methods

2.1 Anodic oxidation

Commercially pure titanium (TA2) samples, with the size

of 10 9 10 9 1 mm, were carefully polished with No.

400, 600, and 700 metallographic abrasive paper, then the

samples were ultrasonically cleaned with pure acetone,

ethanol, and distilled water for 5 min, respectively. Anodic

oxidation was carried out at room temperature with a direct

current power supply system (QUERLI DC Power Supply

WYJ-500 V 1 A, China). The conditions of anodic oxi-

dation were given in Table 1. Two rectangular titanium

plates, 300 9 3 9 1 mm and 300 9 10 9 1 mm in size,

were used as anode and cathode, respectively. A rectan-

gular slot with a size 1.5 9 4.0 mm was made in the lower

end of the anode to fix the titanium sample. The electrolyte

was contained in a glass vessel of capacity 500 cm3. Only

the anode titanium samples fixed in the slot immerged in

the electrolyte and the opposite cathode area immerged in

the solution was about 30 9 10 mm. During the anodic

oxidation process, a magnetic stirrer at a given rotation

speed was employed to achieve a homogeneous electrolyte

and to accelerate escape of gas produced in the electro-

chemical reaction from the surface of the titanium sub-

strates. After the anodic oxidation, the samples were rinsed

with distilled water and dried with an air drier. The surface

morphologies of the AO samples were observed using a

scanning electron microscopy (SEM; Hitachi, S-4800). The

crystallographic characteristic of the surface-porous layer

was investigated by X-ray diffraction (XRD; Philips,

X’Pert MPD 3 kW). The surface chemical compositions of

samples anodized at 180 V for 1 min in 1 M H2SO4

(named S180), 2 M H3PO4 (named P180) and 2 M

CH3COOH (named C180) were checked by the attached

energy dispersive X-ray spectroscopy (EDX) of Hitachi

SEM S-4800.

2.2 Fibroblast cells culture

The substrates, modified by anodic oxidation (the untreated

titanium sample was used as control), were ultrasonically

cleaned with doubly distilled water, washed with phosphate

buffered saline (PBS) solution and then sterilized in auto-

clave at 121�C for 20 min, prior to being placed into the

wells of a 24-well culture plate. L929 fibroblasts (provided

by College of Life Science, Sichuan University) were

seeded into the wells at a density of 1 9 104 cells/well and

incubated in 1 ml of Dulbecco’s modified Eagle’s medium

(DMEM) supplemented with 10% fetal bovine serum,

1 mM L-glutamine, and 100 U/ml penicillin (diluted from

the 20,000 U/ml stock solution) at 37�C under a humidified

5% CO2 atmosphere. The surfaces after 24 h of incubation

were washed with PBS solution to remove the loosely

adsorbed cells. Fixation of cells with 4% glutaraldehyde in

PBS for 4 h at 4�C, followed by dehydration with 25, 50,

70, and 95% (v/v) ethanol solutions for 15 min, respec-

tively, with final dehydration in absolute ethanol twice. The

surfaces with immobilized cells were then dried in super-

critical carbon dioxide and sputter-coated with a thin film

of gold prior to SEM (JEOL, JSM-5900LV) imaging.

3 Results and discussion

3.1 Surface morphology, crystal structure and chemical

composition of AO titanium

Figure 1 illustrates the surface SEM micrographs of

untreated titanium and anodically oxidized titanium in 1 M

H2SO4 for 1 min at different voltages. The surface of

Table 1 The concentration of

electrolytes and the anodizing

conditions

* Anodizing time includes two

parts, the former is time to reach

the current density, the latter is

duration time at final voltage

Electrolyte Concentration (M) Final

voltage (V)

Current density

(mA/cm2)

Anodizing

time (min)*

H2SO4 1 90 25 5; 1

1 155 100 11; 1

1 180 140 18; 1

H3PO4 2 100 20 1.5; 1

2 150 25 2; 1

2 180 30 2.5; 1

CH3COOH 2 100 15 6; 1

2 150 35 15; 1

2 180 50 17; 1
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untreated titanium was consisted of scratches formed dur-

ing mechanical grounding, as shown in Fig. 1a. At applied

voltage 90 V (Fig. 1b), scratches were not visible and the

surface layer was uniform, comprising a few areas with

small pores of size less than 200 nm and the numerous

areas without pores. In contrast, when applied voltages

increased to 155 V, an obvious change in surface mor-

phology was observed. A lot of pores, with size ranging

from several nanometers to 1 lm, were well separated and

evenly distributed on the surface. Further raising the volt-

age to 180 V, the porous structure did not change

obviously.

Figure 2 is the XRD patterns of untreated titanium and

anodically oxidized titanium in 1 M H2SO4 for 1 min at

different voltages. From Fig. 2a, only the peaks of titanium

could be observed for the untreated Ti sample. The peaks

of anatase phase appeared for the titanium samples oxi-

dized at 90 V (Fig. 2b). A further increase in voltage

resulted in an increase in the peak intensity of the anatase

and rutile phase. From Fig. 2c, d, it can also be seen that

the intensity of the peaks from the anatase phase and the

titanium substrate decreased when applied voltage

increasing from 155 to 180 V, while the intensity of the

peaks from the rutile phase increased. The predominance of

the X-ray peak at 2h = 27.78 in XRD pattern at 180 V was

assigned to rutile phase (shown in Fig. 2d). EDX analysis

showed that S element was not detected on the surface of

the sample anodized in 1 M H2SO4 at 180 V (S180),

suggesting that S was not incorporated into the surfaces of

AO Ti prepared in H2SO4.

Figure 3 illustrates the surface SEM micrographs of

treated titanium samples via anodic oxidation in 2 M

H3PO4 for 1 min at different voltages. The surface layers

produced at any voltage were uniform and flattened,

compared with SEM micrographs of titanium substrates

anodized in H2SO4 electrolyte (Fig. 1). It can be observed

that numerous round-like pores, with size ranging from

several nanometers to 1 lm, were evenly distributed on the

surface layer at all samples. The size of the pores increased

with increasing voltage from 100 to 180 V, which is up to

about 200 nm, 0.5 lm and 1 lm, respectively.

Figure 4 shows XRD patterns of titanium substrates via

anodic oxidation in 2 M H3PO4 and 2 M CH3COOH for

1 min at different voltages, respectively. All the patterns

can be assigned as those arising from the diffraction of

titanium. No peaks from anatase or rutile phase appeared.

From the EDX spectra (shown in the inset of Figs. 3c, 4d),

Ti, O, P, C were detected on the surface of the sample

anodized in 2 M H3PO4 at 180 V (P180) at atomic per-

centages 31.94, 63.85, 2.21 and 2.0, respectively (Table 2).

Ti, O and C were detected on the surface of the sample

anodized in 2 M CH3COOH at 180 V (C180) at atomic

percentages 36.40, 58.11 and 5.48, respectively (Table 2).

The Ti/O ratios of P180 and C180 were 0.50 and 0.63,

respectively. Moreover, No crystalline TiO2 peaks were

observed in the XRD diffraction patterns of the

Fig. 1 SEM micrographs of

titanium untreated (a) and

anodized in 1 M H2SO4 for

1 min at b 90 V, c 155 V,

d 180 V, the inset is an EDX

spectrum of the surface layer
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investigated samples. Thus, it can be concluded that

amorphous TiO2 has formed on the surface layers of P180

and C180.

Figure 5 is the SEM micrographs of titanium samples

anodically oxidized in 2 M CH3COOH. A distinct change

in surface morphology was observed in comparison with

the samples anodized in H2SO4 (Fig. 1) and H3PO4 (Fig. 3)

electrolytes. It can be seen that the surface was relatively

heterogenous in structure, consisting of some areas with

severely etched turbinate-like craters with diameter about

10 lm and grooves with length about 200 lm (Fig. 5a,

marked by white arrow), other areas with relatively smaller

pores which ranged between 1 and 3 lm (Fig. 5b–d).

Figure 5b, c, d illustrate that the quantity and size of the

smaller pores on treated Ti samples increased with

increasing voltage from 100 to 180 V. The larger pore sizes

are about 2, 2.5 and 3 lm, respectively. The quantity of the

pores was less than those via anodic oxidation in H2SO4

(Fig. 1). Moreover, from the inset in Fig. 5a, b (marked by

white arrow), it can be observed that both the small pores

and craters showed nano-size porous-structure rough edges.

The depth of the crater is more than 10 lm according to

Fig. 5a, suggesting that the thickness of the titanium oxides

layer is not less than 10 lm.

The formation of the anodic titanium oxides layer

appears as a competition between the solid titanium oxides

layer growth and the dissolution of that layer at its interface

with the electrolyte. The initial structure of anodic layer is

amorphous, and it will change to crystalline phase when

the anodic voltage is above breakdown value [32, 33].

Furthermore, it is known that anatase phase, stable at low

temperature, is converted into rutile structure when heated

above 915�C [34].

When anodized in H2SO4 electrolyte, spark discharges

were observed on the surfaces of the substrates when

applied voltage increased to above 100 V, and more

intensive sparks were observed with increasing anodizing

voltage. The instantaneous temperature and pressure in

those small discharge zones (channels) can reach 103–104

K and 102–103 MPa, respectively [33]. Therefore, the

Fig. 2 XRD patterns of titanium untreated (a) and anodized at b

90 V, c 155 V, d 180 V in 1 M H2SO4 for 1 min

Fig. 3 SEM micrographs of

titanium anodized in 2 M

H3PO4 for 1 min at a 100 V,

b 150 V, c 180 V, the inset is an

EDX spectrum of the surface

layer
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initially formed amorphous titania transformed into ana-

tase, and anatase converted subsequently to rutile structure

when applied voltage increased, which was consistent with

XRD results. When anodized in H3PO4 electrolyte, spark

discharge could be seen when applied voltage was above

140 V, but was very weak. When anodized in CH3COOH

electrolyte, spark discharge couldn’t be observed on the

surface of the titanium samples on the given conditions,

consistent with previous similar findings of Sul et al. [29].

Therefore, the titanium oxides layers formed in H3PO4 and

CH3COOH electrolytes were still amorphous (Fig. 4).

The titanium oxides layer dissolution includes field

assisted and chemical dissolution, especially the former.

From the previous reports [25], it is known that there are

three phases of titanium dioxide, anatase, rutile, and

brookite. Among them, rutile is the most dense and stable

phase and has been shown to increase the dissolution

Fig. 4 XRD patterns of titanium anodized at 100, 150 and 180 V in 2 M H3PO4 and 2 M CH3COOH for 1 min

Table 2 Chemical composition percents from EDX analysis of the

anodized surfaces in different samples

Samples Element

Ti O C S P Ti/

O

S180 29.47 66.85 3.67 – – 0.44

P180 31.94 63.85 2.00 – 2.21 0.50

C180 36.40 58.11 5.48 – – 0.63

unit: atomic %

Fig. 5 SEM micrographs of

titanium anodized in 2 M

CH3COOH for 1 min at

a 180 V, b 100 V, c 150 V,

d 180 V. Insets are high-

magnification micrographs and

the EDX spectrum of the

surface layer, respectively
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resistance, so it can be concluded that the dissolution

resistance of titania phases may satisfy the following

inequation.

Rru [ Ran [ [ Ram ð1Þ

(where Rru is the dissolution resistance of rutile titania, Ran

is the dissolution resistance of anatase titania, Ram is the

dissolution resistance of amorphous titania).

When anodized in H2SO4 electrolyte, the increase of the

porosity and the pore size with increasing voltage from 90 to

155 V was resulted from more intensive field assisted and

chemical dissolution. In addition, because the crystallo-

graphic transformation mentioned before has increased the

dissolution resistance of the titania layers, the porous

structure was not changed obviously with increasing voltage

from 155 to 180 V. The anodic layers prepared in H3PO4

and CH3COOH electrolyte in all conditions were all amor-

phous-like, constant in dissolution resistance. Therefore, the

pore size increased continually when applied voltage

increased. In CH3COOH electrolyte, because the dissolve

capacity of CH3COOH (as a mild acid) to titanium oxides

layer is relatively weak, the etching of the layer will expand

along existed defects. It could result in uneven and larger

pores structure, so larger craters and grooves can been

obtained (Fig. 5). However, further investigation is required

to confirm this hypothesis. According to previous research,

the pore size should be larger than 50 lm for soft tissue

ingrowths [31]. The results indicate that CH3COOH, in

which anodized titanium oxides layer possessed largest pore

size in the given three acid electrolytes, might be a prom-

ising electrolyte system to obtain suitable surface-porous

implants via anodic oxidation for soft tissue ingrowths.

However, more work needs to be done in this field.

3.2 Cell attachment

In order to evaluate the morphology and attachment

behavior on the AO titanium substrates, fibroblast cells

Fig. 6 SEM micrographs of

fibroblast cells cultured after

24 h on titanium substrates,

a untreatment, and anodized at

b 90 V, c 155 V, d 180 V in

1 M H2SO4, e anodized in 2 M

CH3COOH at 180 V and then

heat treated at 600�C for 1 h.

Insets are high-magnification

micrographs
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were fixed after 24 h of culture for imaging. At 24 h post-

seeding, the cells were rounded and floating in the medium.

They gradually adhered and spread out on the substrates

surfaces (Fig. 6). Moreover, the cells concentration on the

untreated titanium surface is obviously lower than that on

the anodized titanium surfaces and the cells concentration

on the anodized titanium surface in CH3COOH is signifi-

cantly higher than others. From the inset in Fig. 6d, it could

be observed that a single cell, which has a spindle shape

with long cytoplasmic body, interlocked to micron/nano-

structure porous titania surface with filopodia. Figure 6e

showed the fibroblasts were anchored onto the facets of the

surface of anodized Ti in CH3COOH, appearing to

accommodate the irregularly three-dimensional surface

topography, in some cases spanning the pore space. The

pseudopod of fibroblast cell also interlocked in the sub-

micron porous edge of craters or grooves, showed in the

inset of Fig. 6e.

According to previous reports [35, 36], the growth

behavior of fibroblast cells, the osteoblast cells and some

other cells in vitro has been shown to depend primarily on

the adsorbed vitronectin or fibronectin for the initial

adhesion and spreading on materials. Thus, the ability of

materials to adsorb such proteins with an active state from

serum determines their capacity to support cell adhesion

and proliferation, and constitutes an important aspect of

their biocompatibility. These proteins are known to become

adsorbed on the native titanium surface [36] and the tita-

nium implant with the thicker titania layer is found to have

higher biocompatibility [37]. The anodized substrates,

which have thicker titania layer, rougher surface mor-

phology and numerous micron pores, compared with

untreated substrate, can improve their adsorbing ability for

proteins. Moreover, the micron/nanostructure porous edge

of the pores is beneficial for cell adhesion [35]. Therefore,

during the initial stage, adhesion of cells on untreated

titanium surface is less favorable than those on the anod-

ized titanium surfaces, and titanium substrate surface

anodized in CH3COOH is most favorable for cells adhe-

sion. However, this is just a pilot study and further inves-

tigation about cells properties on anodized titanium

substrates is necessary.

4 Conclusion

Surface-porous titanium samples were prepared by anodic

oxidation in H2SO4, H3PO4 and CH3COOH electrolytes

under various electrochemical conditions. In H2SO4 and

H3PO4 solution, well separated and evenly distributed

porous-structure titanium oxides layers can be prepared,

with pore size not more than 1 lm. However, a heteroge-

nous porous-structure amorphous titanium oxides layer can

be prepared in CH3COOH electrolytes, with grooves of

about 200 lm in length and craters of about 10 lm in

diameter. The fibroblast cells experiment show that anodic

oxidation of titanium surface can promote fibroblasts

adhesion. Anodic oxidation in CH3COOH electrolyte may

be promising to prepare suitable surface-porous implants

allowing soft tissue ingrowths. However, further investi-

gation on how to prepare larger and more homogeneous

surface-porous Ti implants in CH3COOH electrolyte via

anodic oxidation is necessary.
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