
Biological responses of anodized titanium implants under

different current voltages

J. W. CHOI, S. J . HEO, J . Y. KOAK, S. K. KIM, Y. J . LIM, S. H. KIM &

J. B. LEE Department of Prosthodontics and Dental Research Institute, College of Dentistry, Seoul National University, Korea

SUMMARY The oxide layer of a titanium surface is

very stable, and seems to result in excellent bio-

compatibility and successful osseointegration. The

purpose of this study was to investigate the effects

of high anodic oxidation voltages on the surface

characteristics of titanium implants and the biologic

response of rabbit tibiae. Bone tissue responses were

evaluated by removal torque tests and histomor-

phometric analysis. Screw-shaped implants with

microthreads were made of commercially pure

titanium (Grade II). We prepared anodized implants

under 300 V (group I), 400 V (group II), 500 V (group

III) and 550 V (group IV). The surface characteristics

of specimens were inspected according to three

categories: surface morphology, surface roughness

and oxide layer thickness. The screw-shaped im-

plants were installed in rabbit tibiae. The removal

torque values were measured and histomorphomet-

ric analysis was done after 1- and 3-month healing

periods. Data indicate that as anodic oxidation

voltage increased above 300 V, oxide layer thickness

increased rapidly and pore size also increased. The

roughness values of the implants increased with

voltage up to 500 V, but decreased at 550 V. In the

removal torque test, group III showed higher values

than groups I and II at a statistically significant level

(P < 0Æ05) after a 1-month healing period. In histo-

morphometric analysis, groups III and IV, after a

3-month healing period, showed greater bone to

implant contact ratios for the total implant surface

than did group I (P < 0Æ05).
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Introduction

The importance of implant surface properties for suc-

cessful osseointegration was first pointed out by

Albrektsson et al. (1). However, a number of questions

have followed regarding the important role of the

surface properties of titanium implants ‘during dynamic

build-up’ of the osseointegration process (2, 3). Interest

in the surface oxide properties of titanium implants has

increased with the development of methods to charac-

terize such surfaces. Moreover, the possibility of the

surface modification of titanium implants to improve

tissue responses is an outstanding feature in metal

implantology researches.

In the air at room temperature, the surface of

titanium is covered spontaneously by an oxide layer

1Æ5–10-nm thickness (4). It was determined that the

oxide layer has a low level of electronic conductivity

(5), great thermodynamic stability (6) and low ion-

formation tendency in aqueous environments (7).

These properties of the titanium oxide layer can be

the reasons for the excellent biocompatibility of

titanium implants (8). Moreover, in the study of

retrieved implants from patients, the successfully

osseointegrated implants showed an increase in oxide

thickness up to 200 nm (9). In contrast, failed

implants showed no changes in oxide thickness (10).

Oxide thickness can be increased by heat treatment
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(thermal oxidation). In an earlier study, Al2O3-blasted

and thermally oxidized titanium implants showed a

better biologic response than implants that were only

blasted (11).

Recently, an electrochemical procedure for modifying

the Ti surface was proposed. When a positive voltage is

applied to a Ti specimen immersed in an electrolyte,

anodic oxidation of Ti occurs to form a TiO2 layer on the

surface. When the applied voltage is increased to a

certain point, a micro-arc occurs as a result of the

dielectric breakdown of the TiO2 layer. At that moment,

the Ti ions in the implant and the OH ions in the

electrolyte move in opposite directions very quickly to

form TiO2 again. This process is generally referred to as

micro-arc oxidation (MAO) or plasma electrolysis (12,

13). The newly formed TiO2 layer is both porous and

firmly adhered to the substrate, which is beneficial for

the biological performance of the implants. Recent

studies on the biological response of Ti implants dem-

onstrated that the MAO process constitutes one of the

best methods for modifying the implant surface (14, 15).

However, further research is necessary for the complete

characterization of the oxide layer and also for the

identification of the optimum conditions for the MAO

process. Knowledge is still lacking about the role of

surface oxide thickness during the dynamic build-up of

an osseointegration process (16).

In this study, we formed TiO2 layers with different

thicknesses and roughness on the Ti surface by control-

ling the applied voltage used in the MAO process. In an

earlier study, implants were anodized under 190–270 V,

and the implants anodized under 270 V showed better

biologic responses (17). Thus, in this study, we inspected

relatively high voltages. The roughness, thickness and

morphology of the oxide layer were monitored with

respect to the applied voltage. The biological properties

of the layers were evaluated by the removal torque test

and histomorphometric analysis of implants inserted in

rabbit tibiae after 1- and 3-month healing periods. The

purpose of this study was to investigate how surface

roughness and oxide layer thickness influenced bony

response in anodized implants.

Materials and methods

Implant preparation: design and surface oxide

A total of 152 square screw-shaped implants, each of

which had a pitch-height of 0Æ9 mm, an outer diameter

of 4Æ3 mm, a length of 8Æ0 mm and were external hexa-

headed, were turned from 5-mm rods of commercially

pure titanium (ASTM Grade II). All surface oxides used

in the present study were prepared with the use of a

direct current (DC) power supply in electrolyte solu-

tion. The implant samples were divided into four groups

according to the anodic forming voltage, as follows:

Group I implants (n ¼ 38): electrochemically pre-

pared surface oxides up to forming voltage of 300 V.

Group II implants (n ¼ 38): electrochemically pre-

pared surface oxides up to forming voltage of 400 V.

Group III implants (n ¼ 38): electrochemically pre-

pared surface oxides up to forming voltage of 500 V.

Group IV implants (n ¼ 38): electrochemically pre-

pared surface oxides up to forming voltage of 550 V.

Micro-arc oxidation

Micro-arc oxidation of the specimens was carried out in

an aqueous electrolyte by applying a pulsed DC field to

the specimens. The frequency was 660 Hz. The elec-

trolyte was prepared by dissolving 0Æ15 M calcium

acetate monohydrate Ca(CH3COO)2ÆH2O and 0Æ02 M

calcium glycerophosphate (CaC3H7O6P) in de-ionized

water. A high range of DC fields (300, 400, 500 and

550 V) were applied to the specimens, with each

treatment lasting 3 min. All of the MAO processing

was carried out in a water-cooled bath made of stainless

steel, and a stainless steel plate (100 · 60 · 1 mm) was

used as the counter electrode.

Characterization of oxide layer

The microstructures of the specimens were evaluated

by scanning electron microscopy (s.e.m., JSM-5600*).

Images taken by s.e.m. were analysed by an image

analysis program† to measure the pore sizes of the

specimens. The thickness of the oxidized layer was

examined using a cross-sectional s.e.m. at an acceler-

ation voltage of 300 kV. The surface roughness was

measured by means of an optical interferometer

(Accura 2000�‡). The average roughness (Ra) was

used to characterize the roughness of the

specimens. Ra indicates an arithmetic average

*JEOL, Tokyo, Japan.
†Image Access, Bildanalyssystem AB, Sweden.
‡Intekplus Co., Seoul, Korea.
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[Ra ¼ (z1 + z2 + z3 +…+zN)/n], and the cutoff length

was 0Æ25 mm.

Animals and surgical technique

Thirty mature (average age, 10 months old; weight,

3–3Æ5 kg) New Zealand white rabbits of both sexes were

included in this study. During surgery, the animals

were anaesthetized with i.m. injections of ketamine§

(10 mg kg)1) and Rompune¶ (0Æ15 mg kg)1). Prior to

surgery, the shaved skin was carefully washed with a

mixture of iodine and 70% ethanol. Local anesthesia

with 1Æ0 ml of 5% lidocaine§ (1:100 000 epinephrine)

was administered at the tuburositas tibiae part of the

bone where the incision was planned, under aseptic

conditions. The skin and fascial layers were opened and

closed separately. The periosteal layer was gently pulled

away from the surgical area and was not re-sutured.

During all surgical drilling sequences, low rotary drill

speeds, not exceeding 1000 rpm, and profuse saline

cooling were used.

Each rabbit had two implants inserted in each tibia;

these penetrated one cortical layer only. The implants

were inserted in a predetermined-randomized design

that enabled multiple comparisons. The animals were

kept in separate cages, and immediately after surgery,

they were allowed to be fully weight-bearing. Rabbits

were sacrificed by i.v. injections of PentobarbitalumA§

at the scheduled time.

Removal torque measurements

Sixteen rabbits were sacrificed for removal torque tests,

eight rabbits after 1 month and eight rabbits after

3 months from the first surgery. The removal torque

values of 64 implants were measured. Fixture mounts

were connected and were placed in the torque meas-

urement device**. Then, removal torque values were

measured. Histomorphometric measurements provide

rational information about healing responses, but give

us only two-dimensional data. Removal torque meas-

urements can be regarded as three-dimensional tests

that roughly reflect the interfacial shear strength

between bone tissue and the implant.

Preparation of specimens and histomorphometric analysis

Fourteen rabbits were sacrificed for histomorphometric

analysis, seven rabbits after 1 month and seven rabbits

after 3 months. Fifty-six implants were prepared for

histomorphometric analysis. The implants and sur-

rounding bone were fixed in neutral buffered formalin,

dehydrated in 70%, 90%, 95% and 100% alcohol, and

embedded in a light-curing resin†† (Technovit 7200

VLC). The cutting and grinding were performed with a

sawing machine and grinding equipment‡‡. The sec-

tions were approximately 10-lm thick, and were

stained with toluidine blue. The histomorphometric

analysis was performed with the help of an Olympus

BX microscope§§ connected to a computer. The soft-

ware used was KAPPA IMAGE ANALYSIS
¶¶. All measure-

ments were calculated with a 4· magnification

objective and with eyepieces of 25· magnification.

The percentages of bone to implant contact (BIC) in the

three best consecutive threads and of the total implant

surface were calculated. The percentage of bone inside

the three best consecutive threads was calculated. A

higher magnification objective and zoom were used to

help decide whether or not the bone was in contact

with the implant surface. The BIC ratio of the total

implant surface was calculated as (total contact surface

length/total implant surface length).

Statistic analysis

SPSS*** 12Æ0 for Windows was used to carry out

statistical analysis. One-way analysis of variance

(ANOVA) was used for statistical analysis of the topo-

graphical data, removal torque measurement data and

histomorphometric analysis data.

Results

Characteristics of oxide layer

The surface morphologies of titanium implants after

MAO using different current voltage conditions are

shown in Fig. 1. At the voltage of 300 V, the layer

§Yu-han Co., Seoul, Korea.
¶Bayer Korea Co., Seoul, Korea.

**Shinsung Co., Seoul, Korea.

††Kulzer, Wehrheim, Germany.
‡‡Exakt Apparatebau, Norderstedt, Germany.
§§Olympus Co., Tokyo, Japan.
¶¶KAPPA Opto-electronics Gmbh, Gleichen, Germany.

***SPSS, Chicago, IL, USA.
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became uniformly porous (Fig. 1a). The resulting layer

was actually composed of small craters with holes at the

centre. When the voltage was increased to 400 V, the

size of these craters became so large that they were

connected together, as shown in Fig. 1b, and the

presence of tiny cracks was observed. When the voltage

attained 500 V, the size of the holes, as well as that of

the craters, became much larger (Fig. 1c), and this

trend continued as the applied voltage was further

increased up to 550 V (Fig. 1d). Above 300 V, the

thickness of the layer increased with increasing voltage.

The thickness of the layer was measured as a function

of the applied voltage (Fig. 2). As expected, the thick-

ness was almost linearly dependent on the voltage.

Surface roughness was measured with an optical

interferometer. The roughness of the oxide layer was

characterized on the implant itself by the Ra. As the

applied voltage increased, Ra values increased rapidly,

as shown in Fig. 3. The surface roughnesses of group III

(Ra ¼ 5Æ2 lm) and group IV (Ra ¼ 3Æ8 lm) were signi-

ficantly higher than group I (Ra ¼ 0Æ8 lm) and group II

(Ra ¼ 1Æ7 lm) (group III > group I at P ¼ 0Æ005, group

III > group II at P ¼ 0Æ016, group IV > group I at

P ¼ 0Æ010, group IV > group II at P ¼ 0Æ038). Rough-

ness decreased above 500 V. In brief, surface morphol-

ogy was a porous structure in groups I through IV. In

group I, the pore size was 1-lm diameter, while the

pore size increased according to the forming voltage

a b

c d

Fig. 1. Scanning electron microscope views of surface morphologies of titanium surfaces treated with micro-arc oxidation at different

voltages. (a) 300 V, (b) 400 V, (c) 500 V and (d) 550 V.
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Fig. 2. Thickness of oxide layer as a function of the applied

voltage (lm).
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that was applied, reaching 2 lm in group II and 3 lm in

groups III and IV. Oxide thickness increased rapidly

with oxidation voltage from 3Æ1 lm (group I) to

14Æ6 lm (group IV). Surface roughness also increased

with oxidation voltage from 0Æ8 lm (group I) to 5Æ2 lm

(group III). The various oxide properties in this study

are summarized in Table 1.

Removal torque results

The removal torque values of 16 rabbits after 1 and

3 months were summarized in Table 2. After 1 month,

the removal torques of group III (48Æ4 Ncm) and group

IV (45Æ2 Ncm) were bigger than those of group I

(39Æ1 Ncm) and group II (38Æ7 Ncm). The removal

torque of group III was significantly larger than those

of groups I and II (group III > group I at P ¼ 0Æ041,

group III > group II at P ¼ 0Æ044). After 3 months, the

data showed no significant differences.

Histomorphometric results

Qualitative evaluation on 10-lm thick toluidine blue-stained

cut and ground sections. In general, the gross observa-

tions of the tissue structures between groups were

rather similar. Newly formed bone tissue could be

observed in the periosteal and in the endosteal

regions, while the tissue structures in the old cortical

region were remodelled, as indicated by darker stained

younger bone and a pale staining of the original cortex

(Fig. 4a). Focusing on the interface region, a very thin

black line could occasionally be observed, separating

the bulk implant from the tissue in all groups.

Sometimes, this line was delaminated from the bulk

implant and attached to the tissue. This layer was the

oxide layer, and could be separated from the titanium

bulk trough a ground sectioning procedure (Fig. 4b).

Apical in the area of the implant facing the marrow

cavity, solitary areas or peninsulas of newly formed

bone tissue were observed inside the threads. The

bone marrow structure was observed close to the

implant surface (Fig. 4c).

Quantitative histomorphometrical evaluation of toluidine

blue-stained cut and ground sections. The BIC ratio of total

implant surface data is summarized in Table 3 (Fig. 5).

After a 1-month healing period, data showed no

significant difference. However, after 3 months, BIC

increased as oxidation voltage increased. The BICs of

group III (43Æ3%) and group IV (43Æ6%) were signifi-

cantly bigger than that of group I (33Æ0%) (group

III > group I at P ¼ 0Æ042, group IV > group I at

P ¼ 0Æ045).

Three best consecutive threads were chosen from

each specimen and measured for BIC and bone area.

Data are summarized in Tables 4 and 5. BIC values

were very high, above 60%, even after a 1-month

healing period, and bone area values were above 70%.

However, the data showed no significant differences

between groups.

Discussion

The microstructural change of the oxide layer was

found to be closely related to the voltage used for the

MAO treatment. Increasing the voltage resulted in

Table 1. Summary of oxide growth

parameters and surface characteris-

tics of the four different types of c.p.

titanium implants

Oxide layer characteristics Group I Group II Group III Group IV

Anodic forming voltage 300 V 400 V 500 V 550 V

Oxide thickness 3Æ1 lm 7Æ8 lm 13Æ5 lm 14Æ6 lm

Morphology porous porous porous porous

Pore size 1 lm 2 lm 3 lm 3–3Æ5 lm

Roughness (Ra) 0Æ8 lm 1Æ7 lm 5Æ2 lm 3Æ8 lm

0

1

Ra

2

3
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5

6

Group IVGroup IIIGroup IIGroup I

0·8

1·7

5·2

3·8

Fig. 3. Surface roughness (Ra, lm) of the titanium implants. Ra:

arithmetic mean of the absolute values of the surfaces.
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increases in both the roughness and pore size, as well as

in the thickness of the oxide layer (Figs 1 and 2). These

microstructural evolutions are attributed to the dielec-

tric breakdown of the oxide layers (20). During the

MAO process, as the TiO2 layer becomes thicker, micro-

arc discharges occur on the local area of the substrate,

breaking down the surface dielectric layer to form

micro pores. As the oxide layer becomes thicker, the

resistance of the oxide layer increases, and a higher

potential energy is required to break down the dielec-

tric layer. As a result of this series of reactions, the pore

size and the roughness of the oxide layer increase

rapidly. The existence of titanium oxide on the titanium

surface has been reported to improve bone formation

(21, 22). An increase in surface roughness has been also

known to enhance the mechanical interlocking

between the implant and the bones (23). In this

experiment, the removal torque of the MAO-treated

titanium implants under 500 V (group III) was higher

than that of other groups, and so was the roughness.

This enhancement was attributable to the increase in

surface roughness.

A rougher surface can engage more bone chips

during surgery. These bone chips can be a possible

reason for the histomorphometric result observed. In

this study, all groups had thick oxide layers (>3 lm),

and the BIC and bone area of the three best consecutive

threads showed good bony response (Tables 4 and 5).

The BICs of the three best consecutive threads showed

no difference between groups, but interestingly, the

BICs for the total implant surfaces of groups III and IV

were significantly larger than for group I after a

3-month healing period (Table 3). This means more

periosteal and endosteal bone formation in groups III

and IV, and roughness could be the reason for this

phenomenon (Fig. 5). Groups III and IV had more

rough surface than groups I and II (Fig. 3). Bone chips

can induce more endosteal bone formation.

Table 2. Removal torque values

(Ncm) of anodized implants after

1- and 3-month healing periods

(mean � s.d.)

Group I Group II Group III Group IV

1-month healing period 37Æ3 � 8Æ2 36Æ4 � 3Æ8 49Æ6 � 9Æ9 46Æ4 � 8Æ6
3-month healing period 42Æ8 � 4Æ1 44Æ6 � 7Æ9 44Æ6 � 7Æ7 43Æ6 � 6Æ5

a b c

Fig. 4. Qualitative analysis of 10-lm thick toluidine blue-stained cut and ground section. (a) Periosteal and endosteal bone formation: 1:

periosteal new bone formation, 2: old cortical bone, 3: endosteal new bone formation; (b) the delaminated dark line was the separated

oxide layer; 1: separated oxide layer, 2: thick oxide layer; (c) solitary area of new bone formation.

Table 3. Bone to implant contact

ratio of total implant surface

(mean � s.d.)

Group I Group II Group III Group IV

1-month healing period 26Æ2 � 4Æ1 20Æ9 � 3Æ3 23Æ8 � 4Æ7 21Æ1 � 2Æ7
3-month healing period 30Æ9 � 7Æ7 35Æ0 � 7Æ4 45Æ9 � 9Æ6 46Æ2 � 8Æ5
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However, in this study, roughness decreased above

500 V (Fig. 3). An extremely high oxidation voltage

could electropolish the titanium surface, and this phe-

nomenon happened on the group IV implants. In an

earlier study, increasing the surface oxide thickness of

titanium implants from 1 to 3 lm resulted in the

simultaneous increase of the bone response (17). As

anodic oxidation voltage increased, the oxide layer grew

thicker, from 1Æ27 lm (190-V group) to 2Æ89 lm (270-V

group), the pore size increased from 0Æ24 to 0Æ79 lm, and

the surface roughness grew from 0Æ54 to 0Æ88 lm. Also,

the removal torque of the 270-V group was higher than

a

c d

b

Fig. 5. Light microscopic views of

anodized implants after 3 months.

(a) group I, (b) group II, (c) group III

and (d) group IV. In all groups, good

bone-to-implant contacts were

observed in the threads. (c) and (d)

showed more new bone formation.

Table 4. Bone to implant contact

ratio in the three best consecutive

threads (mean � s.d.)

Group I Group II Group III Group IV

1-month healing period 68Æ3 � 11Æ3 66Æ9 � 17Æ2 72Æ4 � 16Æ7 72Æ2 � 10Æ5
3-month healing period 70Æ4 � 13Æ1 70Æ2 � 16Æ4 68Æ2 � 12Æ5 74Æ6 � 10Æ6

Table 5. The percentage of bone

inside the three best consecutive

threads (mean � s.d.)

Group I Group II Group III Group IV

1-month healing period 75Æ1 � 15Æ1 74Æ2 � 14Æ4 80Æ8 � 8Æ8 84Æ9 � 6Æ6
3-month healing period 82Æ0 � 7Æ3 77Æ8 � 11Æ0 76Æ9 � 7Æ8 81Æ6 � 10Æ4
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that of the lower voltage groups (P < 0Æ05). In this study,

the oxide layer thickness increased from 3 to 14Æ6 lm,

but the BIC did not increase. Oxide layers thicker than

3 lm did not produce simultaneous increases in the

bony response. The morphological appearance at higher

voltages demonstrated a ‘molten appearance’ with more

extensive pores and craters and increased pore size. The

extensive breakdown of the anode oxide film may also

result in a network of pore channels or connected

channel branches through the oxide section of increased

thickness. However, this may result in a degradation of

the mechanical properties necessary for biological appli-

cations of the anodic oxide film. As a matter of fact, a

much thicker oxide layer prepared under high voltage

may show poor mechanical properties; light microscopic

observations of cut and ground sections of implants in

animals revealed that such a thick oxide film delami-

nated (Fig. 4b), and oxide particles were internalized in

the inflammatory cells, such as multinucleated giant

cells. This could be another reason for the trends seen in

the removal torque data. Although oxide layer thickness

increased with anodic oxidation voltage, group IV

(anodized under 550 V) showed a lower removal torque

than group III (anodized under 500 V).

In this study, the BICs of three best consecutive

threads were quite high, and did not increase through

the healing period. In an earlier study of thermal

oxidation (11), the BIC was 33Æ3% after 1 month of

healing and 58Æ2% after 3 months of healing. The

possible reasons for these results are (i) good tissue

response of implants anodized above 300 V and (ii) BIC

may not increase above 80% without functional

stimulation. Generally, in rabbit tibiae, a larger amount

of bone is observed in the threads in the old cortical

region than in the threads in the marrow cavity (24).

This could be one reason that the BIC of the total

implant surface was relatively low when compared

with that of the three best consecutive threads.

For the removal torque test, an electronic device

incorporating a strain gauge transducer enables the

controlled torque analysis of the peak loosening torque

(18). However, a hand-controlled device may introduce

the operator error, so in this study, a conventional device

incorporating gravity was used. The removal torque

reflects a three-dimensional measurement of the shear

strength, while the histomorphometry is performed in

one dimension only. However, in this study, the

implants had a cutting edge for self-tapping, and some-

times cortical bone grew to this cutting edge. The

removal torque value could be very high in this situation

(19). Thus, the operator paid much attention to prohibit

the bicortical fixation. For histomorphometric analysis,

the technique of producing undecalcified cut and

ground sections with implants in situ and of the thickness

of a bone cell (10–15 lm) has been used in our

laboratory. One major drawback was that this procedure

was time-consuming and did not permit serial section-

ing. The standardization of cutting directions and sample

thickness was crucial. At least one, and sometimes two,

sections were prepared from each implant. Routine

histological staining with toluidine blue was performed

on the most central section. In order to standardize the

analysis, the most central section was always chosen for

histomorphometrical quantifications. All measurements

were always done by the same person.

In summary, as the anodic oxidation voltage increased

above 300 V, the surface oxide layer thickness increased

rapidly, and both pore size and surface roughness

increased. These changes resulted in good biologic

responses in rabbit tibiae. Specifically, a higher rough-

ness can introduce more endosteal and periosteal bone

formation. However, an oxide layer thicker than 3 lm

did not introduce better bony response. Furthermore, in

the removal torque data, group III showed better results,

although group IV had a thicker oxide layer. The

mechanical strength of the anodic film evidently

depends on voltage in this experimental model.
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