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Optimum Surface Properties of Oxidized Implants
for Reinforcement of Osseointegration:

Surface Chemistry, Oxide Thickness, Porosity,
Roughness, and Crystal Structure

Young-Taeg Sul, DDS, PhD1/Carina Johansson, PhD2/Ann Wennerberg, DDS, PhD3

Lee-Ra Cho, DDS, PhD4/Beom-Seok Chang, DDS, PhD5/Tomas Albrektsson, MD, PhD6

Purpose: To investigate detailed surface characterization of oxidized implants in a newly invented elec-
trolyte system and to determine optimal surface oxide properties to enhance the bone response in rab-
bits. Materials and Methods: A total of 100 screw-type titanium implants were prepared and divided into
1 control group (machine-turned implants) and 4 test groups (magnesium ion–incorporated oxidized
implants). Forty implants were used for surface analyses. A total of 60 implants, 12 implants from each
group, were placed in the tibiae of 10 New Zealand white rabbits and measured with a removal torque
test after a healing period of 6 weeks. Results: For the test groups, the oxide thicknesses ranged from
about 1,000 to 5,800 nm; for the control group, mean oxide thickness was about 17 nm. The surface
morphology showed porous structures for test groups and nonporous barrier film for the control group.
Pore diameter ranged from � 0.5 µm to � 3.0 µm. In regard to surface roughness, arithmetic average
height deviation (Sa) values varied from 0.68 to 0.98 µm for test implants and 0.55 µm for control
implants; developed surface ratio (Sdr) values ranged from 10.6% to 46% for the test groups and were
about 10.6% for the control group. A mixture of anatase and rutile-type crystals were observed in the test
groups; amorphous-type crystals were observed in the control group. After a healing period of 6 weeks,
removal torque measurements in all 4 test groups demonstrated significantly greater implant integration
as compared to machine-turned control implants (P � .033). Discussion: Determinant oxide properties of
oxidized implants are discussed in association with bone responses. Of all surface properties, RTVs were
linearly increased as relative atomic concentrations of magnesium ion increase. Conclusions: Surface
properties of the oxidized implants in the present study, especially surface chemistry, influenced bone
responses. The surface chemistry of the optimal oxidized implant should be composed of approximately
9% magnesium at relative atomic concentration in titanium oxide matrix and have an oxide thickness of
approximately 1,000 to 5,000 nm, a porosity of about 24%, and a surface roughness of about 0.8 µm in
Sa and 27% to 46% in Sdr; its oxide crystal structure should be a mixture of anatase- and rutile-phase
crystals. INT J ORAL MAXILLOFAC IMPLANTS 2005;20:349–359
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Over the last 10 to 15 years, a number of investiga-
tions involving surface innovations of clinical

implants have been carried out, particularly with
regard to topographic changes. So-called “rougher”
implants have been produced using etching, blast-
ing, or hybrid techniques. However, the chemical
composition of implant surfaces is mainly titanium
oxide (TiO2). In fact, titanium metal normally inherits
an air-formed surface oxide; a “native oxide layer” of a
few nanometers is spontaneously formed during the
manufacture of machine-turned implants. The excel-
lent biocompatibility of titanium implants is related
to the TiO2 surface. Further modifications of the sur-
face oxide properties of an implant have potential to
ensure clinically favorable performance.
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Several surface modification technologies have
been introduced to control the surface oxide proper-
ties. Ion beam–based surface modification processes
such as ion implantation, ion beam assisted/
enhanced deposition, plasma source ion implanta-
tion (PSII), plasma immersion ion implantation (PIII),
and plasma source immersion ion implantation
(PSIII) have been used to modify implant surface
chemistry and have demonstrated promising results
in different biologic applications.1–4 However, there
are problems with these techniques for manufactur-
ing screw-type implants because of the “line-of-sight
limitations.” Thermal oxidization by heat treatment
can cause brittleness and weak adhesion strength
between the oxide layer and substrate over the criti-
cal temperature of some 500°C.5,6 Sol-gel–processed
implants have also shown promising in vivo re-
sults.7–9 Electrochemically oxidized implants are cur-
rently being used clinically, and improved experimen-
tal and clinical performance has been reported.10,11

An international consensus agreement12 was
reached on the theoretical importance of surface
properties for biologic response in 1985. However,
there has been a paucity of investigation on the role
and importance of surface oxide properties of tita-
nium implants in in vivo studies, particularly in
regard to surface chemistry.

A series of experiments using oxidized implants
with various surface properties has been conducted
by the authors and associates.13–21 Implants
processed by microarc oxidation (MAO) demon-
strated significantly improved bone responses. Varia-
tions in surface chemistry and the subsequent influ-
ence on bone tissue reactions have been reported
using implants that incorporated magnesium, cal-
cium, sulfur, or phosphorus.18–21 Based on previous
results, 2 action mechanisms of osseointegration of
oxidized implants have been proposed: (1) mechani-
cal interlocking through bone growth in pores and
(2) biochemical bonding.22

The purpose of the present study was to investi-
gate optimal surface oxide properties of implants
that were incorporated with magnesium ion for
enhancement of bone response. The properties
investigated included surface chemistry, oxide thick-
ness, porosity, roughness, and crystal structure. The
specific aim was to assess the role of the surface
chemistry on the bone response. The hypothesis cur-
rently favored in regard to surface chemistry postu-
lates biochemical bonding as an action mode for
osseointegration, inducing faster and stronger inte-
gration of the implant in bone. Such biochemical
bonding is believed to satisfy clinical demands for
immediate/early loading and improved performance
in compromised bone.

Oxidized implants were prepared using the MAO
method.13,14 To be able to validate what surface
properties might be responsible for corresponding
results, detailed surface characterizations were per-
formed using various surface analytic techniques. In
addition to the surface property analysis, removal
torque was measured 6 weeks after placement of
implants in the tibiae of rabbits.

MATERIALS AND METHODS

Implant Design and Preparation 
A total of 100 screw-type commercially pure titanium
implants, 3.0 mm in diameter and 7.2 mm in length,
were manufactured. The implants were divided into 1
control group (machine-turned implants) and 4 test
groups (magnesium ion–incorporated oxidized
implants); each group comprised 12 implants.The test
groups were designated Mg1, Mg2, Mg3, and Mg4;
oxide thickness increased with group number. The
electrochemical oxidation method employed in the
present study has been described in previous
studies.13,14 In brief, all test implants were prepared
using MAO methods at the galvanostatic mode. Two
platinum plates with surface areas of 32 cm2 were
used as counter electrodes at both sides of the tita-
nium anode. Currents and voltages were continuously
recorded at intervals of 1 second by an IBM computer
(IBM, Armonk, NY) interfaced with a direct-current
power supply. Ripple was controlled to less than 0.1%.

Surface Analysis
Forty implants were used for surface analyses: 2
implants per group for chemical analysis, 3 implants
per group for morphology and pore characteristics, 1
implant per group for crystal structure, and 2 implants
per group for surface roughness. Surface chemistry was
analyzed by x-ray photoelectron spectroscopy (XPS;
ESCALAB 250; Thermo Electron/VG Scientific, Waltham,
MA).The XPS spectra were recorded using normal Al K�
radiation (1486.8 eV) with a 200-µm-wide probing
beam. The outmost surfaces of the implants were
etched with argon ions of an ion energy of 5 keV and a
beam current of 0.3 µA for 150 seconds, corresponding
to 2 nm in thickness, resulting in removal of surface
contaminants. The oxide thickness was measured with
scanning electron microscopy (SEM, JSM-5800; JEOL,
Tokyo, Japan) on cross sections of the test implants 
prepared by the metallurgical method of nickel plating.
The oxide thickness of controls was evaluated by 
continuous sputter etching with 4 K eV argon ion in
Auger electron spectroscopy (AES; model PHI 650;
Physical Electronics, Chanhassen, Minnesota).
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Overall surface morphology was characterized by
SEM. Pore characteristics of test implants were deter-
mined with an image analysis system (Image Inside;
Japan Focus Co, Tokyo, Japan). The crystal structure of
the implant surface was determined by using low-
angle x-ray diffraction with a thin film collimator
(X’Pert PRO-MNR, Philips, Amsterdam, The Nether-
lands) on a plate-type sample prepared with the
same electrochemical parameters as the test screw-
type implants. The step size was 0.02 degrees
between 15 and 70 degrees of measured scan. Spec-
tra were recorded using Cu K� radiation (0.154056 Å)
generated at an acceleration voltage of 35 kV and a
current of 25 mA.

The surface roughness was measured with optical
interferometry (MicroXamTM; ADE Phase Shift, Tuc-
son, AZ). Two implants were selected and measured
at 3 thread tops, 3 thread valleys, and 3 thread flanks
each, for a total of 18 measurements per group.

Animals and Surgical Technique
A total of 10 mature New Zealand white rabbits
(mean weight 2.8 kg) were used in this study, which
was approved by the animal ethics committee at
Göteborg University. For surgery the animals were
anesthetized with intramuscular injections of fen-
tanyl-fluanisone (Hypnorm; Janssen, Saunderton,
England) at a dose of 0.5 mL per kg body weight and
intraperitoneal injections of diazepam ( Valium;
Roche, Basel, Switzerland) at a dose of 2.5 mg per ani-
mal. The skin and fascial layers were opened and
closed separately. The periosteal layer was gently
pulled away from the surgical area and was not resu-
tured. During all surgical drilling sequences, low
rotary drill speeds (not exceeding 2,000 rpm) and
saline cooling were used. Three implants were placed
in each tibia (6 implants per rabbit). The implants
were placed in a predetermined randomized design
to enable multiple comparisons.23 The animals were
kept in separate cages. The tibiae were allowed to
bear weight immediately after surgery. After a fol-
low-up period of 6 weeks, the animals were sacrificed
by intravenous injections of pentobarbital (Pentobar-
bitalum, Apoteksbolaget, Uppsala, Sweden).

Evaluations of the Bone Response
Bone response was evaluated using removal torque
measurements. The removal torque instrument uti-
lized a strain gauge transducer to test implant stabil-
ity. It measured the peak loosening torque in Ncm.
Thus, the torque removal measurement can be
regarded as a 3-dimensional test roughly reflecting
the interfacial shear strength between bone tissue
and the implant.22,24 The electronic device ensured a
fixed rotation rate, in contrast to hand-controlled

devices, to eliminate operator error, and it has been
shown to achieve high reproducibility and low oper-
ator sensitivity.22,24 The present study employed a
newly developed axis-alignment table to ensure that
the rotation axis was kept in a straight line between
the transducer and the implant. This alignment table
was designed to correct a 3-dimensional adjustment
on the micrometer scale.

Statistics
Data are presented as means ± SD. Removal torque
values were analyzed using 2-way analysis of 
variance (ANOVA). Post hoc tests of removal torque
values were performed using the Tukey method 
for multiple comparisons. Differences were consid-
ered statistically significant at P � .05 and highly 
significant at P < .001.

RESULTS

Surface Characteristics
Figure 1 shows the XPS survey spectra of the test
implants. High-resolution XPS spectra in Fig 2
revealed the binding energy of test Mg implants at Ti
2p, O 2p, Mg 2p, and C 1s. This indicated that the
chemical composition of the surface oxide of test
implants consisted mainly of magnesium incorpo-
rated into the TiO2 matrix, ie, magnesium titanate
and TiO2. The relative atomic concentrations of mag-
nesium at the as-received surface of test implants
were 8.36% for Mg1, 8.74% for Mg2, 8.97% for Mg3,
and 9.33% for Mg4.

The mean oxide thicknesses were 1,060 ± 140 nm (n
= 15) for the Mg1 implants, 3,440 ± 660 nm (n = 15) for
the Mg2 implants, 5,190 ± 500 nm (n = 15) for the Mg3
implants, 5,810 ± 750 nm (n = 15) for the Mg4 implants,
and 17.4 ± 6.2 nm (n = 4) for the controls (Fig 3a).

Surface morphology analysis showed the porous
surface structure of the test implants and the non-
porous surface structure of the controls (Figs 3b to
3f ). The mean surface porosity was 19.02% ± 0.15%
(n = 3) in the Mg1 implants, 23.71% ± 0.11% (n = 3) in
the Mg2 implants, 29.5% ± 1 .1% (n = 3) in the Mg3
implants, and 31.52% ± 1.92% (n = 3) in the Mg4
implants. Pore size (diameter) was � 0.5 µm in the
Mg1 implants, 1.5 µm in the Mg2 implants, 2.5 µm in
the Mg3 implants, and 3.0 µm in the Mg4 implants.

In regard to surface roughness, the arithmetic
average height deviation (Sa) was 0.98 � 0.5 µm for
the Mg1 group, 0.78 � 0.28 µm for the Mg2 group,
0.68 � 0.18 µm for the Mg3 group, and 0.69 � 0.18
µm for the Mg4 group. The developed surface ratio
(Sdr), ie, the ratio of the interfacial area of a surface
over the sampling area, was 46.04% � 25.11% for the
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Mg1 group, 27.87% � 6.99% for the Mg2 group,
26.83% � 5.56% for the Mg3 group, and 32.18% �
13.75% for the Mg4 group. The control group had an
Sa of 0.55 � 0.21 µm and an Sdr of 10.56% � 3.89%.

The crystal structure of x-ray defraction (XRD) pat-
terns indicated a mixture of anatase and rutile phases
for test implants and amorphous-type crystals for con-
trols (Fig 4).The peak intensity of rutile (110) was high-
est in the Mg3 implants and lowest in the Mg1
implants. The surface oxide characteristics of titanium
implants used in this study are summarized in Table 1.

Bone Responses
Figure 5 demonstrates the mean peak removal
torque values (RTVs) obtained from the test and 

control implants after a healing period of 6 weeks. All
Mg implant groups showed significantly increased
mean peak RTVs as compared to machine-turned
controls (P � .05). Of all implant groups, the Mg2
implant group revealed the highest RTVs. RTVs for
this group were twice as high as those for machine-
turned controls. Multiple comparisons of the mean
peak RTVs demonstrated a highly significant differ-
ence between Mg1 implants and controls (P = .002)
and Mg2 implants and controls (P = .0001). There
were also significant differences between Mg3 and
controls (P = .027) and Mg4 implants and controls (P
= .033). When comparing the mean values between
all Mg implant groups, in particular, the Mg2 implant
group revealed significant differences from the Mg3

Fig 1 XPS survey of the surfaces of the test Mg1, Mg2, Mg3, and Mg4 implants “as received.” The spectra were recorded using normal
Al K� radiation (1486.8 eV) with a probing beam size of 200 µm.

1200      1000       800        600        400        200          0

Binding energy (eV)

In
te

ns
ity

 (a
rb

itr
ar

y 
un

it)
Test Mg1 implant

O
1

s

Ti
2

p

C
1

s

S
2

p
P2

p

M
g2

p

1200      1000       800        600        400        200          0

Binding energy (eV)

In
te

ns
ity

 (a
rb

itr
ar

y 
un

it)

Test Mg2 implant

O
1

s
Ti

2
p

C
1

s

S
2

p
P2

p

M
g2

p

1200      1000       800        600        400        200          0

Binding energy (eV)

In
te

ns
ity

 (a
rb

itr
ar

y 
un

it)

Test Mg3 implant

O
1

s
Ti

2
p

C
1

s

S
2

p
P2

p

M
g2

p

1200      1000       800        600        400        200          0

Binding energy (eV)

In
te

ns
ity

 (a
rb

itr
ar

y 
un

it)

Test Mg4 implant

O
1

s
Ti

2
p

C
1

s

S
2

p
P2

p

M
g2

p

a b

c d

Sul  5/19/05  3:37 PM  Page 352



296   294   292    290   288   286    284   282    280   278

Binding energy (eV)

In
te

ns
ity

 (a
rb

itr
ar

y 
un

it)

Test Mg1 implant

Test Mg2 implant
Test Mg3 implant

Test Mg4 implant

60                 55                 50                 45                 40

Binding energy (eV)

In
te

ns
ity

 (a
rb

itr
ar

y 
un

it)

Test Mg1 implant

Test Mg2 implant

Test Mg3 implant

Test Mg4 implant

The International Journal of Oral & Maxillofacial Implants 353

Sul et al

Fig 2 XPS high resolution of the elements titanium, oxygen, magnesium, and calcium on the as-received surface.
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Table 1 Surface Oxide Characteristics of the Machine-Turned Implants (Control) 
and the Magnesium-Incorporated Oxidized Implants (Test)

Implants

Oxide characteristics Control Mg1 Mg2 Mg3 Mg4

Morphology Nonporous Porous Porous Porous Porous 
Porosity (%) None 19.02  ± 0.15 23.71 ± 0.11 29.5 ± 1.1 31.52 ± 1.92
Oxide thickness nm 17 ± 6 1,060 ± 140 3,440 ± 600 5,190 ± 500 5,810 ± 750
Crystal structure Amorphous Anatase + rutile Anatase + rutile Anatase + rutile Anatase + rutile

Sa (µm) 0.55 ± 0.21 0.98 ± 0.50 0.78 ± 0.28 0.68 ± 0.18 0.69 ± 0.18
Sq (µm) 0.74 ± 0.27 1.38 ± 0.8 1.1 ± 0.51 0.94 ± 0.23 1.01 ± 0.28

Roughness Sds (µm-2) 0.09 ± 0.03 0.09 ± 0.06 0.09 ± 0.07 0.09 ± 0.05 0.11 ± 0.04
Sdr (%) 10.56 ± 3.89 46.04 ± 25.11 27.87 ± 6.99 26.83 ± 5.56 32.18 ± 13.75

Sa = arithmetic average height deviation; Sq = root mean square of height deviation; Sds = the number of summits in a unit sampling area; Sdr = developed
surface ratio. Means ± SDs shown.

Mainly TiO2
with carbon
contaminant

Mainly TiO2 and
Mg ≈ 8.36%, with
carbon contami-
nant and traces of
phosphorus and
sulfur

Mainly TiO2 and
Mg ≈ 8.74%, with
carbon contami-
nant and traces
of phosphorus
and sulfur

Mainly TiO2 and
Mg ≈ 8.97%, with
carbon contami-
nant and traces
of phosphorus
and sulfur

Mainly TiO2 and
Mg ≈ 9.33%, with
carbon contami-
nant and traces of
phosphorus and
sulfur

Chemical composition

Sul  5/19/05  3:37 PM  Page 353



group (P = .003) and the Mg4 group (P = .027), but
not for the Mg1 group. However, there were no sig-
nificant differences of the mean peak RTVs between
Mg1, Mg3, and Mg4 (P > .244). The mean peak RTVs
were 11.1  ± 2.9 Ncm (range 7 to 16 Ncm) for Mg1
implants, 13.3  ± 2.5 Ncm (range 10 to 17 Ncm) for
Mg2 implants, 10.1 ± 2.8 Ncm (range 6 to 15 Ncm) for
Mg3 implants, 9.9 ± 3.1 Ncm (range 7 to 18 Ncm) for
Mg4 implants, and 6.7  ± 1.5 Ncm (range 4 to 9 Ncm)
for machine-turned controls.

DISCUSSION

To determine the ability of the surface properties of
oxidized implants to influence bone response, the
bone response was measured with the removal
torque test and was analyzed as a function of quanti-
tative changes of the surface oxide properties.

354 Volume 20, Number 3, 2005
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Fig 3 Surface morphology in SEM micrographs. (a) The oxide thickness in a cross-sectional view of a test Mg2 implant. (b) A plane view
of a machine-turned control implant. (c to f) Porous surface structures in (c) Mg1, (d) Mg2, (e) Mg3, and (f) Mg4 test implants. 
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Fig 4 XRD diffraction patterns on commercially pure titanium
plates abraded by 800-grit silicon carbide (SiC) paper (controls)
and oxidized in the same manner as the test implants (accelera-
tion voltage of 35 kV and current of 25 mA). A = anatase; R =
rutile; Ti = titanium.

Fig 5 Mean RTVs (Ncm) of machine-turned controls and oxi-
dized test implants after an osseointegration period of 6 weeks.
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Fig 6 Mean RTVs (Ncm) as a function of magnesium ion con-
centration in machine-turned controls and oxidized test implants
after an osseointegration period of 6 weeks.
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Magnesium Ion Concentration vs RTV
Of all the surface properties investigated in the pre-
sent study, magnesium concentrations directly
reflected the bone response. With increases of mag-
nesium ion concentration in the test implants, the
mean RTVs increased linearly (Fig 6). The magne-
sium ion concentration of ≈ 9.3% corresponded with
the highest mean RTVs. Furthermore, the post hoc
test performed using the Tukey method indicated
that the bone response to a magnesium ion concen-
tration of ≈ 9.3% was significantly better (ie, greater
removal torque) as compared to magnesium ion
concentration of ≈ 8.3% or ≈ 8.7%.

In general, the present results are in agreement
with a previous report demonstrating significantly
increased resonance frequency and RTVs of magne-
sium-incorporated oxidized test implants in a rabbit
femur model (unpublished data).25 The osseointe-
gration mechanism reinforced by magnesium sur-
face chemistry is not fully understood at present. To
the best of the authors’ knowledge, the importance
of magnesium surface chemistry for implant inte-
gration in bone has not been demonstrated in the
literature by any other laboratory. Zreiqat and col-
leagues26 reported positive effects of Al2O3-Mg
ceramics on cell adhesion, integrin expression, and
activation of signaling proteins.
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Oxide Thickness vs RTV
Mean RTVs increased as oxide thickness increased up
to 3,440 nm; thereafter, they decreased as oxide
thickness increased (Fig 7). The multiple comparisons
post hoc test indicated that the oxide thickness of ≈
3,440 nm for the Mg2 implants showed a signifi-
cantly improved bone response as compared to the
5,119-nm oxide thickness of the Mg3 implants and
5,810-nm oxide thickness of the Mg4 implants (P =
0.033 and P = .027, respectively). However, there was
no significant difference between the mean peak
RTVs of implants with an oxide thickness of 1,060 nm
and those with an oxide thickness of 3,440 nm (P = .24).

Sul and associates15–21 have previously shown
that in vivo bone responses to the oxidized implants
are significantly improved with increases of the oxide
thickness in the range of 600 to 4,000 nm as mea-
sured with resonance frequency analysis, removal
torque testing, histomorphometric analysis, and
enzyme histochemistry. Taken together, the present
results indicate that the optimal oxide thickness for
significant improvement of the bone response is
likely to be about 1,000 nm for TiO2, about 1,000 to
1,200 nm for sulfur- or phosphorus-incorporated
implants, and about 4,000 nm for calcium-incorporated
implants. Thus, optimal oxide thickness is strongly
dependent on the surface chemistry of oxidized
implants and may, in fact, be dominated by it.

Kurze and coworkers27 in 1986 introduced the Ti-
ANOF implants (Timedur; ZL-Duraplant, Leipzig, Ger-
many) with an average oxide thickness of 4 to 20 µm
and reported that the bone response to surface
oxide properties was dependent on the anodic para-
meters used. Niki and colleagues28 in 1992 and
Ishizawa and associates29 in 1995 reported strong
bone response to a new implant surface anodized in
a sulfuric acid and phosphoric acid (H2SO4 + H3PO4)
mixed electrolyte system, resulting in an oxide thick-
ness of about 4 µm. In 2000 Hall and Lausmaa30

introduced the TiUnite implant (Nobel Biocare, Göte-
borg, Sweden), which was also anodized in a mixed
electrolyte system containing H2SO4 + H3PO4. The
oxide thickness of the TiUnite implant is claimed to
be 1 to 2 µm at the coronal end, including the first
threads, and 7 to 10 µm at the apical end. Sulfur and
phosphorus anions were both incorporated in 
the surface oxide. In 2001, Albrektsson and col-
leagues31reported that TiUnite oxidized implants
resulted in significantly higher bone-to-metal con-
tact values and RTVs than machine-turned implants.

Surface Porosity vs RTV
The mean RTVs increased as porosity increased up to
23.7%; thereafter, they decreased with increased
porosity (Fig 8), in the same manner as oxide 
thickness. This is because of the relationship
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Fig 7 Mean RTVs (Ncm) as a function of oxide thickness in
machine-turned controls and oxidized test implants after an
osseointegration period of 6 weeks.
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Fig 8 Mean RTVs (Ncm) as a function of surface porosity in
machine-turned controls and oxidized test implants after an
osseointegration period of 6 weeks.
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between oxide thickness and surface porosity. The
surface porosity of opening pores increased with
increased oxide thickness. Furthermore, the multiple
comparisons post hoc test indicated that a surface
porosity of ≈ 23.7% in the Mg2 implants showed a
significantly improved bone response as compared
to 29.5% in the Mg3 implants and 31.5% in the Mg4
implants (P = .033 and P = .027, respectively). The
mean RTVs directly increased with increased pore
sizes of 0.5 µm and 1.5 µm; they decreased with
increased pore sizes of 2.5 µm and 3.0 um. The pre-
sent results support the bone response associated
with pore sizes of 0.2 µm in sulfur-incorporated
implants, 1.3 µm in phosphorus-incorporated
implants, and 1.5 µm in calcium-incorporated
implants noted in previous studies.18–21 The TiUnite
implant is known to have a maximum pore size of 1
to 5 µm.30 Ducheyne and Qiu32 reported that even
with implants with test surfaces of similar porosity,
the pattern and speed of bone formation were
shown to be dependent on surface chemistry.

Surface Roughness vs RTV
The mean RTVs appeared to be influenced by various
roughness parameters such as Sa, Sq, Sds, and Sdr, as
shown in Fig 9. Sa and Sdr may be more important
roughness parameters than Sds and Sq. In addition,
RTVs linearly increased with increases of Sdr up to

27.9%; thereafter they decreased as Sdr increased.
Furthermore, the multiple comparisons post hoc test
showed that an Sdr of about 28% in the Mg2 implant
was associated with significantly improved mean
RTVs as compared to an Sdr of 32% in the Mg4
implant (P = .027) (Fig 10). With respect to Sa, an Sa of
0.78 µm in the Mg2 implant showed the highest
mean RTVs compared to means of 0.67 µm, 0.69 µm,
and 0.97 µm for the other test implants and 0.55 µm
for the control. The current results demonstrated that
optimal roughness values of oxidized implants were
different from those reported by Wennerberg,33 ie, Sa
of 1 to 1.5 µm and Sdr 1.4 to 1.5. Thus, optimal rough-
ness values may differ from the chemical composi-
tion of the implant surface employed.

Crystal Structure vs RTV
The mixture of anatase and rutile phases for test
magnesium implants reflected significant mean RTVs
as compared to amorphous phase in controls. The
strongest peak intensity of the rutile phase (110) was
detected in the test Mg2 implant and resulted in sig-
nificantly improved bone response as compared to
the mixture of anatase and rutile crystal phases seen
in the test Mg3 and Mg4 implants. However, the peak
intensity of rutile did not precisely correspond to the
mean RTV.
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Fig 9 Mean RTVs (%) related to changes of the roughness para-
meters Sa, Sq, Sds, and Sdr. This graph indicates that, of the 4
parameters, Sdr may be the most sensitive to RTV.
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The current results are congruent with previous
findings that the mixture of anatase and rutile TiO2

influenced bone response more than anatase struc-
ture or amorphous phase.15–17 The present study
showed that crystallinity was transformed with
increased oxide thickness. As to the effect of crystal
structure of TiO2 in expression of specific pheno-
types, Boyan and associates34 compared chondro-
cyte response to TiO2 of differing crystallinities and
reported that cells could discriminate between sur-
faces at this level as well. A substantial reduction in
the release of titanium ions and the role of phase
transformation of crystal structure in regulating cell
response may facilitate bone formation around oxi-
dized implants and may be one reason for the results
obtained in the present study.

In summary, the results of the present study
clearly indicated that surface properties directly
influenced the bone responses. Of all the surface
properties investigated, magnesium surface chem-
istry in particular played a governing but not exclu-
sive role as a determinant surface property underly-
ing the enhanced bone response.

CONCLUSIONS

Surface properties of implants directly influence
bone responses. Thus, irrespective of the surface
modification technology used, detailed surface char-
acterization of an implant is important. Based on the
bone response in the present study, which was
expressed as a function of quantitative changes in
the surface oxide properties, the following appear to
be the “optimum” surface properties of oxidized
implants:

• The optimum surface chemistry of magnesium-
incorporated, oxidized implants consisted of
approximately 9% magnesium at relative atomic
concentration in TiO2 matrix.

• The optimal oxide thickness of a porous surface
structure appeared to be in the range of 1,000 to
5,000 nm.

• An optimum porosity of open pores is in the range
of 19% to 30%, ie, approximately 24%; with a pore
size of � 2.0 µm.

• Surface roughness values of 0.7 to 1.0 µm for Sa, 0.9
to 1.4 µm for Sq, and 27% to 46% for Sdr seemed to
be optimum.

• TiO2 in a crystalline phase, ie, a mixture of anatase
and rutile phases rather than amorphous, seemed
to be optimal.
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