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Abstract Titanium barrier membranes are prepared to investigate the effect of surface-treatments, such as machining,
electropolishing, anodizing, and electropolishing + TiN coating, on the biocompatibility and physical properties of the
membranes. The surface roughness (Ra) of the membrane decreases from machining (0.37 £ 0.09 um), TiN coating (0.22 £+
0.09 um), electropolishing (0.20 + 0.03 um), to anodizing (0.15+ 0.03 um). The highest ductility (24.50 %) is observed for
the electropolished Ti membrane. No evidence of causing cell lysis or toxicity is found for the membranes regardless of
the surface-treatments. Cell adhesion results of L-929 and MG-63 show that the machined Ti membrane exhibits the
highest cell adhesion while the electropolished membrane is the best membrane for the L-929 cell proliferation after 7
days. However, no appreciable difference in MG-63 cell proliferation among variously surface-treated membranes is detected,
suggesting that the electropolished Ti membrane is likely to be the best membrane due to the synergic combination of

tailored flexibility and excellent fibroblast proliferation.
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1. Introduction

Commercially pure titanium (Cp Ti) has been consid-
ered as the biocompatible metallic materials for orthope-
dic and dentistry implants because of its excellent
mechanical properties, corrosion resistance, and biocom-
patibility [1-3]. The excellent biocompatibility of Ti is
associated with its stable and inert oxide layer, leading
to low level of electronic conductivity, high corrosion
resistance, thermodynamic state at physiological pH val-
ues, and low ion-formation tendency in aqueous envi-
ronment [1]. Ti has been widely used for the implant
devices replacing failed hard tissue.

When tooth extraction is required it typically results in
additional bone loss in buccal or lingual cortical plate.
The guided bone regeneration (GBR) using the barrier
membrane is useful in bone augmentation [4-6]. The
GBR and the implant fixation at an infected site are fre-
quently complicated by soft-tissue dehiscence, mem-
brane exposure, and implant failure due to deficient
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mature bone mass and quality to support the implant.
The principle of the GBR is the creation and mainte-
nance of sufficient space underneath the barrier.

The mechanical properties of the membranes should
avoid collapse of the membrane and provide a constant
volume underneath it. The porous areas are small enough
to prevent soft tissue penetration through the membrane
with no compromise in diffusion of interstitial fluid [4-
6]. The non-absorbable or the resorbable barrier mem-
branes are likely to collapse due to improper mechani-
cal properties, resulting in insufficient space underneath
the membrane for new bone to form [4]. The barriers
should be left in place for up to 6 months for bone
regeneration. Among the membranes, a Ti membrane
with microperforation is used as the barrier because of
the rigidity of Ti membrane. It makes the barrier suit-
able to maintain the space and cells and fluids necessary
for nourishment can be passed through the perforated
holes. The porous membranes are attributed to their
osteoconductive properties to facilitate the migration of
osteoblasts from surrounding bone into the implant site
[7, 8]. However, the Ti barrier membranes need a sec-
ondary surgery to remove the barrier. In addition, it is
difficult to insert the Ti membrane than flexible mem-
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branes due to the sharp edges of Ti membrane. Never-
theless, the Ti membranes have been widely used due to
the biocompatibility and osteoconductivity of porous Ti
membrane with controllable pore shape, pore size, and
porosity. In this study, the biocompatibility and the
physical properties of the Ti barrier membranes pre-
pared by different surface treatments are studied.

2. Materials and Methods
2.1. Materials

Ti specimens with a dimension of 10(¢) x 0.15(t) mm’
are prepared from grade 2 titanium [1]. The specimens
for in-vitro test are then surface-treated (electropolishing,
anodizing, electropolishing + TiN coating) to investigate
the effect of surface roughness on the biocompatibility
of the Ti membrane. The samples without any surface
treatments are used as control group. Prior to the test,
the specimens are y-ray sterilized [9,10].

The electrolyte for electropolishing is prepared by
mixing H,SO,, H;PO,, and distilled water. The speci-
mens are then electropolished for 20~40s at 75~85°C
with a voltage of 7V and currents of 40~50 A. Then,
they are thoroughly rinsed with distilled water and neu-
tralized with NaOH, followed by rinsing with distilled
water and drying. Prior to anodizing, the specimens are
cleaned by dipping in trichloroethylene for 15 min, fol-
lowed by surface activation in a solution mixture of HF
and HNO; for 30s. The Ti specimen is then anodized
for 20~30 s in potentiostatic mode (4~5 V and 3~5 A) at
room temperature in the electrolytes (H,PO,, H,SO,,
H,0). After anodizing, the specimens are neutralized
with NaOH and then dried. For TiN coating, the as-elec-
tropolished specimens are first surface cleaned by soni-
cating for 10 min using ethanol and acetone, followed
by Ar plasma treatment for 10 min under vacuum (3 X
107 torr). Then, the TiN coated specimens are obtained
for 5 min at 300°C in N, gas atmosphere (10~20 mtorr).

2.2. Surface roughness and tension test

The laser surface roughness tester (Lext OLS4100,
Olympus, Japan) and the electron microscopy (CX-100S,
Coxem, Korea) are employed to evaluate the roughness
of the surface-treated Ti specimens. The specimens with
a dimension of 2 x 25 x 0.15(t) mm’ are surface-treated
and then mechanical properties are examined by using a
tension tester (E3000, Instron, UK).

2.3. Biocompatibility

2.3.1. Cell culture

MG-63 (Korean Cell Line Bank, Korea) osteoblast-
like cells and L-929 (Korean Cell Line Bank, Korea)
mouse fibroblast cells are used. All monolayers are
incubated in a mixture of Dulbecco’s minimum essen-
tial media (DMEM, Gibco-BRL, Life Tech., New Zea-
land) and RPMI1640 (Gibco-BRL, Life Tech., New
Zealand) at 37°C in the presence of 5 % CO,. The DMEM
is supplemented with 10 % of fetal bovine serum (Gibco-
BRL, Life Tech., New Zealand), 1 x antibiotic-antimy-
cotic solution (contains 10,000 units of penicillin(base),
10,000 pg/ml of streptomycin), and 25 g of amphoteri-
cin (Gibco-BRL, Life Tech., New Zealand) [11]. After
80 % of cell proliferation, cell detachment is done with
trypsin-EDTA (0.25 % trypsin and 0.1 % glucose dis-
solved in 1 mM of DETA-saline, Invtrogen Co., USA),
followed by subculture.

2.3.2. Cell adhesion

The 25cm’ culture flasks are seeded with 8 x 10
cells/ml and incubated for 3h to evaluate the bond
strength between the surface-treated specimens and the
cells. The detached cells are excluded. The cells are
stained by immersing in the solution of 0.2 % crystal
violet (Georgiachem., Japan) dissolved in 10 % ethanol
for 5min at room temperature. After immersing the
stained cells in 95 % ethanol for 15 min, the change of
absorption at 595 nm is examined by using the ELISA
analyzer (Spectra MAX 250s, Molecular Devices Co.,
USA).

2.3.3. Cell proliferation

The culture flasks are seeded with 2 x 10 cells/ml and
incubated for 3 or 7 days. The specimens are added to
each flask. The cell proliferation is evaluated by using
the XTT assay kit (Cell Proliferation Kit II, Roche
Applied Science, Germany). After incubation, XTT
labeling reagent of 250 pl is added to each culture and
the cultures are incubated for 2 h at 37°C in the pres-
ence of 5% CO,. The change of absorption at 450 nm
is examined by using the ELISA analyzer.

2.3.4. Cell cytotoxicity

The extract test method is conducted to evaluate the
potential of cytotoxicity on the basis of the Interna-
tional Organization for Standardization (ISO 10993-5).
The test samples are used within 24 h after completion
of the preparation. The test extract is placed onto two
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Fig. 1. 3D laser microscopic images of Ti surfaces treated by (a) machining, (b) TiN coating, (c) electropolishing, and (d) anodizing,
respectively.
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Fig. 2. SEM images of Ti surfaces treated by (a) machining, (b) TiN coating, (c) electropolishing, and (d) anodizing, respectively.

separate confluent monolayers of L.-929 mouse fibro-
blast cells (1 x 10° cells/ml) propagated in 5% CO,.
After incubation, XTT labeling reagent of 250 ul is
added to each culture and the cultures are incubated for
2 h at 37°C in the presence of 5 % CO,. The change of
absorption at 450 nm is examined by using the ELISA
analyzer. For analyses of results, statistical calculations
such as t-test (p <0.05) and one-way analysis of vari-
ance (ANOVA, p <0.001) are employed to analyze the
results [10, 11]. And the Dunnett test (p < 0.05) is done
for the verification after test [12, 13].

3. Results

3.1. Surface roughness and strength

The surface roughness (arithmetic mean deviation of
the profile, Ra) is examined by the laser surface rough-
ness tester to investigate the effect of surface roughness
on the degree of GBR and the biocompatibility between
the Ti membrane surface and the gingival tissue. The
surface-treated Ti barrier membranes are reported to
replace the deficient and infected alveolar bone and pro-
vide the sufficient space underneath the membrane. The
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Fig. 3. A comparison of surface roughness (Ra) in various
surface-treated Ti membranes.
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experimental results are shown in Figs. 1-3, indicating
that the surface roughness (Ra) decreases as the treat-
ment is changed from machining (0.37 + 0.09 um), TiN
coating (0.22 +0.09 um), electropolishing (0.20 +0.03
um), to anodizing (0.15 #+ 0.03 um). The smoothest sur-
face is observed for the anodized specimens.

The uniaxial tensile tests of the Ti membranes are per-
formed. The specimens, surface-treated with electropol-
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Fig. 4. Load-extension curves for the Ti membranes that are surface-treated: (a) machining, (b) TiN coating, (c) electropolishing, and
(d) anodizing, respectively.

ishing or anodizing, exhibit better performance of
deformation relatively at a low load as compared to the
specimens treated with machining or TiN coating, as
shown in Fig. 4. Although it is hard to compare the duc-
tility (strain at break, %) due to different scale of x-axis,
the ductility increased from machining (6.26 %), TiN
coating (7.29 %), anodizing (16.82 %), to electropolish-
ing (24.50 %). The ductility is deteriorated after machin-
ing and TiN coating as compared to electropolishing
probably due to accumulation of residual stress. It is
concluded that the electropolished specimen is likely to
deform due to excellent ductility.

3.2. Biocompatibility

3.2.1. Cell adhesion and proliferation

The L-929 cell adhesion results are shown in Fig. 5,
suggesting that no dramatic difference is detected. How-
ever, the electropolished specimen exhibits the lowest
adhesion. The results are significant with a 95 % confi-
dence level (p>0.05). The cell proliferation results of
L-929 cell are shown in Fig. 6, indicating that all the
results are very similar and the 7-day proliferation is
twice larger than the 3-day proliferation. The results are
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Fig. 5. L-929 cell adhesion results of surface-treated Ti

membranes.

significant with a 95 % confidence level (p > 0.05).

3.2.2. Osteoblast-like cell (MG-63) adhesion and prolif-
eration

The results are exactly the same as those of L-929
cell adhesion and proliferation, as displayed in Figs. 7
and 8. The 7-day proliferation, as shown in Fig. 8§,
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Fig. 6. L-929 cell proliferation test results of surface-treated Ti
membranes.
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Fig. 7. MG-63 cell adhesion results of surface-treated Ti
membranes.
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Fig. 8. MG-63 cell proliferation test results of surface-treated
Ti membranes.
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Fig. 9. Cell viability of surface-treated Ti membranes.

increases 2.5 times larger than the 3-day proliferation.
The results are significant with a 95 % confidence level
(p>0.05).

3.2.3. L-929 Cell cytotoxicity

All the results reveal that the test (Fig. 9) shows no
evidence of causing cell lysis or toxicity. The results are
significant with a 95 % confidence level (p > 0.05).

4. Discussion

GBR using barrier membranes is useful in bone
augmentation. Commonly used polytetrafluoroethylene
(PTFE) and Ti are the typical non-resorbable membranes.
Although they need a secondary surgery to remove the
membrane, the ingrowth of osteogenetic cells is not dis-
turbed by competing non-osteogenetic soft tissue cells
due to the superior stability of barrier membrane. They
are likely to create and maintain sufficient space under-
neath the membrane for up to 6 months [1, 4, 5].

Immediate implant placement after tooth extraction
may lead to early implant failure caused by insufficient
mature bone mass and quality to adequately support the
implant, and difficulty in obtaining complete coverage
of the extraction socket by bone and soft tissue. Early
membrane exposure by epithelial dehiscence may result
in membrane exposure and infection, which can jeopar-
dize bone augmentation. Kfir et al. [14] suggested that
no apparent infection or problem is reported even
though early Ti membrane exposure occurs between 2
and 6 weeks in 7 patients (47 %) out of 15 patients.
Immediate bone augmentation using the Ti membrane
after infected tooth extraction is found to be feasible and
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safe. To prevent the early exposure, early bone augmen-
tation after extraction of infected teeth and extensive
bone loss is successfully achieved by using a Ti barrier
membrane accompanied by socket filling with autolo-
gous platelet-rich fibrin (PRF) or bone graft material
[15, 16].

The Ti membranes are more difficult to insert than
flexible membranes due to sharp edges [4]. If the sharp
edges of the Ti membrane cut through the mucosa, the
bone augmentation should be damaged due to the mem-
brane exposure and the related inflammation. In onlay
grafts, it is essential to insert the membrane carefully to
avoid the crumpling, when the surgeon is trying to bend
it around two axes. Bending it around one axis is tolera-
ble and the smooth surface is preserved. Careful soft tis-
sue management is important to reduce the number of
exposed membranes.

Experimental results revealed that surface roughness
of the membrane was attributed to the surface treat-
ments. The roughness decreased from 0.37 pm to 0.15
pm (machining (0.37 pm), TiN coating (0.22 pum), elec-
tropolishing (0.20 um), anodizing (0.15 pm)). Strength
and ductility decreased and increased with decreasing
the surface roughness, respectively. In the present study,
the electropolished specimen is determined to be the
best membrane due to excellent ductility (24.50 %). A
cytotoxicity test determines whether a product will have
a toxic effect on living cells. Under the conditions of
this study, the test extract showed no evidence of caus-
ing cell lysis or toxicity (Fig. 9) regardless of surface
roughness, suggesting that the surface-treated speci-
mens are suitable for the barrier membrane due to the
absence of cytotoxicity. Cell adhesion results of L-929
and MG-63 (Figs. 5 and 7) indicated that the machined
Ti membrane exhibited the highest cell adhesion while
the electropolished membrane was determined to be the
best membrane for the 1-929 cell proliferation after 7
days. However, no appreciable difference in MG-63 cell
proliferation between the surface-treated membranes
was noticed.

In general, Ti membrane needs a secondary surgery to
remove the barrier after sufficient bone formation under-
neath the Ti membrane. However, early exposure or dis-
location of the membrane is possible especially at the
interface between the Ti membrane and the incision,
resulting in prevention of new bone growth caused by
bacterial contamination (infection, contact between
saliva and the grafted material). In that case, the elec-
tropolished Ti membrane is believed to be the best
membrane due to excellent 1.-929 cell proliferation, as

Table 1
Tailored properties of surface-treated Ti membranes

Advantages Surface-treatment condition

Flexibility Electropolishing, Anodizing Easy to deform
Cell adhesion Machining, TiN coating MG-63 (osteoblast)
Cell proliferation All MG-63

Cell adhesion Machining, Anodizing L-929 (fibroblast)
Cell proliferation Electropolishing, Anodizing L-929

listed in Table 1. In the present study, it can be con-
cluded that the electropolished Ti membrane is likely to
be the best membrane due to tailored flexibility and
excellent L-929 cell proliferation.

5. Conclusion

The Ti barrier membranes are prepared to evaluate the
effect of surface-treatments, such as machining, elec-
tropolishing, anodizing, and electropolishing + TiN coat-
ing, on guided bone regeneration and flexibility of the
membranes. The surface roughness (Ra) of the mem-
brane decreases from machining (0.37 pm) to anodizing
(0.15 pum). Strength and ductility decreased and increased
with decreasing the surface roughness, respectively. No
cytotoxicity causing cell lysis is observed regardless of
the surface-treatments. Cell proliferation results of L-
929 and MG-63 show that the electropolished mem-
brane is the best membrane for the L.-929 cell prolifera-
tion after 7 days. However, no appreciable difference in
MG-63 cell proliferation between the surface-treated
membranes was detected. It can be concluded that the
surface-treated Ti specimens are suitable under the rele-
vant circumstances that can arise from this experiment.
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