Dental Materials Journal 2020; 39(5): 877-882
|

Development of a novel bioactive titanium membrane with alkali treatment for
bone regeneration
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This study evaluates a bioactive titanium membrane with alkali treatment for stimulating apatite formation and promoting bone
regeneration. The titanium thin membranes were either treated with NaOH (alkali-group) or untreated (control). Each sample were
incubated in simulated body fluid. Subsequently, the composition of the surface calcium deposition, its weight increase ratio, and optical
absorbance were evaluated. Then, the bone defect was trephined on the rats calvaria and covered with each sample membrane or no
membrane, and the bone tissue area ratio (BTA) and bone membrane contact ratio (BMC) were evaluated. The spherical crystalline
precipitates formed in both groups. In the alkali-group after 21 days, the precipitates matured, forming apatite-like precipitates. The
alkali-group showed higher Ca and P contents and weight increase ratios than the control. The alkali-group exhibited a higher BMC

than the control in the central area. Thus, this novel membrane has high apatite-forming and bone regeneration abilities.
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INTRODUCTION

Titanium membranes are used as a barrier membrane
for guided bone regeneration (GBR) because of their
superior biocompatibility and mechanical strength!-?.
Titanium is a bioinert material, and as such, it does not
have a bioactive ability to accelerate bone formation*®.
Therefore, various modification methods including
grit blasting, acid etching, titanium plasma spraying,
and other methods have been applied to modify
titanium parts such as implant bodies®'?. Among these
modification methods, chemical methods such as acid
etching or alkali treatment are often used because of
their simplicity®'?. A titanium surface modified by a
strong acid or alkali solution can form an apatite layer
when immersed in simulated body fluid (SBF)'*'», This
layer is expected to create a bioactive surface on thin
titanium membranes, which would be beneficial for GBR.
An alkali hydrothermal surface treatment was reported
to enhance bone integration of titanium implants'®.
However, reports have been limited to assessing solid
titanium structures such as disks or implant bodies. In
addition, chemical treatment methods cause problematic
corrosion on the titanium structure. In fact, our previous
study demonstrated that an acid treatment significantly
decreased the mechanical strength of a thin titanium
membrane'”. Meanwhile, alkali treatment is one of the
most extensively investigated methods for modifying
titanium surfaces, and its efficiency has been confirmed
by many reports'®2?. An alkali treatment created a TiO,
layer on the thin titanium membrane surface, which in
turn led to a superhydrophilic nanoporous structure on
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the surface without affecting the mechanical strength'?.
The surface of this alkali-treated titanium membrane is
expected to enhance bone formation, however this aspect
of titanium membranes has not been evaluated.

The purpose of this study was to evaluate the alkali-
treated titanium membrane to stimulate apatite-forming
ability upon immersion in SBF and to promote new bone
regeneration in vivo.

MATERIALS AND METHODS

Sample preparation

Pure titanium thin membranes (20 pm thick, TR270C,
Takeuchi kinzoku-hakufun kogyo, Tokyo, Japan) were
used in this study. The samples prepared rectangular
shape: 10 mm long and 20 mm wide. To wash and treat
all over the surface, we folded the membranes in half.
The surface treatment process was the same as that
in our previous study'”. For the control group, the
membranes were separately washed in an ultrasonic
bath with acetone and distilled water for 1 h each and
dried overnight in a 37°C oven.

For the alkali groups, membranes were washed
the same way as for control group and then soaked in
20 mL/membrane of a 5 N NaOH solution (NACALAI
TESQUE, Kyoto, Japan) and incubated at 60°C for 24
h. After incubation, the membranes were washed with
distilled water for 1 h and dried in a 37°C oven.

1. Surface structure

The surface structures of each group were observed by
scanning electron microscopy (SEM; JMS-7300F, JEOL,
Tokyo, Japan). One sample each from these groups were
attached to a sample stage with carbon adhesive tape
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and imaged. All samples were sputter-coated with Pt
(JEC-3000FC, JEOL) before observation.

2. Surface roughness

The surface roughness values of each sample group
were measured using a contact-type surface roughness
measuring device (DSFP900K31, Kosaka Laboratory,
Tokyo, Japan). The measurement length was 0.40 mm
and cut off value was Ac0.08 mm.

Apatite formation in SBF
Hank’s balanced salt solution without phenol red
(HBSS10-527F, Lonza, Walkersville, MD, USA) was
used as SBF, which had an ion concentration nearly
equal to that of human body fluid (Na*=142.0, K*=5.0,
Ca*=2.5, Mg?*=1.5, CI'=147.8, HCO3;=4.2, HPO,>=1.0,
and SO,2=0.5 mM). Each sample was soaked at 37°C in
2.5 mL of SBF in a non-treated plastic well plate. The
samples were folded at a 90° angle in the center and
placed so that the whole was in contact with the SBF.
The solution was changed every day, and the
immersion periods were 7, 14 and 21 days. After
immersion in SBF for various periods, samples were
removed from the solution, gently washed with distilled
water, and dried at 37°C in an oven.

1. Observation of precipitate structure
A sample from each group was observed by SEM with a
previous described method.

2. Evaluation of surface composition

Samples were fixed on the stage with carbonate adhesive
tape. Then, we performed electron probe microanalysis
(EPMA-1720H, SHIMADZU, Kyoto, dJapan). The
conditions were an acceleration voltage of 15 kV, beam
current of 100 nA, and beam size of 100 pm.

3. Measurement of weight increase ratio

Samples were weighed using an electronic balance
(AUW120D, SHIMADZU) before and after immersion
in SBF. From the obtained data, the increase ratio was
calculated for each membrane (%=after soaking/before
soakingx100, n=5).

4. Measurement of calcification

Samples were immersed in a 24-well plate (0.5 mL/well)
containing alizarin red (ARD-A1, PG Research, Tokyo,
Japan) and stained for 30 min at room temperature.
Then, samples were washed with distilled water in order
to stop the staining. The distilled water in the well was
removed as much as possible, formic acid were added
and allowed calcified nodules to dissolve. The plate was
stirred for 10 min, and the dye was eluted. Next, 100
uL of each eluate was transferred to a 96-well plate to
measure the optical absorbance at 450 nm (n=5).

Animal experiments

The animal studies were approved by the Research
Facilities Committee for Laboratory Animal Science,
Hiroshima University School of Medicine (approval

number A18-1-00). Twenty-one male Sprague-Dawley
rats (8 weeks old, body weights of approximately 250—
300 g) were used in this study. All procedures were
performed under general anesthesia with isoflurane
and sodium pentobarbital (40 mg/kg intraperitoneal,
Somnopentyl, Kyoritsu Seiyaku, Tokyo, Japan). After
shaving and disinfecting with iodine, the skin and
periosteum of the cranial region was cut. The critical-
sized bone defect (diameter: 6 mm)?Y was trephined
in the center of rat calvaria (Fig. 1a). The defect area
was covered with the alkali-treated membrane, control
membrane, or no membrane (denoted by the alkali,
control, and without-membrane groups, Fig. 1b). Four
weeks later, tissue blocks were harvested. The blocks
with membranes at the calvaria were dehydrated using
ascending concentrations of ethanol and embedded in
light-polymerized polyester resin (Technovit 7200VLC,
Heraeus Kulzer, Wehrheim, Germany). Photo-
polymerization equipment was used (BS5000, EXAKT
Apparatebau, Norderstedt, Germany) to ensure complete
polymerization, and the specimens were sectioned with
a high-precision diamond disk to produce 200-um-thick
cross-sections. Undecalcified specimens were ground
to a thickness of approximately 90-um with a grinding
machine (MG5000, EXAKT Apparatebau, Chemnitz,
Germany) and stained with toluidine blue. A light
microscope was used for histological examination of the
specimens. Using Imaged, the obtained tissue specimen
images were examined to determine the bone tissue area
ratio (BTA). BTA was defined as new bone tissue area
divided by the total defect area (the area surrounding by

The critical-sized bone defect was prepared in
the center of rat calvaria (a) and covered with a
membrane sample (b).

6 mm
Total area (Defect area)

4‘

The BTA and BMC were measured from the total
bone defect area and central portion which is
middle of one of the three divisions of the defect
area.

Fig. 2
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a line connecting the upper end section and the lower end
section of the original defect area). The bone membrane
contact ratio (BMC) was calculated as the length of the
bone contact portion divided by the entire length of the
membrane on the bone defect (n=7).

The BTA and BMC were measured from the overall
bone defect region and central portion which is middle of
one of the three divisions of the defect area (Fig. 2).

Statistical analyses

All data were analyzed at the 5% significance level
using one-way analysis of variance following the Mann-
Whitney U test (measurement of the weight increase
ratio and BMC) or Fisher’s test (measurement of
calcification and BTA). Data are expressed as the
mean+standard deviation (SD).

RESULTS

Observation of morphology and crystal structure

In the SEM images of samples, the control sample had
a rough surface with grooves and indentations (Fig. 3a).
The alkali-treated sample had a nano pores structure on
the surface (Fig. 3b).

Surface roughness
The Ra values of alkali samples were significantly higher
than those of control samples. (Table 1).

After 7 days of immersion in SBF, precipitate layers
were observed on the surface of both samples (Figs. 4a,
d). Under high magnification, dendritic precipitation was
detected in both samples (Figs. 4g, j). However, spherical
crystalline apatite structures were not detected. After
14 days, spherical crystalline structures were observed

Control Alkali

Fig. 3 SEM observations of the surface structure.
(a) control sample, (b) alkali-treated sample. TiOs
layer of nano scale pores was observed.

Table 1  Surface roughness (Ra)

pm

0.013 (0.001)
0.036 (0.003)**

control group

alkali group

All values are the mean (SD).
**compared to control group (n=5, p<0.01)

on the dendritic precipitation layer in both groups (Figs.
4Db, e). Under high magnification, spherical crystalline
apatite structures were clearly detected in both samples
(Figs. 4h, k). More crystalline apatite formed in the
alkali group than in the control group. After 21 days,
large amounts of spherical crystalline apatite structures
were detected covering the precipitate layer (Figs. 4c, 1).
Particularly in the alkali sample, spherical crystalline
apatite structures were more mature and larger than
those in the control (Figs. 4f, 1)

Surface composition

After 7, 14, and 21 days, the Ca and P contents were
determined for all alkali and control group samples
(Table 2). After 7 days, the alkali group showed higher
Ca and P contents than the control group.

Weight increase ratio

The weight increase ratios of the 14 and 21 days alkali
samples were significantly higher than those of control
samples. There was no difference between the 7 days
samples of both groups (Fig. 5).

Calcification assessment

Calcification was significantly higher in all alkali periods
of samples than in the controls. However, there were
no difference among the alkali samples after different
periods of time, nor among the control samples immersed
for different times (Fig. 6).

Low magnification:1000 X
- ° )

Control §
Alkali
7days 14days ~ 21days
Control
Alkali
e ‘A‘: . YN h* -
7days 14days 21days
Fig. 4 SEM observations of the surface structures after

immersion in SBF.

Control group: low magnification (a, b, c),
high magnification (g, h, i). Alkali group: low
magnification (d, e, ), high magnification @, k, 1).
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Table 2 Surface composition

Atom (wt%)

C 0 Ti Ca P

0 day 0.26 5.91 93.8 — —
contral erou 7 days 0.64 35.02 54.27 4.52 4.36
group 14 days 0.65 42.78 40.44 7.52 7.09
21 days 0.44 43.13 32.4 11.01 10.28

0 day 2.58 23.65 73.69 0.08 —
Alkali erou 7 days 0.54 42.17 36.13 9.46 8.24
group 14 days 0.71 43.94 32.75 10.27 8.83
21 days 1.41 38.62 38.82 9.37 8.01
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Fig. 5 Weight increase ratio as a function of immersion
period (n=5, * p<0.05, ** p<0.01).
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Fig. 6  Optical absorbance due to calcium concentration

after immersion in SBF.
Significant differences were detected in each group
(n=5, p<0.05).

Histological observations

Newly formed bone was observed in the marginal portion
of the alkali (Fig. 7a) and control groups (Fig. 7b). In
the central portion, more bone formation was observed
beneath the alkali-treated membrane (alkali group)
than under the untreated titanium membrane (control
group). In contrast, the without-membrane group

Histological observations.

The yellow dashed rectangles indicate the bone
defects. The arrows indicate the membrane.
(a) control group, (b) alkali group, (c) without-
membrane group.

exhibited insufficient newly formed bone (Fig. 7c).

Histomorphometrical examination

The BTA of the alkali and control groups were
significantly higher than that of the without-membrane
group, in both the total defect area and the central bone
area. In the central area, the alkali group showed a
significantly higher BTA than the without-membrane
group, and there was no difference between the control
and without-membrane groups. Over the total defect
area, there was no difference between the BMC of the
control and the alkali groups. On the other hand, the
alkali group showed a significantly higher BMC in the
central area than control group (Table 3).

DISCUSSION

Surface topographies such as roughness or charge affect
osteoconduction and osseointegration??. In this study,
we selected an alkali treatment using NaOH solution
to modify titanium membranes. According to the SEM
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Table 3 Measuremns of BTA and BMC

BTA (%) BMC (%)
total area central area total area central area
Control group 35.1 (20.6)* 21.4 (21.4)* 21.6 (12.1) 8.0 (13.7)
Alkali group 37.9 (13.0)* 33.1 (17.1)** 42.5 (28.8) 41.1 (29.3)*
Without membrane 11.7 (4.6) 1.5+2.6 All values are the mean (SD).

All values are the mean (SD).

*compared to without membrane (p<0.05)
**compared to without membrane (p<0.01)
(n=T)

images, the alkali treatment creates a nanoporous
network structure on the titanium surface. In our
previous study, an alkali-treated titanium membrane
showed a modified surface with a superhydrophilic
and uniform nanoporous structure similar to that of
solid titanium!”. In this study, we evaluated apatite
like crystal precipitation after immersion in SBF. This
method is a recognized technique for evaluating whether
a biomaterial has bioactive properties and mimics actual
in vivo behavior. This TiO, layer is important to the
mechanism of apatite formation in SBF because when
it is immersed in SBF, an apatite layer forms on the
surface!®¥,

The apatite forms via the following process: Na*
ions on the titanium surface are exchanged with H;0*
ions in SBF, and Na* ions released. As a result, Ti-OH
groups are created on the surface, which are essential
for apatite nucleation. As the pH increases, negatively
charged Ti—-OH groups preferentially combine with
the positively charged Ca?" ions in SBF. This process
accelerates the crystalline reaction of apatite??2?,
According to the SEM observations of samples immersed
in the SBF, alkali samples after 14 and 21 days clearly
showed spherical crystalline apatite-like structures.
The weight increase ratios of the alkali samples after 14
and 21 days were significantly higher than those of the
control sample. The aspect is considered that difference
in the weight change due to the weight of the calcium
phosphate composite deposited on the surface in SBF.
In the SEM images of the samples immersed for 7 days,
each sample exhibits a deposited calcium phosphate
composite. There was no significant difference in the
weight increase ratio because of the slow rate of crystal
growth. Alizarin red S stains deposited calcium; thus,
it is used in colorimetric testing of calcification. The
optical absorbance results of the alkali samples were
significantly higher than those of the control samples,
in agreement with the weight increase ratio results.
These results suggest that more calcium phosphate
deposited on the titanium surface of the alkali-treated
samples than on the control samples. However, there is
no difference between immersion periods in SBF among
each group. These results suggest that alizarin staining
reflects the calcium concentration, but it does not reveal

*compared to control (p<0.05)
(n=17)

information on the crystallinity. Thus, the calcium
induced Ti—OH surface, which changed the topography
of charged and surface area. The EPMA results also
support that Ca and P were derived from calcium
phosphate deposition, and crystal growth in the alkali
group was faster than that of control during the first 7
days period. Our findings on the ability of alkali-treated
thin titanium membranes to form apatite-like structures
are consistent with those of other studies performed on
solid titanium objects. These findings indicate that the
crystallization of apatite is stimulated on the surface of
alkali-treated titanium membrane.

According to the histological analysis, the control
group and alkali group exhibited newly formed bone in
the marginal portion. However, not enough new bone
formed in the without-membrane group to be detected.
This result suggests that the membrane served as a
scaffold for bone regeneration from the surrounding
parent bone tissue. On the other hand, the central portion
of bone tissue was detected in alkali group compared with
control group. This area is far from the surrounding bone
and seems to exhibit limited osteoconduction. Therefore,
the bone formation at central portion is affected by the
surface properties of titanium membrane. As mentioned
above, a TiO, layer on the titanium surface promoted
calcification. Generally, a modified implant surface
promotes the bone formation. It was reported that
titanium surfaces with a nanoscale surface structure
enhance proliferation and differentiation of osteoblasts
to a greater degree than mechanically polished surfaces
and microscale surface structure??®. Furthermore,
alkali-treated titanium surface promotes osteoinduction.
Alkali treatment creates hydrophilicity and nano-
porous structure of the TiOs layer. The surface promotes
initial cell adhesion and nutrient supplying, and is
advantageous for bone formation at early stages??.
For the reasons, the alkali-treated membrane achieved
sufficient bone formation in the critical-sized bone
defect. These results agreed with the BTA and BMC
measurements. The BTA of the without-membrane
group was lower than that of the alkali and control
groups. Owing to the lack of membrane, the without-
membrane group showed insufficient osteoconduction
for bone formation, in contrast with the groups with
membranes. Among the groups with membrane, the
alkali group showed higher BTA and BMC in the central
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area than the control group. In the alkali group, the
TiO, layer on the surface may have promoted more bone
formation than observed in control group.

These results suggest that such a bioactive surface
on a thin titanium membrane might be expected to yield
bone regeneration around defects in the placed implant
when applying the GBR with membrane technique.

CONCLUSION

Alkali-treated titanium membranes exhibited a high
apatite-forming ability in a body-simulating environment
and high bone forming ability. These results suggest
that a bioactive titanium membrane can promote bone
regeneration for GBR.
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