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Titanium oxide nanotubes for bone regeneration
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Titanium oxide nanotubes with Ca ions on their surfaces were prepared as 2 mm cylindrical
inserts and placed into surgically created bone defects in the femurs of Wistar rats. On day 3,
fibroblast-like cells were present on the surface of the nanotube inserts and fibers were
observed by scanning electron microscopy (SEM). On day 7, cells with alkaline phosphatase
activity were present and identified as osteoblasts by SEM and transmission electron
microscopy. New bone matrices were observed in and around the porous nanotube inserts
by light microscopy. Compared with clinically used hydroxyapatite and B-tricalcium
phosphate, titanium oxide nanotubes promote faster acquisition and development of
osteoblasts and bone tissues and have better bone regenerating ability after one week.
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1. Introduction

Metallic titanium used in clinical orthopedic biomaterials
usually has a thin layer of titanium oxide (TiO,) on its
surface [1]. TiO, does not induce morphological
transformation in mammalian cells or mutation in
bacteria, and it has no known toxic effects on living
cells [2]. In orthopedic applications, TiO, makes direct
contact with bone tissue, and as with other cells, it has
good biocompatibility.

TiO, promotes the formation of apatite, a major
component of bone tissue, on its surface when incubated
in a plasma-like solution for 10 days [3,4]. In 1998
Kasuga et al. [5, 6] developed a method for the synthesis
of TiO, nanotubes composed of needle-shaped crystals.
The crystals have a diameter of 8 nm, a length of 100 nm,
and a large surface area of about 400 m? /g. In vitro, TiO,
nanotubes form bone-like apatite crystals in only one day
when incubated in simulated plasma (unpublished data).
Therefore TiO, nanotubes could promote more rapid
bone development and augment existing bone repair
procedures. The purpose of this study was to compare the
efficacy of TiO, nanotubes to other clinically-used
biomaterials like hydroxyapatite (HA) and B-tricalcium
phosphate (B-TCP) in living animals with bony defects.

2. Material and methods

2.1. Animals

Twenty-two 12-week old male Wistar Rats (average
weight 275 g) (SLC Inc., Shizuoka, Japan) were used.
Eight rats received TiO, nanotube inserts, six received
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HA inserts (Bonfil, Mitusbishi Material Inc., Tokyo,
Japan), six received B-TCP inserts (Osferion, Olympus
Optical Inc., Tokyo, Japan), and two rats served as
controls. The procedures were performed in accordance
with the guidelines of animal experimentation of Shinshu
University.

2.2. Preparation of inserts

TiO, nanotubes were made at Electrotechnology
Applications R&D Center of Chubu Electric Power Co.
Inc. (Nagoya) in the manner previously described [6]. In
this study Ca(COO), was used for neutralization instead
of HCI. Bonfil and Osferion were molded in glass
cylinders of 2.0 mm diameter and 3—5 mm long with the
pressure of 1000 kg/cm?.

Porous TiO, nanotubes were made with 1.0g
nanotubes, 0.2g poly-lactic acid (dissolved with di-
chloromethane) and 4.0 g NaCl molded in glass cylinders
of 2.0 mm diameter with the pressure of 10kg/cm?. The
NaCl component of this product was dissolved in water,
leaving TiO, nanotubes inserts that were porous. The
porosity was 90%.

2.3. Application of inserts

After anesthesia with pentobarbital sodium (0.07 ml/
100 g, i.p.), femurs of rats were exposed through skin
incisions. Using a drill with a sterile blade, a hole of
2mm diameter was made in the mid-diaphysis of the
femur. The depth of the hole was about 3mm and
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Figure I Light microscopy of rat femurs and inserts on the day 3. (a)
Non-porous TiO, nanotube inserts (lower portion) had fibroblast-like
cells (arrows) between the nanotubes and bone matrix (BM). The cells
were spindle shaped and well stained. No cells were present within the
insert. (b) HA inserts had many fewer cells between the insert and BM
than did the TiO, nanotube inserts shown in (a). The cells that were
present were round shaped leukocyte-like cells (arrows). (c) B-TCP
inserts also had very few cells between the insert and BM. Some free,
round leukocyte-like cells (arrows), were also present within the insert.
(HE staining, bar = 10 um).

communicated with the bone marrow. Each 2-mm
cylinder (TiO, nanotubes, HA, B-TCP) was inserted
into the hole and the skin sutured over it.

2.4. Morphological studies
On days 3 and 7 after the operation, animals were
sacrificed under anesthesia and femurs were removed.
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Figure 2 Light microscopy of the porous type TiO, nanotube insert and
new bone formation on day 7. Cells were located on the outer surfaces
(arrows) of the insert and also entered its pores (arrow heads). Newly
formed BM had the appearance of normal immature bone. (HE staining;
bar =100 pm).

2.4.1. Light microscopy

The paraformaldehyde-fixed tissue sections were de-
calcified for a few days in K-CX decalcification solution
(Fujisawa Pharmaceutical Co., Ltd., Osaka, Japan). Thin
sections (10 um) were stained with hematoxylin and
eosin or with nitro-blue-tetrazolium chlorid/bromo-
chloro-3-indolyl-phosphate (NBT/BCIP) (Bio-Rad Lab,
USA) for alkaline phosphatase activity.

2.4.2. Electron microscopy
Bones with inserts were fixed in 45mM cacodylate
buffer solution containing 2.5% glutaraldehyde for 24 h
and were washed with 45mM cacodylate buffer
containing 180mM sucrose. For scanning electron
microscopy (SEM), tissues were postfixed with 1%
0,0, cacodylate buffer solution for overnight and were
dehydrated in a graded ethanol series. Specimens were
immersed in isoamyl acetate for 30 min and then dried
using the critical point method. They were coated to a
thickness of 5 nm with an osmium plasma coator (Nippon
Laser, Nagoya, Japan) and observed with a JSM 6000-F
(JOEL, Tokyo, Japan) electron microscope at an
accelerating voltage of 15kV.

For freeze cracking, the tissue was immersed in 70%

Figure 3 Light microscopy of TiO, nanotube porous inserts and bone
matrix with alkaline phosphatase stain on day 7. Alkaline phosphatase
positive cells were present beside the nanotubes. On the opposite side of
the cells was newly formed BM (bar = 10 pm).



Figure 4 Scanning electron microscopy of the surface of the specimens. (a) The surface of the TiO, nanotube inserts before implantation. (b) The
surface of the HA inserts before implantation. (c) Fine, immature fibers were present on the surface of the TiO, nanotube inserts on day 3. (d) The
surface of the HA inserts had few fibers on day 3. (e) On day 7, the surface of the TiO, nanotube inserts had networks of fine fibers while the surface of
the HA inserts (f) had very few fibers. Osteocytes were not normally present on the surface of the nonporous nanotube preparations, presumably
because they were lost during the preparation for microscopy. The differences between the TiO, nanotube inserts and the HA inserts are much clearer
on day 7 than on day 3 (bar =1 pum).

ethanol and frozen on an aluminum plate chilled with
liquid nitrogen and then cracked into two pieces by a
chilled razor blade. The cracked specimens were dried
and coated for SEM as described above.

For transmission electron microscopy (TEM), speci-
mens were decalcified in K-CX for few days and then cut
into small pieces. After fixation in 1% O,0, cacodylate
buffer solution overnight, they were dehydrated in
graded ethanol that was replaced with acetone, and
finally embedded in Epok 812 (Oken, Tokyo, Japan).
Ultrathin sections were stained with uranyl acetate and

lead citrate and observed with a JEM-1200 (JOEL,
Tokyo, Japan) electron microscope at an accelerating
voltage of 80kV.

3. Results

3.1. Light microscopy

On day 3 after the operation, abundant spindle-shaped
fibroblast-like cells were present between the bone
matrix and the TiO, nanotubes (Fig. 1(a)). In contrast,
few cells were present between the bone matrix and the
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Figure 5 An osteoblast and fibers on the surface of a TiO, nanotube
insert at day 7. The osteoblast was revealed by freeze cracking and is
associated with fine fibers (diameter: 60—100 nm). This osteoblast had
many processes and was a part of a monolayer located on the surface of
the bone (bar =1 pum).

HA insert (Fig. 1(b)) or B-TCP insert (Fig. 1(c)). On day
7, new bone formation in the porous TiO, nanotube
inserts was apparent (Fig. 2). Cells that entered into the
spaces of the nanotubes deposited new bone matrix that
had the appearance of normal immature bone. Alkaline
phosphatase positive cells were sandwiched between
TiO, on one side and immature bone matrix on the other
(Fig. 3).

3.2. Scanning electron microscopy

On day 3, fibers were present on TiO, nanotube inserts
where none were present before implantation (Fig. 4(a)
and (c)). In contrast, very new few fibers were observed
on the surface of the HA inserts (Fig. 4(b) and (d)). This
difference between TiO, nanotubes and HA became
clearer on the day 7 (Fig. 4(e) and (f)) where 200 nm
fibers were developed on the surface of the TiO,
nanotube inserts but not on the HA inserts.

Freeze cracking on day 7 revealed osteoblasts and
fibers on the surface of the TiO, nanotube inserts (Fig. 5).
Backscattered electron imaging (BSE) showed bright
areas that were much darker in the secondary electron
imaging, indicating a thin layer of cells over the TiO,
surfaces (Fig. 6).

3.3. Transmission electron microscopy
Transmission electron microscopy showed TiO, nano-
tubes near osteoblasts (Fig. 7). The nanotubes adhered to
the extracellular matrix and not directly to the cells itself.
Collagenous fibers were present beside the osteoblasts.
Although a few histiocytes had apparently phagocytized
some nanotubes, there were no inflammatory changes or
inflammatory cells near the nanotubes and the osteo-
blasts.

4. Discussion

TiO, nanotubes have about three times the surface area
of titanium oxide [5]. The increased surface area
enhances the opportunities for interactions between the
nanotubes and tissues around them. TiO, has numerous
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Figure 6 Scanning electron microscopy of the surface of the TiO,
nanotubes on the day 7 by the method of freeze cracking. (a) Secondary
electron imaging. (b) Backscatter electron imaging. TiO, nanotubes
appear bright in the SEM image. The arrows in (a) and (b) indicate the
same areas. The arrows of (a) indicate dark areas where organic
material is on the surface. The arrows of (b) indicate bright areas
showing the TiO, nanotubes underneath. Thus, there is thin layer of
cells on the surface of the nanotubes (bar = 1 pm).

Ti—OH groups on its surface [3]. The basic Ti—-OH
groups induce apatite nucleation and crystallization in
plasma-like fluids [7, 8]. In addition to Ti—OH [3, 6], the
TiO, nanotubes in this study had Ca ions on their
surfaces because Ca(COO), was used for neutralization
instead of HCI. Thus, the increased surface area with
both Ti—~OH and Ca-nucleation sites are likely to be the
main reasons for the very rapid formation of bone-like
apatite crystals.

On three days, TiO, nanotubes had fibroblast-like cells
on their surfaces, while almost none were present on the
surface of HA or B-TCP under the same conditions. The
surfaces of TiO, nanotubes on days 3 and 7 also had
more fibers compared to the other two inserts. These
fibers are probably type I collagen produced by the
osteoblasts [9-11].

Osteoblasts are the osteogenic cells that change into
osteocytes, cells surrounded by the bone matrices
[12, 13]. Preosteoblasts and osteoblasts are positive for
alkaline phosphatase enzyme activity, while periosteal
fibroblasts are negative [14]. On day 7, the cells
associated with the TiO, inserts had the cytological



Figure 7 Transmission electron microscopy of an osteoblast associated
with a TiO, nanotube insert. The osteoblast has typical well-developed
rough endoplasmic reticulum and many processes extending from the
surface. Collagenous fibers surround the cell. The TiO, nanotubes
adhere to the extracellular matrix. There is no inflammatory reaction
(bar =1 pm).

characteristics of osteoblasts, including abundant rough
endoplasmic reticulum, indented nucleus and scarce
lysosomes [15, 16]. Thus, the collective observations by
ALP stain, SEM and TEM are all consistent with the
presence of osteoblasts near the TiO, nanotubes.

Freeze cracking, showed osteoblasts on fibers over the
TiO, nanotubes. The difference between the backscatter
electron images and the secondary electron images [17]
clearly showed the existence of organic matter over the
nanotubes. SEM showed that the surface of HA had small
amounts of fibers and cells attached to it. These results
are consistent with those of light microscopy.

Within seven days, TiO, nanotubes rapidly become
coated with osteoblasts and regenerating new bone
matrices. These developments occurred more rapidly
than with HA [18] and B-TCP [19] that are currently used
clinically in bone replacement procedures. TiO, nano-
tubes could be an efficient material for bone repair.
Further study is needed to investigate the properties of
TiO, nanotubes in bone regeneration over a longer
period, such as several months.

5. Conclusions

New bone formation was observed in and around porous
TiO, nanotube inserts in the femurs of Wistar rats after
one week. TiO, nanotubes promote faster acquisition and
development of osteoblasts and bone tissues and have
better bone regenerating ability compared with clinically
used HA and B-TCP.
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