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Abstract

Bioactive materials hitherto clinically used are based on silicate or phosphate. Recently, various kinds of bioactive materials with different
mechanical properties are being developed on the basis of titania. A bioactive material with high fracture toughness was obtained by surface
modification of titanium metal with an amorphous sodium titanate. An osteoinductive material with high mechanical strength was obtained by
surface modification of porous titanium metal with anatase. A bioactive material with high flexibility was obtained by surface modification of
polyethylene terephthalate fiber fabric with brookite. A bioactive material with analogous mechanical properties to those of human cortical bone
was obtained by dispersing nano-sized anatase particles in a polyethylene. A bioactive material with self-setting property was obtained by mixing
anatase particles with polymethyl methacrylate (PMMA) particles of a conventional PMMA cement.
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1. Introduction

Some ceramics such as Bioglass,1 Grass-Ceramic A-W,2
sintered hydroxyapatite> and sintered B-tricalcium phosphate*
have been shown to bond to living bone. They are called bioac-
tive ceramics and already clinically used as important bone
substitutes. They are, however, lower in fracture toughness and
higher in elastic modulus than the human cortical bones. All of
them are based on silicates or phosphates.

In 1994, titania gel was found to form a bone-like apatite on
its surface in a simulated body fluid (SBF) with ion concentra-
tions nearly equal to those of the human blood plasma, similarly
to a silica gel.” It has been also shown that materials able to
form the bone-like apatite on its surface in SBF produce the
same kind of apatite on its surface in the living body and bond
to living bone through the apatite layer.® Since these findings,
various kinds of bioactive materials with different mechanical
properties have been developed on the basis of titania. Titanates
generally show higher elastic modulus and chemical durabil-
ity than silicates and phosphates. Bioactive materials based on
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the titania are, therefore, expected to exhibit different properties
from those of bioactive materials based on silicates and phos-
phates. Novel bioactive materials developed on the basis of the
titania are reviewed in the present paper.

2. Bioactive material with high fracture toughness

Titanium metal and its alloys such as Ti-6Al-4V, Ti-15Mo-
5Zr-3Al and Ti-6Al-2Nb-Ta with high fracture toughness were
soaked in 5 M-NaOH solution at 60 °C for 24 h and then heat-
treated at 600 °C for 1 h. A sodium titanate hydrogel layer with
a graded structure within 1 pm in thickness was formed by the
former NaOH treatment and stabilized as an amorphous sodium
titanate layer by the subsequent heat treatment without substan-
tial change in the graded structure, as shown in Fig. 1.7

The titanium metal and its alloys formed with the sodium
titanate on their surfaces produced the bone-like apatite on their
surfaces in SBF, as shown in Fig. 2.8 The titanium metal first
released Na* ions from its sodium titanate layer via exchange
with H3O" ions in SBF to form a lot of Ti-OH groups on its
surface, as shown in Fig. 3. As a result, the surface is neg-
atively charged, to react with Ca®* cations in SBF to form a
calcium titanate. As the CaZ* cations are accumulated, its sur-
face is positively charged to react with phosphate anions to form
an amorphous calcium phosphate. Since this phase is metastable,
it is eventually transformed into stable crystalline bone-like
apatite.
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Fig. 1. Auger electron spectra profile of the surface of Ti metal untreated and
those subjected to 5.0 M-NaOH treatment at 60 °C for 24 h and subsequent heat
treatment at 600 °C for 1 h.

Apatite

The titanium metal and its alloys surface-modified with the
sodium titanate produced the bone-like apatite on their surfaces
even in the living body, and tightly bonded to the living bone
through the apatite layer, as shown in Fig. 4.9 The bioactive
sodium titanate layer was formed on the surface of macroporous
titanium metal on artificial hip joint of a titanium alloy, as shown
in Fig. 5, and successfully subjected to clinical trials for 70
patients.

3. Osteoinductive material with high mechanical
strength

It was found that Nay O-free titania gel induces apatite forma-
tion on its surface in SBF more effectively than the amorphous
sodium titanate, when it takes crystalline anatase or rutile.!!
The anatase phase was formed on a surface of a porous tita-
nium metal, which was prepared by a plasma spray method and
contained 40-60 vol.% of interconnected pores 100-300 wm in
size, by the following chemical treatments. The porous titanium
metal was first soaked in 5 M-NaOH solution at 60 °C for 24 h to
form a sodium titanate hydrogel layer on its surface, then soaked
in a hot water at 80 °C for 48 h to remove the Na* ions from the
sodium titanate gel layer and finally heat-treated at 600 °C for
1 h to transform the Na*-free titania gel layer into the anatase
layer.'?

The porous titanium metal formed with the anatase on its
surface produced bone tissue in its pores not only in a bone
defect but also in muscle of beagle dog, as shown in Fig. 6.1
The formation of the bone in the muscle was observed as early
as 3 months after the implantation. This kind of osteoinductive
property is considered to be an indication of high bioactivity.
Such osteoinductive property has been reported for various kinds
of porous calcium phosphate ceramics.'* In comparison with the
porous calcium phosphate ceramics, the porous titanium metal
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Fig. 2. Transmission electron micrograph (left) and energy dispersive X-ray spectra (right) of surface of NaOH- and heat-treated Ti metal after soaking in SBF for

5 days.
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Fig. 3. Schematical presentation of apatite formation on NaOH- and heat-treated Ti metal as a function of surface charge variation.
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Fig. 4. Confocal laser scanning micrograph (left) and SEM phonograph (right) of cross-section of NaOH- and heat-treated Ti metal implanted into rabbit femur for
3 and 12 weeks, respectively.

pu‘l'!
Stem:

Titanium allos;
(Ti-6Al-2Nb-Ta)

Fig. 5. Application of NaOH- and heat-treated Ti metal to hip joint.
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Fig. 6. Bone induction in porous Ti metal implanted into muscle of dog, 12
months after implantation.

modified with the anatase has much higher mechanical strength,
and hence might be useful as bone substitutes even under load-
bearing condition such as vertebrae.

4. Bioactive material with high flexibility

Two dimensional fabric of polyethylene terephthalate (PET)
fibers was soaked in a titania sol solution, which was prepared
by mixing titanium isopropoxide, ethanol, water and nitric acid
in 1.0:18.25:1.0:0.1 in molar ratio, for 1 day, to form a tita-
nium oxide layer on its surface, after pretreatment with 2 wt.%
NaOH solution at 40 °C for 30 min to improve affinity of PET
to the titanium oxide. It was then soaked in a water or 0.1 M

after titania and HCl treatments

HCI solution at 80 °C for 8§ days. The titanium oxide as-formed
on PET took an amorphous phase, but crystalline anatase and
brookite phases, after the subsequent water and HCl treatments,
respectively. The PET fabrics formed with the amorphous and
the anatase-type titanium oxide on their surfaces did not form
the bone-like apatite on their surfaces in SBF within 3 days,
whereas that formed with the brookite-type titanium oxide pro-
duced the apatite uniformity on the surfaces of the individual
fibers constituting the fabric in SBF within 3 days, as shown in
Fig. 7.

The PET fibers can be fabricated into two or three-
dimensional structures containing interconnected channels in
various sizes. The PET fabrics surface modified with the
brookite-type titanium oxide could induce apatite formation on
the surface of the constituent fibers in the living body to inte-
grate with the living bone through the apatite layer. This kind of
bioactive materials with high flexibility is believed to be useful
as bone substitutes even in bone defects with complex shapes.

5. Bioactive materials with analogous mechanical
properties

A composite of hydroxyapatite with polyethylene has been
known as a bioactive composite with analogous mechanical
properties to those of the human cortical bone.!> The hydrox-
yapatite more than 40 vol.%, however, cannot be incorporated
into the polyethylene without loosing ductility of the composite.
The resultant product shows lower bending strength and Young’s
modulus than human cortical bone.

Titanium oxide particles, anatase phase 200nm in aver-
age size (Ishihara Sangyo Kaisha, Ltd., Mie, Japan), were

After soaking in SBF for 3d

Fig. 7. SEM photographs of PET fiber fabric subjected to NaOH treatment, titania and HCI treatments and then soaked in SBF for 3 days.
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Fig. 8. SEM photograph of a composite in which 50 vol.% nano-sized anatase
are dispersed in polyethylene.

mixed with polyethylene (Japan Polyolefins, Tokyo, Japan)
with number-average molecular weight of 1.2 x 10*, heated to
210°C, kneaded and pressed into a plate. The titanium oxide
up to 50 vol.% were uniformly dispersed in the polyethylene, as
shown in Fig. 8.

The composite containing 50 vol.% of TiO, showed a bend-
ing strength and Young’s modulus of 68 MPa and 7.1 GPa,
respectively. These values are in the range of those of the human
cortical bone, 50-150 MPa and 7-30 GPa, respectively. It pro-
duced the bone-like apatite on its surface in SBF within 7
days. This composite has thermoplasticity and machinability,
and hence might be useful as bone substitutes such as craniofa-
cial implant.

6. Bioactive material with self-setting property

Titanium oxide particles of anatase-rutile mixed phases 2 wm
in average size (Ishihara Sangyo Kaisha, Ltd., Mie, Japan) were
mixed with polymethyl-methacrylate (PMMA) particles 5 pm
in average size with average molecular weight of 270,000 and
benzoyl peroxide as polymerization initiator. On the other hand,
methylmethacrylate (MMA) monomer liquid was mixed with
N,N-dimethyl-p-toluidine liquid as polymerization accelerator.
The weight percent of TiO;, PMMA and MMA were 55.6, 14.8
and 29.6. The amounts of the initiator and accelerator were 4 and
2wt.% of MMA, respectively. When the powders and liquids
were mixed, they were set within 9 min, which is almost equal
to the setting time of a commercial PMMA cement, CMW1
(Depuy Co.). The maximum temperature during the setting reac-
tion was 81 °C, which was lower than that of CMW 1, 1.e. 100 °C.
The compressive and bending strength and Young’s modulus of
the set cement were 139 and 69 MPa, and 4.1 GPa, which were
higher than those of CMW1, i.e. 88 and 59 MPa, and 1.6 GPa.
The set cement produced the bone-like apatite on its surface in
SBF within 3 days. When the mixture was injected to a hole of
rat tibia, it directly bonded to the living bone within 12 weeks,
as shown in Fig. 9. This kind of bioactive material with self-
setting property as well as high mechanical strength and Young’s
modulus might be more useful as materials for fixing metallic

Fig. 9. Back-scattered electron image of interface between PMMA cement con-
taining 55.6 wt.% TiO; and rat tibia, 12 weeks after implantation.

components of artificial joints to the surrounding bone, as well
as for percutaneous transpedicular vertebroplasty than the con-
ventional nonbioactive PMMA cement.

7. Conclusions

Various kinds of bioactive materials with different properties
from those of the conventional silicate and phosphate bioactive
materials have been developed on the basis of titania and titanate.
These new kinds of bioactive materials might be useful as bone
substitute in various fields.
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