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Development and Evaluation of Superporous
Ceramics Bone Tissue Scaffold Materials
with Triple Pore Structure A) Hydroxyapatite,
B) Beta-Tricalcium Phosphate

Michiko Sakamoto and Toshio Matsumoto
R&D Department PENTAX New Ceramics Division HOYA Corporation

Japan

1. Introduction

Hydroxyapatite ceramics (HAp) have been used as bone graft materials, due to their
excellent biocompatibility and osteoconductivity. Moreover, they had a wide range of
porosity for using various bone defect parts. For example, HAp from 0 to 15 % porosity with
high strength was useful as an ilium spacer, intervertebral spacer which requires high
strength. HAp from 30 to 40% porosity was useful as spinous process spacer for
laminoplasty which requires bone formation and middle strength. Furthermore, HAp from
40 to 60% porosity was useful for the calvarias plate which requires good bone formation
(Fig.1). However, due to the mechanical strength, the porosity was limited to 60% or less.
Recently, regenerative therapy using cellular activity to cure bone defects has been
developed, requiring HAp with porous spaces which cells can populate. We have developed
superporous HAp (HAp-S) and designed the porosity, pore size and pore structure of HAp-
S for managing directly-opposing factors of both high porosity and mechanical strength. In
this study, the properties of HAp-S were examined in vitro using primary rat calvarial
osteoblasts culture and an implant model using the canine femoral defect model, ilium
defect model and rat calvarial defect model.

Moreover, we report on Beta-tricalcium phosphate (Beta-TCP) ceramics, which have been
used as bone tissue scaffold like HAp. Since 1999 in Japan, Beta-TCP ceramics have also
been widely used as bone tissue scaffold materials in many areas of surgery due to their
biocompatibility and biodegradation. Beta-TCP is gradually degraded in the bone tissue and
replaced with natural bone. However, if the degradation rate is faster than the bone
formation rate, the mechanical strength of Beta-TCP may become poor in the bone tissue.
This study evaluated the degree of osteointegration of superporous Beta-TCP ceramics
(TCP-S) with the same high porosity and triple pore structure as HAp-S (Apaceram -AX). In
our previous study, HAp-S, which has smaller pores in HAp-Ss artificial bone made by two
types of surfactants, was most suitable as an artificial bone. However, biodegradation of
TCP is different in characteristics from non-biodegradation. We investigated whether the
most suitable parameter of HAp applies to TCP using a canine femoral defect model (short
term). The most suitable TCP was then selected as an artificial bone and the long-term
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osseous implantation test, biomechanical examination and the micro-CT measurement were
evaluated.
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Fig. 1. Schematic drawing presenting the potential usage of HAp in various degrees of porosity
HAp from 0 to 15 % porosity with high strength was useful as an ilium spacer,
intervertebral spacer which requires high strength. HAp from 30 to 40% porosity was useful
as spinous process spacer for laminoplasty which requires bone formation and middle
strength. Furthermore, HAp from 40 to 60% porosity was useful for the calvarial plates
which require good bone formation.

A) Superporous hydroxyapatite ceramics
2. Material and methods
2.1 Formation of superporous hydroxyapatite

An aqueous solution of phosphoric acid was poured into a suspension of purified calcium
hydroxide, which resulted in hydroxyapatite slurry. The slurry was sprayed and dried using
the spray-dry method to produce a fine spheroid powder. HAp powder was homogenized
in water. A water soluble polymer was added to the slurry as a binder. A surfactant was
used for bubble formation and micro air bubbles were introduced into the HAp slurry. The
slurry was gelated and dried. The green block was then shaped into a disk and rod and
sintered at 1200°C in air.
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2.2 Measurement of compression strength

The compression strength of the HAp-S and HAp50 were measured by the recommended
method of JIS at the speed of 0.5 mm/min by Autograph DSS (Autograph DSS/5000,
Shimadzu Co., Kyoto, Japan).

2.3 Scanning Electron Microscopy (SEM) observation

The surface and inside structures of HAp-S and HAp50 were observed by SEM (5-4200,
Hitachi Co., Tokyo, Japan).

2.4 In vivo: Animal test
2.4.1 Canine femoral defect model

HAp-S 4 mm in diameter and 12 mm in length was implanted at 2 sites in the left and right
femurs of three male beagle dogs following ISO10993-6. Four weeks after implantation,
animals were euthanized and the left and right femurs of three beagles were dissected out,
and the effects and changes in the surrounding tissue and implanted material were
histologically examined using Toluidine Blue (T.B) staining. The comparative material was
HAp with 50% Porosity (HAp-50).

2.4.2 Canine ilium defect model (biomechanical testing)

HAp-S 4 mm in diameter and 6 mm in length was implanted at 1 site in the ilium of male
beagles for 4 following ISO10993-6. Four weeks and 13 weeks after implantation, the ilium
of 3 beagles was excised. The operative segments were gently trimmed off all the soft tissue.
Before biomechanical testing, each specimen was fixed using resin. They were evaluated by
nondestructive compression strength testing (until compressed 0.5mm by adding load)
using a biomechanical testing machine (858 Mini Bionix II, MTS System Co., Minneapolis,
MN, USA). Moreover, the effect and change of HAp-S were investigated histologically by
T.B staining.

2.4.3 Rat calvarial defect model

The periosteum of the calvaria of Wistar rats was removed, and in the calvaria, defects
measuring 4 mm in diameter and 1 mm in depth were made. HAp-S matching the defect in
size was implanted and the periosteum was replaced. 12 weeks after implantation, the
calvarias of 3 rats were excised, and the effects and changes in the surrounding tissue and
implanted material were histologically investigated..HAp-50 was used as control material
porosity 50%.

2.5 In vitro

Newborn Wistar rats were sacrificed by chloroform and their calvarias were removed
aseptically. They were minced, washed with PBS, and digested by a 0.1% collagenase solution
in a digestion chamber at 37°C for 90 min. They were filleted with a cell strainer and the
filtrates were centrifuged at 1000 rpm for 5 min. The osteoblasts were suspended in 10 ml of
MEM containing 100 U/mL penicillin, 100 ng/mL streptomycin, 0.25ug/mL fungison, and
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15% FBS. The cell number was counted and adjusted to 7 x 105 counts of osteoblasts / pellet.
The osteoblasts were laid on HAp-S and HAp-50% pellets. They were incubated in the culture
medium described earlier at 37°C in a CO; incubator. The pellets of 3, 7 and 14 days of culture
were estimated by alkaline phosphatase activity and ALP staining.

2.5.1 Alkaline phosphatase (ALP) activity

The pellets with the cells were washed with PBS, crushed by a cryo-press, and transferred
into tubes. Five hundred pL of 10% Triton-X 100 aqueous solution, and 250 pL of 2-1amino-
2-methyl-1-propanol buffer were added, followed by the addition of 250 uL of substrate.
The mixture was kept at 37°C for 15 min. The reaction was stopped with 250uL of 1N
NaOH, and the absorbance was measured at 450 mm.

2.5.2 ALP staining

The pellets with the cells were washed with PBS, fixed for 30 s with a 60% acetone-citrate
buffer, washed with distilled water for 45 s, and reacted with a dye mixture for 30 min in the
dark. The dye mixture was composed of 48 mL of a fast violet B salt solution and 2 mL of a
0.25% naphthol AS-MX phosphate alkaline solution. After the reaction, the pellets were
washed with distilled water and photographed using a digital surface microscope.

3. Results
3.1 Characteristics of superporous hydroxyapatites

The porosity of HAp-S measured by its volume density was 85%,. The porosity was the
highest among the inorganic ceramics as bone substitute material. The compression strength
of HAp-S was approximately 2 MPa which is manageable during surgery (Table 1).

Sample name HAp-S HAp-50

General name Hydroxyapatite Hydroxyapatite
Molecular formula Cay(PO4) 6 (OH), Caio(PO4) 6 (OH) 2
Porosity 85% 50%

Pore structure Consist of Spherical macro pore and micro pore
Macro pore 50~300pm 50~500pm
Interconnected pore 50~100pm —

Micro pore 0.5~10pm 0.5~10pm
Compression strength 2.0MPa 30.0MPa

Table 1. Characteristic of HAp-S and HAp-50.

3.2 SEM observation

In HAp-S, the size of the macro pores was from approximately 50 to 300 um (Table 1).
Under high magnification, there were many interconnecting pores among the macro pores
and micro pore gaps between secondary particles of HAp ceramics on the pore walls. The
size of the interconnecting pores and micro pores was from 50 to 100 um, and from 0.5 to 10
um, respectively (Table 1). In brief, HAp-S had the triple pore structure (Fig.2 a,b).
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In HAp-50, the size of the macro pores averaged between 50 and 500 pm (Table 1). There
were micro pore gaps between secondary particles of HAp ceramics on the pore walls. The
size of the micro pores varried from 0.5 to 10 pm .HAp-50 had the interconnecting pore
structure with the macro pores and micro pores (Fig.2 c) and d)).

. o A
»: & , F i

Fig. 2. SEM images of HAp-S a), b) and HAp-50 c),d). a), c): x50 b), d): x500
a): The size of the macro pores was from approximately 50 to 300 pm.

b): There are many interconnecting pores among the macro pores and micro pore gaps
between secondary particles of HAp ceramics on the pore walls. The size of the
interconnecting pores and micro pores is from 50 to 100 pm, and from 0.5 to 10 pm,
respectively. HAp-S had the triple pore structure.

c): The size of the macro pores was from approximately 50 to 500 pm .

d): There are micro pore gaps between secondary particles of HAp ceramics on the pore
walls. The size of the micro pores is from 0.5 to 10 pm.

HAp-50 had the interconnecting pore structure with the macro pores and micro pores.

3.3 In vivo animal test
3.3.1 Canine femoral defect model

T.B staining in HAp-S 4 weeks after implantation showed new bone formation in the entire
implanted material area (Fig.3). Moreover, tissue of the surrounding implanted area did not
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HAp-S (85% Porosity)

HAp-50 (50% Porosity)

Toluidine Blue stain image

Cortex bone area

Bone marrow area

Fig. 3. T.B staining of femur of beagle at after 4 weeks implanted.

T.B staining in HAp-S 4 weeks after implantation showed new bone formation in the entire
implanted material area. Moreover, tissue of the surrounding implanted area did not show
any abnormalities. The magnified image of the cortex in HAp-S showed new bone
formation not only in the boundary area between the original cortex bones, but also inside
HAp-S. On the other hand, although T.B staining of HAp-50 showed new bone formation in
the surrounding material and pores on the surface, new bone formation was not observed in

the pores inside the material.
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show any abnormalities. The magnified image of the cortex in HAp-S showed new bone
formation not only in the boundary area between the original cortex bones, but also inside
HAp-S. On the other hand, although T.B staining of the comparative material HAp-50
showed new bone formation in the surrounding material and pores on the surface, new
bone formation was not observed in the pores inside the material. T.B staining in HAp-S 4
weeks after implantation showed new bone formation in the entire implanted material area.
Moreover, tissue of the surrounding implanted area did not show any abnormalities.

The magnified image of the cortex in HAp-S showed new bone formation not only in the
boundary area between the original cortex bones, but also inside HAp-5.0n the other hand,
although T.B staining of HAp-50 showed new bone formation in the surrounding material and
pores on the surface, new bone formation was not observed in the pores inside the material.

3.3.2 Canine ilium defect model (biomechanical testing)

The compression strength of the HAp-S 4 weeks after implantation was 6-fold higher than
that before implantation. Thirteen weeks after implantation, the compression strength of the
HAp-S was over 8-fold higher than that before implantation. The strength of the bone defect
was recovered at the early stage with the period of implantation (Fig.4-1). T.B staining of
HAp-S showed the HAp-S material surrounding new bone formation tissue (Fig.4-2).
Moreover, because the formation of bone tissue among the inside materials was tightly
bonded by the micro pores of HAp-S.

2|IJ‘r
18

16| T
14

10

Compressive strength / MPa

S N A N

Material only 4 13
Weeks

Fig. 4-1. Time course of Compressive strength of HAp-S after implanted.

The compression strength of the HAp-S 4 weeks and 13 weeks after implantation was 6-fold
and 8-fold higher than that before implantation. The strength of the defect recovered at the
early stage with the period of implantation.
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Fig. 4-2. TB staining of illium of beagle at after 4 weeks implanted.
a) Whole image of HAp-S b) Enlarged image ofa) o : HAp-S o: New bone
Some part of HAp-S particles was surrounded by newly formed bone closely.

3.3.3 Rat calvarial defect model

H.E staining of HAp-S showed that the HAp-S material had excellent new bone formation
tissue not only in the surrounding area, but also the entire HAp-S area. Moreover, tissue
surrounding the implanted area did not show any abnormalities. On the other hand, H.E
staining of the comparative material HAp-50 showed new bone formation in the
surrounding material (Fig.5).

Implanted area

(a)HAp-S (Porosity 85%)  (b)HAP

Fig. 5. HE staining of calvaria of rat at after 12 weeks implanted.

a) HE staining of HAp-S showed that the HAp-S material had excellent new bone formation
tissue not only in the surrounding area, but also the entire HAp-S area.

b) HE staining of the comparative material HAp-50 showed new bone formation in the
surrounding material.
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3.4 In vitro test

ALP activity of HAp-S was higher than that of HAp-50 during the entire culture period
(Fig.6-1). ALP staining of HAp-S was showed staining on the surface and inside of HAp-S.
In contrast, ALP staining of HAp-50 was showed on the upper surface.(Fig.6-2)

120
<o : HAp-50 X
100 a :; HAp-S
z 80
=
S 60 l
= 3
-
< 40 3
S
20
0
0 2 4 6 8 10 12 14 16

days

Fig. 6-1. Time course of ALP activities. A\ : HAp-S < : HAp-50
ALP acticity of HAp-S is higher than that of HAp-50 during the entire culture period.
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$ . i 200

(a)HAPp-S (85% Pososity) (b)HAp-50 (50% Porosity)
Fig. 6-2. ALP staining of sectioned sample at 14days after seeding.

ALP staining of HAp-S showed staining on the surface and inside of HAp-S. In contrast,
ALP staining of HAp-50 showed that only the surface.

4. Discussion

Recently, regenerative therapy using cellular activity to cure bone defects has been
developed.Cellular activity required HAp with porous spaces that allows cellular
penetration in order to obtain the most suitable porosity, optimal pore size and favorable
pore structure, we considered the following aspects:
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1. Porosity:We reviewed materials and facilities requiring the addition of a bubble
method. In the conventional method, bubble formation is created by mixing and
naturally adding air to the slurry. This time, we added surfactant and formed
unprecedented micro bubbles in the HAp slurry.

2. Pore size:Adding surfactant allowed uniformity of the macro pores and interconnecting
pores. If these pore sizes are too large, the inside of pores will be covered with fibrous
tissue. As a result, bone formation was prevented by fibrous tissue. If these pore sizes
are too small, cell cannot permeate to the inside of the materials and bone formation
will be limited to the surface layer. Therefore, determining the ideal pore size was
required for good bone formation. We chose the surfactant which created more uniform
micro bubbles. Moreover, it was important to keep adding bubbles to the slurry
without crushing until the final shape was obtained.

3. Pore structure: To present a scaffold that is necessary for more excellent bone formation,
we investigated the condition of HAp powder and achieved porosity of the pore
structure. Macro pores were necessary to provide a comfortable space for cells to
penetrate. Interconnecting pores were required to allow penetration to the inside of
HAp. Micro pores were required as the super bonding space for cells(Fig.7).

TN

Macro pore

e }

Fig. 7. Images 1,2,3) & illustrations a,b) of triple pore structure

1: Macro pores were necessary to provide a comfortable space for cells to penetrate.
2: Interconnecting pores were required to allow penetration to the inside of HAp(a)).
3: Micro pores were required as the super bonding space for cells (b)).

In the above improvements, the porosity of HAp-S was 85%, and its compression strength
was approximately 2.0MPa. Although the porosity of HAP-S was the highest among the
commercial inorganic ceramics artificial bones, mechanical property was enough during
surgery. In the in vivo test, HAp-S had better new bone formation tissue in not only the
surrounding area, but also the entire area of HAp-S than that of HAp-50. Moreover, HAp-S
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showed regenerative bone tissue, integration with the surrounding tissue and recovery of
the compression strength of the defect area in the early stage. These results strongly suggest
that the controlled triple pore structure, namely, uniform macro pores, many
interconnecting pores and micro pores on the pore wall, advances osteogenesis.

5. Conclusion

HAp-S was confirmed to have the most suitable pore structure for bone regeneration as the
bone substitute material, and as being a useful material for application to bone disease.

In 2006, HAp-S (APACERAM-AX, HOYA Co., Tokyo, Japan) was approved by the MHLW
as a bone substitute in orthopedics for spine fusion and tumors, as well as the dental field.
The clinical data on the follow-up more than 5 year after the treatment with HAp-S showed
favorable results in all cases.

B) Superporous Beta-tricalcium phosphate ceramics
6. Materials and method
6.1 Formation of superporous Beta-tricalcium phosphate (TCP-S)

Beta-TCP powder was made by wet mixing and the spray-dry method. Beta-TCP powder
was homogenized in water. A water soluble polymer was added to the slurry as binder.
Two types of surfactant were used to form inner pores. One was anionic (AN), and the other
was nonionic (NI). The surfactant was used as bubbled formation in the Beta-TCP slurry,
which was gelated and dried. The dried block was shaped into blocks and rods and, then
sintered at 1,100°C in air.

Sample name TCP-S(AN) TCP-S(NI)

General name Beta-tricalcium phosphate Beta-tricalcium phosphate
Molecular formula Ca3 (POy) Ca3(POy) »

Porosity 75% 75%

Pore structure Consist of Spherical macro pore and micro pore

Macro pore 50~300pm 50~500pm
Interconnected pore 50~100pm 50~100pm

Micro pore 0.5~10pm 0.5~10pm

Compression strength 6.0MPa 5.0MPa

Table 2. Characteristics of TCP-S(AN) and TCP-S(NI)

6.2 Measurement of compression strength

The compressive strength of two types of TCP-Ss was measured at 1 mm/min of test speed by
Autograph AGS-H (SHIMADZU Co., Kyoto, Japan).The test sample was 10x10%20 mm in size.

6.3 SEM observation

The surface and inner structures of TCP-Ss were observed by SEM (S-4200, Hitachi Co.,
Tokyo, Japan).
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6.4 Animal experiments
6.4.1 Canine femoral defect model (short term)

Adult beagles weighing 10~13 kg were used. After anesthetization, the integument and
fascia of the femur were incised using an electrical surgical knife. Holes were drilled in both
femora of beagles 4 mm in diameter and 12 mm in depth according to the implant shape
and two types of TCP-Ss were implanted in each hole. The hole positions were
approximately 40 mm (distal position) and 60 or 70 mm (proximal position) from the
apophysis of the femur. At 1, 2 and 3 weeks postoperatively, the femora were harvested. A
T.B. staining specimen was prepared and the histopathology examined.

6.4.2 Canine femoral defect model (long term)

Adult beagles weighing 10~13 kg were used. After anesthetization, the integument and
fascia of the femur were incised using an electrical surgical knife. Holes were drilled in both
femora of beagles 4 mm in diameter and 12 mm in depth according to the implant shape
and TCP-Ss were implanted in each hole. The hole positions were approximately 40 mm
(distal position) and 60 or 70 mm (proximal position) from the apophysis of the femur. For
the 26-week implantation test, we used very small markers made of dense Hydroxyapatite
0.8 mm in diameter and 3.5 mm in length. The marker was implanted 55 mm from the
apophysis of the femur. At 2, 4, 13 and 26 weeks postoperatively, the femora were
harvested. T.B. staining specimens were prepared and the histopathology examined.

6.4.3 Canine femoral defect model (biomechanical testing)

We tested the change in compressive strength of TCP-S after implantation 2, 4 and 8 weeks
postoperatively in the same beagle model. The sample for the compressive strength test was
trimmed to 12 mm in length. Then, the compressive strength of the materials was analyzed
using 858Mini Bionix (MTS, cross head speed 0.5 mm/min, destructive test, displacement
about -1.5~2.0 mm). The animal experiment was in conformity with ISO10993-6:2007.

6.4.4 Rat calvarial defect model (micro-CT measurement)

After the periosteum was removed, a defect 4 mm in diameter and 1 mm in length was
made in the calvarias of Wistar rats. Then, TCP-S the same size as the defect was implanted
and the periosteum was returned. Four weeks after implantation, the calvarias of 3 rats were
excised and scanned by micro-CT (Skyscan1172, SKYSCAN Co., Kontich, Belgium). The
ratio of bone formation and absorption of material in TCP-S was calculated.

7. Result
7.1 Characteristics of superporous TCP

The compressive strength of AN of TCP-S 10x10x20 mm in size was approximately 6 MPa at
75% porosity and that of NI of TCP-S 10x10x20 mm in size was approximately 5 MPa at 75%
porosity, respectively. The uniform pore structures gave a compressive strength higher than
other commercial products with the same composition and porosity.This compressive
strength had been strong enough to handle.
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7.2 SEM observation

The porosity of these materials is about 75%. The pore size of AN of TCP-S is approximately
200 pm and that of NI of TCP-S is approximately 300 pm. The macro pores of both were
very uniform. Moreover, the two types of TCP-Ss had many interconnecting pores and
micro pores on the pore wall (Fig.8). Both TCP-Ss had a uniform triple pore structure with
75% porosity.

Fig. 8. SEM images of TCP(AN) and TCP(NI).

a), b): TCP(AN) c),d): TCP(NI) a), c): x50 b), d): x500

a): The size of the macro pores was from approximately 50 to 500 pm.

c): The size of the macro pores was from approximately 50 to 300 pm.

b)d): There are many interconnecting pores among the macro pores and micro pore gaps
between secondary particles of TCP ceramics on the pore walls. The size of the
interconnecting pores and micro pores is from 50 to 100 pm, and from 0.5 to 10 pm,
respectively. TCP-S(AN) and TCP-S(NI) had the triple pore structure.

7.3 Animal experiments
7.3.1 Canine femoral defect model (short term)

At 1 week postoperatively, moderate proliferation of the periosteum was observed at the outer
femur surface of AN and NI of TCP-Ss. New bone was not observed in either material. At 2
weeks postoperatively, the AN specimen showed new bone not only at the area adjacent to the
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cortex bone but also the inner pores of the specimen. In contrast, although the NI specimen
showed new bone at the area adjacent to the cortex bone, new bone was observed only slightly
inside the specimen. At 3 weeks postoperatively, new bone formation on both specimens was
better than that at 2 weeks. The AN specimen showed better early bone formation, and in an
extended image, some parts of the TCP-S particles were closely surrounded by newly formed
bone. On the other hand, the NI specimen showed that there was a gap between the material
and new bone tissue(Fig. 9 and 10). The TCP-S of AN showed just TCP-S.

(NV)dOL

(IN)dOL

1 week 2 weeks 3 weeks

Fig. 9. T.B staining of femur of beagle at after 1,2 and 3 weeks implanted.

a), b),c): TCP(AN) d),e),f): TCP(NI)

a), d):-1week b),e):2weeks c),f):3weeks

At 1 week postoperatively, moderate proliferation of the periosteum was observed at the
outer femur surface of AN and NI of TCP-5Ss. At 2 weeks postoperatively, the AN specimen
showed new bone not only at the area adjacent to the cortex bone but also the inner pores of
the specimen. In contrast, although the NI specimen showed new bone at the area adjacent
to the cortex bone, new bone was observed only slightly inside the specimen. At 3 weeks
postoperatively, new bone formation on both specimens was better than that at 2 weeks.

7.3.2 Canine femoral defect model (long term)

At 2 weeks postoperatively, osteoblasts and osteoclasts increased in number. The TCP-S
specimen showed newly formed bone not only at the area adjacent to the cortex bone but also
the inner pores of TCP-S. The triple pore structure of TCP-S was suitable for penetrating into
the inner pores for fibrous tissue, bone tissue and so forth at the very early stage. At 4 weeks
postoperatively, newly formed bone was expressed better than that at 2 weeks, especially in
the cortex bone. Remnant TCP-S in the cortex bone and medullar was slight. Some parts of the
TCP-S particles were closely surrounded by the newly formed bone. This result depended on
the controlled triple pore structure, namely macro pores, interconnecting pores and micro
pores, and each pore size of TCP-S. At 13 weeks postoperatively, osteoblast and osteoclast
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further increased in number greater than that of 4 weeks. Newly formed bone in the cortex
bone was more mature than in the medullar. Moreover, the mature bone tissue in the cortex
bone showed the same lamellar pattern as natural bone. Remnant TCP-S in the cortex bone
and medullar was much less than that of 4 weeks (Fig. 11). At 26 weeks, TCP-S implanted in

Fig. 10. SEM images of TCP-Ss and T.B staining of femur of beagle at after 3 weeks implanted.
a), ¢): TCP(AN) b),d): TCP(NI)

a), b):SEM image

c), d): T.B. staining(Enlarged image of Fig.9-c and 9-f) o : TCP-S o: New bone

The AN specimen showed better early bone formation, and in an extended image, some parts
of the TCP-S particles were closely surrounded by newly formed bone. On the other hand, the
NI specimen showed that there was a gap between the material and new bone tissue.

Fig. 11. T.B staining of femur of beagle at after 4,8,13 and 26 weeks implanted.
a): 4 weeks b): 8 weeks c): 13 weeks d): 26 weeks
At 4 weeks postoperatively, newly formed bone was expressed better than that at 2 weeks,
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especially in the cortex bone. At 13 weeks postoperatively, newly formed bone in the cortex
bone was more mature than in the medullar. At 26 weeks, TCP-S implanted in the cortex
changed to cortex bone completely and that in the medullar changed to medullar
completely, respectively.

the cortex changed to cortex bone completely and that in the medullar changed to medullar
completely, respectively. Remnant TCP-S in the cortex bone was scarcely observed and
remnant TCP-S in the medullar was not observed. TCP-S was gradually degraded in the
bone tissue and replaced with natural bone completely at 26 weeks. These results of the
animal study suggest that TCP-S with a triple pore structure had good osteogenesis and
bioresorption in the early stage after implantation.

7.3.3 Femoral defect model (biomechanical testing)

The compressive strength of TCP-S in the distal position at 2, 4 and 8 weeks postoperatively
was 40.2 MPa, 71.2 MPa and 81.7 MPa, respectively. On the other hand, in the proximal
position, the compressive strength of TCP-S at 2, 4 and 8 weeks postoperatively was 36.2
MPa, 82.7 MPa and 89.7 MPa, respectively (Fig. 3). The compressive strength at 2 weeks
increased approximately 8 times more than that of the material only. Moreover, during 4
and 8 weeks postoperatively, the compressive strength increased approximately 16 times
more than that of the material only. The compressive strength of TCP-S implanted in defect
bone was much higher than the material strength in the early stage. This result suggests that
TCP-S showed early recovery of strength at the bone defect.

7.3.4 Rat calvarial defect model (micro-CT measurement)

In the Micro-CT image of 4 weeks after implantation, excellent bone formation in the TCP-S
pellet was exhibited from the surroundings of the original bone. Moreover, Micro-CT
analysis revealed that the ratio of bone formation was more than 50% in implantation at 4
weeks. In addition, the absorption of TCP materials was mean 3.9% with the ratio of
absorbent material TCP-S.In the results of rat, at 4 weeks after implantation, the ratio of new
bone formation in the TCP-S was higher than the materials absorption.

8. Discussion

Artificial bone consisting of HAp that was manufactured in Japan from about 1985, and
artificial bone consisting of B-TCP featuring substitution of absorption bone that was not
present in HAp manufactured from about 1999 have attracted attention. We investigated
whether the most suitable parameter of HAp applies to TCP from the following aspects.

1. Pore size: In the absorption material of TCP-S, the bone formation in materials having a
macropore greater than 300 pm produced a gap between the materials and new bone
formation tissue. This is considered due to fibrous tissue entering and inhibiting bone
formation. Materials and the new bone contacted closely, and the materials that had
macropores less than 300 pm showed good bone formation. Regardless of the material
properties, pore structure and pore sizes suitable for bone formation has been found to
be common.
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2. Strength recovery of the filling department: If the degradation rate is faster than the
bone formation rate, the mechanical strength of Beta-TCP may become poor in the bone
tissue. TCP-S with a triple pore structure showed that the compressive strength of TCP-
S implanted in defect bone was much higher than the material strength in the early
stage, because TCP-S was uniform and had the most suitable size and pore structure for
excellent bone formation.

3. Bone formation and absorption of material: TCP-S bone formation generated more
quickly than the absorption of materials in the earlier stage in the test of rat. TCP-S has
a good balance with bone formation and material absorption.
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Fig. 12. Results of Compressive strength of TCP-S after implanted.

During 4 and 8 weeks postoperatively, the compressive strength increased approximately
16 times more than that of the material only. The compressive strength of TCP-S implanted
in defect bone was much higher than the material strength in the early stage.

Fig. 13. Micro-CT image of calvaria of rat at after 4weeks implanted.
Excellent bone formation in the TCP-S pellet was exhibited from the surroundings of the
original bone.
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Fig. 14. Micro-CT analysis of TCP-S pellet at after 4 weeks implanted.

The ratio of bone formation was 56.5%, 57.1% and 52.1% in implantation at 4 weeks. In
addition, the absorption of TCP materials was mean 3.9% with the ratio of absorbent
material TCP-S. In the results of rat, at 4 weeks after implantation, the ratio of new bone
formation in the TCP-S was higher than the materials absorption.

9. Summary and conclusion

We developed porous beta-TCP ceramics (TCP-S) with a controlled triple pore structure,
namely macro pores, interconnecting pores and micro pores. TCP-S showed good
osteogenesis, bioresorption and recovery of strength in the early stage after implantation.
TCP-S is useful for bone graft materials. In 2010, TCP-S (SUPERPORE, HOYA Co., Tokyo,
Japan) was approved by the MHLW as a bone substitute in orthopedics. The clinical data on
the follow-up more than 1 year after the treatment with TCP-S showed favorable results in
all cases.

The triple pore structure with a macropore of 50~300 pm, an interconnecting pore of 50~100
pm, and a micro-pore of 0.5~10 pm showed strength recovery in osteoplasty at an early
stage of the filling region without being affected by the composition of the artificial bone
and it was the most suitable bone filling material.
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