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General Introduction
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Bone grafts
Bone graft is often essential to repair large bone defects caused by the congenital
deformity, bone injury and skeletal tumor removal. An ideal bone graft substitute should
have functions to provide (1) osteoconductive matrix that acts as a scaffold for new
bone ingrowth, (2) osteoinductive factors that induce the differentiation of osteoblastic
cells from undifferentiated osteoprogenitor cells and (3) osteogenic cells that produce
new bone formation.
Bone grafts can be divided into three main categories based on where they are
obtained.
Autograft is the bone tissue usually harvested from patient`s iliac crest or humeral
head. It is considered to be the “gold standard” to repair bone defects because they are
rich in cancellous bones containing many osteoinductive factors and osteoblasts.
However, it also has problems such as surgical invasion at the donor site, limited
sources of bones and possibility of seroma, hematoma, postoperative pain at the
harvesting site (Arrington et al. 1996; Sen et al. 2007).
Allograft is the bone tissue harvested from other individuals of the same species.
Allograft bone is principally osteoconductive, although it may have some
osteoinductive capability, depending on how it is processed (Stevenson 1999). However,
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it can induce the infection or immunologic reaction in the recipient (Stevenson et al.
1996; Mankin et al. 2005).
Xenograft is the bone tissue harvested from other species. Xenograft would be
available from unlimited sources. However, the extreme histocompatibility mismatch
between human recipients and xenograft bone materials caused the severe limiting
factors to use this approach in the clinical practice (Levai et al. 2003). To resolve these
problems, the alternative material should be required.

Artificial bones
Since the first report on the artificial bone in 1940s (Schram et al. 1948), the various
type of artificial bones have been developing as an alternative to bone grafts. The
artificial bone substitute materials are made from metals, ceramics, polymers, and others
(Ratner et al. 2004). Nowadays, calcium phosphate-based materials such as
hydroxyapatite and tricalcium phosphate have been used widely in the clinical practice
because they have excellent biocompatibility and osteoconductivity than other materials
(Trombelli et al. 2002; Simpson et al. 2004; Nair et al. 2009).
Hydroxyapatite has the same structure with calcium phosphate as bone minerals. It
can be used as various types of materials; dense or porous structure and granules or
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blocks. Some hydroxyapatites are sintered to possess pertinent mechanical strength. Its
mechanical strength was various depending on the manufacturing procedures (He et al.
2008). However, sintered hydroxyapatite has little plasticity and takes a longer period to
be displaced by new bones in in vivo condition (Goto et al. 2001).
Tricalcium phosphates (TCP) is subdivided into alpha and beta form by its
crystallinity. Alpha-tricalcium phosphate (α-TCP)-oriented artificial bone has been used
in the paste form which is composed of powder mixture and liquid component. It has
good mechanical strength and manipulability, and can be infused into the small hole
during surgery (Ikeuchi et al. 2001; Takemasa et al. 2002). However, it needs long time
for hardening at the graft site and is difficult to apply for the bone defect with
complicated shapes (Komuro 2003; Baba et al. 2008).
Beta-tricalcium phosphate (β-TCP)-oriented artificial bone has been used in the
porous block or granular form and showed excellent biodegradability. However, despite
of its good biodegradability, it is generally fragile and easily brittle. The replacement of
β-TCP by recipient’s new bone does not occur in an equitable way (Hollinger et al.
1996; Moore et al. 2001).
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Tailor-made artificial bones
The increasing technology of computer-based three-dimensional (3D) imaging
procedures in the field of medicine and engineering has contributed the potential of
rapid prototyping (RP) techniques. RP is the automatic construction of physical objects
using additive manufacturing technology. The first techniques for RP became available
in the late 1980s and were used to produce models and prototype parts. Today, they are
used for a much wider range of applications such as medical and biomedical sectors
(Curodeau et al. 2000; Webb 2000). There are several RP machines, selective laser
sintering (SLS), fused deposition medeling (FDM), stereolithography (STL), laminated
object manufacturing (LOM), electron beam melting (EBM) and 3D printing (3DP).
Each has their characteristics (Sun et al. 2004).
Tailor-made artificial bones made of α-TCP fabricated using a 3D ink-jet printer by
3DP techniques has been developed (Igawa et al. 2006). For fabrication, the CT data
were first obtained from patient’s bone defect area. The obtained CT data were
converted to computer-aided design (CAD) data using STL program. Based on the 3D
image, the artificial bone was fabricated from a 3D ink-jet printer (Fig. 0-1).
Because tailor-made artificial bones were fabricated based on CT data of the bone
defect, they were well matched to the shape of the bone defect and could be easily
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implanted to the defect site. In addition, it can freely design the internal structure of the
implant to create the cylindrical hole which can facilitate bone ingrowth (Igawa et al.
2006). However, the tailor-made artificial bones up to the present have only
osteoconductivity, not osteoinductivity.

Fibroblast Growth Factor as an osteoinductive factor
Osteoinductive factors have the function to differentiate osteogenic cells into
osteoblasts or proliferate osteogenic cells through their own signal pathways. Various
osteoinductive factors have been identified up to date, including bone morphogenetic
protein (BMP), fibroblast growth factor (FGF), insulin-like growth factor (IGF),
transforming growth factor beta (TGF-β) and platelet derived growth factor (PDGF)
(Lieberman et al. 2002). FGF is a family of polypeptides and controls the proliferation
and differentiation of various cell types depending on the cell maturation (Basilico et al.
1992; Jaye et al. 1992). FGF superfamily can be currently subdivided into 23 families.
Among these, FGF-2 (known as basic FGF; bFGF), FGF 9 and FGF 18 are
demonstrated to be expressed on osteoprogenitor cells and have capacity of potent
proliferation of osteoblastic cells (Rodan et al. 1989; Kawaguchi 2005).
The actions of FGFs are dependent on the spatiotemporal pattern of expression of
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high affinity FGF receptors (FGFR) (Givol et al. 1992; Powers et al. 2000). FGFR1 and
FGFR2 are expressed in mesenchymal cells during condensation of mesenchyme prior
to deposition of the bone matrix at early stages of long bone development, and are also
expressed in the cranial suture(Orr-Urtreger et al. 1991; Delezoide et al. 1998). Later in
the development and in the postnatal life, FGFR1 and FGFR2 are found in preosteoblasts and osteoblasts together with FGFR3. And, FGFR4 is also expressed in
mouse skull and primary osteoblasts (Cool et al. 2002).
bFGF plays important roles in skeletal development (Naski et al. 1998) and in
fracture repair (Kawaguchi et al. 1994; Wildburger et al. 1994). bFGF has potent
capability to proliferate osteoblastic cells in vitro and in vivo(Rodan et al. 1989; Wang
et al. 1996). bFGF-disrupted mouse shows decreased bone mass and bone formation
(Montero et al. 2000).
In in vivo studies, systemic injections of bFGF to the animals bone defect enhanced
endosteal bone formation (Nagai et al. 1995; Nakamura et al. 1995). A study showed
that bFGF given into a bone defect without a carrier induced significantly less bone
ingrowth than with a carrier (Tabata et al. 1998). Therefore, adequate scaffolds should
be essential to enhance their biological activity. Currently human recombinant bFGF is
commercially available in Japan under the approval of Ministry of Health, Labor and
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Welfare. Therefore in this thesis, I selected this bFGF as an osteoinductive agent.

Purpose of this study
The purpose of this study was to investigate the clinical applicability of tailor-made
artificial bones incorporated with bFGF to repair the large bone defect in dogs.
In Chater 1, I fabricated the bFGF-incorporated tailor-made artificial bone made from
α-TCP and evaluated its in vitro cell proliferative effect, mechanical strength and the
surface structure of artificial bone. In Chapter 2, I investigated the bone regenerative
effects of this bFGF-incorporated tailor-made artificial bone and the optimal dose of
bFGF for using an experimental skull defect model in dogs. In Chapter 3, I investigated
the long-term effect of this implant for the defect of the skull with a critical size in dogs.
Finally, in Chapter 4, I investigated the potential usefulness of this artificial bone for the
defect of the load-bearing site using radial defect model of dogs.
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Fig. 0-1 Fabrication flow of a tailor-made artificial bone. (A) CT scanning for bone defect, (B)
CT data were converted to CAD data by STL program, (C) fabricate the artificial bone using
3D inkjet printer, and (D) implant the artificial bone to the defect with the similar shape
(Refered from the data of NEXT 21 Co.).
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Chapter 1. Fabrication of bFGF-incorporated tailormade artificial implant with trehalose-coating
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Introduction
The artificial bone has an excellent osteoconductive function, but no osteoinductive
function. With less osteoinductive function, the stabilization and replacement by
regenerative new bones of implanted artificial bone will be delayed after implantation.
To solve the problem, a research has been conducted to increase the regenerative
capability of the implant by incorporating various osteoinductive factors to them
(Hutmacher et al. 2007).
The tailor-made implant developed by our group. It was fabricated from α-TCP using
a 3D inkjet printer and showed excellent osteoconductibity (Igawa et al. 2006).
Osteoinductive factors such as bone morphogenetic protein (BMP) and basic
fibroblast growth factor (bFGF) can differenciate and proliferate the osteoblastic cells
(Yamaguchi et al. 2000; Wronski 2001; Canalis et al. 2003; Kawaguchi 2005). However,
they need an adequate carrier to enhance their biological activity. Calcium phosphates
has been used as a drug delivery system(DDS) for these osteoinductive factors because
of their self-setting ability, injectability and degradability (Ginebra et al. 2006;
Habraken et al. 2007). DDS should incorporate and store the drug molecules and release
them at the preferable phase without inactivation of the molecules. Calcium phosphate
absorbs the protein strongly than other materials (Talal et al. 2009). Binding affinity of
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calcium phosphate with these proteins may be too strong to release them (Midy et al.
1998). The incorporated proteins sometimes could not be released from calcium
phosphate in physiological pH, leading to fail to show their effective function
(Matsumoto et al. 2004). These reports may suggest that bFGF incorporated to the
tailor-made artificial bone made of α-TCP may not be released at an appropriate time.
In my preliminary experiments in vitro, these problems were solved through inhibition
of the direct binding of the bFGF to calcium phosphate using serine, dextran and
trehalose, then inhibitory function of these agents were almost similar.
Trehalose is a non-reducing disaccharide found in a wide variety of natural organisms.
Although the mechanism of the cell-protecting function of trehalose is still unclear,
trehalose can protect the integrity of cells against a variety of environmental stresses
such as desiccation, dehydration, freezing and oxidation. Trehalose may have protective
function of protein molecules of the cells. Through these protective effects of trehalose
observed in living systems, trehalose has been widely used in the food, cosmetics and
drugs (Richards et al. 2002; Elbein et al. 2003; Chen et al. 2004). Through these wide
function of trehalose, coating of the artificial bone may prevent strong incorporation of
bFGF by α-TCP of the artificial bone. Therefore in this study, I selected trehalose to
inhibit strong binding of bFGF with artificial bones.
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Another problem of the tailor-made artificial bone was fragile especially when it was
soaked within the water. When a trehalose solution will be used to coat the artificial
bone, the artificial bone may become fragile, which may decrease the value of the
artificial bone in clinical practive. Furthermore, detail structure and mechanical strength
of the artificial bone with or without trehalose-coating were not yet clarified.
In this chapter, I conducted an in vitro study is attempt to confirm whether trehalose
could prevent the strong binding of bFGF by the artificial bone and allow to release
bFGF from the implant in the adequate phase. In addition, I also measure the
microstructure, qualitative analysis and mechanical strength of the artificial bone, and
their changes after trehalose coating.
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Materials & Methods
Preparation of implants
Implant fabrication: Fabrication of the artificial bone was similar to those described
in the previous report (Igawa et al. 2006; Choi et al. 2009). Briefly, the tailor-made
implant (TI) was designed for each experiment based on 3D images of computed
tomography (CT) of each dog using the software Mimics program (Materialise, Leuven,
Belgium) and fabricated by a 3D ink-jet printer (Z406 3D color printer: Z-corporation,
Burlington, USA). The fabrication process is shown in Fig. 1-1. Liquid binder was
ejected from the ink jet head to a powder layer with 0.1 mm in thickness to bond the
surface of the powder layer into the desired shape. By the function of the liquid binder,
hardening of the powder material on the flat surface was obtained and a solid figure was
formed. The powder used was α-TCP (Biopex, Mitusubishi Materials, Tokyo, Japan)
with the mean particle diameter being 10μm. The liquid binder was a mixture of 5%
sodium chondroitin sulfate (Seikagaku, Tokyo, Japan), 12% disodium succinate (Wako,
Tokyo, Japan) and 83% distilled water (Otsuka Pharmaceuticals, Tokyo, Japan). Each
hardened sheet was piled repeatedly, then desired shape of the artificial bone was
produced.
Trehalose coating: Trehalose was purchased from Hayashibara Corporation

14

(Okayama, Japan). For trehalose coating, implants were immersed in 5% trehalose
solution at room temperature for overnight after fabrication. Then, implants were
washed with distilled water and autoclaved at 121℃ for 30 minutes. Finally, implants
were dried under air pressure.
bFGF infiltration: recombinant human-bFGF was purchased from Kaken
Pharmaceuticals (Tokyo, Japan) and diluted with deionized water into 1 μg/μl solution.
The bFGF solution was dropped with a micropipette to implants with or without
trehalose-coating, and dried for 10 minutes at room temperature, immediately before the
experiment.

Effect of bFGF incorporated with the artificial bone on cell proliferation in vitro
Disk-shaped artificial bone implants with 4 mm in diameter and 2 mm in height were
prepared for the cell proliferation test. Implants were divided into the following 4
groups of 3 each; implants without trehalose-coating, implants with trehalose-coating
alone, bFGF-incorporated implants without trehalose-coating, bFGF-incorporated
implants with trehalose-coating.
The in vitro experiment was conducted as follows. MC3T3-E1 cells, mouse
osteoblastic cells, were used in this study. MC3T3-E1 cells were cultured in the
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standard culture medium of Dulbecco's modified Eagle medium (DMEM; Gipco, NY,
USA), supplemented with 10% fetal bovine serum (FBS; Gipco), 200 mg/ml penicillin
(Gipco), and 200 mg/ml streptomycin (Gipco) at 37 in a humidified atmosphere of 5%
CO2. The medium was changed every 2 or 3 days. The cells were seeded in a 96-well
plate at 5,000 cells/well density and incubated for 24 hours.
Fig. 1-2 shows the schematic figure of the culture method in this experiment. The
implants were inserted in the cell inserter. In addition, cell culture without implants and
bFGF was performed as a negative control. Also cell culture without implants but with
10 μg bFGF was performed as a positive control. The cells of all groups were incubated
for 48 hours, then 10 μl of cell counting kit-8 solution (Dojindo, Kumamoto, Japan) was
added to each well of the plate and incubated for another 4 hours. The number of viable
cells in the culture medium was measured at the absorbance of 450nm using a
microplate reader.

Scanning electron microscope
The scanning electron microscope (SEM) was used to observe the structure and
superficial morphology of the implant with or without trehalose-coating. The implant
was lyophilized and observed with SEM (JCM -5700, JEOL, Tokyo, Japan) at an
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accelerating voltage of 1.2 kV.

X-ray diffraction (XRD) for qualitative analysis
An X-ray diffractometer (Miniflex II, Rigaku, Tokyo, Japan) was used to assess the
crystallinity of the implant with or without trehalose-coating. The X-ray source was
CuΚα, and X-ray diffraction was performed at 30 kV and 15 mA with a scanning speed
of 2°/min. X-ray diffraction patterns were indexed according to the structural data of
powder diffraction file (ICDD).

Mechanical strength
Implants of two different sizes were prepared. Each implant was soaked in 5%
trehalose solution or 0.9% saline for overnight and washed with distilled water and
autoclaved at 121℃ for 30 minutes. Implants without these treatments were used as a
control. The implant with 7 mm in width and 17 mm in height was used for
measurement of mechanical strength, which was evaluated using the compression
strength test. The maximum compression load strength was calculated as a follwing
fomula.
Maximum compressio n load strength =
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4N
(πr ) 2

(N: load, r: diameter of implant)

Another implant with 40 mm in width and 30 mm in height was used for evaluation of
three point bending strength. The maximum three point bending load strength was
calculated by formula below.
Maximum bending load strength =

30 × 3 N
2 wh 2

(N: load, w: width of implant, h: height of implant)

Strength test was performed by INSTRON universal testing machine (Instron-3365,
Instron Corporation, Norwood, USA) with a load cell of 5kN and load speed at 1.0
mm/min.

Statistical analysis
For the data on cell proliferation and mechanical strength, the mean and standard
deviations (SD) of each group was calculated, and student t-test was performed using
spreadsheet program (Excel, Microsoft). P value less than 0.05 was considered
statistically significant.
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Results
Cell proliferation in vitro
Fig. 1-3 show the proliferation rate of each group. The number of cells viable of the
negative control was counted one and those of other groups were expressed as cell
viability by comparing to the cell number of the negative control. In the implants
without trehalose coating, with trehalose coating or in the bFGF-incorporated implant
without trehalose coating, the cell viability was not significantly different. In the bFGFincorporated implant with trehalose coating, the cell viability was significantly higher
by 3.0 times of the negative control group. In the positive control group, the cell
viability was increased to 7.0 times of the negative control group.

Scanning electron microscope
Fig. 1-4 shows SEM images of each implant. In the implant without trehalose coating,
SEM observations showed microporous sturucture as shown Fig. 1-4 A. At a higher
magnification, the crystal was typical spindle shape of hydroxyapatite with various sizes
(Fig. 1-4 C). In the implant with trehalose coating, trehalose crystal covered the surface,
and the crystallity of the implant was not changed by trehalose treatment (Fig. 1-4 B
and D).
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X-ray diffraction pattern
The XRD pattern of the implants with or without trehalose coating is shown in Fig. 15. In the implant without trehalose coating, the observed position of diffraction lines
was in agreement with the corresponding values for hydroxyapatite (Ca10(PO4)6(OH)2)
and α-TCP (Ca3(PO4)2) in all specimens, and additional peaks were detected due to
other calcium phosphate components. The diffraction patterns showed no differences
between trehalose-coated and trehalose-non-coated implants.

Mechanical strength
The compression strength was 12.80±1.28 MPa in the implant without treatment
(control), 13.79±1.53 MPa in the implant with trehalose coating and 9.10±1.48 MPa in
the implant with saline treatment, respectively. The compression strength of the implant
with saline treatment was significantly lower than those of other implants (P<0.05).
There was no significant difference between the control and the implant with trehalose
coating (Fig. 1-6).
The bending strength was 6.72±1.68 MPa in the control, 6.74±1.55 MPa in the
implant with trehalose coating and 5.49±0.89 MPa in the implant with saline-treatment,
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respectively. The bending strength of the implant with saline treatment was significantly
lower than those of other implants (P<0.05). There was no significant difference
between the control and the implant with trehalose coating (Fig. 1-7).
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Discussion
Various types of bone implants incorporating bone growth factors have been reported
(Komaki et al. 2006; Tazaki et al. 2009). Though calcium phosphate is a good material
as a DDS, the property of releasing proteins is poorer than other artificial bone materials
(Midy et al. 1998). Generally, the releasing rate of these growth factors is depending on
crystallinity of the calcium phosphate, sintered temperature, affinity to Ca2+ ion and pH
of the environment surrounding bone implants (Wassell et al. 1995; Ziegler et al. 2002;
Matsumoto et al. 2004; Seshima et al. 2006). Dong et al. reported that bone
morphogenetic protein (BMP) binds to –OH, -NH2, -COO- of hydroxyapatite and that
this Coulomb force and hydrogen bond may play an important role in releasing BMP
from the implant (Dong et al. 2007). However, the bind affinity of bFGF to calcium
phosphate has not been reported. Onuma et al. reported that the binding affinity of
bFGF to calcium phosphate is depending on pH and presence of NaCl (Onuma et al.
2004). However, this information may not be enough to estimate the releasing of bFGF
from the calcium phosphate implant. It is also reported that bFGF is difficult to be
released from calcium phosphate crystal in the physiological pH condition (Matsumoto
et al. 2004; Niedhart et al. 2004).
In this study, I predicted that the bFGF was difficult to be release from the calcium
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phosphate implant. From the results of in vitro cell proliferative experiment, there was
no significant difference in cell viability between the control group and the bFGFincorporated implant without trehalose coating groups, suggesting the difficulty in
releasing bFGF from this implant used in this study.
According to the findings that cell viability under culture with implants with or
without trehalose coating was not different, trehalose did not affect the osteoblastic cell
proliferation. In the bFGF-incorporated implant with trehalose coating, the cell viability
was significantly higher than that of the bFGF-incorporated implant without trehalose
coating. This result may indicate that the trehalose coating to the implant enabled more
bFGF releasing through direct binding inhibition of bFGF to calcium phosphate by
trehalose.
The various mechanisms of trehalose function have been proposed, such as
stabilization of the cell membrane through hydrogen-bonding, vitrification or switching
off capability (Sum et al. 2003; Willart et al. 2006; Minutoli et al. 2008). SEM and
XRD revealed that trehalose successfully covered the surface of the implant without
changing crystalinity and basic characteristics. This phenomenon may be related to
inhibition of the binding of bFGF to calcium phosphate.
Calcium phosphate crystallinity is considerably changed by sintered temperature and
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pressure, chemical response and environmental hydrogen ion concentration because of
electrolytic unstability. Calcium phosphates tend to be stable as the form of
hydroxyapatite (Suda. T 2007). When α-TCP is dissolved, α-TCP supplies Ca2+ and
PO43- into the liquid at the hydration phase. Then the solution becomes supersaturated
with apatite, leading to the formation of spindle shaped crystals of hydroxyapatite.
These hydroxyapatite crystals connected each other to form a set mass (Ishikawa et al.
1995; Ishikawa et al. 1995; Miyamoto et al. 1995). Subsequently, although the tailormade implant was fabricated from pure α-TCP, the main component of tailor-made
implant was hydroxyapatite with α-TCP in XRD. This component seemed not changed
when the implant was coated wth trehalose, indicating that trehalose may not influence
on components of the implant.
When bFGF was released from calcium phosphate, the structure of bFGF may be
degraded and its bioactivity could be decreased, (Ziegler et al. 2002). In this study,
released bFGF from trehalose-coated implants could significantly proliferate the
osteoblastic cells, indicating the following two hypothesis. (1) Trehalose may prevent
degradation of released bFGF. Trehalose can bind to bFGF protein and preserve its
sturucture (Liao et al. 2002). Le Nihouannen et al. reported trehalose could stabilize the
bioactivity of proteins adsorbed to calcium phosphate (Le Nihouannen et al. 2008). (2)
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Degradation may not decrease bioactivity of bFGF. Actually, bFGF incorporated to the
calcium phosphate implant showed enough bioactivity in many studies (Martin et al.
1997; Alam et al. 2007).
It is one of the problems of calcium phosphate implants that they become fragile when
soaked with body fluid or blood. The reason of this phenomenon be due to Ca2+
dissolution to the environmental solution (Liu et al. 2003). In this study, the bending
and compression strength of the implant soaked with 0.9% saline significantly
decreased than that of the control group, while mechanical strength of implants coated
with trehalose did not decrease. This result may indicate that trehalose inhibited
dissolution of Ca2+ ions from the implant.
In conclusion, trehalose-coated tailor-made implants could inhibit binding of bFGF to
calcium phosphate, leading to earlier release of bFGF to proliferate osteogenic cells. In
addition, trehalose coating also prevent the decrease in mechanical strength of the
implant, potentially through suppression of dissolution of Ca2+ ion from implants.
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Ink head
Recorder
0.1-0.2mm

TCP
d

5% Chondriotin sulfate

Fig. 1-1 The process of fabrication of tailor-made implants using an ink-jet printer.
Liquid binder, 5% chondroitin sulfate, 12% disodium succinate and 83% distilled water
was ejected from the ink head to the thin sheet of α-TCP powder, then this hardened
sheet was piled repeatedly to make a solid implant. (TCP: tricalcium phosphate)
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Fig. 1-2 Culture method for evaluation of the effect of the implant with or without bFGF on
the cell proliferation.
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Fig. 1-3 The result of cell proliferation test. bFGF and 5% trehalose-treated tailormade implant group was showed significantly higher cell proliferation ratio than other
groups except the positive control.
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A

B

C

D

Fig. 1-4 SEM images of the implant without trehalose coating (A, C) and with trehalose
coating (B, D). The surface of the implant without trehalose coating was microporous and had
spindle shaped crystals (A, C). The surface of the implant with trehalose coating was covered
with trehalose crystal (white arrow) (B, D), and the structure of the spindle shaped crystal was
maintained (D).
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Fig. 1-5 X-ray diffraction pattern. In the implant without trehalose coating, typical patterns of
hydroxyapatite and α-TCP were shown. There were no differences between trehalose-noncoated and trehalose-coated implants.
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Fig. 1-6 Maximum compression load strength of each implant. Strength of the
saline-treated implant was significantly lower than that of the trehalose-treated
and control implants (P<0.05).
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Fig. 1-7 Maximum bending load strength of each implant. Strength of the
saline-treated implant was significantly lower than that of the trehalose-treated
and control implants (P<0.05).
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Chapter 2. Bone regeneration by implantation of
bFGF-incorporated tailor-made implants with
trehalose coating on the defect of the skull in dogs
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Introduction
α-TCP and hydroxyapatite are biocompatibe and osteoconductive materials (Jarcho
1986; Hollinger et al. 1996; Moore et al. 2001). These materials have been used for
bone defect filler in the clinical practice (Cook et al. 1986; Kent et al. 1986). However,
it is technically difficult to implant them to the bone defect due to their fragility and
dispersion (Desjardins 1985; Propper 1985). Therefore, they are currently used in the
paste form because of their self-setting ability (Koshino et al. 1995; Comuzzi et al.
2002; Tanag et al. 2006; Nakadate et al. 2008).
bFGF promotes the proliferation and differentiation of the osteoblastic cells in vitro
(Hauschka et al. 1986; Gospodarowicz 1990), and induces the bone healing in the bone
defect in vivo (Wang et al. 1996; Clarke et al. 2004). It is also known that bFGF
stimulates bone formation depending on their dose in vivo (Draenert et al. 2009). A
single injection of bFGF induced the systemic bone enhancement (Wronski 2001),
however, bFGF alone injected to the bone defects induced significantly less bone
growth than injected with a carrier (Tabata et al. 1998). Therefore, a number of carriers
were studied in order to improve the releasing rate of bFGF from carriers (Hayashi et al.
2007; Cao et al. 2009).
Compared to rodents, the larger mammals may need larger doses of bFGF to promote
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the bone regeneration at the bone defects and the ideal dose of bFGF is influenced
according to the type of carriers. Nakamura et al. reported that a single injection of 200
μg bFGF accelerated fracture healing in dogs (Nakamura et al. 1998), and 200 μg bFGF
combined with β-TCP also promoted bone regeneration in dogs (Hosokawa et al. 2000).
In addition, the gelatinous carrier with 30 μg bFGF stimulated the bone growth in dogs
(Murakami et al. 2003). However, the optimal dose of bFGF combined with the
composition of hydroxyapatite and α-TCP to promote the bone regeneration has not yet
been clarified.
Some researchers proposed that calcium phosphate could not be used as a carrier for
bFGF because of the low release kinetic of bFGF (Niedhart et al. 2004), but, I
confirmed the in vitro effects of the bFGF release from the implant with trehalose
coating in Chapter 1.
The purpose of this chapter is (1) to investigate the optimal dose of bFGF
incorporated with the tailor-made implant in in vivo, and (2) to evaluate its bone
regeneration effect.
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Materials & Methods
Preparation of implants
Implant fabrication: The tailor-made implant was designed on 3D image using the
software Mimics program (Materialise) as in Chapter 1. The implant in this chapter was
round disc shape with 11 mm in diameter and 4 mm in height, and the side aspect of
implant was inclined at a 7.5 degrees angle. At the side of the implant, two parallel
cylindrical holes of 2 mm in diameter were created parallel to each other to facilitate
blood vessel and regenerated bone invasion (Igawa et al. 2006). At the top of the
implant, the landmark with 1 mm height, 1mm width and 11 mm length, was created to
indicate the direction of the cylindrical holes (Fig. 2-1). The fabrication process was the
same as in Chapter 1.
Treahlose coating: The fabricated implants were subdivided into trehalose-coating
group and trehalose non-coating group. The coating process was the same as in Chapter
1.
bFGF incorporation: bFGF was diluted with deionized water to 0.1, 1, 10 μg/μl
solution, respectively. Implants were infiltrated to their side aspect and cylindrical holes
inlet with each dose of bFGF solution using a micropipette. The total dose of bFGF
incorporated to one implant was 1, 10, 100 and 200 μg, respectively. In the control
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group, only deionized water was dropped in the same manner. Fig. 2-2 shows
experimental grouping. All the implants were dried after soaking at room temperature.

Experimental animals
Ten female beagle dogs with the body weight from 8.3 kg to 10.7 kg (mean 9.4 kg)
and the age from 1 year to 5 years were purchased from Nosan Corporation (Yokohama,
Japan). Before starting the experiment, all the animals were confirmed to be clinically
healthy througn physical examination, radiography, hematology and blood chemistry
panel. The following experiments were conducted under the Guidelines of the Animal
Care Committee of the Graduate School of Agricultural and Life Sciences, the
University of Tokyo.

Surgical procedures
The dogs were fasted for 12 hours before the implantation. Atropine sulfate at 25
μg/kg was subcutaneously injected as preanesthetic medication followed by midazolam
(0.1mg/kg). Intravenous injection of propofol (6mg/kg) was used for induction and
anesthesia was maintained with 1.0-2.5% isoflurane and oxygen after the tracheal
intubation. Cefazolam (20mg/kg) was intravenously injected as a preoperative antibiotic.
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Administration of 5-20 μg/kg/hr fentanyl hydrate as an analgesic was started using a
syringe pump at the time of induction of anesthesia and continued for 24 hours postoperatively.
During the surgery, hyperventilation was continued using a ventilator to maintain
EtCO2 at about 30 mmHg to prevent brain edema. The fluid therapy was performed
with 10 ml/kg/hr lactated Ringer`s solution. ECG, EtCO2, SpO2, indirect blood pressure,
respiration rate and body temperature were monitored during the surgery. To prevent the
seizure after implantation, the dogs were intramuscularly injected with phenobarbital
(2mg/kg) and dexamasone (1mg/kg) before the end of surgery.
Oklund`s bone defect model was used in this study (Oklund et al. 1986). The head
was clipped and aseptically prepared with chlorhexidin and povidon-iodine. The
midline of the head skin and subcutaneous tissues were incised. Bilateral temporalis
muscles and fascia were incised curvedly, and bluntly dissected carefully from the
temporal bone using a periosteal elevator. Four round bone defects of 11 mm in
diameter were created using a perforator (Stryker Instruments, Kalamazoo, USA) to
avoid the injury of the dura mater and surrounded periosteum. Two defects were located
cranially and 2 defects caudally 2 cm at 4 cm and 2 cm from the external occipital
protuberance, respectively, and bilaterally at 2 cm from the external sagittal crest. Four
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implants of different regimen in a dog were assigned to each of defects

(n=4; Fig. 2-3).

After implantation, the temporalis muscle, fasica, subcutaneous tissues and dermis
were sutured in a continuous suture pattern with 3-0 or 4-0 polydioxanone. The skin
was closed interruptedly with 3-0 nylon. For postoperative care, 15μg/kg buprenorpine
and subcutaneous 20mg/kg cefazolam was injected intramuscularly twice a day for
3days. To prevent seizure and brain edema after implantation, intravenous
dexametasone (0.5mg/kg on the first day, 0.25mg/kg on 2nd day, 0.13mg/kg on 3rd day)
and 0.5g mannitol injection and 2mg/kg phenobartital intramuscular injection were
performed for 3 days. When dogs showed seizure, midazolam 0.5mg/kg was
intravenously injected.

Computed tomography (CT)
CT was conducted to evaluate the new bone formation inside the cylindrical holes and
around the implant immediately after the surgery and 2 and 4 weeks of implantation
under the sedation with midazolam (0.3mg/kg, IM) and medetomidine (20ug/kg, IM)
using a 4-channel multi detector CT equipment (Asterion TSX-021B, Toshiba, Tokyo,
Japan) with 0.5mm slice thickness under the conditions of 120 kV and 180 mA.
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Gross evaluation
At 4 weeks of implantation, the dogs were euthanatized with KCl injection under deep
anesthesia with thiopental sodium at 30mg/kg. The implant and surrounded tissues were
grossly observed carefully and excised using a sagittal saw (Osada Electronics, Tokyo,
Japan).

Micro-CT
A desktop X-ray micro-CT system (Shimadzu, SMX-90CT, Kyoto, Japan) was used to
evaluate the regenerated bone of excised tissues. The excised tissues were scanned with
X-rays generated by a sealed micro-focus X-ray tube at 90 KV and 110 µA. The
sections were scanned in z-axis, and the scanned data were virtually reconstructed
parallel to cylindrical holes of the implants in order to observe the regenerated bone
formation within the cylindrical holes using micro-CT analysis program (TRI/3D-VIE,
RATOC, Tokyo, Japan).

Histology
Excised tissues were fixed with 10% neutered formalin (WAKO, Tokyo, Japan) for 5
days, and decalcified with 10% ethylenediaminetetraacetic acid (EDTA; WAKO, Tokyo,
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Japan) solution for 4-5 months. Decalcifying solution was changed every 3-4 days.
Decalcified tissues were trimmed parallel to the cylindrical holes and embedded in
paraffin. The tissue block was cut into 7-μm thick sections, and stained with Masson’s
trichrome after deparaffinization. The stained sections were examined under a light
microscope and measured the area of regenerated bone using image J software (US
National Institutes of Health, Bethesda, Maryland, USA).

Statistical analysis
The mean values and standard diviations of area of the regenerated bone were
calculated, and student t-test was performed using spreadsheet program (Excel,
Microsoft coporation, USA). P-value less than 0.05 was considered to be statistically
significant.
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Results
Five out of 10 dogs showed mild seizure 0 – 1 day after the surgery, but immediate
sedation with midazolam was effective to stop the clinical signs. There were not severe
problems nor other clinically abnormal signs during the whole observation period.

Gross evaluation
Fig. 2-4 shows gross findings of all the groups. All the implants of all groups were
well fitted and connected to the surrounding tissue, and there were not any abnormal
findings around the implants such as inflammation or infection. Grossly, there seemed
no difference in new bone formation and bone union between trehalose coating groups
and non-coating groups. On the contrary, it seemed that bFGF influenced the new bone
formation dose-dependently. In 100 and 200 μg bFGF groups, more new bone formation
from the surrounding periosteum than that in 0, 1 and 10 μg bFGF groups was observed,
and the heterotopic bone regeneration was found in the 200 μg bFGF group. (Fig. 2-5)

CT images
Any displacement and breakage of the implants were not observed in all the dogs
during the whole observation period. Fig. 2-6 showed the typical CT images in all the
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groups during the 4 weeks after implantation. At 2 weeks of implantation, there were no
changes in CT images among all groups. At 4 weeks of implantation, the new bone
formation was observed in the cylindrical holes and around the interface between
implants and skull bones. This new bone formation was observed more or less in all the
groups, but the quantity of the bone seemed dose-dependent. In 100 and 200 μg bFGF
groups, more and massive bone formation than that of 0, 1 and 10 μg bFGF groups.
Significant difference was not observed between trehalose coating groups and noncoating groups.

Micro-CT images
On micro-CT images, there was no difference in new bone formation between
implants with and without trehalose coating. In 0, 1 and 10 μg bFGF groups, there was
only a little mineralized tissue within the cylindrical holes, while in 100 and 200 μg
bFGF groups, there were massive mineralized tissues from the surrounding periosteum
to the cylindrical holes (Fig. 2-7).

Histological findings
Fig. 2-8 shows histological findings of all the groups. There seemed no difference in
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bone regeneration at any areas of implants between those with and without trehalose
coating. In implants with 100 and 200 μg bFGF, massive regenerative bone tissues were
formed from the surrounding periosteum to the cylindrical holes as shown in micro-CT.
Fig. 2-9 shows the findings with high magnification of implants with 10 μg and 100 μg
bFGF without trehalose coating. In 100 μg bFGF-incorporated implant without
trehalose coating group, there were more regenerated bones at the surrounding
periosteum than in 10 μg bFGF one without trehalose coating group.
Fig. 2-10 shows the measurement of the area of regenerated bones in all groups. The
area of regenerated bones in implants with 0, 1 and 10 μg bFGF with or without
trehalose coating was similar. In implants with 100 and 200 μg bFGF of the trehalose
non-coated groups, the area of regenerated bones was significantly higher than those
with 0, 1 and 10 μg bFGF of trehalose non-coated groups, however in implants with 100
and 200 μg bFGF of trehalose coating implant groups, there were no significances when
compared to those with 0, 1 and 10 μg bFGF of trehalose coating groups. Between the
trehalose-coated implant and non-coated implant at any doses of bFGF, there were also
no significant differences.
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Discussion
Five dogs showed mild seizure after the surgery in this study, probably due to the
invasive skull surgery which may induce brain edema, not toxicity of the tailor-made
implant. In the previous paper, using the same implant, there were no harmful effect on
the implantation sites (Igawa et al. 2006).
In Chapter 1, it was indicated that the bFGF release from the trehalose non-coated
implants was suppressed in vitro. However, in the results of this chapter, it seemed no
difference in bone regeneration between implants with and without trehalose coating.
The cause of this phenomenon may be explained as follows.
When a trehalose-non-coated implant was implanted in vivo, proteins or other blood
components may bind to implants and may induce the inhibition of bFGF binding to the
calcium phosphate, the similar effect of trehalose coating. It was reported that the
protein, such as albumin, can bind to calcium phosphate easily (Wassell et al. 1995).
Although the binding affinity of these proteins and bFGF to calcium phohphate is not
known, they may displace bFGF bound to the implant. In addition, electrolytes of the
body fluid may interfere Ca2+ dissolution from the implant. In the in vivo condition,
negative ions of electrolytes attached to implants may bind to Ca2+ through hydrogen
bond, and Ca2+ dissolubility may be increased. Therefore, bFGF bound to Ca2+ may be

45

decreased through Ca2+dissolubility.
bFGF can induce promotion of bone healing in vivo (Thoren et al. 1993). Even a
single injection of bFGF has been demonstrated to promote bone healing in the bone
fracture model of rats, rabbits, dogs and monkeys (Kato et al. 1998; Nakamura et al.
1998; Kawaguchi et al. 2001; Nakajima et al. 2007). However, the bFGF-incorporated
carrier implantation may show more bone regeneration than a single injection (Tabata et
al. 1998; Oi et al. 2009). Various types of carriers incorporating bFGF have been
studied. The gelatin incorporated with 30 μg bFGF was shown to produce more
regenerated bone than the gelatin alone in mandibular bone defects of dogs (Murakami
et al. 2003). The collagen minipellet containing 0.15 μg bFGF has also shown higher
regenerated bone production (Hosokawa et al. 2000). However, the optimal dose of
bFGF incorporated to the carrier may be depending on the material of the carrier.
In this chapter, I tried to define the optimal dose of bFGF incorporated to tailor-made
implants in dogs. When compared to the lower doses, 100 and 200 μg bFGF showed
significantly more bone regeneration in dogs. It is known that the effect of bFGF on
bone regeneration is dose dependent (Wang et al. 1996). In this study, there was no
significant differences between 100 and 200 μg bFGF groups in both gross finding and
histological evaluations, and moreover, heterotopic regenerated bone was observed in
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implants with 200 μg bFGF groups. It may be indicate that bFGF was supersaturated in
the surface of the tailor-made implant and moved to the heterotopic region of the skull
in 200 μg bFGF group. The outflow of bFGF to the heterotopic region may not be ideal
for the implant, because the heterotopic regenerated bone could show harmful effects on
the recipient, and it will take a long time to return to the normal bone shape through
remodeling. In addition, excess doses of bFGF in the bone defect could inhibit the
osteoblat differentiation (Mansukhani et al. 2000). Oi et al. reported that the
combination of β-TCP and 200 μg bFGF showed promotion of the regenerated bone in
dogs (Oi et al. 2009). In this chapter, even lower doses of bFGF incorporated to the
implants promoted the bone regeneration, indicating that the tailor-made implant could
be a more effective carrier than β-TCP. From the results of this study, 100 μg bFGF for
the tailor-made implant of this size may be optimal.
In this chapter, most of the regenerated bone was oriented from the periosteal
membrane of the surrounding bone. The periosteum has bone lining cells which consist
of the osteoprogenitor cells (Suda 2007). According to the histological findings, it is
considered that bFGF mainly induced bone regeneration from the sites where the
osteogenic cells were rich.
In conclusion, it was confirmed that the bFGF-incorporated tailor-made implant with
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trehalose coating is biocompatible to dogs. In addition, 100 μg bFGF was considered to
be the effective dose for incorporation to this implant. Although there was no effect of
trehalose coating, in order to the protein stability and maintenance of the mechanical
strength of the implant, trehalose coating to the tailor-made implant may be preferred
for the clinical application.
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A

B

Fig. 2-1 CAD data of implant (A) and a fabricated implant (B). The implant had two
cylindrical holes to facilitate the blood vessels and the regenerated bone invasion.
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Fig. 2-2 Experimental groups of implants with or without trehalose coating and with different doses of bFGF
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Fig. 2-3 Four bone defects were created at the temporalis bone. In one dog, 4 implants of
different regimen were assigned to each of the defects.
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Fig. 2-4 Gross findings of all groups at 4 weeks of implantation. There was no difference in new bone formation between implants with or without
trehalose coating. Groups of bFGF at 100 and 200 μg showed massive new bone formation from the surrounding periosteum (black arrow head).

52

Fig. 2-5 The heterotopic bone formation (white arrows) was observed at the bone surface
near the 200 μg bFGF-incorporated implant.
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Fig. 2-6 CT images of implants and the surrounding bone tissues 0, 2 and 4 weeks after implantation. There seemed no difference in bone
formation in the cylindrical hole and surround the implants between trehalose-coated and non-coated groups. More new bone formation was
observed in 100 and 200 μg bFGF groups at 4 weeks after implantation (white arrow head).
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Fig. 2-7 The micro-CT images. There were massive mineralized tissues (white arrow
head) from the surrounding periosteum to the cylindrical holes in implants
incorporated with 100 and 200 μg bFGF.
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Fig. 2-8 The histologic findings of all groups. There were massive regenerated bones
from the surrounding periosteum to the cylindrical holes in implants incorporated with
100 and 200 μg bFGF. (Masson trichrome stain, scale bar: 10mm)
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Fig. 2-9 High magnification of the histological findings. (A) the 10 μg bFGFincorporated implant without trehalose coating, (B) the 100 μg bFGF-incorporated
implant without trehalose coating group (S: skull, Im: the body of implant, RB:
regenerated bone, Ch: cylindrical holes; scale bar: 1mm)
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Fig. 2-10 The area of regenerated bones. There was no significant difference
between implants with and without trehalose coating at any bFGF doses. Implants
with 100 and 200 μg bFGF of the trehalose non-coating groups showed significantly
higher areas than those with 0, 1, 10 μg bFGF of the trehalose non-coated groups
(P<0.05).
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Chapter 3. Long-term effectiveness of trehalosecoated and bFGF-incorporated implants for
critical size defect of the skull of dogs
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Introduction
The healing process of the bone defects is accomplished by the differentiation of
the osteoblasts and osteoclasts, then the remodeling process through these cells.
However, in case that the size of bone defects is exceeding a certain level,
repairing process may be interrupted (Denny et al. 2000; Millis et al. 2001;
Cheung 2005). Critical size defect (CSD) is defined as the smallest size of the
intraosseous wound in a particular bone and species of animal that will not heal
spontaneously during the lifetime of the animal. Repairing process of the CSD
results in the formation of fibrous connective tissue rather than bone (Schmitz et
al. 1986).
CSD has been widely used experimentally in the evaluation for the function of
the implant incorporated with osteoinductive factors and osteogenic cells (Damien
et al. 1994; Sweeney et al. 1995; Kamakura et al. 2001; Cowan et al. 2004). For
complex anatomical defects such as the skull defect, the implant should fit to the
defect three-dimensionally and provide sufficient load bearing until the time of the
bone formation. The implant should also have a function as a DDS to promote the
bone regeneration (Hollister et al. 2005).
In Chapter 2, the tailor-made implant may fulfill these requirements and be
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successfully applied for the large bone defect of the skull in dogs. However, bone
regeneration and remodeling generally takes a longer period to be accomplished
especially in the larger defect.
The purpose of this chapter is to evaluate the dynamic changes of bone
regeneration for a longer time period after implantation of the tailor-made
artificial bone with and without bFGF to the CSD of the skull in dogs.
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Materials & Methods
Preparation of implant
Implant fabrication: Computed tomography (CT) for the skull of 9 beagle dogs
was performed under sedation, using a 4-channel multi detector CT equipment
(Asterion TSX-021B, Toshiba). According to the CT data, bone implants with a
round shape with 20 mm in diameter were created. In addition, I created a total of
6 cylindrical holes of 2 mm in diameter inside the implant: 3 cylindrical holes in
the sagittal direction and 3 in the transverse direction (Fig. 3-1).
Trehalose coating: All fabricated implants were coated with 5% trehalose, as
described in Chapter 1. Fabricated implants were autoclaved at 121℃ for 30
minutes. Implants were dried under pressure and preserved at room temperature
until implantation.

bFGF infiltration: Since the circumference of the implant was twice larger than
that used in Chapter 2, the dose of bFGF was determined as 200 μg per one
implant. For bFGF-incorporated tailor-made implant with trehalose coating (fTI
group), 20 μl of bFGF solution (200 μg bFGF) was dropped to the lateral face
including the inlet of cylindrical holes with a micropipette, and the implant was
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dried for 10 minutes at room temperature. For the TI group without bFGF,
deionized water instead of bFGF was dropped similarly for the tailor-made
implant with trehalose coating.

Experimental animals
Four male and 5 female beagle dogs with the body weight from 8.3 kg to 10.7
kg (mean 9.4kg) and the age from 1 year to 5 years were purchased from Nosan
Corporation. Physical examination, radiography for abdomen and thorax,
complete blood count and blood chemistry analysis were performed before
implantation.
All the experimental procedures using dogs were conducted under the
Guidelines of the Animal Care Committee of the Graduate School of Agricultural
and Life Sciences, the University of Tokyo.

Surgical procedures
Anethestic procedures, protocols for prevention of seizure, aseptical preparation
and the surgical approach to the skull were the same as in Chapter 2.
As the CSD model for the skull of dogs, the size of 20 mm has been proposed
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(Amstutz et al. 1984; Schmitz et al. 1986). Two round defects with 20mm in
diameter were created using round bur and a ronguer at the 30 mm cranial from
the external occipital protuberance and 20 mm lateral from the external sagittal
crest, avoiding the dura mater and the surrounded periosteum injuries. TI or fTI
was implanted to these bone defects. As a negative control, the bone defects were
unfilled (each group n=6; Fig. 3-2). Closure of the surgical wound and post
operative care were similar to those in Chapter 2.

Computed tomography
CT was conducted to evaluate the new bone formation inside and around the
implant and changes in the implant volume. The dogs were sedated using
midazolam (0.3mg/kg, IM) and medetomidine (20ug/kg, IM), and CT scanning
was performed immediately after the surgery and every 1 month until 6 months of
the implantation, then every 2 months until 12 months of the implantation.
Obtained CT data were converted CAD data using the software mimics, and the 3
dimensional volume of the implant involving the implant body and the
regenerated bone within the cylindrical holes was extracted and measured.
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Gross evaluation at 12months of implantation
At 12 months of implantation, the dogs were euthanatized with 30 mg/kg
thiopental sodium and KCl. The implant and surrounded tissues were observed
carefully and excised using a sagittal saw.
Micro-CT
The micro-CT scanning process was the same as in Chapter 2. The section was
scanned along z-axis and the scanned images were reconstructed along y-axis to
observe the whole cylindrical holes. The regenerated bone within the cylindrical
holes was reconstructed using micro-CT analysis program (TRI/3D-VIE, RATOC,
Tokyo, Japan; Fig. 3-3).
After micro-CT scanning, 3 samples of each group were used for histology and
fluorochrome stain, and the others were used for 3 point bending strength test.

Histology
Excised tissues were fixed with 70% ethanol for 4 days (n=3). Tissues were
stained with Villanueva bone stain for 6 days (Villanueva 1974; Villanueva et al.
1989), dehydrated through ascending graded alcohols, defatted in an acetone and
methylmethacrylate monomer mixture (mix ratio 1:2), and embedded in methyl
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methacrylate (WAKO chemicals). Plastic blocks of cross sections with 200-μm
thickness were cut parallel to the cylindrical holes with a precision bone saw.
Sections were mounted on plastic slides and ground to a thickness of 50 μm using
a precision lapping machine (Maruto, Tokyo, Japan), then manually ground
according to the method of Frost (Frost 1958). The stained sections were
examined under a light microscope and the sum of regenerated bones area in the
bone defects (SRBA) and the sum of the original defect areas (SODA) were
measured using image J software (US National Institutes of Health, Bethesda,
Maryland, USA), then the ratio SRBA/SODA was calculated.

Fluorochrome labeling and fluorescence microscopy
Bone labeling was performed using 3 fluorochromes, oxytetracycline
(Terramycin, Pfizer Incorporation, Seoul, Korea), calcein (Sigma-Aldrich, Tokyo,
Japan) and alizarine complexone (Sigma-Aldrich) as fluorescent markers in the
course of new bone formation.
Oxytetracycline (20mg/kg) was intravenously injected twice at 2 and 4 weeks of
implantation, respectively (injected 4 times totally). Calcein (20 mg/kg) was
prepared with sodium bicarbonate at pH 7.2 and sterilized through a millipore
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filter with 0.22 μm pore size, then intravenously injected twice at 2 weeks interval
at 6 months of implantation. Alizarin complexone (20 mg/kg) was prepared
similarly to that of calcein, and intravenously injected twice at 2 weeks interval at
12 months of implantation.
Tissues specimens were observed under a fluorescence microscope (Axiovert
200, Zeiss, Germany) and various types of fluorescence filter set (oxytetracycline:
#18, calcein: #10, alizarin complexone: #20) were used for observation of
fluorochrome labeling. Details of the wavelength are given in Table. 3-1 (Suzuki
et al. 1966; Dhem et al. 1976; O'Brien et al. 2002).

Three point bending strength
Three point bending strength was measured for the samples of each group (n=3).
As a normal control, the skull of the healthy cadaver dog was collected.
Experimental samples were trimmed with the dimension of 30×40 mm and 3point bending strength test was performed using INSTRON universal testing
machine (Instron-3365, Instron Corporation) with a span size of 28 mm, load cell
of 5kN and load speed at 1.0 mm/min.
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Statistical analysis
In the volume of the implant on CT image, the area of the regenerated bone on
histology and mechanical strength, the mean and SD were calculated, and student
t-test was performed using spreadsheet program (Excel, Microsoft). P value less
than 0.05 was considered to be statistically significant.
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Results
Four dogs had mild seizure within a few days after the surgery of implantation
and were sedated immediately treated with midazolam injection. There were no
other clinically abnormal signs during the whole observation period.

CT findings
In the negative control group without the implant, little new bone formation was
observed at the bone defects during the whole experimental period. On the
contrary, in TI and fTI groups, the mineralized tissues were proliferated between
the implant and the skull, leading to the increased volume of implant on CT. In
addition, and the gap between skull and the implant was fully filled with
mineralized tissues in fTI group (Fig. 3-4). The regenerated bone was formed at
the surrounding periosteum at 1 month of implantation, but disappeared at 2
months of implantation in the fTI group (Fig. 3-5). No such regenerated bone
formation was observed in the TI group. Fig. 3-6 shows the change in the
calculated volume of implant on CT. The volume gradually increased in both TI
and fTI groups, and the volume in the fTI group was significantly higher than that
in TI after 2 months of implantation (P<0.05) excluding 4 months of implantation.
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Gross evaluation
At necropsy, the implants of TI and fTI groups were firmly attached to the skull
without deformation or degeneration of the implant, and there were no
inflammatory response at the implanted site. Grossly, the bone defect of negative
control group was unfilled with any bone tissues, and the temporalis muscle
adhered to the dura mater at the bone defect (Fig. 3-7).

Micro-CT scanning
Fig. 3-8 shows the inner structure of the cylindrical holes reconstructed along
the y-axis of micro-CT images in each group. In the negative control group, no
new bone formation was observed. While a few mineralized tissues within
cylindrical holes were observed in the TI group, more mineralized tissues were
observed in the fTI group.

Histology
Fig. 3-9 shows the typical histological findings of the implant and the
surrounding tissues of each group. In the negative control group, the bone defect
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was filled with muscles, and no regenerative bones were observed. On the
contrary, the implants of the TI and fTI groups were well attached with the
regenerated bones within the cylindrical holes, and more regenerated bone was
observed in the fTI group than in the TI group (Fig. 3-9 B, C).
Fig. 3-10 shows SRBA and SRBA/SODA ratios of the TI and fTI groups. The
SRBA was 4.18±0.42 mm2 in the TI group and 8.98±0.30 mm2 in the fTI group (P
values = 0.06), respectively. The SRBA/SODA was 11.62±0.33 % in the TI group
and 24.71±3.23 % in the fTI group, respectively, and the difference was
statistically significant (P = 0.01).
Fig. 3-11 shows the histological findings of the implant and surrounding tissues
in the fTI groups. The matrix of the implant was partially replaced by the
regenerated bone (Fig. 3-11 A). The outside surface of the implant of the TI and
fTI groups was smooth and covered with the thin fibrous tissue or the dura mater
without clear matrix replacement (Fig. 3-11 B,D), and the surface of the
cylindrical holes was rough and resorbed by activated osteoclasts (Fig. 3-11 C).
There were no remarkable differences between the TI and fTI groups.
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Fluorochrome labeling
Three fluorochromes, oxytetracycline, calcein and alizarin complexone, were
labeled to the bone tissues successfully (Fig. 3-12). In the negative control group,
oxytetracycline-labeled bone tissue (blue label) was mainly observated as two
concentric circles at the surface of bone defects and the endosteum of the skull.
Calcein-labeled bone tissues (green label) existed inside of the blue label at the
surface of bone defects. Alizarin complexone-labeled bone tissue (red label) was
not clear in the negative control group.
In the TI group, the blue labeled bone tissue existed the site similar to the
negative control group. The green double labeled bone tissue existed at the center
of the regenerated bone within the cylindrical holes. The red label was also not
clear in this group.
In the fTI group, most of regenerated bones were labeled with blue. The green
labeled bone tissue existed at the surface of the regenerated bone and the implant.
The red label was also not clear.

3-point bending strength
Fig. 3-13 shows the mean maximum load for bending stress in each group. The
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mean bending strength was 14.29±5.83 kgf in the negative control group,
12.47±6.66 kgf in the TI group, and 16.59±2.16 kgf in the fTI group, respectively.
The normal skull (the positive control) showed 40.05±11.73 kgf which was
significantly higher than all experimental groups, and there was no significant
difference among the 3 experimental groups.
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Discussion
In this chapter, the tailor-made implant was implanted to the skull CSD of dogs,
and evaluated for a longer period. While the defects of the negative control group
were not filled with new bones, the implant was stabilized to the surrounding bone
tissues with fibrous tissues and maintained their shape without any deformation
for the whole observation period. This result indicated that this tailor-made
implant can be use for CSD of the skull in dogs without any harmful effect.
On CT images, the new bone was observed at the inside of the cylindrical holes
and the peripheral implant attaching to the surrounding skull in the TI and fTI
groups, which contributed the stronger stability of the implant. In spite of
biological degradability of the implant, the volume of implant measured on CT
gradually increased after implantation during the experimental period (Nagase et
al. 1989; Boeree et al. 1993; Liuyun et al. 2009). In addition, the volume of
implant of the fTI group increased significantly more than that of TI group after 2
months of implantation. The measured volume of the implant on CT images does
not indicate the actual volume of the implant, and it is very difficult to distinguish
between the implant and the regenerated bone on CT images, because CT images
are always influenced by partial volume effects in which the margin of the image
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makes blur between high and low density area on CT images (Alexander et al.
1995). However, gradually increasing volumes in the TI and fTI groups must
indicate increases in the regenerated bone within the cylindrical holes and around
the implant during the experimental period.
High-quality micro-CT is useful for qualitative and quantitative evaluation of
bone density, trabecular bone structure, bone stereology and microarchitecture
(Buchman et al. 1998; Genant et al. 1999; Borah et al. 2001). However, when the
subject contains the calcium phosphate-based implant, it is difficult to measure the
regenerated bone alone, because calcium phosphate and the regenerated bone have
similar density on micro-CT images. However, But, it was obvious that more
regenerated bones in the fTI group were formed than in the TI group within the
hole of implants on the reconstructed micro-CT images in this study.
The combination of fluorochrome staining has been widely used in in vivo
studies for evaluation of bone healing (Pinholt et al. 1990; Pautke et al. 2005).
Double labeling by fluorochromes has been performed to investigate the mineral
apposition rate and bone formation dynamics (van Gaalen et al. 2009). In this
chapter, bone labeling was performed using oxytetracycline, calcein and alizarin
complexone in the early, middle, and later stage of the experimental period,
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respectively. In the fTI group, oxytetracycline-stained bone tissues were
extensively observed at the regenerated bone, more than in the TI group. bFGF
expression on the bone defect was reported to be observed in 2–4 weeks after the
implantation (Haque et al. 2007). bFGF induces the osteoblastic cell proliefertaion
and new bone formation before 4 weeks after administration (Okazaki et al. 1999;
Kawaguchi 2005). In this study, oxytetracycline was injected at 2 and 4 weeks of
implantation, when bone regeneration was active possibly due to the bFGF effect.
And, the results of histological findings, CT and micro CT images showed more
regenerated bone tissues in the fTI group that in the TI group. Therefore it may
beconcluded that the regenerated bone tissues by the effect of bFGF were formed
at an early phase of implantation in the fTI group.
Calcein-labeled bone tissues were observed at the regenerated bones and around
the harversian canal located in the inside of oxytetracycline labeled bone tissues.
Calcein was injected 6 months of implantation, thus, these findings may indicate
that the remodeling was in progress in the regenerated bone tissue at the middle
stage of this experiment. Difference between calcein-labeled bone tissues between
the TI and fTI groups was not clear. These results indicate that the activity of
bFGF of the fTI group did not continue until the middle phase of this study, and
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bFGF may be degraded in situ or fully released before 6 months of implantation.
Alizarin complexone was administrated at the late phase (12 months after the
implantation) to avoid minor cytotoxicity, and there seemed no cytotoxic
responses (Rahn et al. 1972). Alizarin complexone-labeled bone tissues were not
clearly observed in all groups. This implied that bone regeneration and
remodeling were very slow or almost stopped in this phase.
Fluorochrome labeled bone tissues can be slowly replace to the new bone which
formed after fluorochrome administration by the bone remodeling process. The
oxytetracycline-labeled bone tissue was observed clearly at the end of this
experiment 12 months after implantation. From the result, it was concluded that
the long-term observation using fluorochrome was also available.
Besides the fluorochrome used in this experiment, many kinds of fluorochrome
have been used for labeling of the bone tissues (Pautke et al. 2005; Pautke et al.
2007). Clearer and more specific observation on the variation of regenerated bone
in the bone defects would be possible by using the combination of other
fluorochromes.
On histology, the area of the regenerated bone within the cylindrical holes in the
fTI group was much larger than that in the TI group. This result was consistent to
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previous reports on the effects of bone healing promotion by bFGF in vivo
(Kawaguchi et al. 1994; Murakami et al. 2003; Oi et al. 2009). At 12months after
implantation, almost the half area of the inside of cylindrical holes was filled with
fibrous tissues in the fTI group. This was thought to be caused by the fact that
bFGF was not incorporated at all the surface of the inside of cylindrical holes.
Because cylindrical holes were too narrow to incorporate bFGF using a
micropipette, it was not possible to equally incorporate bFGF to all surfaces
except the inlet part of cylindrical holes. Therefore, the regenerated bone of the
deeper inside of cylindrical holes was not influenced by bFGF. If the
incorporation of bFGF onto the whole surface of cylindrical holes would be
possible, the increased formation of the regenerated bone would be expected.
According to the results in Chapter 2, the regenerated bone was mainly formed
at the surrounded periosteum. In this chapter, such regenerated bone was observed
on CT image at only 1 month of implantation in the fTI group. However, such
regenerated bone was disappeared at 2 months of implantation and was also not
found on histological findings. The result showed that the bone lining cell of the
periosteum proliferated by bFGF might be resorbed by the remodeling process
according to the longer experimental period (Suda. 2007).
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It is well known that the mechanical strength of calcium phosphate implants is
lower than that of the normal bone (Hollister et al. 2005). The change in
compression strength of calcium phosphate implants is well known in in vitro
studies (Fukase et al. 1990; Frankenburg et al. 1998; He et al. 2008). However, it
is difficult to measure the compression strength of the tailor-made implant only in
vivo because of their structural characteristics. Therefore, in this chapter, I
evaluated the bending strength of the tailor-made implant and surrounding bone
tissues. However, there was no difference in bending strength among the groups.
This result may indicate the tailor-made implant did not provide mechanical
strength to the bone defects at least in one year after implantation.
In the CSD model of the skull of dogs, the implantation of tailor-made implants did
not contribute to the maintenance of loading strength in the bone defects. It may be
necessary to observe for a longer period whether this method will obtain the higher
strength of the tailor-made implant in this model. As far as in the period in this study,
the implant maintained the shape and certain strength of the implant without any
harmful effect. Therefore, it may be concluded that the tailor-made implant was
proper as the implant for CSD of the skull in dogs. Additionally, when bFGF was
incorporated to the tailor-made implant, the bone healing may be promoted.
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Table. 3-1 The protocol and fluoroscopic condition for bone staining

Fluorochrome

Injection timing

Dosage

Labeling

Excitation

Emission

Filter

wavelength

wavelength

(nm)

(nm)

set

2 times at 2 weeks
Doxycycline

20mg/kg

Blue

390-425

520-560

# 18

20mg/kg

Green

494

517

# 10

20mg/kg

Red

530-580

624-645

# 20

2 times at 4 weeks

2 times every 2
Calcein
weeks at 6 months

Alizarin

complexone

2 times every 2

weeks at 12 months
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Fig. 3-1 (A) The design of the tailor-made implant. (B) Fabricated tailor-made
implant with 6 cylindrical holes

81

Fig. 3-2 Two bone defects with 20mm in diameter were created on the bilateral
temporalis bone.
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Fig. 3-3 The section was scanned along z-axis and the obtained images were
reconstructed along y-axis using micro-CT analysis program to observe the
regenerated bone within the cylindrical holes.
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Fig. 3-4 CT images of each group. In the negative control group, new bone formation
was minimal and the defect was open during the whole experimental period (A). In
the TI group, the gap (white arrow head) between the implant and the skull was filled
with mineralized tissues (B), and in the fTI group, the gap and the cylindrical holes
were filled with more mineralized tissues (C).
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Fig. 3-5 The regenerated bone on the surrounding periosteum (white arrow head) was
observed at 1 month of implantation in the fTI group, but disappeared at 2 months of
implantation.
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Fig. 3-6 The changes in the 3 dimensional volume of implants on CT images. The
volume of the implant was gradually increased, and that of the fTI group was
significantly higher than that of the TI group after 2months of implantation (P<0.05).
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Fig. 3-7 Gross appearance of excised bone tissues. The bone defects were filled with the
muscle and the durameter in the negative control group (A), while the implant was firmly
attached to the skull in the TI (B) and fTI (C) groups.
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Fig. 3-8 The micro-CT images of the negative control group (A), TI group (B) and fTI
group (C). Small amount of the mineralized tissues existed within the cylindrical holes
in the TI group, while more mineralized tissues were observed in the fTI group.
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Fig. 3-9 The typical histological findings of the implant and surrounding tissues of
each group. The bone defects were empty without any regenerated bones in the
negative control group (A). The implant was attached to the skull by the regenerated
bone, and a small amount of new bone formation was observed within the cylindrical
hole in the TI group (B). In the fTI group, more regenerated bones within the cylindrical
hole existed than TI group (C). (S: skull, Im: implant matrix, Ch: cylindrical hole, Rb:
regenerated bone)
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Fig. 3-10 Measured SRBA and SRBA/SODA of TI and fTI groups.
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Fig. 3-11 The surface of the implant matrix in the fTI group. The implant matrix was
replaced by the regenerated bone while maintaining the surface shape (A). The
outside of the implant maxrix was smooth without matrix resorption and covered with
the fibrous tissue and the dura mater, respectively (B, D). The surface of the
cylindrical holes was rough, and a lot of the osteoclasts were observeded along the
surface of the matrix (C). These findings were similar in both the TI and fTI groups.
(Im: implant matrix, F: fibrous tissue, Dm: dura mater, Rb: regenerated bone, Oc:
osteoclast)
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Fig. 3-12 Three types of fluorochrome were labeled to the bone tissues in the negative
control (A, B), TI (C, D) and fTI (E, F) groups. The blue label indicates the
oxytetracycline-labeled bone tissues which were formed at the time of 2 and 4 months
after implantation. Green label indicates calcein-labeled one which was formed at 6
months after implantation. Red label indicates alizarine complexone-lebeled one which
was formed at 12 months after implantation. (Im: implant matrix, S: skull, Rb:
regenerated bone)

92

Fig. 3-13 Mean bending strength (at maximum loading). The strength of the normal
skull was significantly higher than that of 3 experimental groups, and there was no
significant difference among experimental groups.
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Chapter 4. Effect of implantation of bFGFincorporated tailor-made implants on the repair of
radial segmental defects in dogs

94

Introduction
There are two types of the bone formation process; intramembranous
ossification, and endochondral ossification. The intramembraneous ossification is
regulated by the the periosteal osteogenic layer, and the process produces flat
bones such as the mandible and the skull. The endochondral ossification is the
process associated with fetal bone development, and is observed in the synthesis
of the bone on a mineralized cartilage scaffold. This is the type of bone formation
found in the development of load-bearing long bones such as vertebrae and long
bones of limbs (Shapiro 2008).
The segmental bone defects of a limb were often experimentally used for the
evaluation of osteoconductive scaffolds (Holmes et al. 1987; Bruder et al. 1998;
Segal et al. 2009). Implants on load-bearing sites should tolerate loading and be
optimized to the mechanical environment. A few load-bearing scaffolds have been
described in the literature, most of which were the studies on tissue engineered
bone regeneration with osteoinductive factors and were conducted at non-loading
sites or defects stabilized with stress-shielding devices such as bone plates or
external fixation (Einhorn et al. 1984; Lieberman et al. 1999; Xu et al. 2005).
The implant made of calcium phosphate has been used for bone defect in
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clinical practices (Fukase et al. 1990; Nair et al. 2009). However, the calcium
phosphate implants are generally very fragile because of its porous structure. Thus,
despite of their favorable biological properties, the poor mechanical properties of
these ceramic materials have severely hindered their clinical applications
(Ducheyne 1987; Yaszemski et al. 1996).
bFGF is expressed in the epiphyseal growth plate (Sullivan et al. 1985; Twal et
al. 1994). bFGF plays an important role in endochondral ossification as a mitogen
for proliferative zone cells and as an angiogenic factor for vascularization of
hypertrophic zone lacunae (Eppley et al. 1988; Presta et al. 1988). Some
investigations have shown that bFGF has a proliferative effect on bone formation
in appendicular bones in vivo (Nakamura et al. 1998; Okazaki et al. 1999).
Incorporation of bFGF to the implant increases bone growth, stimulates
osteoblastic activity, directly stimulates the early proliferative repair stage, and
modulates the inflammatory response (Thoren et al. 1993; Komaki et al. 2006).
The tailor-made implant was used in non-load-bearing sites such as the skull up
to the present (Igawa et al. 2006; Choi et al. 2009). However, according to the
results in the previous chapters, the effectiveness in the load-bearing sites should
also be evaluated for the clinical application in the future. In this chapter, I
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investigate the possibility of the tailor-made implant for the radial segmental
defect in dogs and evaluate its promotive effect of the bFGF-incorporated implant
on bone repair.
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Materials & Methods
Preparation of implants
Implant fabrication: Implant fabrication was the same as in Chapter 2.
Reconstruction data of the radial shaft with 20mm in length on 3D image were
obtained. The reconstructed area of the radial shaft was 45mm distal from the
radial tuberosity of the elbow joint. The bone marrow cavity was also
reconstructed via CT data, and was expected to have the same function as the
cylindrical holes. Using these data, the final TI design was determined and
fabricated using an ink-jet printer as in Chapter 2 (Fig. 4-1).
Trehalose coating: Trehalose coating process was the same as in Chapter 3.
bFGF infiltration: For bFGF-incorporated tailor-made implant with trehalose
coating (fTI group), 10 μl of bFGF solution was dropped around the inlet of the
proximal and distal implant with a micropipette at a total dose of 100 μg bFGF per
implant, and the implant was dried for 10 minutes at room temperature. Deionized
water instead of bFGF was used similarly to TI with trehalose coating (TI group).

Experimental animals
Three female beagle dogs with the body weight from 8.7 kg to 11.7 kg (mean
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9.7kg) and the age from 1 year to 2 years were purchased from Nosan Corporation.
Physical condition was examined as described in Chapter 3.
All the experimental procedures using dogs were conducted under the
Guidelines of the Animal Care Committee of the Graduate School of Agricultural
and Life Sciences, the University of Tokyo.

Surgical procedures
The anesthestic procedures and aseptical preparation were the same as in
Chapter 3. The cranial skin and subcutaneous tissues were incised from the elbow
to just above the carpus. The deep antebrachial fasica was incised between the
extensor carpi radialis muscle and the flexor carpi radialis muscle to expose the
shaft of radius. The supinator muscle was bluntly dissected from the periosteum
for the plate application.
An eight-hole lengthening bone plate, in which metal bar was used to
immobilize fractured segments with central solid section without screw holes to
span the defect, was placed on the cranial surface of the shaft of radius. Two drill
holes with 2.0 mm in diameter at the proximal and distal portions were drilled
through the two cortices using a surgical drill (Stryker Instruments, Kalamazoo,
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USA), and tapped with a 2.7 mm tap. The plate was then removed and 20 mm
segmental bone defect, known as critical size defect in radius of dogs, was created
at 45mm distally from the radial tuberosity (Hollinger et al. 1990; Johnson et al.
1996). Deionized water-incorporated implant was implanted in the left radius (TI
group), and bFGF-incorporated implant was implanted in the right radius (fTI
group). The plate was placed on the same position, and 6 other screw holes were
created and tapped at the proximal and distal portions. The cortical screw with
2.7mm in diameter was inserted to each screw hole to stabilized the radial defect
(each group n=3; Fig. 4-2). Closure of the surgical wound was similar to that in
Chapter 2.
The Robert John’s bandage was applied to bilateral forelimbs for 7 days after
surgery, and an antibiotic (cefazolam, 20 mg/kg subcutaneously, twice daily) and
an analgesic (buprenorpine, 15 μg/kg intramuscularly, twice daily) were injected
for 3 days postoperatively.

Radiography
Radiography was conducted immediately after the surgery and at 2 and 4 weeks
of implantation. The lateral radiographs were taken for bilateral forelimbs, and the
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callus formation between the radius and the implant was observed.

Gross evaluation
At 4 weeks of implantation, the dogs were euthanatized with 30 mg/kg
thiopental sodium and KCl. The bone plate and the cortical screws were removed,
and the implant and surrounding tissues were observed carefully and excised
using a sagittal saw.

Histology
Excised tissues were fixed with 10% neutered formalin (WAKO) for 5 days.
Tissues were decalcified with plank-rychlo decalcifying solution (WAKO) for 1-2
month. The decalcifying solution was changed every 3-4 days. Decalcified tissues
were trimmed parallel to the long axis, and embedded in paraffin. The tissue block
was cut into 7-μm thick sections, and stained with Masson’s trichrome after
deparaffinization. The stained sections were examined under a light microscope
and measured the area of regenerated bone from the periosteum and constitution
of regenerated tissues such as regenerated bones, blood vessels and fibrous tissues
in cylindrical hole using image J software (US National Institutes of Health).
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Statistical analysis
The mean values and SD of the area of regenerated bone was calculated, and
student t-test was performed using spreadsheet program (Excel, Microsoft
Coporation). P-value less than 0.05 was considered to be statistically significant.
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Results
There were no clinically abnormal signs such as pain, inflammation and
lameness in dogs receiving the implantation during the whole observation period.

Gross evaluation
In the TI group, only one implant was firmly united to the radius and
surrounding tissues with the callus. The other two implants of the TI group were
not united to the radius and had the crack in the implant body. In the fTI group, all
implants were firmly united to the radius and surrounding tissues with the callus
(Fig. 4-3).

Radiographic findings
Fig. 4-4 shows radiographic images of each group. In the TI group, all the
implants were slightly rotated at 2 weeks of implantation. The osseous callus was
revealed between the distal radius and the implant at 4 weeks of implantation. In
the fTI group, all the implants were slightly rotated like that of the TI group.
However, the osseous callus was clearly shown between the proximal / distal
radius and the implant at 4 weeks of implantation.
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Histology
Fig. 4-5 shows typical histological findings of the implant and the surrounding
tissues of each group. The implants of all the groups were slightly dislocated from
the implanted site and were surrounded with the fibrous tissues. The regenerated
bone tissues were shown at the periosteum adjacent to the implant (Fig. 4-5 A, B).
The area of the regenerated bone on the periosteum was 3.33±1.92 mm2 in the TI
group and 9.09±9.04 mm2 in the fTI group, respectively. There was no significant
difference between the two groups (Fig. 4-6).
The cylindrical hole was fully filled with the fibrous tissues, the regenerated
lamellar bones and blood vessels (Fig. 4-5 C, D). Ratios of the regenerated tissues
in the cylindrical hole were 5.0±4.5 % of the regenerated bones, 3.5±0.9 % of
the blood vessels and 93.6±3.8 % of the fibrous tissues in the TI group. In the fTI
group, the regenerated bones occupied 16.5±18.9 %, the blood vessels occupied
5.1±1.6 % and fibrous tissues occupied 78.4±20.4%, respectively. There was no
significant difference between the two groups (Fig. 4-7).
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Discussion
Various types of materials have been used as implants for the site with loadbearing, and carriers incorporated with osteoinductive factors have also been used
(Komaki et al. 2006; Chu et al. 2007). Ramay et al. reported that the biphasic
calcium phosphate implant, composite of hydroxyapatite and β-TCP, should be
used for load-bearing bones to enhance the mechanical properties of the scaffold
(Ramay et al. 2004). In this study, potential usefulness of tailor-made implants
incorporating bFGF for the large segmental defect of the long bones was
evaluated.
In this study, while the implants of the fTI group were firmly united to the
radius, the implants of the TI group had cracks and did not unite to the radius. The
crack of the implant is fatal because it may induce pain to patients and lead to
instability of the implant. These results may indicate that the implant of the TI
group was too weak to bear the load to the defect site although the segmental
defect was stabilized by a bone plate. A little load-bearing force may be present at
the implant site which induced micro movement of the implant, leading crack
formation. On the contrary, in the fTI group, there was no crack and significant
dislocation of the implants, leading to the full uniting of the implant to the
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surrounding tissues with the hard tissues or callus. bFGF incorporated in the
implant could promote the mitosis of various undifferentiated cells and the
vascularization (Thomas 1987; Rifkin et al. 1989), which may induce an earlier
stabilization of the implant. After stabilization, the load to the implant was
distributed to the adjacent tissues, leading to prevention of the crack.
bFGF promotes the fracture healing on the appendicualr bone through the
endochondral ossification process by stimulation of bone remodeling (Nakamura
et al. 1995). In this study, there was no significant difference in the new bone
formation between the two groups. Moreover, the differences in the area of
regenerated bones in both groups seemed to be less than the results obtained in
Chapter 2. Although the total dose of bFGF was similar to that used in Chapter 2,
the effect of bFGF on bone regeneration seemed not enough in this chapter. In this
study, the implant had two surfaces (proximal and distal) to the radius, then the
volume of bFGF to each surface should be half (50 μg bFGF). Komaki et al.
investigated the effect of 200 μg bFGF incorporated to the composition of β-TCP
and type 1 collage, and showed that a large amount of bone formation in the tibial
defect model (Komaki et al. 2006). Nakamura et al. reported a single injection of
200 μg bFGF to the tibial fracture site and showed more periosteal callus than that
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of the control group (Nakamura et al. 1995). Based on these studies, the amount
of bFGF in this study may not be enough to promote the regenerated bone
formation. If the total amount of bFGF added would be increased, it might be
possible to obtain more potent promotion effects of the regenerated bone
formation in this bone defect model because the osteoinductive effect of bFGF is
dose-dependent in vivo (Draenert et al. 2009).
In this study, I designed the implant without additional openings other than the
cylindrical hole, similar shape and size to the bone marrow cavity. The bone
marrow cavity has the endosteum and the mesenchymal stem cells (MSCs) in vivo.
MSCs possess a high replicative capacity and are able to form bones and other
tissues (Haynesworth et al. 1992; Bruder et al. 1997; Jaiswal et al. 1997). When
MSCs combined with a adequate carrier, it can lead to osteogenesis in vivo (Petite
et al. 2000; Fialkov et al. 2003). I expected that the cylindrical holes of the
implants connected to the bone marrow cavity of the radius would be quite
effective to induce a large amount of the regenerated bone by osteogenic
differentiation of MSCs and the endoosteum proliferation. However, histological
findings in the cylindrical hole in all groups did not show such a large amount of
bone formation. This may be due to loss of connection to the bone marrow cavity
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of the radius due to dislocation of the implant at an early phase of implantation (2
weeks).
In conclusion, the tailor-made implant alone was not efficient to the loadbearing site because of its mechanical properties. These problems may be solved
through improvement of the implant mechanical strength or shape of the implant.
If a higher dose of bFGF was incorporated to the implant, it may be possible to
obtain a good bone even repair in the load-bearing site as in the fTI group.
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Fig. 4-1 Fabrication of the tailor-made implant for the radius. The implant was
designed for the shaft of radius. The implant had the same structure as the radius and
the bone marrow cavity of the implant was used as the function of the cylindrical holes
as in the implant for the skull.
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Fig. 4-2 The picture of radial segmental defect with 20mm in length and 45mm distally
from the radial tuberosity (A). Each implant was implanted to the bone defect and the
defect was stabilized with a 8-hole lengthening plate (B).
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Fig. 4-3 Gross appearance of excised bone tissues. One implant of the TI group was
united to the radius and surrounding tissues with the callus (left top). Two other
implants of the TI group were not united to the radius and had the crack in the implant
body (black arrows; left middle and bottom). All implants of the fTI group were firmly
united to the radius and surrounding tissues with the callus (right).
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Fig. 4-4 Radiographic images of each group. The implants of all groups were slightly
dislocated at 2 weeks of implantation. The osseous callus (white arrow head) was
observed between the distal radius and the implant in the TI group (A), and the
proximal / distal radius and the implant in the fTI group (B) at 4 weeks of implantation.
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Fig. 4-5 The typical histological findings of the TI (A,C) and fTI (B,D) groups. A larger
amount of regenerated bone in the fTI group (B) was observed on the periosteum
adjacent to the implant than in the TI group (A). The cylindrical hole was filled with the
fibrous tissues and few blood vessels in the TI group (C). In the fTI group, the fibrous
tissues and the blood vessels filled most of the cylindrical hole and the regenerated
bone was formed at the surface of cylindrical hole (D). (R: radius, Rb: regenerated
bone, Im: implant matrix, Ch: cylindrical hole)
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Fig. 4-6 The area of regenerated bone on the periosteum in each group. Although the
area of the fTI groups was twice higher than that of the TI group, there was no
significant difference between the two groups.

114

Fig. 4-7 The constitution of regenerated tissues in the cylindrical hole. The ratios of
the lamellar bone of the fTI group was 3 times higher than that of the TI group. And
that of the blood vessel of the fTI group was 1.5 times higher than that of the TI group.
However, there were no significant differences.
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Conclusion
Bone graft was often used to treat the large bone defect due to trauma, cancers
and congenital skeletal deformity. Recently, various artificial bones were
developed, among which, calcium phosphate most widely has been used in the
clinical practice.
The group of the author has established a tailor-made artificial bone made of αTCP fabricated by a 3D ink-jet printer by rapid prototyping techniques. They have
shapes well matching to the original bone defect and can be easily implanted to
the defect site. This tailor-made implant can be freely designed in its internal
structure such as the cylindrical hole, which can facilitate bone ingrowth.
These artificial bones, however, show only osteoconductive function. If
osteoinductive agents such as BMP and bFGF would be incorporated to them,
more new bone formation at an earlier phase could be expected.
One problem when incorporating these agents to the artificial bone is absorption
of these agents to the calcium phosphate, which may be the cause of delayed
release of these agents. In this thesis, the clinical usefulness of bFGF-incorporated
tailor-made artificial bones for large bone defects was investigated.
In Chapter 1, I investigated the effect of trehalose coating and bFGF on the
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proliferation of osteoblastic cells and the mechanical strengths of the implant in
vitro. When the bFGF-incorporated implant with trehalose coating was inserted in
the culture of mouse osteoblast cells, cell number significantly increased when
compared to bFGF-incorporated, trehalose non-coated implant. In addition, the
mechanical strength of the implant was increased by trehalose coating.
In Chapter 2, I investigated the bone regenerative effects in vivo and the optimal
dose of bFGF incorporated with the tailor-made implant for the skull defects of
dogs. bFGF at various doses was incorporated to the implant with or without
trehalose coating, and the implant was implanted to the bone defect of 11mm in
diameter of the skull in dogs. According to the data of CT, micro-CT and on
histology, incorporation of 100 μg dose of bFGF is optimal to promote more bone
regeneration. However, there was no significant difference in bone regeneration
between implants with and without trehalose coating.
In Chapter 3, I investigated the long-term effect of the bFGF-incorporated tailormade implant with trehalose-coating on critical size bone defect of the skull of
dogs. The bone defect of 20 mm in diameter was created in the skull, and the
implant with or without bFGF was implanted. After 12 months of implantation,
the implant of two groups was united to the skull without any displacement or
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deformity of the implant, and the implant matrix was resorbed by regenerated
bone tissues. In addition, the regenerated bone tissues were much more by
implantation of the implant with bFGF. According to the data by bone staining
and CT, new bone formation was more active at an earlier phase after
implantation, probably due to the effect of bFGF. However, mechanical strength at
the defect was not improved by the implantation.
In Chapter 4, the segmental defect of load-bearing bones of dogs was created in
the radius and this implant was implanted to investigate the usefulness for loadbearing sites. After 4 weeks of implantation, the implants without bFGF showed
crack and did not unite to the radius. On the contrary, all the implants with bFGF
were united to the radius and surrounded tissues by the callus. These results may
indicate that the tailor-made implant alone was not efficient to the load-bearing
site because the mechanical strength of the implant was not enough to bear the
loading force of the radius. If a higher dose of bFGF was incorporated to the
implant, it may be possible to be applied for the load-bearing site.
In conclusion, this bFGF-incorporated tailor-made implant can induce bone
regeneration in the early phase in the various bone defects of dogs. These results
strongly encourage the use of this implant for large bone defects in the clinical
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practice.
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