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Evaluation of the Cuttlebone
as a Bone Graft Substitute

Sangcheol Won

(Supervised by professor Jongtae Cheong)

Department of Veterinary Medicine
Graduate School, Jeju National University

Jeju, Korea

Abstract

Bone grafting is widely used to bridge major bone defects or to promote
bone union. Natural calcium carbonate has been used as a bone substitute
material and used to scaffold for bone morphogenetic protein (BMP). The
aims of this study were to evaluate the biocompatibility of cuttlebone (CB)
and hydroxyapatite (HA) from CB (CBHA), and to evaluate the bone defect
regeneration of CB, CBHA, and HA from coral (CHA). Each material was
shaped into disks (5 mm in diameter and 2 mm in thickness). To test
biocompatibility, the disks were implanted into the dorsal subcutaneous tissue
in mice. Fibrous capsule thickness around each disk was evaluated
histologically at 2 and 4 weeks after implantation. In the evaluation of bone
defect regeneration, 5 mm-diameter defects were created in rabbit calvaria.
Concerning biocompatibility, fibrous capsule thickness of CBHA was

significantly thinner than that of CB and CHA (p<0.05) at 2 and 4 weeks
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after implantation. Concerning 12-week total changes of radiologic Gray-level
histogram, CBHA was significantly higher than CHA (p<0.05). In the
evaluation of bone defect regeneration, bone formation of CHA was
significantly higher than that of CB and CBHA (p<0.05). Based on the
clinical and histological results, CBHA would be a safe material for use inside
the body and has more effective osteoconduction than CB. It is suggested

that CBHA is a valuable bone graft material.

Key words; Bone Graft, Calcium Carbonate, Cuttlebone, Hydroxyapatite,
Scaffold

Collection @ jeju



List of Abbreviations

BMP Bone morphogenetic protein
CB Cuttlebone
CB1 Cuttlebone after defatting and freeze-drying

CBlbmp CB1 with thBMP-2

CB2 Cuttlebone after removing organic components
CBHA Hydroxyapatite from cuttlebone 2

CcC Calcium carbonate

CHA Hydroxyapatite from coral

FGF Fibroblast growth factor

HA Hydroxyapatite

IGF Insulin-like growth factor

PDGF Platelet derived growth factor

rhBMP-2 Recombinant human bone morphogenetic protein 2

TGF-8 Transforming growth factor-beta

Collection @ jeju



List of Tables

Table 1. Experimental design for the assessment of biocompatibility of the

mplants In micedsr 3mSR T e 16

Table 2. Experimental design for the bone defect regeneration in rabbits

Collection @ jeju



List of Figures

Fig 1. Preparation of CB1 for implantation ————————————=""""————————— 14
Fig 2. Preparation of CB2 for implantation ——————————"-————————— 14

Fig 3. CB1, CB2, CBHA, and CHA implants were shaped cylindrical disks

about 5 mn in diameter and 2 mm in thickness-——--------—--"=-"-"--"--—-— 15

Fig 4. Schematic drawing for applied implants in subcutaneous tissue in mice

(a) and photograph of applied implants (b) ~——————""— 16

Fig 5. X-ray diffraction patterns of HA (JCPDS # 09-0432) (a) and products

prepared by hydrothermal reaction of CB2 (b) ————---—~ 18

Fig 6. Thickness of fibrous capsule surrounding CB1, CB2, CBHA, and CHA

implants measured at 2 and 4 weeks after implantation in mice ——————--- 20
Fig 7. Granulation tissue formation (arrowheads) around graft materials (G) in

group CB2 (a) and CBHA (bh) at 2 weeks after implantation

Fig 8. Granulation tissue formation (arrowheads) around graft materials (G) in
group CB2 (a) and CBHA (bh) at 4 weeks after implantation
—————————————————————————————————————————————————————————————— 21

Fig 9. Photographs of rabbit calvarial defect (@5 mm) formation (a) and
calvarial defects filled with CB1, CBlbmp, and CHA (b) ———————---—--—~ 31

Collection @ jeju



Fig 10. Photographs of rabbit calvarial defect formation (a) and calvarial

defects filled with CB2 and CBHA (b) ——————--———=——=-=—————————— - 31
Fig 11. Histogram processing of radiograph by Photoshop program —-———- 33

Fig 12. Measurement of bone defect regeneration in rabbit calvaria by

histomorphometric parameters —————————=—=—=—==————————————==—=———————— 34

Fig 13. Total 12-week changes of Gray-level histogram in each specimen

—————————————————————————————————————————————————————————————— 37

Fig 14. The rate of bone defect regeneration group CB1, CB2, CBlbmp,
CBHA, and CHA specimens —————————————————————————————————————— 38

Fig 15. Histologic sections of group CB1 (a), CBlbmp (b), CB2 (c¢), CBHA
(d), and CHA (e) at 4 weeks after implantation ————————————————- 40

Fig 16. Histologic sections of group CB1 (a), CBlbmp (b), CB2 (c¢), CBHA
(d), and CHA (e) at 12 weeks after implantation ——————————————————~ 41

Fig 17. Histologic features of new bone formation in group CB1 (a), CBlbmp
(b), CB2 (c¢), and CBHA (d) at 12 weeks after implantation ————-------- 42

Collection @ jeju



GENERAL INTRODUCTION

A bone graft may be the critical factor between successful bone union and
catastrophic failure (Millis and Martinez, 2002). Bone grafting is widely—used
to bridge major defects or to establish the continuity of the long bone, to aid
in fusion of joints, to fill cavities or defects, and to promote bone union in
delayed union and nonunion fractures (Finkemeier, 2002; Millis and Martinez,
2002; Piermattei and Flo, 1997). Depending on the type of bone graft, a
particular graft may provide a source of live bone cells or osteoinductive
factors, give mechanical stability, or act as a scaffold for new bone growth
(Millis and Martinez, 2002; Piermattei and Flo, 1997).

Bone grafts or bone graft substitutes are named according to their origin
and composition (Johnson and Hulse, 2002; Millis and Martinez, 2002).
Autograft bone is transplanted from one site to another in the same animal
(Johnson and Hulse, 2002). The current gold standard for bone grafts is the
autogenous bone graft (Carson and Bostrom, 2007). Such grafts are
histocompatible with host immune systems and will not initiate rejection
responses (Millis and Martinez, 2002; Stevenson, 1987). Allograft bone is
transplanted from one animal to another of the same species (Johnson and
Hulse, 2002). Cellular antigens of these grafts may be recognized as foreign
body by the host’s immune systems, resulting in graft rejection (Millis and
Martinez, 2002; Stevenson, 1987). Xenograft bone is transplanted from one
animal to another of a different species (Johnson and Hulse, 2002). It presents
similar problem to the allograft (Kim, 2008, Millis and Martinez, 2002).

Bone graft substitutes contain many types of materials, including
biomaterials, ceramics, and calcium ceramics. Biomaterials consist of metals
(Kim, 1998), polymers (Kim et al, 2008a), and ceramics: bioactive glass

(Froum et al, 1998; Macedo et al, 2004; Ryu et al., 2000). Calcium ceramics
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consist of calcium sulfate (Walsh et al, 2003), calcium phosphate (Lee et al,
2007b; LeGeros, 2002; Tadic and Epple, 2004), and calcium carbonate (CC;
CaCO3) (Lee et al, 2008a; Vuola et al, 2000). In ceramic biomaterials,
bioabsorbable, and bioactive substances are able to physically bond directly to
the host bed, whereas bioinert substances never actually bond to the bone

(Carson and Bostrom, 2007).

The composition of bone grafts may include cancellous bone, cortical bone,
corticocancellous bone, bone marrow, or bone and articular cartilage:
osteochondral (Millis and Martinez, 2002). Cancellous bone grafts consist of
highly cellular trabecular bone removed from the medullary cavity of long
bone metaphyseal regions (Millis and Martinez, 2002). Their primary
advantage is to stimulate and produce new bone (Millis and Martinez, 2002).
Cortical bone grafts consist of the dense outer cortical bone that provides
structural support (Millis and Martinez, 2002). Corticocancellous grafts are a
combination of both cortical and cancellous bone (Millis and Martinez, 2002).
Bone marrow is used to provide live undifferentiated mesenchymal cells
(Millis and Martinez, 2002). A composite graft is one in which cancellous
bone or bone marrow is added to a preserved cortical allograft (Millis and
Martinez, 2002). An osteochondral bone graft consists of articular cartilage
and associated subchondral bone; the intended use of this graft is to
resurface joints, but successful long-term application remains a problem and
it is not commonly used (Millis and Martinez, 2002).

The ideal scaffold should provide an initial support for osteoprogenitor cells
to deposit mineralized bone matrix; it should be slowly resorbed at the same
time the newly formed bone tissue grows inside the scaffold (Mastrogiacomo
et al, 2005). A high porosity and a high degree of interconnection among the
pores are absolute requirements for the vascularization of the implant and for
new bone formation (Mastrogiacomo et al, 2005). In addition, ideal bone graft

substitutes should provide four elements: an osteoconductive matrix, which is
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a nonviable scaffolding conductive to bone ingrowth; osteoinductive factors,
which are the chemical agents that induce the various stages of bone
regeneration and repair; osteogenic cells, which have the potential to
differentiate and facilitate the various stages of bone regeneration, and
structural integrity (Gazdag et al, 1995; Ilan and Ladd, 2003).

Natural CC such as coral (Guillemin et al, 1987; Vuola et al., 1996, 1998,
2000), eggshell (Dupoirieux et al, 1995, 1999, 2001a; Durmus et al, 2007; Lee
et al, 2008a) has been used as a bone substitute material. Through a
hydrothermal reaction, the CaCOs skeleton of CC is changed to hydroxyapatite
(HA: Cap(P04)s(OH)2). HA has been isolated from coral (CHA) (Chou et al,
2007; Holmes et al, 1984; LeGeros, 2002; Roy and Linnehan, 1974; Sivakumar
et al, 1996, Xu et al, 2001), eggshell (Park et al, 2008; Park et al, 2009),
and cuttlebone (CBHA) (Ivankovic et al, 2009, 2010; Kim et al, 2008b; Wang
et al., 2001; Xing et al, 2007). The basic difference between HA and CC is
that CC is biodegradable and HA is not or only very little (Vuola et al,
1996). Porous HA is biocompatible and osteoinductive (Chiroff et al, 1975).
HA has attracted a great deal of interest as a biomaterial for implants and
bone augmentation since its chemical composition is close to that of bone
(Kim et al, 2008b). Cuttlebone (CB), which is composed of CC has a porous
structure with all pore interconnected throughout the skeleton and CB.

The purpose of this study was to evaluate the biocompatibility of CB in
mouse model and to evaluate the bone defect regeneration of CB in a rabbit

calvarial defect model.
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CHAPTER 1

Evaluation of the Biocompatibility of Cuttlebone

in Mouse
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I -1. Introduction

The development of new biomedical devices from various materials has
received a great deal of attention recently (Butler et al, 2001). When a
material is intended for safe use inside the body, its in vivo performance and
biocompatibility must be scrupulously verified (Ryhinen et al, 1998).
Measuring the thickness of an encapsuling membrane around the implant is
a basic tool for estimating biocompatibility (Ryhinen et al, 1998). Utilization
of the thickness of the scar capsule around an implant alone is problematic
because there are factors other than the material itself that can affect
capsular thickness (Ryhdnen et al, 1998). The fibrous tissue includes
inflammatory components such as macrophages, fibroblasts, neutrophils,
collagen, and numerous blood vessels (Butler et al, 2001), and capsule
formation depends on various factors, including implant size (Aalto and
Heppleston, 1984), shape (Matlaga et al, 1976), surface texture (Behling and
Spector, 1986), surface chemistry (Clark et al, 1976), pore size (White et al,
1981), and implantation site (Bakker et al, 1988). Subcutaneous implantation
of biomaterials induces acute and chronic inflammatory reactions resulting in
fibrous tissue formation around the device (Butler et al, 2001). Thickness
appears to directly correspond with the other cellular components present in
the fibrous tissue matrix (Butler et al, 2001). The tissue and cellular
responses to implants are screened on the basis of morphologic observations
on routine histologic evaluation (Butler et al, 2001).

Commonly, biocompatibility of bone graft substitutes and scaffolds are
investigated by two types of in vivo tests: subcutaneous implant in mice
(Kim et al, 2004; Lee et al, 2006; Yeom et al., 2007) or rats (Butler et al.,
2001; Lehle et al, 2004, Li et al, 1999), and calvarial defect models

_11_
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employing rabbits (Durmus et al, 2007; Gu et al, 2009; Kim et al, 2008a) or
rats (Bosch et al, 1995; Dupoirieux et al, 2001b; Lee et al, 2008a, 2008b;
Park et al, 2008). Typically, before the implant, biomaterials are prepared to
eliminate the immune response.

The purpose of this study was to compare tissue responses after
implantation of CB in a mouse model. Furthermore, the thickness of fibrous

capsule surrounding specimens was measured by histologic analysis.

_12_
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I -2. Materials and Methods

I -2-1. Fabrication of implants

Three kinds of implants (CB1, CB2 and CBHA) were prepared from the
same genus of cuttle bone (Sepia esculenta). The CHA implants used
consisted of HA from coral (BoneMedik®, Metabiomed, Korea). The CB1
implants were processed in several steps that included defatting, freezing,
drying, and sterilization (Fig 1, Choi et al, 2003; Choi and Lee, 1998). The
CB2 implants were processed by removing organic components, washing,
drying, and sterilizing (Fig 2, Kim et al, 2008b).

CBHA implants were processed in hydrothermal synthesis: CB2 was put in
2M(NH4)-HPO, in a Teflon® lined hydrothermal bomb (Hydrothermal Reactor
System®, Hanwoul Engineering, Korea) and heated for 16 h at 180C. Then,
the block was immersed in 2M (NH4) HPO, and treated at 200C for 24 h
hydrothermally. After thoroughly washing with distilled water, the block was
dried at 90C (Kim et al, 2008b). After X-ray diffraction (XRD) examination
of the block, it was used as CBHA. These implants were shaped into
cylindrical disks about 5 mm in diameter and 2 mm in thickness (Fig 3) and

were sterilized by ethylene oxide gas.

I -2-2. Experimental animals and surgical procedure
Twenty 9-week-old, 22 + 02 g male BALB/c mice were used in the
experiments. They were housed under a standard light-dark schedule, were

fed a stock diet and had access to tap water ad [ibitum.

_13_
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Process Reagents Elapsed time
Defatting Immersed in 6 days
Chloroform + Methanol (1:1)
7
Freezing -80°C 24 h
v
Drying Freeze-dry ( -80°C) 72 h
Sterilization  Ethylene oxide Gas 24 h

Fig 1. Preparation of CB1 for implantation. The CB1 implants were

processed through defatting, freezing, drying, and sterilization.

Process Reagents Elapsed time |
Remove organic Immied in 24 h (Room Temp)
components 4 % sodium hypochlorite
o
Washing Distilled water 24 h
¥
Drying Dry oven ( 70°C ) 12 h
4
Sterilization Ethylene oxide gas 24 h

Fig 2. Preparation of CBZ2 for implantation. The CBZ2 implants were
processed through removing organic components, washing, drying,
and sterilization.

_14_
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Fig 3. CB1, CB2, CBHA, and CHA implants were shaped cylindrical

disks about 5 mm in diameter and 2 mm in thickness and were

sterilized by ethylene oxide gas.

The experimental protocol was approved by the Animal Care and Use
Committee, Jeju National University (approval number 2010-0042). The mice
were divided into four experimental groups as shown in Table 1. Aseptic
surgical technique was applied during the surgical procedure. Mice were
anesthetized by the intramuscular injection of a dose of tiletamine/zolazepam
(Zolet1150®, Virbac, France). After the anesthesia, the middle of the back of
each mouse was shaved. The incision sites were washed with 70% ethanol
and scrubbed with 109 povidone iodine, and a skin incision with 1.5 cm in
length was made. Sterilized implants were inserted subcutaneously through
the incision site (Fig 4) and the wound was closed with 4-0 nylon.
Immediately following implantation, the mice were injected subcutaneously
with a dose of gentamicin sulfate (Gentamicin 5% Inj.®, Daesung

Microbiological Labs., Korea) for 3 days.

_15_
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Table 1. Experimental design for the assessment of biocompatibility

of the implants in mice

Application
Mice o Site Type of implants
CB1 L. Dorsal back SQ Cuttlebone 1
n = 10
CHA R. Dorsal back SQ HA from coral
CB2 L. Dorsal back SQ Cuttlebone 2
n = 10

CBHA R. Dorsal back SQ HA from cuttlebone

L.: Left, R.© Right, n: number of experimental animal, CB:

Cuttlebone, HA: Hydroxyapatite, SQ: Subcutis

CB1 CHA
O @
cB2 CBHA
a

Fig 4. Schematic drawing for applied implants in subcutaneous
tissue in mice (a). Photograph of applied implants (b). Sterilized

implants were inserted subcutaneously through the incision site.

_16_
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I -2-3. Histologic investigations and analysis of fibrous capsular
membrane thickness

Ten mice were euthanized at 2 and 4 weeks after surgery. Implanted disks
and the surrounding tissue were removed as a single mass and immediately
immersed in 10% phosphate-buffered formalin for 3 days. The mass was
decalcified for at least 7 days using 5% formic acid. Implants were
dehydrated in an ethanol series, embedded in paraffin, and cut into 6
mm-thick sections. The sections were stained with hematoxylin and eosin
(H&E) stain and Masson's trichrome stain. The fibrous capsular membrane
thickness around the implants was determined with a CCD camera-based
digital 1mage analysis system. The system consisted of a microscope
(Olympus BX41; Japan) and an Olympus DP20 video camera. The fibrous
capsular membrane thickness was determined at each point of the horizontal
and vertical lines. The fibrous capsular membrane thickness was expressed as

a mean value of eight hits.

I —-2-4. Statistical analysis

The Statistical Package for the Social Science version 17.0 software (SPSS,
USA) was used for data analysis. Mann-Whitney's u-test was used to
evaluate differences between each group. A p value < 0.05 was considered

statistically significant.

_17_
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I -3. Results

I -3-1. Characterization CBHA

The typical X-ray diffraction (XRD) patterns of product prepared by
hydrothermal reaction of CB2 at 200C for 24 h are shown in Fig 5. The
XRD patterns of the CB were confirmed as HA on the basic of JCPDS card

#09-0432. They were completely transformed into HA by hydrothermal

reaction.
(@)

-
3
4]
S’
2
2 v
m |
et
S (b) ¥ HA

:I"'

o
] |\
N ¥
I: ‘||! ¥ Y b (
il F] v i l’" ¥
Y ¥ I Yy
ALK ' W '\’JUJ"u'k'W\ A ‘:
45 50 55 60

Fig 5. X-ray diffraction patterns of HA (JCPDS # 09-0432) (a) and

products prepared by hydrothermal reaction of CB2 (b). Arrows
indicate the picks of HA.
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I -3-2. Analysis of fibrous capsular membrane thickness

The analytical results of fibrous capsular membrane thickness are shown in
Fig 6. At 2 weeks, the thickness of fibrous capsule in group CBHA was
significantly lower than that of other groups. Groups CBl, CB2, and CHA
displayed no significant differences. At 4 weeks, the thickness of the fibrous
capsule in group CB1 was significantly higher than that of other groups. In
group CBHA, the thickness of the fibrous capsule was significantly lower
than that of other groups. There was no significant difference between group
CB2 and CHA. In all groups, the thickness of fibrous capsules at 4 weeks

was thinner than at 2 weeks.

I -3-3. Histologic evaluation

At 2 weeks after implantation, all graft materials in the subcutis were
surrounded by mild to moderate dense fibrous stroma composed of abundant
collagenous fiber than stained blue upon Masson’s trichrome staining (Fig 7).
Variable numbers of inflammatory cells such as neutrophils, macrophages, and
foreign body giant cells had infiltrated around the graft materials. Some blood
vessels in the subcutis showed marked congestion. At 4 weeks after
implantation, fibrous stromal reaction and inflammatory reaction around graft
materials had gradually decreased compared to the mice observed 2 weeks
(Fig 8). Occasionally, new formed capillaries were observed in the proliferated

fibrous stroma.

_19_
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2
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@ l CBHA
(o]

s 40

i H CHA

20

2 weeks 4weeks

Time after implantation
Fig 6. Thickness of fibrous capsule surrounding CB1l, CB2, CBHA,
and CHA implants measured at 2 and 4 weeks after implantation in
mice. Values are expressed as mean = SE.
® Significantly lower than other groups at 2 and 4 weeks after
implantation (p<0.05).
®  Significantly higher than other groups at 4 weeks after

implantation (p<0.05).
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Fig 7. Granulation tissue formation (arrowheads) around graft
materials (G) in group CB2 (a) and CBHA (b) at 2 weeks after
implantation. Group CBZ2 showed more thick fibrous tissues and
inflammatory reactions than group CBHA. The sections were

stained using Masson’s trichrome.

T &
‘-;'*f-",;,%' e Rl W
WY, - A

X

Fig 8. Granulation tissue formation (arrowheads) around graft
materials (G) in group CB2 (a) and CBHA (b) at 4 weeks after
implantation. Group CBZ2 still showed thicker fibrous tissues than

group CBHA. The sections were stained using Masson’s trichrome.

_21_

Collection @ jeju



I -4. Discussion

Transformation of CB into CBHA through a hydrothermal reaction process
has been widely-reported, and CBHA has been confirmed by X-ray
diffractometry analysis (Ivankovic et al, 2009, 2010; Kim et al, 2008b;
Sivakumar et al, 1996; Wang et al, 2001, Xing et al, 2007). Ivankovic et al
(2010) reported that CB was completely transformed into CBHA after 48 h at
200C. In the present study, CB was completely transformed into the same
CBHA, although the conditions of time and temperature were different. It is
suggested that the same result can be obtained over the critical time and
temperature.

Tissue reactions that are important from the standpoint of biocompatibility
mainly relate to an inflammatory reaction (Ryhdnen et al, 1998). In this
study, inflammatory cells were observed during a 4-week period. Salthouse
(1984) reported the response of macrophages to implants; within 24 hours,
macrophages were found in close contact with the implant surface. Then,
fibroblasts and connective tissue proliferated and, finally, the implant was
encapsulated. Butler et al (2001) reported that the thickness of fibrous tissue
was widely variable and the fibrous tissue surrounding subcutaneous implants
was thinner than that surrounding intraperitoneal ceramic. In this experiment,
implantation was inserted subcutaneously. Previous tests of biocompatibility
established that more biocompatible implants had thinner surrounding
connective tissue (Dupoirieux et al, 200la; Hwang et al, 1999; Jacob et al,
1998; Lim et al, 2007). Kim et al (2004) reported the same result from

mouse abdominal connective tissue. Presently, significantly thinner connective

_22_
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tissue was observed in the CBHA group (p<0.05). CBHA was confirmed to
have higher biocompatibility than CB1, CB2, and CHA. According to
Jacob-LaBarre et al (1994) and Dupoirieux et al (200la), rough-textured
surfaces generate thicker capsules, and smooth surfaces usually generate
thinner capsules. Superior tissue compatibility should be associated with
smooth, well-contoured implants with no acute angles (Salthouse, 1984). The
long—term biological response clearly implicates macrophages as the dominant
cell type at implant surfaces and that implant stability depends largely on the
dynamic behavior of macrophages (Jacob-LaBarre et al, 1994). These
observations suggest that the CHA surface is rougher than that of CBHA.
This was grossly evident in the present study. Furthermore, group CB2
displayed thinner connective tissue than that of group CBl1 2 and 4 weeks
later. These results indicate that CB2 preparation is more efficient than that
of CBI1, albeit no significant difference between them. The thickness of
connective tissues tended to be thinner in all groups at 4 weeks. Many
researchers have been trying to find out the ideal conditions in the
preparation of allograft or xenograft materials. The most generally-used
methods are demineralization (Bigham et al, 2008, Begley et al, 1995;
Dahners and Jacobs, 1985, Jung et al, 2006, Tuli and Singh, 1978, Um and
Him, 1993), freezing (Lee et al., 2007a), freeze-drying (Choung, 1996; Lee et
al, 2007a), defat-freezing (Lee et al, 2007a; Song and Lee, 2007), and
freeze-drying after defatting (Choi and Lee, 1998, Choung, 1996; Lee et al,
2007a; Song and Lee, 2007). Freezing after defatting confers a higher bone
neogenesis effect than freeze-drying after defatting (Choi and Lee, 1998;
Choung, 1996; Lee et al, 2007a; Song and Lee, 2007). Specimens processed
with freezing after defatting, however, are more limited with respect to

transport and storage than freeze-drying after defatting (Lee et al, 2007a).

_23_
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Also, as described above, the preparation methods associated with allograft
and xenograft uniquely involve materials that contain BMP. Bone allograft or
xenograft materials containing BMP are reported as being stable when they
are processed with freeze-drying after defatting (Choi and Lee, 1998). But,
CB i1s a natural CC ceramic that i1s different from the implant materials
applied in the aforementioned preparation methods. CB1 was processed with
freeze-drying after defatting (Fig 1) and CB2 was processed as described
previously (Kim et al, 2008b) (Fig 2).

According to the results of Li et al (1999), the ratio of cell components of
fibrous capsules changes with the time after implantation. In their study, the
population of fibroblasts in fibrous capsules decreased gradually and the
population of fibrocytes increased gradually after implantation (Li et al, 1999).
Presently, the population changes of fibroblasts and fibrocytes showed a
similar trend at 4 weeks after implantation.

Presently, CBHA was the most biocompatible materials among the
experimental implants. However, further experiments are necessary to find out

more details about the suitable preparation of CB.

_24_

Collection @ jeju



CHAPTER I

Evaluation of the Bone Defect Regeneration

after Implantation with Cuttlebone in Rabbit
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I -1. Introduction

Bone regeneration initiated by autogenous cancellous bone occurs by three
major steps. First, the undifferentiated osteoprogenitor cells are recruited.
Then, by osteoinduction, these cells differentiate to give rise to osteoblasts
and chondrocytes. Finally, a suitable scaffold on which active osteoprogenitor
cells can produce new bone is established (Gazdag et al, 1995). However, HA
and calcium ceramic are not intrinsically osteoinductive (Rose and Oreffo,
2002). Osteoinduction is mediated by numerous growth factors provided by
the bone matrix itself. BMP 1is the typical osteoinductive material. Low
molecular weight proteins that initiate endochondral bone formation,
presumably by stimulating local progenitor cells of osteoblast lineage and
enhancing bone collagen synthesis (Gazdag et al, 1995).

Senn (1889) noted that decalcified bone can induce healing of bone defects.
Urist (1965) described ectopic bone induction in intramuscular implantation of
decalcified bone. Isolation of the bone-inducing substance revealed a protein
that was named BMP (Urist and Strates, 1971).

BMPs are members of the TGEF- superfamily, a large family of secreted
factors. The principal activity of BMP is the whole process of embryonic
endochondral ossification, but it is ectopic bone induction during postfetal life
(Urist, 1965). Recombinant human BMP-2 (thBMP-2) was the first molecule
studied in detail, being produced using Chinese hamster ovary cells (Wang et
al, 1990); the authors suggested that this factor would be useful in healing
bony defects (Wang, 1993; Wozney, 1998). Moreover, rhBMP-2 increased bone
density, bone formation, and callus volume (Bax et al, 1999; Chee et al.,
2004; Sykaras et al, 2004; Sykaras et al, 2001, Welch et al, 1998, Yasko et
al, 1992). It has been reported that thBMP-2 in the blood stream is rapidly
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diffused (Uludag et al, 2001), and that the osteoinductive potency of
rhBMP-2 is significantly increased when it is implanted with a biomaterial
scaffold (Uludag et al, 1999; Yokota et al, 2001). Although many potential
scaffolds for BMP have been evaluated, suitable scaffolds for BMP have not
yet been realized (Rose and Oreffo, 2002; Saito et al, 2001).

Weibrich et al (1998, 2000) compared the surface area of 12 other implants
and suggested that the surface area of demineralized bovine bone was 79.7
mZ/g. This was five times higher than the surface area of other bone
regeneration materials (Weibrich et al, 2000). But, the surface area of CB
(386 mZ/g) was four times higher than that of demineralized bovine bone.
Buffering capacity of CB showed the same pattern as that of CC (Kim et al,
2000). CB is composed of 53.25% Ca, 26.78% O, 14.90% Na, 4.37% Cl, 0.50%
Sr, 0.06% P, 0.06% S, and 0.05% Si (Kim et al, 2000). Most of calcium in
CB was present in a form of CC. Highly interconnective porosities serve as
channels for internal growth of blood vessels and increase bone (Weibrich et
al, 2000) and bone containing macro- and micro-pores, which are
interconnected to allow necessary body nutrients and fluids to be transported,
making bone an extremely complex structure (Ben-Nissan, 2003). Scanning
electron microscopy has revealed the multiplayer structure of CB (Birchall and
Thomas, 1983; Florek et al, 2009; Kim et al, 2000; Sherrard, 2000; Tiseanu
et al, 2005). The minimum pore diameter required for bone ingrowth and
angiogenesis into a scaffold is generally considered to be 100 mm (Lu et al,
1999; Nade et al, 1983; Okii et al, 2001). The porous structure diameter of
CB is usually between 200 and 600 gm (Birchall and Thomas, 1983), which is
similar to cancellous bone (Gu et al, 2009). The optimal osteoconductive pore
size for ceramics appears to be between 150 and 500 um (Flatley et al., 1983).
Kim et al (2008b), Lin (1993), and Okumus and Yildirim (2005) reported that
CB represent a new xenograft material in cancellous bone. Until now, there

have been no reports on the potency of CB as a xenograft bone substitute in
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compact bone studies.

The purpose of this study was to compare bone defect regeneration after
implantation of CB in a rabbit calvarial defects model. Bone defect
regeneration was measured by radiologic, histologic, and histomorphometric

methods.
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I -2. Materials and Methods

II -2-1. Fabrication of implants

The CB1, CB2, CBHA, and CHA implants were processed as described in
Chapter 1. CBlbmp implant was CBl1 with rhBMP-2. The rhBMP-2
(thMP2®, Korea Bone Bank, Korea) was produced by a Chinese hamster
ovarian cell expression system to yield a glycosylated 26 kilodalton
homodimer. thBMP-2 (100 ug/cm”) (Itoh et al, 1998) was instilled into CB1

with use of a syringe (fine needle infiltration) at the time of the operation.

I -2-2. Experimental animals and surgical procedure

Twenty seven 9-month-old, 3.2 * 0.5 kg male New Zealand white rabbits
were kept under a standard light-dark schedule and were fed a stock diet
and had access to tap water ad I[libitum. The experimental protocol was
approved by the Animal Care and Use Committee, Jeju National University
(approval number 2010-0042). The rabbits were divided into six groups as
shown in Table 2. Aseptic surgical technique was applied during the surgical
procedure. They were anesthetized with an intramuscular injection of a dose
of tiletamine/zolazepam (Zolet1150®, Virbac, France). After the anesthesia,
incision sites were shaved. The incision sites were then washed with 70%
ethanol and scrubbed with 10% povidone iodine. Incision sites were exposed
with a sagittal incision through the skin and the periosteum at the midline of
the calvaria. With the use of a medical trephine burr (TPHB—BS®, Osung
Mnd, Korea), four standardized full-thickness 5 mm-diameter osseous defects
were created in the calvarium of each rabbit under saline irrigation (Figs 9-a,

10-a). In group CBl, CBlbmp, and CHA, the left rostral defect was filled
with CB1 disk, the left caudal defect was filled with CBl1bmp disk, the right
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caudal defect was filled with CHA disk, and the right rostral defect was kept
and used as a negative control (Fig 9-b).

In groups CB2 and CBHA, both sides of the rostral and caudal defects were
filled with CB2 and CBHA disks (Fig 10-b). The skin was closed with 3-0
nylon. Immediately following implantation, the rabbits were injected
subcutaneously with a dose of penicillin G procaine (Combimycin Inj.®, Green

Cross Veterinary Products, Korea) for 3 days.

Table 2. Experimental design for the bone defect regeneration in

rabbits
Application
Rabbit G
& - Fors Site Types of implants
Blank R. Ros. Calvaria Blank
CHA R. Cau. Calvaria CHA
n =18
CB1 L. Ros. Calvaria CB1
CBlbmp L. Cau. Calvaria CB1 + rhBMP-2
R. Ros. Calvaria Cuttlebone 2
CB2
L. Ros. Calvaria Cuttlebone 2
n=9
R. Cau. Calvaria HA from cuttlebone
CBHA

L. Cau. Calvaria HA from cuttlebone

L: Left, R: Right, Ros: Rostral, Cau: Caudal, n: number of
experimental animal, CB: Cuttlebone, CHA: Hydroxyapatite from

coral, rhBMP-2: Recombinant human bone morphogenetic protein—-2
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Fig 9. Photographs of rabbit calvarial defect (@5 mm) formation (a)
and calvarial defects filled with CB1, CBlbmp, and CHA (b).
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Fig 10. Photographs of rabbit calvarial defect formation (a) and

calvarial defects filled with CB2 and CBHA (b).
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I-2-3. Radigraphic interpretation and radiologic Gray-level
histogram (brightness) evaluation

Nine rabbits were euthanized at 4, 8, and 12 weeks postoperatively. The
implants and the surrounding calvarial bone were removed. The defect
regions was submitted to contact radiography in a dorso—ventral plane with a
Kodak Direct View CR975 X-ray System (Eastman Kodak, USA) at an
exposure of 42 kVp and 6.4 mAs. Bone formation was evaluated by
Gray-level histogram in radiograph processing (Fig 11) using Adobe®
Photoshop® 7.0 (Adobe Systems, USA). The histogram of each implant was
measured before implantation to calibrate the radiologic Gray-level histogram.
Then, the histogram of the implants were measured at 4, 8, and 12 weeks
after implantation, and the changes of the histogram were recorded on the

basis of a calibrated histogram.

I -2-4. Histologic investigations and histomorphometric analysis

Removed calvarial bone was immersed in 109 phosphate-buffered formalin
for 3 days and decalcified for 7 days using 5% formic acid. It was
dehydrated in an ethanol series, embedded in paraffin, and cut into 6
mm-thick sections. The sections were stained with H&E stain. The defect
closure was determined with a CCD camera-based digital image analysis
system (Fig 12). The rate of bone defect regeneration was determined by a
histomorphometric method: rate of bone defect regeneration (%) = [(original
defect width, mm) — (remained defect width, mm)] / (original defect width, mm) x

100 (Jung et al, 2007; Lee et al., 2008b; Sohn et al, 2010).
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Fig 11. Histogram processing of radiograph by Photoshop program.
Radiologic Gray-level histogram was measured to evaluate of bone
defect regeneration of each implant 4, 8, and 12 weeks after

implantation.
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|:| Implant

The rate of bone defect regeneration (%) = (a — b) / a x 100

Fig 12. Measurement of bone defect regeneration in rabbit calvaria
by histomorphometric parameters. The measurement was performed

4, 8, and 12 weeks after implantation.

I -2-5. Statistical analysis

The Statistical Package for the Social Science, version 17.0 software (SPSS,
USA) was used for data analysis. Mann-Whitney's u-test was used to
evaluate differences between each group. A p value < 0.05 was considered

statistically significant.
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IT -3. Results

II -3-1. Radiologic evaluation

At 4 weeks, in group CB1 and CBlbmp, the radiopaque implant sites were
observed. In group CHA, the implant site was more radiopaque than the sites
in group CB1 and CBlbmp. In group CBZ2, partial bone regeneration was
observed and the radiopaque implant site was delineated from the surrounding
bone by a radiolucent border. In group CBHA, bone regeneration processing
towards the centre of the defect was observed and radiopaque implant site
was delineated from the surrounding bone by a radiolucent border.

At 8 weeks, the radiopaque implant site in group CB1l revealed a more
enlarged circle than group CBlbmp and CHA. In group CBlbmp, a radiopaque
implant site was observed and the radiopagque implant site was delineated
from the surrounding bone by a radiolucent border. In group CHA, the more
radiopaque implant site was observed than group CB1 and CBlbmp. In group
CB2, partial bone regeneration was observed and the more enlarged circle
was observed than group CBHA. In group CBHA, bone regeneration
processing towards the centre of the defect was observed and the radiopaque
implant site was delineated partially from the surrounding bone by a
radiolucent border.

At 12 weeks, in group CB1 and CBlbmp, partially radiopaque implant sites
were observed. In group CHA, a more radiopaque implant site was observed
than in groups CB1 and CBlbmp. In group CB2, a radiopaque implant site
was observed and the circle was more enlarged than in group CBHA. In
group CBHA, bone regeneration processing towards the centre of the defects

was observed. At 12 weeks, bone regeneration strikingly advanced in group

CBHA comparing with the group CBI1, CB2, and CBlbmp.
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I -3-2. Total changes of radiologic Gray-level histogram (brightness)
during 12 weeks after implantation

In group CBHA, total changes of the radiologic Gray-level histogram was
significantly higher than that of the group CHA during 12 weeks after
implantation (p<0.05), but there was no significant difference compared with
that of the group CBl, CB2, and CBlbmp (Fig 13). In group CHA, total
changes of radiologic Gray-level histogram during 12 weeks after implantation
was significantly lower than that of the other groups (p<0.05) (Fig 13). In
group CB1, CB2, CBlbmp, and CBHA, total changes of the radiologic
Gray-level histograms were similarly changed during the 12 weeks, but there
was no significant difference compared with that of the other groups (Fig
13). At 12 weeks, group CHA was significantly lower than that of the other
group (p<0.05) (Fig 13). This evaluation was calibrated as the numerical

value.

I -3-3. Histomorphometric analysis for bone defect regeneration

The rate of bone defect regeneration of the implanted site in group CHA
was significantly higher than that of other groups at 4 and 8 weeks after
implantation (p<0.05) (Fig 14). At 12 weeks, the rate of bone defect
regeneration in group CHA was significantly higher than that of group CBI,
CB2, and CBlbmp (p<0.05). But, there were no significant differences
between group CHA and CBHA (Fig 14).
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Fig 13. Total 12-week changes of radiologic Gray-level histogram
in each specimen. The change of Gray-level histogram in group
CBHA was the highest after implantation, but there were no
significant differences between group CB1 and CBlbmp. Values
expressed as mean *t SE.

o Significantly lower than other groups after implantation (p<0.05).
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Fig 14. The rate of bone defect regeneration group CB1l, CB2Z,
CB1lbmp, CBHA, and CHA specimens. Values are expressed as
mean t SE.

o Significantly higher than other groups at 4, 8, and 12 weeks
after implantation (p<0.05).

®  Significantly higher than group CBHA at 8 weeks after

implantation (p<0.05).
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I -3-4. Histologic evaluation
At 4 weeks after implantation, all graft materials in the calvarial defect area
were surrounded by moderate to severe dense fibrous collagenous fibers (Fig
15). Multifocal to diffuse inflammation composed of neutrophils, macrophages,
and foreign body giant cells were scattered in the adjacent area of fibrous
tissues. In the CHA group, proliferated collagenous fibers were invaginated
into the graft materials.

At 8 weeks after implantation, overall fibrous stromal reaction in each group
was gradually increased, as compared to 4 weeks. However, the inflammatory
reaction was dramatically decreased. Compared with other groups, most graft
materials were replaced by inward growing new bone in group CHA.

At 12 weeks after implantation, variable extents of bone growth into defect
areas were observed in all experimental groups (Fig 16). New bone formation
extended into graft materials in group CBHA and CHA (Fig 17). However,
fibrous stromal and inflammatory reactions still remained in groups CBI,
CBlbmp, CB2, but little remained in groups CBHA and CHA. In group CHA,
an obvious continuity of cortical bone from the calvaria was observed in both
sides of the bone defect. A marked increased number of osteoblasts were
present at the surface of bonny spicules. Multifocal bone marrow formation

also existed in cortical bone (Figs 16, 17).
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Fig 15. Histologic sections of group CB1 (a), CBlbmp (b), CB2 (c¢),
CBHA (d), and CHA (e) at 4 weeks after implantation (black
arrows: defect margins). Group CBl1 and CBlbmp were
encapsulated by fibrous connective tissue (a, b: red arrows). Bone
defect regeneration was observed at defect margins in group CBHA

and CHA (d, e: blue arrows). The sections were stained using

H&E.
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Fig 16. Histologic sections of group CB1 (a), CBlbmp (b), CB2 (c¢),
CBHA (d), and CHA (e) at 12 weeks after implantation (black
arrows: defect margins). CB1 and CBlbmp implants were still
encapsulated by thick fibrous connective tissue (a, b: red arrows).
New bone formation was observed in group CBHA (d: blue arrow).

The sections were stained using H&E.
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Fig 17. Histologic features of new bone formation in group CB1

(a), CBlbmp (b), CB2 (c), and CBHA (d) at 12 weeks after

implantation. New bone formation (asterisks) was observed around
the graft material (G) in group CB1 or CBlbmp and inside of graft

material in group CBHA. The sections were stained using H&E.
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IM1-4. Discussion

Sohn et al. (2010) reported that the critical size defect was not suggested in
a rabbit calvarial model. Huh et al (2005) suggested that the critical size
defect depends on the presence of the periosteum. A defect with a diameter
of 5 mm is a commonly used size a rat models (Lee et al, 2008a; Dupoirieux
et al, 1995). Presently, considering the convenience of operation, defects with
a diameter of 5 mm were created in the calvaria of rabbits and the periosteum
surrounding the implant was widely—removed.

Interconnecting pores are the pathway for new vessels, which is an
advantage for new bone formation (OKkii et al, 2001). Blood supply to the
cancellous bone is much better than to the compact bone. For this reason,
bone regeneration in cancellous bone is faster than in compact bone.
Nevertheless, this study was performed to the compact bone, in order to
directly observe the bone defect regeneration without cartilage formation.

Itoh et al (1998) reported that the lowest dose of rhBMP-2 needed for
defect healing was between 40 and 160 pg/em” and suggested a 100 ug/cn’
dose, based on results in canine ulnar defect model. In this study, the dose of
rhBMP-2 was 100 pg/cm® (Itoh et al, 1998). From the results, we decided
that the dose of rhBMP-2 in CB was suitable or not, because this study was
not focused on the determination of dose of thBMP-2. But the dose of 100 pug
/em® was effective in bone defect regeneration.

In bone defect regeneration, radiologic analysis is commonly used to compare
the feasibility of bone graft use in different studies (Dupoirieux et al, 1995;

Durmus et al, 2007; Itoh et al, 1998, Karaismailoglu et al, 2002). In group
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CHA, a more radiopaque implant site was observed than apparent in the
surrounding bone and the other groups at 12 weeks after implantation. Bone
regeneration was determined by changes of radiodensity. For this reason,
bone regeneration processing of CHA implant could not be observed during
12 weeks after implantation. But, 8 and 12 weeks after implantation, an
ill-defined change was apparent between bone and implant, indicating that
bone remodeling occurred in the CHA group. This finding is same result with
other studies (Dupoirieux et al, 1999; Durmus et al,. 2007). In group CBI, the
size of defect was enlarged at 8 weeks after implantation.

This osteolysis is thought to be immune responses. In this study, this
foreign body reaction can be found in the biocompatibility test of CBl. A
similar observation was reported by Durmus et al (2007). In the latter study,
an excessive foreign body reaction characteristic of encapsulation was evident.
Karaismailoglu et al (2002), suggested that xenografts still have some
disadvantages in terms of graft incorporation, resorption, mechanical strength,
and other problems linked to immunologic rejection and microbiologic
contamination. Presently, groups CB1 and CBlbmp were encapsulated with a
dense fibrous tissue with inflammatory cells such as neutrophils,
macrophages, and foreign body giant cells at 4, 8 and 12 weeks after
implantation. For this inflammatory reaction, freeze—-drying after defatting was
not suitable for CB.

In group CBHA, the most visible bone regeneration processing towards the
centre of the defect was observed. The biocompatibility of CBHA echoes the
findings of another study (Chiroff et al, 1975).

In the study of Zegzula et al. (1997), Gray-level density was measured on
the basis of the standard radiographs, and the percentage of radiopacity was

determined with a computer algorithm that divides the radiopaque area of the
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defect by the total area of the measuring frame. Presently, the radiologic
Gray-level histogram was measured for objective assessment of the radiologic
findings using s similar principle. The Gray-level histogram change in group
CBHA during 12 weeks was the highest, indicating that bone regeneration in
this group 1s most active, corroborating the results of radiologic analysis.
However, there was no significant difference in the Gray-level histogram
changes between groups CBl1 and CBlbmp during 12 weeks. Evaluation of
bone defect regeneration was measured objectively by Gray-level histogram.
The result supported that of a previous study (Zegzula, 1997).

To confirm the bone regeneration capacity, the defect closure of each group
was measured 4, 8, and 12 weeks after implantation. The measurement of
defect closure has been used before (Jung et al, 2007, Lee et al, 2008b).
According to the results of Kim et al (2008a), the amount of newly-matured
bone in the implanted material with rhBMP-2 was more than that evident
without rhBMP-2. In this study, after 8 weeks, group CBlbmp showed
significantly higher result than group CBHA (p<0.05). It is considered that
the thBMP-2 played a critical role in bone regeneration, but CB1 did not
participate as the scaffold of rhBMP-2, considering the thickness of
connective tissue. It is considered that thBMP-2 contained in CB1 was freed
to the surrounding bone tissue where it promoted the bone regeneration, but
rhBMP-2 did not spread to the other implant sites. Regarding overall changes
of defect closure, the bone regeneration capacity of CHA was the highest,
followed by CBHA. Because this measurement of bone defect regeneration is
invasive, the radiologic Gray-level histogram will be a valuable method in
clinical use. Advantages of CB and CBHA include their read availability,
inexpensive cost, unlimited quantity and soft-textured surface. However, they

suffer from weak strength. Conversely, CB and CBHA are easy to process
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and are suitable for use in irregular bone defects like sealing bone wax.
Considering the biocompatibility of CBHA, the possibility that BMP acts as a
scaffold i1s expected. Furthermore, CBHA will be able to be used by carrier
or scaffold in stem cells. It was inconvenient not to have a study of CB2 +
rhBMP-2.

Ideal bone substitutes should be resorbed with time and replaced by newly
formed bone (Park et al, 2008). In this study, newly formed bones and bone
resorption were observed inside of graft material in group CBHA 12 weeks
after implantation. But, there was no new bone formation in groups CBI,
CBlbmp, and CB2. It is considered that the CBHA is a more biocompatible
material in compact bone defect regeneration than CB1l, CBlbmp, and CBZ.
However, further experiments are necessary to find out in more detail about
the suitable absorptivity of CBHA.

To apply the most effective scaffold of bone graft substitute, various
preparations of CB and different types (such as powder, paste, granule) of

CBHA implantation should be studied.
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CONCLUSIONS

This study was conducted to evaluate the biocompatibility of CB1, CB2,
CBHA, and CHA using a mouse subcutaneous implant model and bone defect
regeneration with CB1, CB2, CBlbmp, CBHA, and CHA in a rabbit calvarial
defects model. The efficiency was compared with other commonly used CHA.
The findings of this study indicate that CBHA is a safer material for use
inside the body than CHA. CBHA has a more effective osteoconduction than
CB1, CBlbmp, and CB2. CBHA is a valuable bone graft material in compact

bone defect models.
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