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[ . Introduction

Due to economic growth and medical development, life expectancy has increased
to over &5 years old. Therefore, population aged over 65 years old have entered an
aging soclety that accounts for over 13.5% of the total population in 2017 and will
be expected to enter a super—high aged society in 2026. Furthermore, according to
the development of mass media including internet, broadcasting, and information
associated with medicals, the necessities related to well-being is increased in the

elderly population [1, 2].

However, aging is accompanied by chronic metabolic diseases such as diabetes,
hypertension, cardiovascular diseases, and the degeneration of tissues including
bone, joints, and brain. Moreover, chronic metabolic diseases and aging-dependent
degenerative diseases affect the balance of oral homeostasis by increasing
inflammation caused by aging. Such increased oral inflammation in the oral tissues
induces periodontal bone loss through an increase in osteoclasts from macrophages,

which is called osteoclastogenesis [3].

Today’s surgeons and dentists face many situations that require bone grafting.
More than 2,200,000 bone grafting procedures are being performed annually
worldwide in order to repair bone defects in the areas of orthopedics, neurosurgery,
and dentistry [4-6]. Indications for bone grafting involve fractures with bone loss,
metaphyseal defects, comminution, nonunions delayed unions, and bone lesions,
malunions, and arthrodesis [7]. In addition, spinal fusions and filling defects
following the removal of bone tumors or occurrence of congenital diseases may

require bone grafting [8].

Given the enormous scope of bone grafting, numerous methods have been
developed to fulfill these needs. With the current biotechnology/tissue engineering

advancements, it is only to be expected that the number of bone grafting solutions

_1_
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will continue to grow [5].

From a biological point of view, bone as a living tissue is play to serve several
important functions in the body. Bone not only offer structural protection and
support to the body’s organs, but it is involved in the metabolism of minerals such
as calcium and is also a major part of the synthesis of blood cells. In addition, to
meet various load demands, 'remodeling’ ensures optimum shape and structure
through continuous renewal process to cope with changes in mechanical
environment, thus maintaining optimum function and balance among formats. Bone
formation 1s a process of direct bone formation and exists only in cells.
Osteoprogenitor cells that survive in the donor graft survive and proliferate during

transplantation and may differentiate into osteoblasts and ultimately bone cells.

These cells represent "osteogenic potential” of the graft. The only substance with
true osteogenic properties is autograft. Hypothetical synthetic osteogenic substitutes
include osteoblasts genetically engineered in a convenient environment and provide
a matrix and pattern for bone development (Fig. 1). However, as a living
organization, bones need to constantly supply oxygen and nutrients, and the size of
fractures and defects that can be restored in healthy tissue is limited. In addition,
bone may be affected by pathological conditions and may degenerate as a result of
age and disease. In this case, patient comfort, bone function can often be preserved

only by surgical reconstruction. That is, "bone grafting” is required [9, 10].

Bone grafting and guided bone regeneration (GBR) are treatments used to replace
teeth lost due to various reasons such as periodontal diseases. Different bone graft
materials are used to prevent alveolar bone from gingival tissue from being lost.
Bone grafting material is effective for bone regeneration and formation as it
improves the combination of implant and bone tissue and fills a part of the lost
alveolar bone defect. Consequently, bone grafting care has become an integral part
of dentistry [11-14].
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Fig. 1. Schematic diagram of the bone remodeling process.

Collection @ chosun



This technique i1s used to promote bone regeneration when the thickness of the
jawbone 1s insufficient for implant placement. After implant placement, the
bone-defect area is filled with autogenous bone or artificial bone graft material and
covered with a barrier membrane. When a large amount of bone needs to be
replaced, GBR should be carried out before placing the implant. Therefore, bone
grafting materials and barrier membranes are essential for bone regeneration.
Among the many bone grafting materials available, synthetic bone grafting

materials are the most versatile for dental clinical surgery [14,15].

Only the autologous bone grafting technique meets all these requirements. All
other bone grafting materials support only a subset of these processes. Therefore,
autologous bone grafting continues to be a gold standard in reconstructive surgery
because 1t has superior osteogenic potential as compared to allogeneic

transplantation [8, 16-19].

Autogenous bone (autologous) grafting involves the use of bone obtained from
the individual receiving the graft. Autogenous bones are better than bone
regeneration because the graft is derived from the patient’s own body and is less
resistant to transplant rejection. On the other hand, such surgery involves
additional risks. A dental surgeon performs an incision to retrieve small bone
fragments from unwanted body parts, which may be related to increased morbidity

and wound site infection [6, 21-23].

Therefore, the limited availability of autologous bones is a major problem for
surgeons and patients owing to which surgical treatment of large-scale bone
defects 1s still a problem. In addition, as the number of senior patients or
individuals with variable systemic medical conditions and biological drawbacks
associated with the bone-healing process increases, it is associated with prosthetic
implants to improve the biological fixation and bone integration process The use of

bone substitutes as adjuvant therapy is required [23, 24].
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Due to limitations of autografting, a demand for allogeneic bones as replacement
or substitutes for autologous bones is increasing. Allografts are the most frequently
selected bone substitutes and are considered the second choice of surgeons. There
are numerous configurations of allograft bones available, included powder,
cancellous cubes, cortical struts, cortical chips, and others [25, 26]. The increased
availability of allografts makes it possible to manufacture customized molds.
Allografts are prepared in lyophilized forms; fresh allogeneic transplantation is
rarely used because it might generate an immune response or transmit diseases
[27]. Lyophilized allografts are least immunogenic, but are inferior in osteoinductive
and mechanical properties and strength when compared to frozen allografts [28].
The method of preparations are devised to minimize host’s immune reaction and
therefore no viable cells provide osteogenic properties in most allografts [29-33].
However, there are some problems related with the use of allogeneic transplants,
such as disease transmission (viral or bacterial), tumor transplantation, and immune

rejection [34].

Currently, several alternative tissues for autologous bone grafts including
xenografts, xenograft-derived hydroxyapatite, synthetic calcium phosphate, bioactive
glass/glass ceramic, type I collagen, degradable polymers, some matrix proteins,
and various refined materials are being studied. They may include commercially
available growth factors, isolated bone marrow cells, and complexes of these
materials. The effectiveness of many of these materials has been demonstrated in

experimental and clinical situations.

Recently, alternative tissues of autologous bone grafts such as xenografts,
xenograft-derived hydroxyapatite, synthetic calcium phosphate, bioactive glass /
glass ceramic, type I collagen, degradable polymers, and some matrix proteins, have
been developed to use as a bone grafting materials. Furthermore, complex types of
these materials combined with either bone marrow cells or anabolic growth factors
were commercially developed for accelerating the bone regeneration after

transplantation into defecting bone. A xenograft bone substitute is derived from a

_5_
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species other than human, such as cattle or pig, and can be lyophilized or desalted

and deproteinized [35].

Synthetic bone grafting materials are bone substitutes that were synthesized
using calcium phosphate-based biomaterial, they are suitable for bone grafting
because as calcium phosphate properties similar to those of the mineral phases of
bone and teeth in the human body. Further, synthetic grafts guaranteed to be
biologically safe are being studied to supplement the demerits of various bone graft

materials and achieve the ideal properties required for bone regeneration.

Hydroxyapatite (HA) is a typical biomaterial known for its excellent
biocompatibility, bioactivity, and osteoconductive properties in vivo, and it has a
low solubility. On the other hand, beta-tricalcium phosphate (B-TCP) is a material
of excellent biodegradability as it is highly soluble. But before the bone grafting
material can be replaced in the tissues of the bone defect, B-TCP is quickly
absorbed. Synthesized bone grafting materials and substitutes can be manufactured
from ceramics, such as calcium phosphates, HA, TCP, bioglass, and calcium sulfate,
all of them are biological active to different extents depends on their solubility in
physiological environment [36]. These materials can be doped with growth factors,
ions such as strontium, or mixed with bone marrow aspirate to increase their

biological activity.

Currently, a biocompatible B-TCP powder is being synthesized from natural
materials, such as eggshells, cuttlefish bones, and oyster shells. However, the shell
of the abalone, a species of gastropods mainly found in East Asia [37], has the
highest CaCOs; (calcite) and lowest CaCQOs; (aragonite) content [38]. These are

inorganic minerals used in the synthesis of bioceramics such as B-TCP [39].

Abalone (Haliotis sp.) shells are used as decorative items and as a source for
jewelry, buttons, buckles, and inlays, but the vast majority of them are discarded

in landfills and hence are environmental pollutants.

_6_
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Table 1. Bone replacement grafts [20].

Autogenous grafts (autografts)
Extraoral
Intraoral
Allogeneic grafts (allografts)
Fresh-frozen bone allografts
Freeze—dried bone allografts
Demineralized bone matrix allografts
. Bomesubsttmes
Xenogeneic grafts (xenografts)
Bovine-derived hydroxyapatite
Coralline calcium carbonate
Alloplastic grafts (alloplasts)
Polymers
Bioceramics
bioactive glass, glass ceramics
B-tricalcium phosphate
Hydroxyapatite
Dense, nonporous, nonresorbable
Porous, nonresorbable
Resorbable hydroxyapatite
Biphasic calcium phosphate

Calcium phosphate bone cement
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Every year, the tipping fees for the proper disposal of waste abalone shells are
particularly expensive. Therefore, the recycling of waste materials using low-cost
technology to produce biocompatible materials, such as bone grafting materials and
their source materials, such as HA and B-TCP from abalone shells, is a significant

development.

The first aim of this study is to synthesize bioceramics such as B-TCP and HA
from the shells of Haliotis sp. and to verify the physicochemical characteristics and
cellular biocompatibility of these bioceramics for use as bone grafting materials.
The secondary aim of this study is to synthesize the bone grafting materials and
to examine the physicochemical and biological properties of Haliotis sp.

shell-derived bone grafting materials in dental implants.
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IT. Materials and Methods

IMI-A. Synthesis and characteristics of bone graft

substitute

The processing steps to synthesize the bone graft Substitute from the shells of

Haliotis sp., an abalone shells were briefly described in Fig. 2-4.

O -A-1. Synthesis of CaO from the shell of Haliotis sp.

Contaminants were removed from abalone shells by washing in distilled water
using ultrasonicator (KODO, JAC-4020, Republic of Korea). The Haliotis sp. shells
were then dried for 48 h at room temperature. Completely dried the Haliotis sp.
shells were pulverized to a powder in a blender (WB-1, Kastech, Japan). To
determine the optimal sintering temperature for CaO synthesis from the Haliotis sp.
shells, 100 g abalone shell powder was sintered in an electric furnace (MF-22G,
JEIO TECH, Seoul, Republic of Korea) at 900, 950, and 1000C for 3 h. After
sintering at various temperatures, the generated products were collected and
compared with commercial CaO (Junsei Chemical Co., Ltd.,, Tokyo, Japan), by
Fourier transform infrared spectroscopy (FT-IR; Nicolet 6700, Thermo Electron,
USA) and X-ray diffractometer (XRD, XPert PRO MRD, PANalytical Co.,
Netherlands).
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Fig. 2. A schematic diagram of the synthesis of B-
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Fig. 4. Schematic diagram of the synthesis of bone grafts from the shells of

Haliotis sp.

_12_

Collection @ chosun



MI-A-2. Synthesis of CaCOs; from CaO Synthesized
from the shell of Haliotis sp.

CaO synthesized from abalone shells was pulverized to < 53-um particles. Next,
CaCO3 was synthesized by a CaCOs precipitation through CO: infusion, based on a
synthesis approach previously describedby Feng et al [40].:

CaO + H:O — Ca(OH)2 + COz — CaCOs

Briefly, to prepare the solution of calcium hydroxide [Ca(OH):l, 5 g of CaO was
completely dispersed in 200 mL deionized water by stirring with a magnetic bar at
250 rpm. In the second step, to synthesize and precipitate CaCQOs, carbon dioxide
(COy) gas (with gas flow rate regulated at 3.5 L/min) was used to infuse the
Ca(OH), solution until pH 7.4 was reached, with controlled reaction temperature (40
C) and with stirring (250 rpm). The precipitated product was rinsed three times
with distilled water to remove any impurities, filtered through filter paper, and
dried in a drying oven at 50C for 24 h. Finally, the synthesized products were
collected and compared with commercial CaCOs; (Junsei Chemical Co., Ltd., Tokyo,

Japan) by FT-IR and XRD.

I-A-3. Synthesis of CaHPO,; from CaCOs; derived
from the shell of Haliotis sp.

CaHPO, was synthesized by a chemical reaction between phosphoricacid (HsPOy)
(Sigma-aldrich, St. Louis, MO, USA) and CaCOs; using a modified procedure
reported by Tas [41]. :

CaCOs + HsPOs — H2O + CO, + CaHPO4

_13_
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Briefly, to determine the optimal pH conditions for the synthesis of CaHPO,
from HsPO, and CaCOQOs, 5g CaCOs; were completely dispersed in 200 mL deionized
water by stirring with a magnetic bar at 250 rpm. The solution of CaCOs was
sequentially adjusted to pH 6.0, 7.0, and 8.0 through slow dropwise addition of 10
% H3PO, (85% solution) at room temperature, and was continuously stirred for 5 h
to ensure complete reaction between CaCOs; and HsPOs The synthesized products
were rinsed three times with distilled water to remove any impurities, filtered
through filter paper, and dried completely for 24 h. Finally, synthesized products
were collected and compared with commercial CaHPO,; (Junsei Chemical Co., Ltd.,

Tokyo, Japan) by FT-IR and XRD.

I-A-4. Synthesis of B-TCP from CaHPO, derived
from the shell of Haliotis sp.

Caz(POy)2 was synthesized by a chemical reaction between CaO and CaHPO,

using a modified sintering process described previously by Chang et al [42].:
Ca0O + 2CaHPO4; — Ca3(POy4), + HO

Briefly, 5 g of CaHPO, were completely dissolved in 200 mL deionized water by
stirring with a magnetic bar at 250 rpm. CaO and CaHPO, were mixed at a ratio
of 1 : 2 for 12 h, at room temperature. Following the reaction, the CaO and
CaHPO, mixture was allowed to precipitate for 12 h at room temperature. To
separate the sediment from the CaO and CaHPO, mixture, the supernatant was
discarded. The collected sediment was dried at 50C for 24 h. However, to verify
the optimal sintering temperature for the synthesis of Caz(PO,)s, the collected
sediment was sintered in an electric furnace (MF-22G, Jeio Tech Co., Ltd, Seoul,
Republic of Korea) at 950, 1000, 1050, or 1100C for 3 h. Finally, the synthesized
products were collected and compared with commercial B-TCP (Sigma-aldrich, St.
Louis, MO, USA) by FT-IR and XRD.

_14_
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II-A-5. Synthesis of HA from the shell of Haliotis sp.

The Haliotis sp. shells used in this study were collected randomly from a
commercial seafood market in Wando, Republic of Korea. The contaminants
attached to the abalone shells were removed by using an ultrasonicator (JAC-4020,
KODO, Seoul, Republic of Korea) for 1 h at room temperature; this step was
repeated three times. Sequentially, the Haliotis sp. shell were washed with
hydrogen peroxide in an ultrasonicator for 90 min at room temperature. To rinse
the hydrogen peroxide, the Haliotis sp. shells were washed with the ultrasonicator
for 1 h at room temperature. The Haliotis sp. shells were then dried for 48 h at
room temperature and then crushed to powders in a wonder blender (KT. WB-1,
Kastech, Japan). To synthesize CaO, the Haliotis sp. shell powder was sintered in
an electronic furnace (MF-22G, JEIO TECH, Seoul, Republic of Korea) at 950°C for
3 h. After sintering, CaO, < 53 um in size, was collected using a mesh-sieve.
Finally, the synthesized residues were investigated by a comparison with
commercial CaO (Sigma-Aldrich Corp., St. Louis, MO, USA). To synthesize
calcium hydroxide [Ca(OH).l, the CaO sintered from the Haliotis sp. shells were
dissolved in distilled water by stirring with a magnetic bar at 300 rpm. After
dissolution, 0.3 M phosphoric acid wa s added drop-wise into the Ca(OH); solution
at pH 10.5. The reacted residues were washed with DW to remove the impurities,
filtered through filter paper, and dried in a dry oven at 50C for 24 h. Finally, the
residues were sintered in an electronic furnace at 1230C for 3 h. After the
sintering process, there sidues were investigated by a comparison with commercial

HA (Sigma-Aldrich Corp., St. Louis, MO, USA)

II-A-6. Synthesis of Bone graft substitute from the

shell of Haliotis sp.
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In our study, we used the Haliotis sp. shell-derived HA and Haliotis sp.
shell-derived B-TCP powders at a ratio of 2 : 8 We used alginate solution as the
binder. The powders were mixed in a beaker at the appropriate ratio with a 1%
alginate solution and stirred. The resulting slurry had a certain degree of viscosity
and was drop wised into liquid nitrogen by syringe pump with 21 G butterfly
needle. Harvested beads of bone graft materials was lyoplized for 48 h at freezing
dryer and then sintered to 1230C by increasing the temperature at 100C/h. and

followed subsequent slow cooling to room

II -B. Evaluation of physical and chemical properties

II -B-1. Scanning electron microscopy analysis

To observe the morphology of the synthesized materials, prepared samples were
coated by sputter—coated (Emitech K550 sputter coater, Emitech Ltd, UK) and were
observed by scanning electron microscope (SEM, JSM 840-A, JEOL co., Japan) at
1000X, 3000X, and 1000X magnifications. The Ca/P ratio was examined by energy
dispersive spectrometry (EDS, XS-169, Japan).

O-B-2. X-ray diffraction and fourier transform

infrared spectroscopy analysis

The crystal structure of the materials was determined by X-ray diffraction
(XRD, X'pert PRO MRD, PAN alytical co. The Netherlands) using CuK, radation
produced at 40 kV and 30 mA. The patterns were scanned from 10°- 60° 29 at a
scan rate of 2° per minute with a step size of 0.05°. The chemical characteristics
were measured by Fourier-transform infrared (FT-IR; Nicolet 6700, Thermo

Electron, USA) sperctroscopy.
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II -B-3. pH of synthetic bone graft substitute

The pH of bone grafting substitutes synthesized as defined mixing ratio of HA
and B-TCP by both the pH paper and the pH meter. The pH values of effluents of
each bone graft substitutes prepared by regarding guidelines supplied by ministry
of food and drug safety (IMFDS), Republic of Korea, were analyzed by pH meter.
The pH values of Eluted solution of each bone graft materials were visualized by

pH test paper.

I -B-4. Dissolution Ratio test

The solubility of each synthesized bone graft materials synthesized as the
defined mixing ratio of Haliotis sp. shell-derived HA and Haliotis sp. shell-derived
B-TCP. The solubility of bone graft material was measured by the protocol
provided by MFDS, Republic of Korea.

IT -B-5. wettability test

The wettability of each bone grafting substitutes synthesized as the defined mix
ratio of HA and B-TCP. The wettability of bone grafting material was measured
by the protocol provided by MFDS, Republic of Korea. Briefly, synthesized bone
grafting substitutes were immersed with the distilled water at room temperature for
30 min. After reaction, the remained distilled water was analyzed by the

microbalance.

_17_

Collection @ chosun



I -C. In vitro cytocompatibility

II-C-1. Cell culture

Human MG-63 osteosarcoma cells (MG-63 cells) were obtained from Korea cell
line bank (KCLB, Seoul, Republic of Korea). MG-63 cells were cultured in the
Dulbecco’s modified Eagle’s medium (DMEM, Life Technologies, GRAND Island,
NY, USA) supplemented with 10% fetal bovine serum (FBS, Life Technologies,
Grand Island, NY, USA) in humidified atmosphere containing 5% CO, at 37C.

T -C-2. Analysis of cell cytotoxcity

To verify the biological safety of synthesized materials from Haliotis sp., 0.2
mg synthesized materials was eluted into culture media containing 10% FBS for
72 h at 37°C. In addition, the same amount of commercial B-TCP and HA and
Bone graft substitutes were used as control and was eluted by the same procedure.
The cytotoxicity of synthesized materials were assessed using 3-(4,5-dimethyl
thiazol-2-y1)-2, 5-diphenyl tetrazolium bromide (MTT) assay. Briefly, cells were
cultured to density of 1 X 10° cells/mL in the 96-well culture plates and were
allowed for 24 h in a humidified incubator at 37 C in 5% CO.. The cultured cells
were treated for 24 h with 200 uL. of each eluent prepared from the control and
synthesized materials. There after, 20 uL. 5 mg/mL MTT was added. After 4 h,
the supernatant was removed, and MTT crystals were dissolved in
dimethylsulfoxide (200 uL/well). Finally, optical density was measured at 570 nm
using a spectrometer (Epoch Micro-volume Spectro photometer System, BioTek,

VT, USA). The experiments were performed at least three times.
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II -C-3. Analysis of cell viability

We determined whether the Ca” eluted from synthesized materials from Haliotis
sp. shell induced apoptotic cell death. Morphological alteration of cell nuclei was
assessed using a modified 4’6’ -diamidino-2-phenyl indole dihydro chloride (DAPI)
staining in MG-63 cells stimulated with eluent of synthesized materials from
Haliotis sp. shell. Briefly, MG-63 cells were stimulated with each eluent for 24 hr
in the humidified incubator at the 37C in 5% CO:  Thereafter, the cell was
washed with Dulbecco’s phosphate-buffered saline (DPBS) after removing the
medium. The cell was fixed by in the 4% paraformaldehyde for 20 min and was
observed by fluorescence microscopy (Eclipse TE2000, Nikon Instruments, NY,
USA). Furthermore, live and dead cell assay was performed using green calcein
AM and ethidium homodier-1 (Life Technologies, Grand Island, NY, USA) to stain
live and dead cells, respectively. To evaluate cell survival, cells were plated on
chamber slides and were treated for 24 h with eluents prepared from synthesized
materials. Thereafter, cell survival assays were performed according to the

manufacturer’s protocol.

II-C-4. Alizarine Red staining

The MG-63 cell was fixed with 70% ethanol for 15 min and stained with 1%
of the Alizarin red S solution (Sigma-Aldrich Corp., St. Louis, MO, USA) in 0.1%
NH,OH at pH 4.2-4.4. The mineralization assays were performed by staining
MG-63 cells with Alizarin red S solution.

I -D. In vivo osteoinductivity
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The experimental procedure to determine the biological safety and
osteoconduction of Bone graft substitutes in animal model with calvarial bone

defection were briefly described in Fig. 5.

II-D-1. Housing conditions of experimental animals

Experiment animal selection and management, surgical procedure, and
preparation were performed by protocol (CDMDIRB 1008A60) approved by
Institutional Animal Care and Use Committee (IACUC) of Chosun University,
Gwangju Republic of Korea. In present study, Sprague-Dawley rats (weight 200 to
300 g) were maintained in a clean room controled with 12 h day/night cycles, the
temperature of 20C, and ad [libitum approach water and the standard laboratory

pellet diet.

OI-D-2. Surgical generation of experimental animals

with calvarial bone defection

Animals were anaesthetized by the intramuscular injection using Zoletile (15
mg/kg; Virbac, Virbac Korea, Republic of Korea). Routine infiltration anaesthesia
using 2.0% Lidocaine (epinephrine 1:100000, lidocaine HCl, Huons, Republic of
Korea) were performed at the surgical area. Sequentially, surgical areas were
shaved to remove hair and were sterilized using betadine to prevent contamination.

A standardized and transosseous defect, circular 8 mm in the diameters, were
performed on the calvarial bone with the used of the DPBS cooled trephine bur.
After removal of the trephined calvarial disk, sterilized bone grafting substitute was

covered on the defecting sites of cranium evenly without suture.
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Fig. 5. Experimental calvarial bone defect animal modeling procedure. The
experimental procedure to detemine the biological safety and osteconduction of
synthetic bone graft substitutes in animal model with calvarial bone defection.
Animal selection and management, surgical procedures, and preparation were

performed according to experimental protocol approved by Institutional Animal Care

and Use Committee (IACUC) of Chosun University, Gwangju, Republic of Korea.
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The periosteum and skin was then closed and suturing with 4-0 coated
polygalactin. Experimental animals were sacrificed at 8 weeks post-surgery by CO,
asphyxiation. Calvarial bones dissected from each animals were fixed by 49
paraformaldehyde for 7 days at 4C to perform histological and the radiographic

evaluation.

II -D-3. Radiographic evaluation

I -D-3-a. Analysis of X-ray image

Dissected from the each animals calvarial bone were analyzed using the MX-20
Specimen Radiography System (Faxitron Bioptics LLC, Lincolnshire, IL, USA). The
regeneration of bone defecting area applied with bone graft substitutes were
radiographied by placing the calvarial bones dissected directly on X-ray for 5 min
with the energy for 10 kV. The images were digitized, and the defecing area

regeneration were evaluated.

I -D-3-b. Analysis of micro-CT image

At the defecting area on the calvarial bone was anlyzed by the microscope
examination and the Micro-Computed Tomography (micro-CT) scanning. Dissected
calvarial bone was immediately fixed by the 49 paraformaldehyde, followed by

Micro-CT image analysis conducted using the SkyScan 1076 (SkyScan, Konitch,

Belguim) with energy for 130 kV and rotation step 0.2°.

_22_

Collection @ chosun



IT -D-4. Histological evaluation

calvarial bone of experimental animals were excised and post-fixed by the 4%
paraformaldehyde for 10 days, dehydrated in series of ethanol solutions (50 - 100%)
at 20 min per step, and then soaked in xylene. For conventional the histological
stain, paraffin-embedded tissue block was prepared and sectioned at 10 um
thickness with the microtome (Leica Microsystems AG, Wetzler, Germany) on
superfrost plus slides (Menzel, Braunschweig, Germany). After deparaffinization in
the xylene for 35 min, section was hydrated through the gradients with the
decreasing proportions of ethanol. The bone paraffin sections were stained with
hematoxylin and eosin (H&E) stain and safranin-O and fast green stain at the 4X

modifications to show the calvarial defecting areas.
II-D-4-a. Hematoxylin & Eosin staining
Bone defecting areas were analyzed after H&E stain  (Sigma-Aldrich,

Gillingham, UK). The bone paraffin sections were stained by H&E stain at the 4X

modifications to show the calvarial defect areas by microscopy.

I -D-4-b. Safranin-O & fast green staining

The proteoglycan contents of the bone was analyzed following safranin-O &
Fast green stain (Sigma-Aldrich, Gillingham, UK). The bone paraffin sections

stained with safranin-O & fast green staining at 4X modifications to observe the

calvarial defect areas by microscopy.

II -E. Statistical analysis

The experimental datas were presented as mean * standard deviation (SD) from
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at the least of three independent experiments and were analyzed using the analysis

of variance, followed by the Student’s t-test. The p-value of less than 0.05 were

considered statistically significant.
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. Results

IM-A. Synthesis and characteristics of bone graft

substitutes

M-A-1. FT-IR and XRD characterization of CaO

synthesized from the Haliotis sp. shell

To determine the optimal sintering temperature for CaO synthesis from abalone
shells, sintering was conducted in an electric furnace at temperatures of 900, 950,
and 1000C for 3 h. The composites synthesized at each sintering temperature were
analyzed by FT-IR and XRD. As shown in Fig. 6, the FT-IR results revealed a
sharp band at 3656 cmfl, two broad weak bands centered at approximately 3822
and 3388 cmfl, a medium doublet centered at around 1444 cmfl, and a very strong
absorption below 600 cm for all the synthesized composites. The band profile of
the composite obtained by sintering at 950°C was matched with that of commercial
Ca0, which i1s used as a control. Furthermore, to verify the conversion from
abalone shells to CaO, the composite synthesized by sintering at 950C was
analyzed by XRD, as shown in Fig. 7. The XRD patterns of commercial (control)
Ca0O were observed at 32.240, 37.40, and 53.92". The XRD spectra of CaO derived
from abalone shells by sintering at 950C matched the peaks of commercial CaO.
These results indicated that CaO was successfully synthesized from abalone shells

by sintering at 950C for 3 h.

M-A-2. FT-IR and XRD characterization of CaCOQOs

from CaO synthesized from Haliotis sp. shell
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Fig. 6. FT-IR analysis of CaO synthesized from the shell of Haliotis sp. (a)
spectrum of control CaO commercially purchased and spectra of CaO sintered at
(b) 900, (c) 950, and (d) 1000°C.
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Fig. 7. XRD analysis of Haliotis sp. shell-derived CaO sintered at 950T.
The crystal structure of the materials was determined by XRD using CuK,
radiation at 40 kV and 30 mA. The samples were scanned from 100 - 60 20 at a
scan rate of 2/min with a step size of 0.05°. (a) Peaks of control CaO

commercially purchased and (b) peaks of CaO sintered at 950C
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To synthesis CaCO;3; from CaO derived from Haliotis sp. shells, CO; gas was
injected into Ca(OH), solution, which was prepared by resuspension of CaO into
distilled water. The composites synthesized by CO: gas injection into Ca(OH)-
solutions were analyzed by FT-IR and XRD to verify the conversion of CaCOs
from CaO. As shown in Fig. 8, the FT-IR spectrum of commercial CaCOs used as
the control exhibited bands at 713, 875, and 1418 cm'! corresponding to the
asymmetrical stretching vibration peaks of O-C-O. These are well-known
characteristic peaks of calcite [43, 44]. Moreover, CaCOs synthesized by the infusion
of COy gas into Ca(OH): derived from Haliotis sp. shells exhibited the same bands
as commercial CaCQOs. Furthermore, the XRD spectrum of commercial CaCOs used
as the control showed characteristic diffraction peaks at 23.090, 29.400, 36.00, 39.430,
43.180, and 48.520, as shown in Fig. 9. All of these peaks indicate the formation of
a calcite phase [45]. Moreover, the XRD spectrum of CaCOs; derived from the
Haliotis sp. shells matched that of commercial CaCOs. Therefore, these results
indicate that CaCOs; was synthesized successfully from Haliotis sp. shells by the
infusion of CO: into a Ca(OH): solution. Approximately 45 g of CaCOs; was

collected from 5 g of CaO derived from Haliotis sp. shells by CO: infusion.

M-A-3. FT-IR and XRD characterization of CaHPO,4

from CaCOs synthesized from Haliotis sp. shell

CaHPO; was synthesized by the chemical reaction of HsPOs and Haliotis sp.
shell-derived CaCQOs. To determine the optimal pH conditions, chemical reactions
between H3PO, and CaCOs; were performed at pH 6.0, 7.0, and 80. Thereafter, the
chemical properties of the synthesized composites were examined by FT-IR and XRD.
As shown in Fig. 10(a), the broad absorption peak between 2400 to 3500 cm ! results
from O-H stretching vibrations. H-O-H bending leads to an absorption peak at
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Fig. 8. FT-IR analysis of CaCOs synthesized from Haliotis sp. shell-derived
CaO by the infusion of COs Spectra of (a) control CaCOs; commercially

purchased and (b) CaCOs derived from Haliotis sp. shell derived CaO.
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Fig. 9. XRD analysis of CaCOs synthesized from Haliotis sp. shell-derived
CaO by the infusion of COs. (a) Peaks of control CaCO3 commercially purchased
and (b) peaks of CaCOs derived from Haliotis sp. shells.
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Fig. 10. FT-IR analysis of CaHPO4 synthesized from Haliotis sp.
shell-derived CaCOs by a chemical reaction. (a) Spectrum of control CaHPO,
commercially purchased and spectra of CaHPO, at a pH of (b) 6.0, (c) 7.0, and (d)
8.0 condition for 24 h, respectively.
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1653 cm'. The absorption peaks at 1219 and 1134 cm ' are attributed by
(P=0)-associated stretching vibrations. The absorption at 1057 cm ' is caused by
P=0O stretching vibrations. P-O-P asymmetric stretching vibrations lead to
absorption peaks at 987, 876, and 791 c¢m ', These are well-known characteristic
peaks of CaHPO, [45-47]. The reaction pH between HsPO, and CaCOs; is a critical
factor in CaHPO, synthesis. As shown in Fig. 10(c) and (d), the peak positions of
the ceramic products synthesized at pH values of 7.0 or 8.0 were different from the
characteristic peaks of dicalcium phosphate dehydrate, which was used as the
control. On the other hand, the positions of the peaks of the ceramic products
synthesized at pH 6.0 matched the characteristic peaks of CaHPO4 as shown in
Fig. 10(b). These data indicate that the optimal pH for the synthesis of CaHPO, by
the reaction of HsPO, and Haliotis sp. shell-derived CaCOs is 6.0. XRD analysis
was conducted to verify CaHPO, synthesis under the optimized conditions. The
XRD spectrum of commercial CaHPOs used as a control showed characteristic
diffraction peaks at 115, 20.7, 23.2, 29.3, and 314, as shown in Fig. 1l(a).
Moreover, the XRD pattern of CaHPO, derived from Haliotis sp. shells matched the
XRD pattern of commercial CaHPO,, as shown in Fig. 11(b). Therefore, it can be
concluded that CaHPO, was successfully synthesized via a reaction between HsPOy

and Haliotis sp. shell-derived CaCOs at pH 6.0.

M-A-4. FT-IR and XRD characterization of B-TCP
from CaHPO4 synthesized from Haliotis sp. shell

B-TCP was synthesized by sintering a mixture composed of CaO and CaHPO,
derived from Haliotis sp. shells. To determine the optimal conditions for B-TCP
synthesis, sintering was performed at 950, 1000, 1050, and 1100C for 3 h. Later,
the chemical properties of the synthesized composites were analyzed using FT-IR
and XRD. As shown in Fig. 12(a), B-TCP used as the control could be easily
1dentified by a broad band between 900 and 1200 cm ! and by the presence of a peak
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Fig. 11. XRD analysis of CaHPO, synthesized from Haliotis sp. shell-derived
CaCOz by a chemical reaction. (a) Peaks of control CaHPO,; commercially
purchased and (b) peaks of CaHPO, synthesized by a chemical reaction between

HsPO4 and Haliotis sp. shell-derived CaCOs at pH 6.0.
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Fig. 12. FT-IR analysis of B-TCP synthesized from Haliotis sp.
shell-derived CalHPO4 by a chemical reaction. (a) Spectrum of control B-TCP
commercially purchased and spectra of B-TCP sintered at (b) 950, (c) 1000, (d)
1050, and (3) 1100C for 3 h.
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at 724 ¢cm ' The peak at 1211 cm ' is characteristic of non-degenerate deformation
of hydrogen groups, such as H-OPOs;, O-POs;, and HPO. . However, the absence of
a band at 460 cmfl, which is characteristic of a-TCP, is indicative of B-TCP [48].
As shown in Fig. 12 (b)-(d), the peak positions of the composites synthesized at
950 - 1050C matched the peak positions of B-TCP, which was used as the
control. These results indicated that B-TCP was successfully synthesized by
sintering a mixture of CaO and CaHPO; derived from Haliotis sp. shells at
950-1050C. However, the peak positions of the composites synthesized at 1100T
were different from the peak positions of the B-TCP control [Fig. 12(e)]. Taken
together, these results indicate that the optimal sintering conditions for synthesizing
B-TCP from a mixture of CaO and CaHPO. derived from Haliotis sp. shells
include a sintering temperature of 950 - 1050C and sintering time of 3 h. XRD
was also conducted to verify the synthesis of B-TCP under the optimized sintering
conditions. As shown in Fig. 13(a), the diffraction pattern of control B-TCP
corresponded with the peaks of B-TCP or whitlockite. The diffraction pattern of
B-TCP synthesized under optimized sintering conditions from a mixture of CaO
and CaHPO, derived from Haliotis sp. shells matched the diffraction pattern of
control B-TCP. Thus, B-TCP obtained from a mixture of Haliotis sp. shell-derived
Ca0 and CaHPO, was successfully synthesized by sintering at 950 - 1050C for 3 h.

M-A-5. FT-IR and XRD characterization of HA from

synthesized from Haliotis sp. shell

Ca0O synthesized from abalone shells was phosphorylated using HsPOs to
synthesize HA. Later, the synthesized composites were sintered at 1230C for 3 h.
To vwverify the synthesis of HA, FT-IR and XRD analyses were conducted, as
shown in Fig. 14. The FT-IR spectrum of the composite sintered at 1230C was

obtained in the wavenumber range of 500 - 4000 cmfl, as shown in Fig. 14.
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Fig. 13. XRD analysis of B-TCP synthesized from Haliotis sp. shell-derived
CaHPOs by a chemical reaction. (a) Peaks of control B-TCP commercially

purchased and (b) peaks of B-TCP sintered at 1050TC
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Fig. 14. FT-IR analysis to verify the optimal sintering temperature for the
synthesis of HA. (a) Spectrum of control HA commercially purchased and (b)
spectrum of HA derived from Haliotis sp. shell-derived CaO.
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Especially, the peaks at 1030 and 570 cmfl, which were attributed to PO43*,
indicated the presence of HA. The C-O vibrations in the COs™ group disappeared
and the spectrum obtained was characteristic of HA [49]. Furthermore, the XRD
patterns of HA synthesized by sintering at 1230C and commercial HA are shown
in Fig. 15. The XRD pattern of commercial HA used as the control showed
characteristic peaks at 26, 29, 31.7, 32.2', 33, 40, 465, 49, and 53.2. The XRD
patterns of HA synthesized from Haliotis shells were similar [50]. Therefore, HA
was synthesized successfully from Haliotis sp. shell-derived CaO by

phosphorylation with phosphoric acid at pH 105 and sintering at 1230°C for 3 h.

M-A-6. FT-IR and XRD characterization of bone graft

substitutes from synthesized from the Haliotis sp. shell

Bone graft substitutes were synthesized from a mixture of Haliotis sp.
shell-derived HA and Haliotis sp. shell-derived B-TCP powders (at a ratio of 2 : &).
The chemical properties of the synthesized composites were analyzed using FT-IR
and XRD. As shown in Fig. 16, the bone graft substitute used as a control is
easily identified by a broad band between 566 and 603 cm ' and by the presence of
a peak at 940 - 1120 cm ', These peaks are characteristic of orthophosphates.
Furthermore, as shown in Fig. 16, the broad absorption peaks at 631 and 3573 cm'!
result from O-H stretching vibrations. XRD was also performed to verify the
synthesis of bone graft substitutes under the optimized sintering conditions. As
shown in Fig. 17(a) and Fig. 17(b), the diffraction patterns of control B-TCP and
HA correspond to the peaks of B-TCP and HA. The diffraction patterns of bone
graft substitutes synthesized under optimized sintering conditions from a mixture of
HA and B-TCP derived from Haliotis sp. shells matched the diffraction pattern of
control bone graft substitutes. Thus, bone graft substitutes were successfully
synthesized from a mixture of Haliotis sp. shell-derived HA and B-TCP by
sintering at 1230C for 3 h.
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Fig. 15. XRD analysis to verify the optimal sintering temperature for the
synthesis of HA. (a) Peaks of control HA commercially purchased and (b) peaks
of HA sintered at 1230C for 3 h.
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Fig. 16. Comparative analysis of the chemical compositions of bone grafting
materials synthesized from a 2 : 8 mixture of HA and B-TCP. (a) Commercial
bone graft substitutes composed of HA (20%) and B-TCP (80%) and (b) bone
graft substitutes from Haliotis sp. shells composed of HA (20%) and B-TCP.
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Fig. 17. XRD crystalline analysis of the bone grafting materials synthesized
form a 2 : 8 mixture of HA and B-TCP. (a), B-TCP, (b), HA, (c) bone graft

substitutes from the Haliotis sp. shells composed of HA (20%) and B-TCP, and
(d) commercial bone graft substitutes composed of HA (20%) and B-TCP (80%).
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IM-B. Evaluation of physical and chemical properties

M-B-1. SEM and EDS mapping analysis of the bone
graft substitutes from synthesized from the Haliotis sp.
shell

The surface morphology and crystal size of each of the bone graft substitutes
synthesized from mixtures of HA and B-TCP were studied using a SEM at an
accelerating voltage of 55 kV. In Fig. 18, the sizes and shapes of the bone graft
substitutes are shown at a magnification of 100X, the surface roughness values of
the bone grafting materials are shown at magnifications of 500X and 1500X, and
the macroporosities and pore structures are shown at a magnification of 5000X. As
shown in Fig. 18, micropores of 10 - 100 um diameter were found on both the
internal and external surfaces of all the bone grafting substitutes synthesized from
mixtures of HA and B-TCP. As shown in Fig. 19, the Ca/P ratio of the bone
grafting substitutes synthesized from the Haliotis sp. shells by mixing HA and
B-TCP at a ratio of 2 : 8 is 1.64, which is similar to the Ca/P ratio of bone tissue

1solated from a human body.

M-B-2. pH value of the bone graft substitutes from

synthesized from Haliotis sp. shell

The pH values of the eluate from the each bone grafting substitutes prepared
according to the guidelines provided by MFDS, Republic of Korea, were measured
using a pH meter and qualitatively using a pH paper. As shown in Fig. 20, all the
bone grafting substitutes synthesized using mixtures of HA and B-TCP exhibited
pH values in the range of 86 — 88, which were similar to the physiological pH

value.
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(a) HA: B-TCP=2:8 (b) HA:p-TCP=2:8
used as control from Haliofis sp. shell

100x

500x
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Fig. 18. SEM evaluation of the surface morphology, roughness, and pore size
of the bone grafting substitutes synthesized from a 2 : 8 mixture of HA and
B-TCP synthesized from Haliotis sp. shells. (a) Commercial bone graft
substitutes composed of HA (20%) and B-TCP (80%) and (b) bone graft
substitutes from the Haliotis sp. shells composed of HA (20%) and B-TCP.
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Fig. 19. Ca/P compositions of the bone grafting materials synthesized from a
2 : 8 mixture of HA and B-TCP synthesized from Haliotis sp. shells. (a)
Commercial bone graft substitutes composed of HA (20%) and B-TCP (80%) and
(b) bone graft substitutes from Haliotis sp. shells composed of HA (20%) and
B-TCP.
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Fig. 20. pH values of the bone grafting materials synthesized from a 2 : 8
mixture of HA and B-TCP synthesized from Haliotis sp. shells. The pH
values of effluents of each bone grafting substitutes prepared by following the

guide lines provided by MFDS, were measured by pH meter.
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IM-B-3. Dissolution and wettability test of the bone

graft substitutes from synthesized from the Haliotis sp.

shell

The solubilities of the bone grafting materials synthesized from mixtures of HA
and B-TCP were measured using a protocol provided by MFDS, Republic of Korea.
As shown in Fig. 21, the bone graft substitutes synthesized at a 2 : 8 mixing ratio
of HA and B-TCP from Haliotis sp. shells might have a better stability than the

control bone grafting substitutes.

The wettability of the bone grafting substitutes synthesized using mixtures of
HA and B-TCP was measured using a protocol provided by MFDS, Republic of
Korea. Briefly, 0.5 g of each synthesized bone grafting substitute was immersed
with 1 mL of distilled water at room temperature for 30 min. After reaction, the
remaining volume of the distilled water was measured using a microbalance. As
shown in Table 2, the wettability of a bone graft substitute does not have a direct
influence on its performance. However, in a clinical setting, when a graft is placed,
the graft material implanted into the bone can absorb some amount of blood and

the graft can be located in the bone defect region.

M-C. In vitro cytocompatibility

MM-C-1. Cell cytotoxicity of Haliotis sp. shell-derived

bone graft substitutes

To analyze the cell cytotoxicity of effluent prepared from Haliotis sp. shell-derived

bone graft substitutes, they were used to treat MG-63 cells. As shown in Fig. 22, the

_46_

Collection @ chosun



5 4
I

&
=
N’ 4 J
=
2
-
=
R
wn
A
A 5

1 4

0 -

HA : B-TCP =2 : 8 used as control HA : B-TCP =2 : 8 from Haliotis shell

Fig. 21. Solubilities of the bone grafting materials synthesized from a 2 : 8
mixture of HA and B-TCP. The solubility of bone grafting substitutes was
measured by the protocol provided by MFDS, Republic of Korea.
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Table 2. Wettability of the bone grafting substitutes synthesized from a 2 : 8
mixture of HA and B-TCP.

HA : B-TCP =2 : 8 used as control HA : B-TCP =2 : 8 from Haliotis shell

Bone graft 0.1050 0.1045 0.1048 0.1006 0.1026 0.1000 0.1020 0.1006 0.1015 0.1037

Before dropping 1.1700 1.1650 1.1800 1.1605 1.1689 1.1530 1.1630 1.1545 1.1650 1.1675

After suction 1.2850 1.2810 1.2930 1.2520 1.2789 1.2590 1.2690 1.2600 1.2680 1.2790

Difference 0.1150 0.1160 0.1130 0.0915 0.1100 0.1060 0.1060 0.1060 0.1030 0.1115

Ratio 91.30 99.09 92.74 90.95 93.27 94.34 96.23 94.90 98.54 93.00
Average(Rm) 91.67% 95.40%

Standard deviation (Rs) 1.31 1.88
— 48 —
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Fig. 22. Cell cytotoxicity of the bone grafting substitutes synthesized from a
2 : 8 mixture of HA and B-TCP synthesized from Haliotis sp. shells. Cell
cytotoxicity of the bone grafting materials was evaluated by MTT assay on
MG-63 cells; the results are shown in the form of mean *+ standard deviation (SD)

of three samples. The standard errors are shown as error bars (P < 0.001).
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relative cytotoxicity of Haliotis sp. shell-derived bone graft substitutes and
commercial bone graft substitutes were estimated to be 86.36% + 0.95% and 88.1%%
+ 0.99%, respectively, as compared to the control. Although the relative cytotoxicity
of Haliotis sp. shell-derived bone graft substitutes is less than that of commercial

bone graft substitutes, it was not significant.

MM-C-2. Cell viability of Haliotis sp. shell-derived bone

graft substitutes

To verify apoptotic cell death in MG-63 cells treated with the effluent prepared
from Haliotis sp. shell-derived bone graft substitutes, DAPI staining was
performed to observe the cells with nuclear condensation. As shown in Fig. 23,
cells with nuclear condensation could not be observed in the MG-63 cells treated
with the effluents prepared from the two bone graft substitutes. Moreover, a
live-and-dead cell viability assay was performed to determine the number of live
and dead cells attached to the bone graft substitutes and Haliotis sp. shell-derived
bone graft substitutes. The live cells exhibited green fluorescence owing to green
calcein AM and the dead cells were stained in red with ethidium homodimer-1; the
live and dead cells were visualized and counted under an inverted fluorescent
microscope. As shown in Fig. 23, MG-63 cells in the presence of either commercial
or Haliotis sp. shell-derived bone graft substitutes were stained with green
fluorescence via the cleavage of membrane—-permeable calcein AM by cytosolic
esterase present in living cells. Furthermore, dead cells with red fluorescence due
to ethidium homodimer-1 staining were not observed in the MG-63 cell population
cultured with the Haliotis sp. shell-derived bone graft substitutes for 24 h. This
suggests that the Haliotis sp. shell-derived bone graft substitutes exhibit an

excellent biocompatibility as bone grafting materials.

_50_

Collection @ chosun



- B- =2 - B- =2
Non-treated control HA:p-ICP=2: 8 HA:pICP =28

(a) usedas control from Haliotis shell
?—D . - -
<
]
o sratid soutiol HA :B-TCP =2: 8 HA : B-TCP =2: 8
(b) B usedas control from Haliotis shell

Cell live and dead assay

Fig. 23. Comparison of cell survival with bone grafting substitutes

synthesized from a 2 : 8 mixture of HA and B-TCP synthesized from

Haliotis sp. shells. Cell survival was analyzed by nuclear staining using (a)
DAPI and (b) live-and-dead assay. Live cells were stained as green by green

calcein AM and dead cells were stained as red by ethidium homodimer .
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IM-C-3. Osteoconductivity of Haliotis sp. shell-derived
bone graft substitutes in MG-63 cells

To evaluate the osteoconductivity of Haliotis sp. shell-derived bone graft
substitutes, MG-63 cells were cultured with Haliotis sp. shell-derived bone graft
substitutes for 4, 7, and 11 days and the resultant mineralization was evaluated
using Alizarin Red S staining. As shown in Fig. 24, mineralized nodules were
observed in MG-63 cells cultured over 7 and 11 days with both control and
Haliotis sp. shell-derived bone graft substitutes. Although the level of
mineralization in MG-63 cells cultured with Haliotis sp. shell-derived bone graft
substitutes was similar to that obtained with commercial substitutes, these are
suggesting that osteoconductivity of the Haliotis sp. shell-derived bone graft

substitutes are at least similar to used as control one.

IM-D. In vivo Osteoconductivity

IM-D-1. Radiographic evaluation of bone regeneration

in animal model with calvarial bone defection

To evaluate the biological safety and osteoconductivity of the synthesized bone
graft substitutes, as shown in Fig. 25, 8mm calvarial bone defects were produced
on experimental animals according to the protocol approved by the IACUC at
Chosun University, Gwangju, Republic of Korea. Subsequently, the synthesized
bone graft substitutes were transplanted onto the bone defect regions of the

experimental animals.

Eight weeks after the transplantation of the bone graft substitutes, the calvarial

bones were collected to evaluate the ability of bone graft substitutes as bone graft
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Fig. 24. Osteoconductivity of Haliotis sp. shell-derived bone graft
substitutes in MG-63 cells. MG-63 cells were cultured with the controls and
Haliotis sp. shell-derived HA for 4, 7, and 11 days. Osteoconductivity was
observed by the Alizarin Red stain and was verified by the optical microscopy at

100X magnification after (a) 4 days, (b) 7 days, and (c) 11 days.
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Fig. 25. Rat calvarial critical-size

(8 mm)

osteotomy defect

procedure. (a) 8 mm critical-size defects were formed using an 8-mm trephine

bur. (b) Synthesized bone graft substitutes were placed in the defect area. (c)

Defect area at 8 weeks after the transplantation of bone graft substitutes Rat

calvarial critical-size (8 mm) osteotomy defect surgery Procedure. (d) approved by

TACUC at Chosun Universitym Gwanju republic of Korea.
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materials by radiographic analysis using X-ray and micro-CT techniques. As
shown in Fig. 26, bone defects could still be observed in the defect region of the
calvarial bone when it was not transplanted with a bone graft substitute.
Furthermore, radiographic observations revealed that bone graft substitutes
transplanted on the defect regions induced significant bone formation. Hence, both
visual inspection and radiographic analysis clearly indicated that the synthesized

bone graft substitutes exhibit excellent osteoconductivity.

IM-D-2. Histological evaluation of bone regeneration in

animal model with calvarial bone defection

To evaluate the osteoconductivity of the synthesized bone graft substitutes from
Haliotis sp. shells, harvested calvarial bones were decalcified and histological
analysis was conducted using H&E staining to observe the morphological changes
in tissues. Safranin-O and fast green staining were conducted to verify new bone
formation at the defect regions in the experimental animals. As shown in Fig. 27,
the results of H&E staining showed that the transplants affected only the
morphology but did not induce inflammation in the defect regions of the
experimental animals. Furthermore, to evaluate new bone formation in the defect
regions transplanted with synthesized bone graft substitutes from Haliotis sp.
shells, safranin-O & fast green staining was performed as shown in Fig. 28.
Similar to the results of radiographic analysis, the safranin-O & fast green staining
results revealed the formation of new bones under the transplanted bone graft
substitutes from Haliotis sp. shells. Therefore, taken together, these results clearly
suggest that the bone graft substitutes substituted from Haliotis sp. shells exert

potent physio—chemical activities as bone graft materials.
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(b) 8 weeks after the transplantation of bone graft substitutes.

Naive

Defect Control

=2:8

Used as control

HA :B-TCP

2:8

from Haliofis sp. shell

HA :B-TCP

Fig. 26. Radiographic evaluation of the defect area at 8 weeks after the
transplantation of bone graft substitutes using the X-ray and Micro-CT
images analysis. After 8 weeks post-transplantation of bone graft substitutes in
the defect areas of animal models, tissues were harvested and immediately fixed
using 4% paraformaldehyde for 4 days. After fixation, the tissues were subjected to
X-ray and micro-CT analysis to evaluate bone regeneration at the defect regions.
(a) Photographs and X-ray observations of the rat calvarial defects post-bone

grafting. (b) Micro-CT images of bone regeneration 8 weeks after bone grafting.
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8 weeks after the transplantation of
bone graft substitutes

Naive

4 mm (@ 8 mm)

P e g

Defect control

HA:B-TCP=2:8
used as control

HA:B-TCP=2:8
form Haliotis sp. shell

Fig. 27. The histological evaluation of defecting sites at 8 weeks after
transplantation of synthetic bone grafting substitutes. Experimental animals
were sacificed at 8 weeks post-surgery. The collected bone sections were observed

by histological analysis using the H&E staining.
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8 weeks after the transplantation of
bone graft substitutes

Naive

Defect control

HA:B-TCP=2:8
used as control

New bone + transplanted
bone graft material

HA:B-TCP=2:8
form Haliotis sp. shell

Fig. 28. The histological evaluation of defecting sites at 8 weeks after
transplantation of synthetic bone grafting substitutes. Experimental animals
were sacificed at 8 weeks post-surgery. The collected bones were evaluated by

histological analysis using safranin-O & fast green staining.
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IV. Discussion

GBR 1is frequently performed to regenerate bones for implant replacement in
dental surgery;, this usually requires bone grafting materials to promote bone
healing [51]. The importance of bone grafting materials in GBR has been reported
in numerous studies. Bone grafting materials are routinely used to reconstruct bone
defects caused by trauma, accident, or infections in oral and orthopedic surgery.
Although autologous bone grafting materials are often preferred for bone
regeneration, they are harvested from elsewhere in the body (e.g., autologous iliac
crest or mandibular symphysis) [52]. To overcome this drawback, biomaterials,
such as calcium phosphate bioceramics, zirconia, and bio—glass, are being developed

as bone substitutes [52-55].

B-TCP and HA are partially resorbable bone substitutes characterized by
biocompatibility, osteoconductivity, and osteoinductivity. Calcium phosphate-based B
-TCP and HA biomaterials have been successfully used for over 40 years as basic
materials for replacing and promoting the reconstruction of damaged or defective
hard tissue. Although B-TCP and HA are commonly derived from inorganic
sources, such as mineral rock, they can also be synthesized from natural materials
containing calcite or aragonite, such as eggshells, cuttlefish bones, and oyster
shells. Haliotis sp. shells are marine gastropods inhabiting East Asia; they are the
most valued commercial edible sea snails in aquaculture [56, 57]. Haliotis sp. shell
flesh 1s widely considered a desirable food in Korea, Japan, and China. Therefore,
an increase in Haliotis sp. consumption is accompanied by an increase of "useless”
shells, which are considered to be environmental pollutants. Although abalone shells
are used as decorative items and as a material for jewelry, buttons, buckles, and
inlay making, most of them are discarded by dumping into ocean. Therefore, an
industrial-scale recycling process is needed to prevent marine pollution caused by
such dumping of abalone shells. With this in mind, we aimed to synthesize B-TCP
and HA from Haliotis sp. shells in the present study.
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Ca0 1s an important compound in the synthesis of bioceramics. Haliotis sp.
shells were completely sintered at 900, 950, and 1000C to synthesize CaO.
Thereafter, the physiochemical characteristics of composites synthesized at different
sintering temperatures were analyzed by FT-IR and XRD. As shown in Fig. 6 and
7, the physiochemical characteristics of the composite synthesized by sintering at
950C were similar to those of commercial CaO, which was used as a control. As
shown in Fig. 6, the FT-IR results revealed a sharp band at 3656 cmfl, two broad
weak bands centered at approximately 3822 and 3388 cmfl, a medium doublet
centered at around 1444 cmfl, and a very strong absorption below 600 cm for all
the synthesized composites. Furthermore, it can be seen in Fig. 7 that commercial
(control) CaO exhibited diffraction peaks at 3224, 37.4, and 53.92. The XRD
pattern of CaO derived from abalone shells by sintering at 950C was similar to
that of commercial CaO. These results indicate the high purity of CaO synthesized

from abalone shells by sintering.

CaHPO, i1s generally synthesized by a chemical reaction between CaCOs; and
phosphoric acid. Hence, CaCOs is required to synthesize CaHPO,, which is a
precursor for TCP. As shown in Fig. 8 CaCO; was successfully synthesized by a
chemical reaction between Ca(OH); and CO.. The FT-IR spectrum of commercial
CaCO; (Fig. 8) used as the control included bands at 713, 875, and 1418 cm'
corresponding to the asymmetrical stretching vibration peaks of O-C-0O. These are
well-known characteristic peaks of calcite [44, 58]. Moreover, CaCQOs synthesized by
the infusion of CO: gas into Ca(OH):; derived from Haliotis sp. shells exhibited
similar bands. Meanwhile, the XRD pattern of commercial CaCOs; (control) showed
characteristic diffraction peaks at 23.09, 29.40, 36.0, 3943, 43.18, and 4852 (Fig.

8), all of which indicate the formation of a calcite phase [45].

To obtain CaHPO, the synthesized CaCOs; was reacted with phosphoric acid;
the reaction pH 1is critical in this case. Therefore, CaCOs was reacted with
phosphoric acid under various pH conditions. Each of the synthesized composites

was compared with commercial CaHPOs by FT-IR. As shown in Fig. 10(a), the
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broad absorption peak between 2400 to 3500 cm ' results from O-H stretching
vibrations. H-O-H bending leads to absorption at 1653 cm Absorptions at 1219
and 1134 c¢cm ! are caused by (P=0)-associated stretching vibrations, while the
absorption at 1057 cm ' is caused by P=O stretching vibrations. P-O-P asymmetric
stretching leads to absorption at 987, 876, and 791 cm ', These are characteristic
peaks of CaHPO; [45-47]. As shown in Fig. 10(c) and Fig. 10(d), the peak
positions of the ceramic products synthesized at pH 7.0 or 8.0 were different from
the characteristic peaks of dicalcium phosphate dehydrate, which was used as the
control. On the other hand, the peak positions of the ceramic products synthesized
at pH 6.0 matched the characteristic peaks of CaHPO, as shown in Fig. 10(b).
These data indicate that the optimal pH for the synthesis of CaHPOs via chemical
reaction between H3PO, and Haliotis sp. shell-derived CaCOs is 6.0.

Subsequently, to verify the synthesis of CaHPO4 the composite synthesized by
the chemical reaction between CaCQOs and phosphoric acid at pH 6.0 was compared
with commercial CaHPO, by XRD. As shown in Fig. 11(b), the physiochemical
characteristics of the composite synthesized at pH 6.0 were similar to the
characteristics of commercial CaHPOs. The XRD spectrum of commercial CaCOs
used as the control showed characteristic diffraction peaks at 115, 20.7, 232
293", and 31.4°, as shown in Fig. 10(a). Moreover, the XRD patterns of CaHPO,
derived from Haliotis sp. shells matched the XRD patterns of commercial CaHPO,,
as shown in Fig. 11 (b). Thus, these results indicate that CaHPO, was successfully
synthesized via a chemical reaction between HsPO, and Haliotis sp. shell-derived
CaCOs3 at pH 6.0.

TCP exists in two major distinct phases a-TCP and B-TCP. a-and B-TCP are
currently used as bone graft materials in dentistry, maxillofacial surgery, and
orthopedics. B-TCP 1is mainly applied in the production of biodegradable
bioceramics, such as microporous granules and blocks, whereas a-TCP, which is
more soluble than B-TCP, is used as bone cement. B-TCP is usually synthesized

at lower temperatures than a-TCP [20].
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Therefore, to verify the optimal temperature for B-TCP synthesis, the chemical
reaction between CaHPO, and CaO was conducted by sintering at 950, 1000, 1050,
and 1100C for 3 h. Thereafter, the physiochemical characteristics of the
synthesized composites were compared with those of commercial B-TCP using
FT-IR and XRD analyses. As shown in Fig. 12(a), the FT-IR spectra of the
composites synthesized by sintering at 950 and 1050C matched those of
commercial B-TCP. On the other hand, the FT-IR spectrum of the composite
synthesized by sintering at 1100C showed peaks different from those of
commercial B-TCP. As shown in Fig. 12(a), B—-TCP used as the control is easily
identified by a broad band between 900 and 1200 cm ' and by the presence of a
peak at 724 cm . The peak at 1211 cm ' is characteristic of a non-degenerate
deformation of hydrogen groups, such as H-OPOs; O-POs, and HPO.*. However,
the absence of a band at 460 cmfl, which i1s characteristic of a-TCP, is indicative
of B-TCP [48]. As shown in Fig. 12(b) - (d), the peak positions of the composites
synthesized at 950-1050C matched the peak positions of B-TCP used as the
control. These results indicated that B-TCP was successfully synthesized by
sintering at 950-1050C from a mixture of CaO and CaHPO, derived from Haliotis
sp. shells. Generally, B-TCP 1is stable at room temperature and transforms at 112
5C [60]. Finally, to confirm the synthesis of B-TCP, the XRD pattern of the
composite synthesized by sintering at 950°C was compared with that of commercial
B-TCP. As shown in Fig. 13, the physiochemical characteristics of the composite
synthesized by sintering at 950C matched the characteristics of commercial
CaHPO,4. Taken together, these data indicate that B-TCP was successfully
synthesized by a chemical reaction between CaHPO, and CaO via sintering at 950
- 1050C for 3 h.

HA 1is attractive for bone regeneration and reconstruction owing to its bone
bonding ability and growth promotion property [19]. Therefore, calcium
phosphate-based HA biomaterials have been used as the basic biomaterials for

replacing and promoting bone growth.
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Ca0O 1is an important Ca®" resource compound used in the synthesis of
bioceramics. In the present study, to synthesize pure CaO, Haliotis sp. shells were
sintered completely at 950C for 3 h. As shown in Fig. 6 and Fig. 7, the FT-IR
and XRD results indicate that the physicochemical characteristics of Haliotis sp.
shell-derived CaO were similar to those of control CaO. This indicates that CaO
could be synthesized successfully from Haliotis sp. shells. However, a chemical
reaction between Haliotis sp. shell-derived CaO and phosphoric acid is needed to
synthesize HA. In the current study, for the phosphorylation of CaO, the pH of
calcium hydroxide was regulated using phosphoric acid at 10.5. Thereafter, the
precipitated composite was sintered at 1230C for 3 h to synthesize HA. As shown
in Fig. 14 and 15, FT-IR spectroscopy and XRD analysis confirmed the material

composition and crystallinity of the abalone shell-derived HA.

Alloplasts are synthetic bone graft materials, which can contribute to the repair
of defective bones and to the enhancement of bone ingrowth. Today, using
synthetic bone graft substitutes composed of bio—ceramic tri—calcium phosphate and
hydroxyapatite, it is possible to increase the width, volume, and height of bones in

deficient areas to regenerate bone-supporting implant replacements.

In this study, we compared the physicochemical and in vitro biocompatibility
characteristics of bone graft substitutes synthesized at a 2 : 8 ratio of HA and B
-TCP. The surface morphology and crystal size of the synthesized bone grafting
substitutes as defined mixing ratio (2 : 8) of HA and B-TCP were studied under
SEM. To observe the electron microscopic structure of bone graft substitutes
synthesized from Haliotis sp. shell, SEM scanning was performed at an
acceleration voltage of 55 kV. The Fig. 18. observe the size and shape of each
bone graft substitutes at magnified 100X, the surface roughness of the each bone
grafting substitutes at the magnified 500X and 1500X and the macroporosity and
pore structure of each bone grafting materials at magnified 5000X, respectively. As
shown in Fig. 18, micropores with 10 - 100 um diameter were formatted in both

internal and external surface on the all of bone grafting substitutes synthesized by
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defined mixing conditions of HA and B-TCP. EDS results showed that the Ca/P
ratio value of bone grafting substitutes synthesized from Haliotis sp. shell by 2 : 8
mixing ratio of HA and B-TCP is 1.64 that is identical Ca/P ratio of the bone
tissue isolated from human body (Fig. 19).

Furthermore, all of synthesized bone grafting substitutes as the defined mixing
ratio of HA and B-TCP shown the pH value ranges of 86 - 88. These pH values
of bone grafting substitutes were similar with the physiological optimized pH wvalue
of human body. Also, the wettability of each bone grafting substitutes synthesized
as defined mixing ratio (2 : 8 of HA and B-TCP. As shown in Table 2, the
evaluation of wettability in the performance of dental bone grafts does not have a
direct effect. However, in a clinical setting, when a graft is placed, the graft
material implanted into the bone can absorb some amount of blood, so that the

graft can be located in the bone defect region.

To use as a bone graft material, synthesized Haliotis sp. shell-derived bone
graft substitutes must have a biological safety. Therefore, the cytotoxicity of eluent
prepared from Haliotis sp. shell-derived bone graft substitutes was assessed by
various methods such as MTT, cell live and dead assay, and DAPI staining. MTT
assay showed that the abalone shell-derived Haliotis sp. shell-derived bone graft
substitutes did not affect the cell viability compared with commercial Haliotis sp.
shell-derived bone graft substitutes. Furthermore, DAPI staining was performed to
verify the cells with nuclear condensation, which is a typical characteristic of
apoptosis. However, the apoptotic cells did not observe in the MG-63 cells treated
with the eluent prepared from Haliotis sp. shell-derived bone graft substitutes.
Moreover, to visualize the live (stained as green color) and dead cells (stained as
red color), cell live and dead assay was performed. Almost cells treated with the
eluent prepared from Haliotis sp. shell-derived bone graft substitutes were stained
as green color. Taken together, these indicate consistently that Haliotis sp.
shell-derived bone graft substitutes a high level of biological safety to use as a

bone graft material.
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Osteoconductivity 1s one of the most important indicators of functional
osteoblasts as differentiated osteoblasts showed much higher mineralization than
dental undifferentiated mesenchymal cells [61]. In this study, mineralization of cells
cultured with Haliotis sp. shell-derived bone graft substitutes and commercial bone
graft substitutes effluents was assessed for up to 11 days. As shown in Fig. 24,
the mineralized nodules were observed in MG-63 cell cultured with both bone graft
substitutes used as control and Haliotis sp. shell-derived bone graft substitutes for
7 and 11 days. Although the level of mineralization in MG-63 cells cultured with
Haliotis sp. shell-derived bone graft substitutes was similar with that of
commercial one, these are suggesting that osteoconductivity of Haliotis sp.
shell-derived bone graft substitutes are at least similar to those used as control

one.

To verify whether synthesized Haliotis sp. shell-derived bone graft substitutes
has a biological and osteoconductive activity in living animals as the in vivo test,
we generated calvarial bone defection animal model and implanted the synthesized
Haliotis sp. shell-derived bone graft substitutes into recipient site [62]. After
implantation, experimental animals were lived for eight weeks and were sacrificed
to analyzed the radiographically evaluation using the X-ray and the Micro-CT.
X-ray image analysis indicated that defecting areas on the calvarial bone did not
healing yet in experimental animal. While as new bone formation had been
observed accordance with synthesized Haliotis sp. shell-derived bone graft
substitutes implanted into defecting calvarial bone areas of experimental animal.
Furthermore, as shown in Fig. 26, Micro-CT image analysis indicated that
experimental animal model with the implantation of synthesized Haliotis sp.
shell-derived bone graft substitutes into the defecting calvarial bone area had been
shown the great new bone formation compared with the experimental animals as
the control without implantation. Moreover, to confirm the new bone formation in
the experimental animals with the implantation of Haliotis sp. shell-derived bone
graft substitutes, we determined histological the evaluation using both H&E stain

and safranin-O & fast green stain. In the H&E staining, Haliotis sp. shell-derived
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bone graft substitutes implanted into defecting region of calvarial bone did not
affect the cell morphology and did not induce the inflammation. Furthermore, in the
results of safranin-O & fast green staining, renewal bones located on the under of
Haliotis sp. shell-derived bone graft substitutes implanted into defecting region of

calvarial bone had been stained as green color by fast green reagent.

From the obtained results, it could be confirmed that Haliotis sp. shell-derived
bone graft substitutes are appropriate for application as bone graft materials in a
clinical setting. Therefore, Haliotis sp. shell-derived bone graft substitutes with
high biocompatibility and optimized physical characteristics are expected to
overcome the limitations faced with autologous grafts. Furthermore, owing to their
simple manufacturing process, Haliotis sp. shell-derived bone graft substitutes can

relieve the cost of implant surgery.
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