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FABRIKASI DAN PENCIRIAN PERANCAH APATIT KARBONAT
DISALUT DENGAN ALGINAT DAN GELATIN

ABSTRAK

Apatit karbonat (COsAp) mendapat perhatian yang luas dalam bidang
percantuman tulang kerana ia mempunyai komposisi kimia yang sama dengan tulang
manusia. Walau bagaimanapun, penggantian tulang COzAp masih belum
dikomersialkan kerana kestabilan haba karbonat yang rendah pada suhu tinggi. Selain
itu, semua bahan berliang mempunyai had kekurangan dari segi kekuatan kerana
wujudnya liang. Tujuan kajian ini dijalankan ialah untuk menghasilkan perancah
COsAp menggunakan tindak balas penguraian ganda dua-pemendakan semasa
rawatan hidroterma dan untuk meningkatkan kekuatan mampatan perancah dengan
menggunakan salutan polimer asli. Kesan kedua-dua larutan yang berbeza, iaitu
NaHCO3 dan Na>CO: terhadap perancah -TCP telah dikenalpasti. Didapati perancah
COsAp dengan 8.95 wt. % kandungan karbonat berjaya dihasilkan menggunakan
larutan NaHCOz. Saiz purata liang perancah adalah kira-kira 180 um dengan 72 %
keliangan. Purata kekuatan mampatan yang diperolehi dari perancah COzAp ialah 0.7
MPa. Perancah COsAp telah disalut dengan salutan alginat dan gelatin. Kekuatan
mampatan meningkat kepada 1.31 MPa dan 1.08 MPa, masing-masing mewakili
kenaikan 34 % dan 46 %. Bagi menghasilkan pautan kimia antara perancah COsAp
dan lapisan polimer, ejen silana A174 telah digunakan. Kekuatan mampatan perancah
5SA-COs3Ap dan 5BG-COsAp selepas dirawat meningkat sebanyak 40 % dan 35 %.
Kesimpulannya, 5SA-COzAp yang dirawat menunjukkan kekuatan mampatan
tertinggi dengan 2.17 MPa dan 52 % keliangan, yang mencukupi untuk aplikasi baik
pulih tulang kanselous di mana nilai terendah bagi tulang kanselous manusia ialah >

0.15 MPa dan 50 — 90 % keliangan.
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FABRICATION AND CHARACTERIZATION OF CARBONATE APATITE
SCAFFOLDS COATED WITH ALGINATE AND GELATIN

ABSTRACT

Carbonate apatite (CO3Ap) has been received much attention in bone grafting
due to similar chemical composition to human bone. However, CO3Ap artificial bone
substitute still has not been commercialized due to the low thermal stability of
carbonate at high temperature. Besides that, common limitation of porous materials,
which is lack of strength should be taken into consideration. The aim of the present
study is to fabricate CO3Ap scaffold using dissolution-precipitation reaction during
hydrothermal treatment and to improve the compressive strength of scaffold by using
natural polymer coating. Effect of two different solutions, which is NaHCO3 and
Na.COz on B-TCP scaffold prepared via dissolution-precipitation reaction was
investigated. It is found that CO3Ap scaffold with 8.95 wt.% carbonate content were
successfully fabricated by NaHCOz solution. The average pore size of the scaffold is
approximately 180 um with 72% porosity. The average compressive strength obtained
of COzAp scaffold was 0.7 MPa. Coating of COsAp scaffold with alginate and gelatin
was performed. Compressive strength was increased up to 1.31 MPa and 1.08 MPa,
which represent 34% and 46% increment, respectively. In order to make chemical link
between COsAp scaffold and coating, silane coupling agent Al74 was used.
Compressive strength of the 5SA-COsAp and 5BG-CO3zAp scaffold after treated with
silane improved by 40% and 35%, respectively. In conclusion, treated 5SA-COzAp
shows the highest strength with 2.17 MPa and 52% in porosity is sufficient for
application of cancellous bone repair where the lowest bound for human cancellous

bone is > 0.15 MPa and 50 — 90 % in porosity.
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CHAPTER 1

INTRODUCTION

1.1  Background of study

Tissue engineering as a new discipline has made very rapid advances since late
1980s (Min, 2006). Tissue engineering evolved from the field of biomaterials
development and refers to the practice of combining scaffolds, cells, and biologically
active molecules into functional tissues (Keane and Badylak, 2014). Development of
biomaterial research area for bone repair in the field of tissue engineering driven by
the increasing of economic burden associated with bone injury and disease. The goal
of tissue engineering is to assemble functional constructs that restore, maintain, or
improve damaged tissues or whole organs. Scaffolding materials are mostly used either
as a carrier or template for implant bone cell or other agents or to induce the formation
of bone from the surrounding tissue. Challenges are set by the design and fabrication
on the synthetic tissue scaffold and the engineering of tissue constructs in vitro and in
vivo. To serve as a scaffold, the materials must be biocompatible, osteoconductive,
and osteointegrative, and have enough mechanical strength to provide structural

support during the bone growth and remodeling (Burg et al., 2000).

Biodegradability and biocompatibility are considered important for materials
to be used in tissue engineering applications. A variety of bioceramic materials such
as alumina, bio-glass, hydroxyapatite (HAp), and calcium phosphates have been used
to fabricate bioceramics porous scaffold. HAp, (Caio(POa4)s(OH)2) and calcium
phosphate (Caz(PO,),) are among the most widely used materials for bone tissue
application due to their excellent biocompatibility, osteoconductivity, and various

degrees of biodegradation (Dorozhkin, 2010). The biodegradable rate should match



with the rate of new tissue formation; in vitro and in vivo. Biocompatibility has been
defined as ability of scaffold to enable cell attachment, differentiation, and
proliferation. Although HAp showed excellent tissue respond and good
osteoconductivity, HAp cannot be resorbed by osteoclasts when implanted since
sintered HAp demonstrates high crystallinity (Ahmad et al., 2012). Therefore,
carbonate apatite (CO3zAp), which has similar crystallinity and chemical composition
to human bone has received much attention. However, artificial CO3Ap bone
substitute still has not been commercialized due to certain limitation. For example,
CO3Ap is unstable at high temperature above 600°C during the sintering process, due

to the presence of carbonate as reported by Zaman et al. (2008).

An alternative method was proposed to fabricate CO3;Ap scaffold by using
dissolution-precipitation reaction during hydrothermal treatment. Alpha-tricalcium
phosphate (a-TCP) powder is commonly used as a precursor to fabricate the COzAp
scaffold. a-TCP is preferred to be used due to its high solubility property. Limited
studies have been done on beta-tricalcium phosphate (B-TCP; Cas(PO,);) as a
precursor. This is due to the lower solubility of B-TCP. That means, longer
transformation time is required to obtain single phase of apatite. However, 3-TCP
showed added advantages where it exhibits higher mechanical strength compared to
a-TCP as reported by Ahmad et al. (2012). Apart from that, the cost of B-TCP powder

is 7 times lower than that of a-TCP powder.

The main advantage of inorganic scaffolds made up of HAp, bioactive glass or
other bioceramics is their high biocompatibility. However, they are suffered from low
mechanical strength and high brittleness as reported by Mohamad Yunos et al. (2008).
Hence polymer coated ceramic framework method has been suggested to overcome

this shortcoming. The polymer is not only coated at the surface but is also made to



penetrate and infiltrate the pore walls of the scaffold via remaining porosity and
microcracks. In the case of polymer coating, sodium alginate and bovine gelatin are
two examples of biocompatible and biodegradation polymers being developed in

medicine and pharmaceutical applications.

When introducing the polymer coating, it is important to understand the
fundamental driving forces which can initiate the development of adhesion strength
between polymers to the ceramic scaffold. Many polymeric materials inherently have
a low surface energy that results in poor surface adhesion or even complete adhesion
failure. This makes difficult for coating materials to properly wet-out and adheres to
the surface to these substrates. Proper surface preparation of these materials will
increase surface energy, improve surface adhesion properties, and add value to the
product and the process. Silanization is one of the surface treatments that commonly
used to form a bond across the interface between mineral components and organic

components (Joughehdoust et al., 2011).

1.2 Problem statement

Mechanisms of the replacement of autograft to new bone are explained by bone
remodeling process. In short, old bone is resorbed by osteoclasts and new bone is
formed by the osteoblasts. Bioactive materials of CO3Ap are expected to be an ideal
bone replacement because it shows excellent osteoconductivity and cell-mediated
resorbability in bone defects (Sugiura et al., 2015). Although bone apatite contains
4 - 8 wt. % of carbonate (Maruta et al., 2011; Nomura et al., 2014), sintered
hydroxyapatite free from carbonate has been used as artificial bone substitute since
COsAp cannot be sintered due to the thermal decomposition at high temperature

required for sintering. Thus, two-step fabrication of CO3Ap scaffold or block have



been proposed. First step is the fabrication of a precursor block such as calcium
carbonate and tricalcium phosphate. Then the precursors block is immersed in
carbonate solution for the fabrication of COs3Ap. Based on the
dissolution-precipitation reaction, the composition of the precursor is transformed to

COsAp.

In the transformation to COsAp, the choice of the main precursor used is
important. The precursor should contain at least one component of the COsAp since
the solution need to be saturated with respect to the COz3Ap based on the dissolution
of the precursor. Calcium carbonate, CaCOs, is one of the ideal precursor since it has
both calcium and carbonate. However, high temperature is required for the fabrication
of porous COsAp using a porogen since porogen will burn out at high temperature.
Various calcium phosphate, such as a-TCP and B-TCP can be used as a precursor for
the fabrication of COsAp since it has suitable solubility (Ishikawa, 2016). If the
solubility is too high, precipitation will not occur and thus COsAp powder will be
fabricated instead of CO3Ap scaffold. Compared to B-TCP, a-TCP is preferred because

of high solubility. However, B-TCP has shown additional benefits where it has higher

mechanical strength than a-TCP (Ahmad et al., 2012).

One of the key challenges in designing tissue engineering scaffold is the
required mechanical properties, e.g. the strength of the scaffold should be sufficient to
provide mechanical stability in load-bearing sites prior to regeneration of new tissue.
One approach to strengthen the mechanical strength of the porous scaffold is to coat
with a polymer layer (Mohamad Yunos et al., 2008). Therefore, natural polymers like
sodium alginate and bovine gelatin layer are used to coat the porous COzAp scaffold.
Because of their advantages, these natural polymers were chosen and reported to be

biodegradable, biocompatible, non-toxic and abundant (Venkatesan et al., 2014).



According to Mohamad Yunos et al. (2008), the addition of polymer phase might have
extra functions, e.g. the biodegradable polymer can act as a carrier for biomolecules,
growth factors, and antibiotics, hence increasing the capability of tissue engineering

constructs.

The concern in polymer ceramic based scaffold are the dispersion of polymer
and interfacial adhesion between ceramic and polymer layer since these influence the
mechanical properties (Rakmae et al., 2012). The dissimilarities between ceramic and
polymer solution will cause weak interfacial adhesion. The adhesion of natural
polymer to the scaffold can be enchanced by introducing the coupling agent on the
scaffold. Coupling agents were used to improve the bond strength between ceramic
scaffolds and the surrounding polymeric coating (Joughehdoust et al., 2011). In short,
it will improve the resistance to degradation of bonds between dissimilar materials by
making a chemical bridge between them. As reported by Cisneros-Pineda et al. (2014),
adhesion between HAp and PMMA was improved by using 3-(trimethoxysilyl) propyl

metacrylate as a coupling agent, which result in high compressive tests.

1.3 Objectives

The main objective of the presents study is to develop COsAp scaffold as a template
and coated with a natural polymer in order to improve the performance. In order to

achieve the main target, the specific objectives are as follows:

i.  To investigate the effect of different solution and soaking time used in

hydrothermal treatment on the transformation of -TCP to COsAp scaffold.

ii.  To identify the effect of different concentration of sodium alginate and bovine

gelatin coatings on the compressive strength of COszAp scaffold.



iii.  To compare the compressive strength of sodium alginate and bovine gelatin

coated silane treated COsAp scaffold and untreated CO3Ap scaffold.

1.4 Organization of thesis

Chapter 1 starts with a brief introduction of tissue engineering. This chapter also
includes some of the problems statement for bone graft. The objectives of the research

project are described in this chapter.

Chapter 2 starts with the introduction to tissue engineering and brief insight of bone
graft. It followed by the carbonate apatite for bone scaffold replacement and

bioceramics scaffold that should mimic the bone composition.

Chapter 3 describes the overall research flow in the present study, followed by
materials used in the experiment and experimental procedures. The characterization

methods are also discussed in this chapter.

Chapter 4 reports the characterization of raw materials used in the preparation of
scaffold. The first stages discussed on the fabrication of CO;Ap scaffold. In this stage,
there are two parts involved which are the fabrication of -TCP scaffold and the phase
transformation reaction of B-TCP scaffold in carbonate solution. Hence, the effect of
type of solution and soaking time on the B-TCP scaffold were studied. The second
stage is followed by the sodium alginate and bovine gelatin coating on the COzAp
scaffold. The study is continued by studying the effects of different concentration of
polymer solution used. The concentration of polymer solution was varied from 1, 3
and 5 wt. %. Moreover, in the last stage, the silane based coupling agent known as
3-(trimethoxysilyl) propyl methacrylate (MTMS) or A174 was chosen in order to

improve the interfacial adhesion between COs;Ap scaffold and polymer coating.



Comparison of properties of the treated COzAp scaffold with untreated COzAp

scaffold were conducted.

Chapter 5 presents the conclusion from this research and also some recommendations

for future studies in this related field.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

This research work focuses on the fabrication of bone scaffold as the alternative
to tissue transplantation for orthopedic injury treatment. In order to produce a scaffold,
this chapter starts with the introduction of tissue engineering and brief insight of bone
graft. Then followed by information on carbonate apatite for bone scaffold

replacement and bioceramics scaffold that should mimic the bone composition.

2.2  Tissue engineering

Tissue engineering evolved from the field of biomaterials development and
refers to the practice of combining scaffold, cells, and biologically active molecules
into functional tissue (Keane and Badylak, 2014). Powerful developments in the
multidisciplinary field of tissue engineering have yielded a novel set of tissue
replacement parts and implementation strategies. Scientific advances in biomaterials,
stem cells, growth and differentiation factors, and biomimetic environments have
created unique opportunities to fabricate tissues in the laboratory from combinations
of engineered extracellular matrices (“scaffolds™), cells, and biologically active
molecules. Scaffolding is among the major challenges faced by tissue engineering,
which is the need for more complex functionality, as well as both functional and
biomechanical stability in laboratory grown tissues destined for transplantation. The
continued success of tissue engineering and the eventual development of true human
replacement parts will grow from the convergence of engineering and basic research
advances in tissues, matrices, growth factors, stem cells, and developmental biology,

as well as materials science and biomaterials.



In bone tissue engineering, a scaffold is used either to induce the formation of
new bone from surrounding tissue or to act as a template for implanted bone cells. The
tissue engineering process involved the seeding of cells onto a scaffold. The scaffold
was then cultured in vitro to form the matured tissue. Then it will fix into the body
damaged parts such as fractured bone, cartilage or skin as an implant. The regeneration
process of natural tissue will take places within the scaffold, which the blood vessels
infiltrate the structure. The scaffold will degrade slowly while a newly tissue will form.

This process was explained schematically in Figure 2.1 (Nainar et al., 2014).

Mechanical properties
Bioreactor — @ Biocompatibility/cell affinity
Architecture

Scaffold guide/stimulate
Cell attachment/proliferation/differentiation

Degradation/resorption
Tissue growth/adaption

Figure 2.1 General concept of tissue engineering process

(Nainar et al., 2014)

2.3 Overview of bone graft

Bone grafting is a very old surgical technique. Vittorio Putti has been
recognized as one of the founders of orthopedic science. The first report of the bone
implant was performed in the year of 1668 (Hung, 2012). The definition of bone
grafting is a surgical procedure that replaces missing bone in order to repair bone

fractures that are extremely complex, pose a significant health risk to the patient, or



fail to heal properly (Donati et al., 2007). Bone grafts are implanted materials that

support or promote bone healing through an osteoconduction, osteoinduction and

osteogenesis mechanism to the local site. These term can be explained as below:

Osteoconduction

Occurs when the bone graft material serves as a structural framework or scaffold
for new bone growth that is perpetuated by the native bone (Hung, 2012). The bone
forming cells in the grafting area will move across a scaffold and slowly replace it

with new bone over time.

Osteoinduction

The formation of new bone by stem cells transforming into osteocompetent cell by
bone morphogenetic proteins (Chroscicka et al., 2016). A bone graft material that
Is osteoconductive and osteoinductive will not only serve as a scaffold for currently
existing osteoblasts but will also trigger the formation of new osteoblasts,

theoretically promoting faster integration of the graft.

Osteogenesis

Occurs when vital osteoblasts originating from the bone graft material contribute to
new bone growth (Karageorgiou and Kaplan, 2005). For any bone grafting
procedure to be successful, the graft site must contain a sufficient number of bone-
forming (osteogenic) cells to form new bone and remodel the residual graft into
viable bone. For example, cancellous autograft, derived from the iliac crest or tibial
plateau, contains enough cells to be considered osteogenic. Local bone from the

primary surgical site generally contains cortical bone with much fewer cells.
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The two major bone graft techniques are autograft and allograft. Autograft
known as “gold standard” in bone substitution because it is proven, predictable, and
reliable (Campana et al., 2014). In addition, it has advantages that are osteogenic,
osteoinductive, osteoconductive and there is less risk of graft rejection. Autograft bone
grafting involves utilizing bone obtained from the same individual receiving the graft,
where the bone is harvested from the body of the patient in the first place. Bone can
be harvested from non-essential bones such as fibula, the chin, the rib and even parts
of the skull. In autograft, donor site morbidity that is damage of remaining tissue at the
site of harvest is a major limitation. Besides this, limited availability and unpredictable

resorption characteristics of the bone are also matters of concern.

Allograft bone grafting is like autograft, which is derived from human. The
different is that allograft is harvested from an individual other than the patient’s body
(Hung, 2012). For allograft, the bone is taken from cadavers that donated their bone
so that it can be used for living people who need it. Usually, this typical source of bone
come from a bone bank. The advantages of allograft are osteointegrative and
osteoconductive and may exhibit osteoinductive potential, but it is not osteogenic
because it contains no live cellular components. Besides this, allograft has a major
limitation, which is the possibility of immune-rejection from the host body and
increase the chances of disease transmission. Both of these two techniques come along
with serious concerns and limitations (Mallick et al., 2015). As an alternative, bone
graft substitute is increasingly used especially in oncologic surgery, traumatology,

revision prosthetic surgery and spine surgery (Campana et al., 2014).

Bone graft substitute involves the extensive use of porous scaffolds to provide
the extracellular environment for the regeneration of bone tissues. These scaffolds are

the main ingredient for bone tissue engineering. It will serve as a template and can be
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used to guide bone regeneration and repair defects to enhance bone regeneration
(Nainar et al., 2014). In addition, scaffolds are used as bone grafting in order to replace
the tissue damaged due to accident, trauma or any disease. The concept of bone
regeneration by bone scaffold substitute is shown in Figure 2.2. The scaffolds are
implanted into an injured site. The regeneration of tissue or organs will occur with the
combination of cells, signals, and scaffold itself. Type of material is one of the
important factors that need to be considered in the fabrication of porous scaffold. The

material should meet the demands of tissue engineering, such as biocompatibility.

Cally ?:L‘c\“’
A T O
2‘:\( £
Bone Defect 3D Scaffold Implantation Osteo.conduftlon& Healthy bone
Osteoinduction

Figure 2.2 Concept of bone regeneration by bone scaffold substitute

(Mohamed and Shamaz, 2015)

The evolution of bone graft substitute can be divided into three generations.
The first generation includes the usage of metals such as stainless steel, titanium, and
alloys; ceramics such as alumina and zirconia; and a polymer such as silicone rubber
and polypropylene. However, it occurs a non-specific immune response to a material
that cannot be phagocytosed, in which an inflammatory response persists until the
foreign body becomes encapsulated by fibrotic connective tissue, shielding it from the
immune system and isolating it from the surrounding tissues. To avoid this non-
specific immune response, second-generation bone graft substitutes were developed
with bioactive interfaces which would elicit a specific biological response (i.e.,

osteoconduction). The second generation was developed by introducing the coating
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layer on the first generation. The bioactive ceramics like HAp and biodegradable
polymers were used. The aim of the second generation is to match the rate of
degradation with a healing rate of the injured bone tissue. The third generation is
followed by inducing specific cellular responses on integrating the bioactivity and
biodegradability of the second generation. The summary of bone graft evolution is

shown in Figure 2.3.

3rd
generation

I\/:ftals, Bioactive
alloys, ceramic Composi
S _ posite
cerzglcs Biodegradable scaffolds
polymer
polymers

Figure 2.3 Evolution of bone graft substitute materials
(Polo-Corrales et al., 2014)

2.4 Carbonate apatite bone replacement

Bioactive materials like carbonate apatite, (CO3Ap) are expected to be an ideal
bone replacement because it shows excellent osteoconductivity and cell-mediated
resorbability in bone defects (Sugiura et al., 2015). The dominant inorganic component
of bone is CO3Ap that contains 4 — 8 wt. % of carbonate (Zaman et al., 2008; Maruta
et al., 2011; Nomura et al., 2014). The presence of carbonate in the apatite lattice
contributed to the ease of resorption in bony tissue (Doi et al., 1998). That means
COsAp is better than HAp in biological response as bone substitute materials. COsAp

can be denoted as two types; A-type or B-type. This is due to the basis of the

13



substitution site of carbonate ions in the apatitic lattice. The comparison of these two
types of COzAp is shown in Table 2.1. However, B-type COsAp is a candidate for an

artificial bone substitute since its structure and crystallinity are similar to natural bone.

Table 2.1 Comparison of A-type and B-type of CO3Ap (Tsuru et al., 2017)

A-type B-type
e COj; for OH substitution e CO; for PO, substitution
e Can be prepared at high e Can be prepared by precipitation
temperature or by hydrolysis at a low
e Found in the old tissue temperature

e Found in the young tissue

To date, artificial CO3Ap bone substitute still has not been commercialized.
This is due to the low thermal stability of carbonate at high temperature, where COzAp
decomposes at temperature 400°C and the pronounced thermal decomposition occurs
at 600 — 700°C (Nomuraet al., 2014). An alternative method was proposed to fabricate
COsAp scaffold using dissolution—precipitation reaction during hydrothermal
treatment (Almirall et al., 2004; Wakae et al., 2008; Maruta et al., 2011; Tsuru et al.,
2017). Apart of hydrothermal treatment, other methods such as carbonation (Cahyanto
et al., 2016), phosphorization (Zaman et al., 2008) and hydrolysis (Pieters et al., 2010)

were also reported able to fabricate COsAp.

2.4.1 Hydrothermal treatment

An alternative method to fabricate COsAp block or scaffolds by dissolution-
precipitation reaction during hydrothermal treatment was widely used since 2007
(Wakae et al., 2007). In this method, selecting a suitable precursor plays an important

factor based on their chemical and physical properties. The precursor should not
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disintegrate in the solution and must contain at least one component of COsAp such as

calcium (Ca), phosphate (P) or carbonate (COz3) (Ishikawa, 2016). For example, the

precursors used in previous works are varied using calcite (CaCQOz3) (Zaman et al.,

2008), gypsum (Nomura et al., 2014), calcium hydrogen phosphate dehydrate (DCPA)

(Tsuru et al., 2017) and alpha-tricalcium phosphate (a-TCP) ( Wakae et al., 2008;

Tsuru et al., 2013; Sugiura et al., 2015). Table 2.2 summarizes the precursor used by

previous researchers to fabricate CO3;Ap scaffold by hydrothermal treatment.

Table 2.2 Types of precursor used in the fabrication of CO3;Ap scaffold by
hydrothermal treatment
Year Precursors Carbonate source References
2017 DCPA block Sodium hydrogen carbonate (Tsuru et al.,
Sodium carbonate 2017)
2015 a-TCP foam Sodium hydrogen carbonate (Sugiura et al.,
2015)
2014 Gypsum Disodium hydrogen (Nomuraet al.,
phosphate 2014)
Disodium hydrogen
carbonate
2013 - a-TCP scaffold Disodium carbonate solution (Tsuru et al.,
2013)
- B-TCP scaffold
(from heat treatment
of a-TCP scaffold)
2008 Gypsum-—calcite Ammonium phosphate (Zaman et al.,
composite 2008)
2007 a-TCP foam Ammonium carbonate (Wakae et al.,
2007)

Based on Table 2.2, the a-TCP powder is commonly used as a precursor to

fabricate the CO3;Ap scaffold. a-TCP is preferred due to its high solubility. Kanji et al.

(2013) reported that high solubility of a-TCP in aqueous carbonate solution will

15



accelerate the formation of nuclei site and quickly transform to COz;Ap. Wakae et al.
(2008) also used a-TCP foam as a precursor in their research, where a-TCP foam was
immersed in 4 mol/L sodium carbonate (Na,COs3) at 100°C and 200°C for various
periods up to 72 hours. Plate-like crystal obtained after the treatment at 200°C had a
smooth surface whereas the crystal obtained after the treatment at 100°C were
constructed from spherical particles. Figure 2.4 shows the example of a crystal formed
on the scaffold after hydrothermal treatment. Based on their results, it was concluded
that the crystals morphology of the surfaces is governed by the hydrothermal treatment

temperature.

Figure 2.4 Scanning Electron Microscopy (SEM) image of a-TCP foam after
immersion in 4 mol/L Na,CO; at 200°C (Wakae et al., 2008)

During hydrothermal treatment, the dissolution—precipitation reaction occurs.
For example, COsAp foam can be fabricated from a-TCP precursors as shown in

equations 2.1 and 2.2.

Cas (PO,), —> 3Ca®* + 2PO* (2.1)

Ca?* + PO+ + COs> — Caioa (POs)sn (CO3)c (OH)2-d (2.2)

Dissolution of a-TCP results in the release of Ca?* and PO, ions into the solution

(equation 2.1). When o-TCP soaked in the solution contain CO3z?" ion, the solution is
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supersaturated with respect to COsAp. Thus, Ca?*, PO4*> and COs% will be precipitated
on the surface of foam as COzAp as reported by Ishikawa et al. (2016). The example

mechanisms of dissolution—precipitation ions are shown in Figure 2.5.
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Figure 2.5 Mechanisms of dissolution-precipitation ions (Willmann et al., 2012)

Another work by Wakae et al. (2008), investigated the effect of different
concentration of ammonium carbonate (NH4).COgz solution at 200°C for 24 hours.
After treatment in different solutions concentration, crystals of different morphology
were observed. Sugiura et al. (2015) investigated the setting reaction of a-TCP foam
granules in the carbonate salt solution. Different concentrations of sodium hydrogen
carbonate (NaHCO3) solution was used in their treatment. Treatment at higher
concentration of NaHCO3 solution results in increased CO3 content in the apatitic
structure and the morphology observed changed from fiber-like to plate-like with
small aspect ratio. It is observed that the surface characteristics are also governed by
the type and concentration of the solution used. When treated with Na,CO; and
NaHCOs;, the crystal morphology changes to plate-like crystals. In contrast, the

structure of the crystal changed to needle-like when immersed in (NH4)2CO:s.
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2.4.2 Carbonation and phosphorization

According to Barralet et al. (2003), the carbonation process was performed by
flowing carbon dioxide (CO2) gas during the sintering or treatment process. B-type
carbonate apatite from apatite cement (AC) was prepared by Cahyanto et al. (2016).
First, the AC powder was prepared. After that, AC powder was mixed at a specific
ratio with distilled water while being packed into Teflon mold and placed with the
100% CO2 gas supply in the incubator. In this process, the solution would be saturated
with respect to COsAp, since COs? ions from CO2 gas exist in the body environment,
the following carbonation process may occur based on the dissolution—-precipitation

reactions as previously mentioned.

It should be highlighted that the COsAp need to be fabricated from precursor’s
materials through phase conversion via hydrothermal or solution mediated
dissolution—precipitation treatment. The first step is the fabrication of precursors and
the second step is immersed in a solution in which missing elements for the fabrication
of COsAp. In the phosphorization process, the basic concept based on the
dissolution—precipitation reaction was applied by immersing the precursors in a
phosphate salt solution (Zaman et al., 2008). For example, Maruta et al. (2011) have
been prepared low-crystalline of COsAp foam based on phase transformation of
calcite (CaCOg) in disodium hydrogen phosphate (Na2HPO4). Based on their finding,
CaCO3 foam was successfully transform to COzAp after immersion in NaoHPO4

solution at 60°C for 2 weeks without changing its macroscopic structure of the foam.

25 Bioceramic scaffold

Scaffold design and fabrication are a major area in biomaterials research, which

include important subjects for tissue engineering and regenerative research
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(Dhandayuthapani et al., 2011). One of the challenges of tissue engineering is
developing scaffolds that are an appropriate mimic of the natural extracellular matrix
(Katti et al., 2008). To mimic the structure of bone, it is essential to understand and
know the structural features of natural bone (Mallick et al., 2015). When developing
the porous structures of the scaffold, some criteria must be considered, namely porosity
and pore size, mechanical competence, biodegradable characterization, surface

properties, and biocompatibility. These requirements can be explained as follows:

Porosity

An ideal scaffold would favor porosity with 50 — 90 % as reported by Ferreira et
al. (2012). Although porosity does not play a significant role in cell attachment
but with the increased in porosity will allow space transport of oxygen and other

nutrients (Mallick et al., 2015).

Pore Size

Interconnected pores play an important factor in the fabrication of scaffold. The
interconnected pores will allow the flow of nutrients and for cell growth
(Eisenbarth, 2007). Pore size between 300 and 500 um is suitable for cell
penetration, tissue in-growth, and vascularization (Mohamad Yunos et al., 2008).
For example, Teixeira et al. (2009) produced a scaffold with a pore diameter
ranging from 100 to 400 um, where the pore size of over 300 um is favorable for
the bone formation and regeneration as reported by Woottichaiwat et al. (2011).
While Karageorgiou et al. (2005) suggested that pore size should be >100 pm for

the proper regeneration of mineralized bone.
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Mechanical Properties

According to Woottichaiwat et al. (2011), the strength of the scaffold should be
sufficient enough to provide mechanical stability in load-bearing sites prior to the
regeneration of new tissue. Li et al. (2015) reported in their article that the lower
bound of the values for human cancellous bone is > 0.15 MPa and ~ 90 % for
porosity. It is also important to retain mechanical strength after the implantation

for hard load-bearing, such as bone and cartilage.

Biodegradable

The type of materials used governs biodegradability. The materials should be
biodegradable in nature. The biodegradable rate should match to the rate of new
tissue formation, in vitro and in vivo. Calcium phosphates, including
hydroxyapatite (HAp) and tricalcium phosphate (TCP), are among the most
widely used materials for bone tissue application (Teixeira et al., 2009) due to
their excellent biocompatibility, osteoconductivity and various degrees of

biodegradation (Huang and Miao, 2007).

Biocompatibility

One of the primary requirement of the scaffold is biocompatibility.
Biocompatibility of a scaffold is described as its ability to perform appropriate
host responses in a specific application and non-toxic on biological systems (Bose

etal., 2012).

There are various methods that can be used to produce the porous bioceramic

scaffold including a polymeric sponge method (Etal et al., 1963; Miao et al., 2007,

Teixeira et al., 2009; Sopyan and Kaur 2009; Mohammad Saman and Jaafar 2015),

freeze casting (Deville et al., 2006; Fu et al., 2008), gel casting ( Pilar et al., 2000;
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Bezzi et al., 2003; Dash et al., 2015), and direct foaming (Almirall et al., 2004; Silva
et al., 2007). The oldest scaffold fabrication of ceramics by the polymeric sponge
method or replication method dates back to the early 1960s. Karl and co-workers in
1963 were the first research group used a polymeric sponge as a template to produce
the porous ceramic structure (Pilar et al., 2000). This method is safe and easy to
produce (Mohamad Yunos et al., 2008; Dash et al., 2015). Furthermore, this is the
most common method used since the prepared scaffold has a controllable pore size,
interconnected pores, and desired geometry, but is poor in mechanical strength (Ramay

and Zhang, 2003).

Miao et al. (2007) have produced a porous calcium phosphate ceramic (CPC)
with the interconnected macropores (~ 1 mm) and micropores (~ 5 um) as well as
high porosity (~ 80 %) by burning polyurethane foams (PU) at 600°C and then firing
the coated PU foams with calcium phosphate cement at 1200°C for 2 hours. Sopyan et
al. (2009) have also used a polymeric sponge as a template to prepare a hydroxyapatite
scaffold. The template is initially soaked in the slurry (a mixture of hydroxyapatite
powder, distilled water and dispersing agent at a certain ratio) until it is
homogeneously coated to the template. Then the template is subsequently dried to burn
out the template at the range between 300 to 800°C (Mohamad Yunos et al., 2008)
followed by sintering at appropriate temperatures depending on the material for
densification. The porosity is observed to be around 34.3 — 59.8 %. Figure 2.6 shows

the schematic diagram of the polymeric sponge method.
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Figure 2.6 Schematic diagram of the polymeric sponge method

(Mamat et al., 2017)

For direct foaming method, the porous structure of air bubbles was obtained
from the air that was incorporated into a ceramic suspension (Mohamad Yunos et al.,
2008). Alternative process foaming of ceramic slurry is done by mechanical agitation
or in situ evolution of gases (Silva et al., 2007). The properties of the scaffold produced
by this method are mostly similar to the gel casting, where high mechanical strength
is obtained. However, non-uniform pore size distribution and poorly interconnected
pores are reported ( Sepulveda et al., 2000; Ramay and Zhang, 2003). Moreover, it
was possible to prepare cellular ceramic foam with different porosity, densities and
pore distribution depending on the solid’s loading and additives used (Silva et al.,

2007). The direct foaming method is schematically shown in Figure 2.7.
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Figure 2.7 Schematic diagram of the direct foaming method (Mamat et al., 2017)
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Gel casting is widely used for the processing of porous and dense ceramics
(Dash et al., 2015). In 1991, Omatete and Janney were the first researchers to report
on the gel casting process (Janney et al., 1998). The scaffold fabricated by using this
method usually results in high mechanical strength but has non-uniform pore size
distribution and poorly interconnected pores (Ramay and Zhang, 2003). The basic
process involves in-situ polymerization and gelatin of organic additives, which are
used along with dispersed slurry. The additives and powder loading are examples of
parameters that effect on the microstructure and porosity. Sepulveda et al. (2000) used
gel casting of foam to produce the porous hydroxyapatite with high porosity up to
90 % and 20 to 1000 um of pore interconnectivity. While on the other hand, Dash et
al. (2015) used gel casting for porous hydroxyapatite, but with the addition of
naphthalene as pore formers. The function of additional naphthalene is to provide an
additional parameter for controlling the porosity and pore connectivity. Figure 2.8

shows the schematic diagram of the gel-casting process.
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Figure 2.8 Schematic diagram of the gel-casting process (Mamat et al., 2017)
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The individual method to fabricate a scaffold can also be combined to tailor
the scaffold properties and also to obtain better porous structure and mechanical
properties. The first report of a combination method was made by Li and co-workers
(2002). The process is a combination of a foaming method and dual-phase mixing
method to fabricate a macroporous scaffold where HAp slurry and poly (methyl
methacrylate), (PMMA) were mixed together at the volume ratio of 1:1 (Li et al.,
2002). It results in a higher porosity of 80 % and interconnected macropores (~1 mm)
and micropores (~5 um). While Ramay et al. (2003) combined gel-casting and polymer
sponge methods to prepare a porous hydroxyapatite scaffold. In this combination
method, a polymer sponge is infiltrated with a ceramic slurry that contains a monomer
and initiator for rapid gelation by in-situ polymerization, resulting in increased

mechanical strength and a controllable porous structure.

On the other hand, Almirall et al. (2004) also used a combination method to
produce an HAp scaffold by using a combination of foaming and hydrolysis of an a-
TCP paste. To prepare the foam, the a-TCP powder was mixed with precipitated
hydroxyapatite and hydrogen peroxide (H,O,) that acts as a foaming agent at different
concentrations. After mixing, the paste was poured into the Teflon molds and kept at
60°C for 2 hours for decomposition of hydrogen peroxide at this temperature. This
was followed with immersion in Ringer’s solution at various periods of time. Based
on the result, it can be concluded that a scaffold that combines interconnected
macroporosity with a high microporosity can be obtained at low temperature by the

foaming of an a-TCP paste and subsequent hydrolysis.

Huang et al. (2007) used H,O, as a foaming agent. They combined the H,O,
with a PU sponge to produce HAp scaffold. PU foams as the template was dipped into

the slurry and fired to remove the PU foam. Then, the remaining green template were
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