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ABSTRACT

Bone tissue engineering offers interesting andqumichallenges to those
studying scaffolds design. First, a porous strgctwith irregular three dimensional
shape is formed, called scaffold. Scaffolds shquta/ide structural integrity, strength,
transport properties such as permeability and ealichicro-environment for cell and
tissue ingrowth and healing, be biocompatible, mstaductive and bioactive. Ensuring
adequate mechanical performance under loads ihengtaffold requirement, if a
scaffold cannot provide a modulus in the range asfiltissue (10—150MPa), then any
nascent tissue formation will probably also faiedo excessive deformation. Blending
of polycaprolactone (PCL) and hydroxyapatite (HAshdemonstrated great potential
for bone tissue regeneration applications. PCloigadh for its biocompatibility and it is
a slowly degrading poly(—hydroxy acid) which will allow more time for regeration
tissue to establish. PCL films have been usedHhergrowth of bone cells and exhibit
low tensile modulus and strength, properties tteat be improved by blending the
polymer with hard, biocompatible filler, like HA.Adis part of the natural bone (70%)
which makes it a perfect candidate for stimulatibgne growth, due to its
biocompatibility and bioactivity.

The present study aims to build a porous scaffold bone regeneration,
combining the biodegradability of PCL with the astenductive properties of HA for
cell attachment, growth and differentiation. Poretrsictures were produced by several
innovative combinations of different conventionachniques: salt leaching, gas
forming, solvent evaporation and phase separaBamples of different ceramic content
were obtained and characterized using scanningrefeenicroscopy (SEM/EDX),
FTIR, mechanical, hydrophylycity, roughness and rdegtion tests. The prepared
scaffolds present different porous patterns througlthe matrix and the porosity was
controlled by altering the initial volume fractiaf the porogen agent (salt particles,
effervescent agents, filler material and solvemt)e tensile strength of the HA/PCL
composites decreased with increasing HA contenhsity and technique being used.
The bioactive and biocompatible features were itigated through immersion in
simulated body fluid (SBF) and bone cell culturifgC3T3). The best composites
found contained 4% HA: 96%PCL formed at a thicknessl.2 mm using solvent
evaporation technique, and a thickness of 10mmgupimase separation technique.

IX
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CHAPTER 1. INTRODUCTION

When Gloria Clausen, a middle school teacher fMemdham, N.J., was told by
her doctor that she had a rare, cancerous tumothia tibia of her left leg, she was
presented with two options: have the leg amputételdw the knee or have a bone
transplant that would save her leg. Like many pdasidaced with similar situations one

of her first questions was, "Where will you getbloae?" [1]

Bone tissue engineering offers interesting andqumichallenges to those
studying scaffolds design. First, a porous scdffwith irregular three dimensional
shapes is build. In the same time the scaffold rhast high strength to replace the
structural function of the bone, temporarily untihas regenerated [2]. Also, for this
purpose the material must be biocompatible, ostadhoctive and bioactive. The porous

structure should enable cell attachment, growthdafferentiation.

Synthetic materials have been studied over the fpasyears as scaffolds for
cell and tissue ingrowth. Blending of polycaprotae and hydroxyapatite (HA) have
demonstrated great potential for bone tissue regéon. Polycaprolactone (PCL) is an
important member of the aliphatic polyester familyhad been used efficiently as a
drug delivery system, but also has been introdtceshhance bone ingrowth and tissue
regeneration [3]. The PCL degradation process wreskimple mechanisms organized
into two stages: random hydrolytic ester cleavagk weight loss through the diffusion
of oligomeric species from the bulk. It is a polynvath a very slow degradation rate,
depending on the chosen molecular weight [3].

On the other hand 70% of bone consists of hydapatite, a form of calcium
phosphate. As the main mineral of the bone, HA thascapacity of stimulating bone
ingrowth. The ceramic takes the form of polygonatesed coarse patrticles, resembling
the apatite in the natural bone. Composites comgithese two materials have found
applications for bone tissue engineering. In thesent study biomimetically porous
scaffolds were prepared combining different convgratl techniques, including salt

leaching, gas forming and phase separation.

1
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1.1. Aims of the Study

The aim of this research is to produce porouslaadctive scaffolds for bone
tissue regeneration, using one or more combinatfadhe already known conventional
techniques (salt leaching, phase separation, gasifg, or freeze drying). At the same
time methods of improving these techniques willshalied, with the aim of producing
a porous structure using a simple composite mai@rieomposite that resulted from the
homogeneous dispersion of one dispersed phasegtiootia matrix).

The best way of building a bone scaffold is toyctipe natural bone structure
and morphology as much as possible. For this retsotargeted structure will not have
a predesigned porous structure with pores of idahtsizes, as the solid freeform
fabrication techniques produce. The main featurdset studied will be pore size, open
porosity, adequate mechanical strength (dependinip® place of implantation -facial,
long bone, cranium reconstruction or just ex viwaffold), biocompatibility and

bioactivity.

1.2 Thesis Outline

The thesis is divided into a number of sectionkajifer one introduces the
research work and the aims. Chapter two describesah bone composition and its
healing process. A brief introduction to what tissngineering is and how scaffolds
can be processed is also presented. How naturadyartketic polymers have been used
in tissue engineering is considered.

Chapter three describes the process adopted tugeothe scaffolds in this
study, via different combination of conventionakhaiques. An overview of the
equipments used to characterize the structuresttananaterials is also outlined. An
investigation to evaluate the in vitro behaviourtioé produced scaffolds is presented

with a description of the cell studies and procedwutlined.

Chapter four presents the experimental resultsdasclissions for the various

samples obtained using various combinations of eotienal techniques.
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CHAPTER 2. LITERATURE REVIEW

This chapter is an overview of Tissue Engineerimmijerece and contains
information about bone structure and function, d&bewaffolds for bone tissue

engineering, bone substitutes and producing tecdlesiq

2.1 Review of Tissue Engineering

Biomedical engineering involves the application esfgineering science and
technology to problems arising in medicine and dggl The integration of each
engineering discipline (electrical, mechanical,mfeal, and so on) with each discipline
in medicine (pathology, cardiology, neurology) oriolbgy (biochemistry,
pharmacology, molecular biology, cell biology, asd on) is a potential area of
biomedical engineering application [2].

Tissue engineering is the use of a combination afsc engineering and
materials methods, and suitable biochemical andipbychemical factors to improve or
replace biological functions. While the applicatiohengineering expertise to the life
sciences requires an obvious knowledge of conteanpotechnical theory and
applications, it also demands an adequate knowledge understanding of relevant
medicine and biology. It has been argued that tlestnohallenging part of finding
engineering solutions lies in the formulation of golution in engineering terms. From
a biomedical engineering point of view also thisndads a full understanding of the life
science substrates as well as the quantitativeadetbgies [2].

Langer and Vacanti [3] stated that tissue engingeis "an interdisciplinary
field that applies the principles of engineeringl éife sciences toward the development
of biological substitutes that restore, maintain,jroprove tissue function or a whole
organ".

Also most definitions of tissue engineering covdiraad range of applications,
in practice the term is closely associated withliappons that repair or replace portions
or whole tissues (bone, cartilage, blood vessédglder, and so on). Often, the tissues
involved require certain mechanical and structupsbperties for their human

applications.
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2.2. Bone: Structure and Function

The bone is a hard connective tissue. It is theomapmponent of almost all
skeletal systems in adult vertebrate animals. Bappears to be nonliving—in fact, the
word skeleton is derived from a Greek word meamingd up. However, bone actually
Is a dynamic structure composed of both livingugess such as bone cells, fat cells, and

blood vessels, and nonliving materials, includiregev and minerals [4].

An adult human has 206 bones, which account fquekdent of the body’s total
weight. The longest and strongest bone is the tlmgh, which at maturity is about 50
cm (20 in) long and 2.5 cm (1 in) wide. The smallesne, the stirrup bone, is one of

three tiny bones buried within the middle earsionly 0.18 cm (0.07 in) long [4].

Bones are multipurpose structures that play divergal roles in vertebrates.
They provide a framework for the body, supportibgnd giving it shape, and also
provide a surface for the attachment of muscles atdas levers, permitting many
complex movements. Many bones protect softer iateangans, for example: skull
bones protect the brain, and rib bones form a @gend the lungs and heart. In
addition to these structural and mechanical funstidoones also participate in the
body’s physiology. Bones store calcium, a minessleatial for the activity of nerve and
muscle cells. The soft core of a bone, the boneawars the site of formation of red

blood cells, certain white blood cells, and blodatgets.

Bone is a lightweight and relatively hard naturamposite mainly made up
from collagen fibril, hydroxyapatite and a small@mt of non-collagen proteins. The
matrix material of this composite primarily consisif type | collagen that is formed as
chains, which twist into triple helices. Thesel&ipelices form batches bonded together
into fibrils. The fibrils are ordered into layeracamineral crystals deposited between
them. This nanocomposite has an anisotropic streicinere the collagen fibrils are
responsible for the tensile strength and the misgyeovide the compressive strength.
The anisotropic structure of the bone results ipesior mechanical properties that

combine toughness and stiffness, but they are malgent in particular directions [5].
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The components of the bone include approximat®dwt% mineral, 30wt%
matrix and 10wt% water, where the matrix compriseud 15wt% living tissue of cells
[6], including osteocytes (bone cells), osteoclgbisne resorbing cells), osteoblasts
(bone building cells) and bone lining cells [7]. elmineral components are mainly
crystalline mineral salts and calcium, present he form of hydroxyapatite (Ga
(POy)(OH)) containing many other substitutions, such asagnesium, sodium,

potassium, fluorine, chlorine, and carbonate ions.

Bones in human and other mammal bodies are geyeasiatsified into two
types: 1) cortical bone, also known as compact lzmke2) trabecular bone, also known
as cancellous or spongy bone (Figure 2.1). Theedypes are classified on the basis of

porosity and the unit microstructure.

GLOBAL ORGANIZATION

Blood vessel
+ nerve

Osteon

Periosteum

Trabelcular
bone

Cortical Bone |

Figure 2.1: Structure of the bone [8]

2.2.1 Cortical Bone

Cortical bone (Figure 2.2) represents nearly 80%hefskeletal mass [6]. It is
also called compact bone, because it forms a pgre¢ecuter shell around every other

bone in the body. Cortical bone has a slow turnaate and a high resistance to

5
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bending and torsion. It provides strength wheredbv@nwould be undesirable as in the
middle of long bones. Cortical bone is dense withoeosity ranging between 5% and
10%. Cortical bone is found primarily in the shaftlong bones and forms the outer
shell around cancellous bone at the end of jointsthe vertebrae. The basic first level
structures of cortical bone are osteons or Haversyatems.

Each osteon is composed of a central vascular ehaunrounded by a kind of
tunnel, called the Haversian canal. The canal caai capillaries, arterioles, venules,
nerves and possibly lymphatics. Between each ostaan interstitial lamellae
(concentric layers of mineralized bone). Lamellamé gets its strength from its
plywood-like construction: parallel layers of boadiernating in orientation by 90
degrees.

Cortical

—— Cancellous

Figure 2.2: Cortical and trabecular bone [8]

2.2.2 Trabecular or Cancellous Bone

Trabecular bone is much more porous with porositygmg anywhere from
50% to 90% [6]. It is less dense, more compliard bas a higher turnover rate than
cortical bone. It is found in the epipheseal andapieysal regions of long bones and
throughout the interior of short bones. It conséistumost of the bone tissue of the axial

skeleton: bones of the skull, ribs and spine. ltorned in an intricate and structural
6
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mesh. It forms the interior scaffolding, which helpones to maintain their shape
despite compressive forces.

Also it is believed to dissipate the energy frontical contact loads, due to its
spongy appearance, as it is composed of bundlebast and parallel strands of bone
fused together [6]. In the middle the bone contagts yellow marrow, bone cells and

other tissues. Its basic first level structurenhes trabeculae.

2.2.3 Physical Properties of the Natural Bone

Chemical composition and physical properties of tlaéural bone depend on
species, age and the type of bone. Mechanical grepeas compressive strength,
Young's modulus, tensile strength, hardness antura toughness have been studied
greatly. The orientation of bone specimen, whicim d¢s defined as longitudinal
(parallel to the predominant osteon ligaments),transverse (through the osteon
section), affects the mechanical properties. Comipaice has a compressive strength in
the longitudinal direction (parallel to the axisgnging from 131-224MPa, and a
Young’s modulus between 17-20GPa [9], that is twiae of the transverse direction. It
exhibits also good fracture toughness, which ishmugher in the transverse direction
than in the longitudinal one.

The mechanical properties of the trabecular boeeheghly dependent on its
density. Compressive strength varies with the sgcpower of density, where as
Young’'s modulus scales as the second or third pomién values ranging between 0.5-
10 MPa and 50-100 MPa for strength and modulupectvely [10] (Table 2.1). It may
appear that the trabeculae are arranged in a ramd@mmer, but they are organised to
provide maximum strength, similar to braces that @sed to support a building. The
trabeculae of cancellous bone follow the linestodss and can realign if the direction

of stress changes [10].
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Table 2.1: Mechanical properties of human boneptaafrom [9]

Test direction related to bone axis
Mechanical property Parallel Nl
Tensile strength (MPa) 124-174 49
Compressive strength (MPa) 170-193 133
Young's modulus (GPa) 17-18.9 11.5
20-27 [random]
Micro Hardness (VPN) 30-60 -
Fracture Toughness (MPa-hi | 2-12 8
Bending strength (MPa) 160 -
Shear strength (MPa) 54 -
Ultimate Tensile Strength 0.014-0.031 0.007
(UTS)
Ultimate Compressive Strain 0.0185-0.026 0.028
Yield Tensile Strain 0.007 0.004
Yield Compressive Strain 0.010 0.011

2.2.4. Bone Healing

Bone healing or fracture healing is a proliferatpkysiological process, in
which the body facilitates repair of bone fracturése bone healing process includes
three major phases of fracture healing, two of Witan be further sub-divided to make

a total of five phases [11]:
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1. Reactive phase
1.1  Fracture and inflammatory phase
1.2  Granulation tissue formation

2. Reparative (modeling) phase
2.1. Callus formation
2.2. Lamellar bone deposition

3. Remodeling phase

3.1 Remodeling to original bone contour

The modeling and the remodelling phases are basdtieoseparate actions of
bone resorbing cells, called osteoclasts (multeateld cells that form by fusion of
mononuclear precursors of haematopoetic originy aone forming cells, called
osteoblasts (that derive from mesenchymal stens delind in the bone marrow,
periosteum and soft tissues).

Reactive phasafter fracture, the first sign is the presencblobd cells within
the tissues which are adjacent to the injury sttaqis visible using light and scanning
microscopy). After fracture, the blood vessels tactsand stop any further bleeding.
Within a few hours after fracture, the extravascblaod cells will form a blood clot or
hematoma [12]. All of the cells within this bloodbt will degenerate and die. Also
some of the cells outside it, but adjacent to thery site, degenerate and die. Only the
fibroblasts survive and replicate, forming a lo@gmgregate of cells with small blood

vessels, known as granulation tissue.

Reparative (modeling) phasdays after fracture, the cells of the periosteum
replicate and transform. The periosteal cells prati to the gap develop into
chondroblasts (cartilage like cells) and form hyalcartilage. The periosteal cells distal
to the fracture gap develop into osteoblasts amth fwoven bone. The fibroblasts
within the granulation tissue also develop intorafroblasts and form hyaline cartilage.

These two new tissues grow in size until they uwiiih their counterparts from other
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pieces of the fracture. This process forms fraceabus [12]. The fracture gap is
bridged by the hyaline cartilage and woven bongtoreng some of its original strength.

Another subphase is the replacement of the hyaamglage and woven bone
with lamellar bone. This process is known as endodral ossification.

The hyaline cartilage and “bony ossification” witkspect to the woven bone.
The lamellar bone begins forming soon after thdageih matrix of either tissue
becomes mineralised. Substitution of the woven haitle lamellar bone precedes the
substitution of the hyaline cartilage with lamellaone. The osteoblasts form new
lamellar bone onto recently exposed surfaces ofniireeralized matrix. This new
lamellar bone is the form of trabecular bone. Anhsastage all of the woven bone and
cartilage of the original fracture callus is re@ddy trabecular bone, restoring much or

all of the bone’s original strength.

Remodelingthis process substitutes the trabecular bone thvélcompact bone.
The trabecular bone is firsesorbed by osteoclasts, creating a shallow rasaorlpit
known as “Howship’s lacuna” [11, 12]. Then osteskdadeposit compact bone within
the resoption pit. The fracture callus is remodkll@o a new geometry which closely

duplicates the bone original shape and strength.

2.3 Tissue Engineering Scaffolds

2.3.1 Bone Tissue Engineering

Beginning in the late 1980s, the field of tissuggiaeering has made rapid
advances as a new discipline. Tissue engineeriltg Ippomises of [13]:

1. Eliminating re-surgeries by using biological sutsés;

2. Using biological substitutes to solve problemsrplant rejection, transmission
of diseases associated with xenografts and allsgiafid shortage in organ
donation;

3. Providing long-term solutions in tissue repairiarthe treatment of diseases;

4. Offering potential treatments for medical condiSorthat are currently
untreatable.

10
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The advent in tissue engineering has been motlvate the challenge of
producing tissue substitutes that can restore thetaral features and physiological
functions of natural tissues in vivo [14-16], désphe limitations of current therapies

for tissue loss or malfunction.

Ideally a tissue engineering scaffold must complghwa large number of
requirements. Apart from being biocompatible anddbgradable, scaffolds should
possess other properties such as the appropriatieameal properties, as to provide the
correct stress environment for the new tissue [5,adequate degradation rate to
assure that the strength of the scaffolds is rethumtil the newly grown tissue takes
over the synthetic support [18], adequate porasitg permeability in order to allow
the ingrowth of cells and circulation of nutrienésd the appropriate surface chemistry
for enhanced cell attachment and proliferation I8p, The primary criterion for
selecting materials for bone tissue engineerinipas they should be osteocompatible.

Also the material has to be bioactive (osteocondeftisteoinductive).

The development of bone tissue engineering is tyrdimked to changes in
materials technology. Standard material requiremalteady exist in the design process
of engineered bone substitutes. However it isaaiitio include the clinical requirements
in order to offer an optimum engineered device.ré&hae multiple clinical reasons to
develop bone tissue—engineering alternatives, dnety the need for better filler
materials that can be used in the reconstructiofargfe orthopaedic defects and the
need for orthopaedic implants that are mechanicalbre suitable to their biologic
environment [19, 20]. The traditional biological tineds for bone—defect repair include
autografting and allografting cancellous bone, gipgl vascularised grafts of the fibula
and iliac crest, and using other bone transporhriecie [20]. Although these are
standard treatments, shortcomings still exist.

Autograftsare grafts that were harvested from the same pensd transplanted
into another location in the body. Although thetlresults are achieved with autografts
this solution has several drawbacks like the lich@enount of harvested material. It also

requires more operation time, and complicatiorth@tdonor site are possible.
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Allografts are harvested from a human cadaver. Allograftsnielite the
previously mentioned drawbacks but they do not leslfast and as well as the
autografts. Not only is the operating time requifedharvesting autografts expensive,
but often the donor tissue is scarce, and therebeasignificant receiver site morbidity

associated with infection, pain and hematoma [21].

Another method for bone defect repair is b@e cement fillersBone cements

are prepared in the operating room and therefardoeasusceptible to infection.

Bone marrow replacemeig another possible tissue-engineering applicaton

the treatment of patients following high-dose ch#maapy and/or radiation treatment
[22]. This technique requires the sterile aspiratbthe marrow from the posterior iliac
crest. Marrow can be used in tissue-engineeringigag techniques and also as a basis

for marrow expansion.

Alloplasticsare the grafts made by man. The key advantageesétsolutions is
that they are available in the desired size anehfand also the lack of donors is not an
issue. Nowadays there are two common types of appes. One approach is to apply
bioinert materials as permanent replacement. Baisrique is widely applied in case of
knee, hip, or ligament replacement. The other &oius to use the patient’'s own cells
to build up an implant that can augment or replacéissue function including a
complete organ. The fundamental problem is thatct#dis can proliferate into larger
colonies; however they are incapable of forminge¢hdimensional tissues/organs in
vitro [23]. To form a three-dimensional organizedstie the cells need complex
mechanical, chemical, and electrical signals whane present in their natural
environment [24]. For this reason it is necessamyse a porous matrix called a scaffold
to which the cells can attach, proliferate andedédhtiate in vitro and afterwards this
can be inserted to the anatomical defect. Thisimatronly necessary until the cells
form the desired anatomical shape and gain suficilmechanical properties to
withstand the physiological loading. Therefore &udf are ideally made from
bioresorbable materials [25].

Bone tissue engineering can provide better alteemtthat possess better
mechanical properties than those that are currarggd. In this way the mechanical

properties of a bone tissue-engineered construttbeamodified in order to resemble
12
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the natural tissue properties.. A related applicats the use of a tissue-engineered
surface to permanently stabilize implants by captime prosthesis with cells or tissue
before implantation. This can be extremely useful reconstructive orthopaedic

surgeries that potentially have high incidencefaibiire secondary to large bone defects
[26].

For bone tissue regeneration four components ayeiresl: a morphogenetic
signal, responsive host cells that will respondhe signal, a suitable carrier of the
signal that can deliver it to specific sites themve as scaffolding for growth of the
responsive host cells, and a viable, well vascsgarihost bed [27, 28]. Also, another
important thing that must be mentioned is that aind®years ago, researchers became
aware that the osteoconductive properties of thnthsyic absorbable polymers were
dependent on their location and the structure efrttaterial that they were made of
[29].

Natural tissues are three-dimensional (3-D) stmestucomposed of cells
surrounded by extracellular matrix (ECM). The ECMnfis the supporting matrix for
the cells to reside and the cell-cell and cell-ECbhtact plays an important role in
maintaining cell differentiation and function. Botissue engineering can be viewed as
the use of a scaffolding material to either indulbe formation of bone from the
surrounding tissue or to act as a carrier or tetagiar implanted bone cells or other
agents. Materials used to construct bone tissugineered scaffolds may be injectable
or rigid, the latter requiring an operative impktiin procedure. Until now, the areas of
materials research can be divided into accellulzd aellular, with drug delivery

included in both areas [30].
2.4 Bone Substitutes Used in Tissue Engineering

Synthetic biodegradable polymers have been useshsxely as supports for
cell growth, but attempts to supplement these nadsewith bioactive molecules to

stimulate or modulate the remodelling process Imdgslzeen a recent venture [30].

Biomaterials can be divided into four major classésmaterials: polymers,
metals, ceramics (carbon, glass-ceramics and glaase natural materials (both from
plants and animals). Sometime different class ofemals are combined together to
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form a composite materials, such as hydroxyapatésicle-reinforced poly (lactic
acid). These materials, composites, are the fiflsscof materials. The properties of
biomaterials must match the ones of the tissuetti®gt replace. As a general rule they
have to be biocompatible. For bone regenerationparticular choosing the right
biomaterials must answer demands like: adequatespyr mechanical strength to
support load, flexibility to withstand shocks angpeopriate rate of degradation as to
offer time for cells attachment, proliferation adiglision [31].

The diversity and sophistication of materials usedrently in medicine and
biotechnology is the proof of significant scierdiind technological advances that have
occurred over the past 50 years. Starting withwoeld War 1l to the early 1960s, few
pioneer surgeons were taking commercially availgakymers and metals, fabricating
medical devices implants and components from thana, applying them clinically
[30,31]. Also there were some failures that led shegeons to recognise the need of
having more diverse research using physical, bio&gand materials scientists and

engineers.

This stimulated the development of many new mdgemathe 1970s. Materials
were designed specifically for medical use, suchbemlegradable and bioactive
ceramics. Some of them were derived from existirgemials with new technologies,
such as polyester fibres, that were woven or kmib ithe form of tubes for use as
vascular grafts, or cellulose acetate plastic thas processed as bundles of hollow
fibres for the use in artificial kidney dialyseAdso there were some materials borrowed
from some unexpected sources such as pyrolyticonarlor titanium alloys that had
been developed for use in air and space technoldthyer materials were modified to
provide special biological properties, such as irbiimation of heparin for anti-
coagulant surfaces. More recently biomaterialsnéisits and engineers have developed
a growing interest in natural tissues and polymersombination with living cells. For
these new techniques of isolation, purification apglication of many different natural
materials appeared [30, 31]. Bone tissue — engimpesystems have included
demineralised bone matrix, collagen compositesirfilcalcium phosphate, polylactide,
poly(lactide-co-glycolide), polylactide-polyethylen glycol, hydroxyapatite, dental

plaster, and titanium [27].
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2.4.1 Calcium Phosphate (Ceramics) and Sulphate

There are several calcium phosphate ceramics tbaioasidered biocompatible.
Of these, most are bioresorbable and will dissoldeen exposed to physiological
environments. The earliest application of calciuhogphate salts was in the form of
powders. The most commonly used calcium phosphatanics are hydroxyapatite
(coral based or synthetic) and tricalcium phosphased in form of implant coatings
and defect fillers. These materials require higimperature and high pressure
processing to produce dense, highly crystallin@inert ceramics, which are not
moldable intraoperatively; however they often hgeo®r fatigue characteristics [32].
The order of these calcium phosphates, dependirtgensolubility, is as follows [33,
391

Tetracalcium Phosphate (§(Pa09) > Amorphous calcium Phosphate > alpha-
Tricalcium Phosphate (G#®0Qy),) > beta-Tricalcium Phosphate #RO,) 2) >>
Hydroxyapatite (Ca(PQ)s(OH),).

Unlike the other calcium phosphates, hydroxyapalites not break down under
physiological conditions. In fact, it is thermodymigally stable at physiological pH and
actively takes part in bone bonding, forming stramgmical bonds with surrounding
bone. This property has been exploited for rapideboepair after major trauma or
surgery. While its mechanical properties have bieemd to be unsuitable for load-
bearing applications such as orthopaedics, it &l s a coating on materials such as
titanium and titanium alloys, where it can conttiits 'bioactive’ properties, while the
metallic component supports the load applied bybibaty. Such coatings are applied by
plasma spraying. Careful control of the procesgiagameters is necessary to prevent
thermal decomposition of hydroxyapatite into oteeluble calcium phosphates due to

the high processing temperatures [39].

Gypsum, also referred to as ‘Plaster of Paris’, owe name to a village just
north of Paris. Although its external use for theation of hard setting bandages dates
back to the seventeenth century, its first inteusa to fill bony defects was reported in

1892 by Dressmann [33]. The Plaster of Paris has bsed as a bone void filler, and as
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an antibiotic-laden plaster in the treatment okatéd bony defects [34-37]. Calcium
sulphate (CaS£) has long been used in its partially hydrated foMedical grade
calcium sulphate is crystallized in highly conteallenvironments producing regularly
shaped crystals of similar size and shape. It psgsea slower, more predictable
solubility and reabsorption. One such material iste®@Set (Wright Medical
Technology, Arlington, TN), which was approved b@A-in 1996 [35]. The material
comes in the form of 30 and 48 mm pellets thatdgtby dissolve in vivo within 30 to
60 days depending on the volume and location [Be¢ main advantages are that it can
be used in presence of infection and it is compaaigtcheap. Since it is bioabsorbable,
it has inherent advantages over other antibiotidera, such as polymethylmethacrylate
(PMMA), which become a nucleus for further infectiafter elution of the antibiotics,
thus requiring a separate operation for removamfithe surgical site. When this is
combined with the eradication of dead space and¢idic environment created during
CaSQ resorption, the compound can be an extremely @ffetreatment for acute bony
infections with bone loss. However, some casesftdmmatory response and a single

case of allergic reaction have been reported withuse of this compound [38].

2.4.2. Natural polymers

Naturally derived protein or carbohydrate polymiease been used as scaffolds
for the growth of several tissue types [45-47].fBythe most popular natural polymer

used for tissue engineering scaffolds is collagé). [

A. Collagen

Collagen is the main protein of connective tissneanimals and the most
abundant protein in mammals, making up about 25%5% of the whole-body protein
content. It is naturally found exclusively in meatazincluding sponges [50]. The
collagen in the tissues of a vertebrate occurstieast 10 different forms, each
predominant in a specific tissue. All the forms reh¢he triple helix structure and
variations are restricted to the length of the rogle. Collagen constitutes 1% to 2% of
muscle tissue, and accounts for 6% of the weighstaing, tendinous muscles. The

gelatin used in food and industry is derived fréma partial hydrolysis of collagen [50].
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B. Starch

Starch, also called asylum, is polysaharide carb@tg composed of a large
number of glucose unites. It is produced by alkgrplants and it is used as energy store
and is a source of food for humans. Work condubttedam et al. [45] demonstrated
the feasibility of using natural biopolymers (starcdextran and gelatin) and distilled
water as the binder. This aqueous system elimintaegroblem linked to the use of an
organic solvent. However, when a scaffold is bolwydwater, it is therefore water-
soluble, necessitating a lengthy postprocessimmtstavaterproof’ the product [45].

C. Chitosan

Chitosan is produced by deacetylation of chitihjol is the structural element
in the exoskeleton of crustaceans, like crabs omgts. Chitosan purified from shrimp
shells is used in a granular hemostatic produdp>Cenade by Medtrade Biopolymers
Inc. of Crewe, England [62] and in the chitosansdiiegs made by HemCon Medical
Technologies Inc. of Portland, OR, USA [63]. Schffowith various pore sizes and
porosities were produced by selecting the apprtgpsalvent and optimizing processing
conditions, as shown in Hua Wu et al. work [61]eMork showed that chitosan does

not change the polymer crystal structure.

2.4.2. Synthetic Polymers

Since the approval of biodegradable sutures byFDA in the 1960, medical
products based on lactic acid, glycolic acid, p@iyoxanone), poly (trimethylene
carbonate) copolymers and polycaprolactone homaopaly and copolymers have been
accepted for use as medical devices [50]. The dpuwsnt of synthetic biodegradable
polymers has in recent years benefited the desigrdavelopment of three-dimensional
templates or scaffolds for tissue engineered prsdiacsupport, reinforce and in some
cases organise the regenerating tissue [40]. Thesions require a porous scaffold
with interconnected porosity and desirable chempraberties [41]. As the polymer
degrades over time in the body tissue grows hemea¢ed for a secondary surgery to

remove the implant [42]. In addition, synthetic yookrs have the advantage over
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natural biodegradable polymer in that they cands#lyemass-produced. The properties,
in particular, the degradation rate, can be taildeesuit specific applications [43]. The

sterilisability and biocompatibility of these polgns have also been well-documented
[44].

A. Poly-caprolactone

Polycaprolactone (PCL) is a biodegradable polynpamt of the polyesters
family, with a low melting point of around 60° amdglass transition temperature of -
60°. This polymer is derived by chemical synthdsisn crude oil, by ring opening
polymerization of - caprolactone using a catalyst such as stannotaaste. This
polymer has a good resistantce to water, oil, sahand chlorine. Its role is as an
additive for resins, to improve their processingarettteristics and their end use
properties. It is a biocompatible material andtfos reason it can be mixed with starch
to lower its cost and increase biodegradabilityitocan be added as a polymeric
plasticizer to PVC.

Polycaprolactone degrades by hydrolysis of iterebhkages in physiological
conditions and for this reason it has received eatgdeal of attention for use as an
implantable biomaterial. It has proved interestiiog the preparation of long term
implantable devices, because it has a very slowadegion rate, even slower than that
of polylactide. PCL is 