Bioactive and Biodegradable Scaffolds for
Hard Tissue Engineering

by
Elena Irina Pgcu, BSc, MIEI

This thesis is submitted for the

requirement of the award of degree of

MASTER OF ENGINEERING (MEng)

by research from

DUBLIN CITY UNIVERSITY

Supervisors: Dr Joseph Stokes

Dr. Tim Prescott

2009



Biomimetic and Biodegradable Scaffolds for Hardstlies Engineering
Elena Irina Pascu

DECLARATION

| hereby certify that this material, which is nowbsit for assessment on the
programme of study leading to the award of Mastderayineering is entirely my own
work, that | have exercised reasonable care torerikat the work is original, and does
not to the best of my knowledge breach any lawapfycght, and has not been taken
from the work of others save and to the extent twth work has been cited and
acknowledged within the text of my work.

Signed: (candidate) ID rbxd127930 Date:




Biomimetic and Biodegradable Scaffolds for Hardstlies Engineering
Elena Irina Pascu

To my family



Biomimetic and Biodegradable Scaffolds for Hardstlies Engineering
Elena Irina Pascu

AKNOWLEDGEMENTS

Hereby | would like to acknowledge first of all ,sypervisors, Dr. Joseph Stokes and
Dr. Tim Prescott for their assistance and guidahoeng my work.

I would like to thank my husband, Filip, for hisitfg love, support, patience and
humour which helped me all the way.

Furthermore | would like to thank my NOVELSCAFF leglgues: Engin Vrana,
Yurong Liu, Diana Garcia Alonso, Szilvia E6soly,mMas Sics, Joanna Podporska, and
Marcin Lipowiecki; and Vittoria Flamini, for theihelp, patience and professional
advice.

Also, | would like to thank to Mr. Liam Domican, MMichael May, Mr. Chris Crouch
and Mr. Maurice Burke for their technical assis&anc

This research has been supported by a Marie CuadyEStage Research Training
Fellowship of the European Community’s Sixth FrawowwProgramme under the
contract number MEST-CT-2005-020621.



Biomimetic and Biodegradable Scaffolds for Hardstlies Engineering
Elena Irina Pascu

TABLE OF CONTENTS

DECLARATION . L. e e e e e et e et e e e I
AKNOWLED GMENT S ... e e e e e e e eeas i
TABLE OF CONTENTS. .. o memmm e e e e eeeemnnees e s e e e e e e e eeenas Y
LIST OF FIGURES. ... oot e e s Vi
LIST OF TABLES. ..o e e e e e e IX
AB ST RACT ot e e e e e e X
LN I 0L L I [ N P 1

L1 AIMS OF THIS STUDY ...ttt e e e e s nann 2

L2 THESIS OUTLINE. .. ...ttt e e et et et e 2
2. LITERATURE REVIEW. ...t et e et e et e 4
2.1. REVIEW OF TISSUE ENGINEERING..........ccciiiiiiiiiieie e 4
2.2 BONE: STRUCTURE AND FUNCTION.......iiiiiiitiiie e e et e 5
2.2.1 COrtiCal BONE.....oeiiiiiiiiiiiiiieee ettt e e e nene e 7
2.2.2 TrabeCUular BONE..........iiiiiiiiiiiimmmm ittt e e ee e e e 8
2.2.3 Physical Properties of the Natural Bone......ccceceioiiiiiiiiiiinn, 8
2.2.4Bone Healing........cocoviiiii i e, 10
2.3 TISSUE ENGINEERING SCAFFOLDS.......cciiiiiiiiieie et e 12
2.3.1 Bone Tissue ENQGINEEIING.......c.c.ouuiiii it e e e o e 12
2.4 BONE SUBSTITUTES USED IN TISSUE ENGINEERING............cccccocueee 15
2.4.1 Calcium Phosphate (Ceramics) and Sulphate.............................16
2.4.2 Natural POIYMErS. ... ...t e e e e 18
2.4.3 SyNthetiC POIYMEIS........oiiiiiiii e 19
2.5. PROCESSING TECHNIQUES. ..ot e e e 26
2.5.1 Conventional Scaffold Fabrication Methods.....c.c..........ccoee..n....26
2.5.2 Scaffold Fabrication/Solid Freeform Fabrma Techniques................. 29
2.5.3 Biomimetic Methods for Bone SubstituteShByesis...........cccccevvviiinnenn. 32
2.6 Techniques and materials for the present relsear...............cccccceeiiiiiiieie s cmmem 32
3. EXPERIMENTAL EQUIPMENT, MATERIALS AND PROCEDURES.............cccoeuunen. 34
3. L INTRODUCTION.. .. .. ittt eemm ekt nne e 34



Biomimetic and Biodegradable Scaffolds for Hardstlies Engineering
Elena Irina Pascu

3.2 MATERIALS AND METHODS...... .ottt sieeeee e e e 36
3.3 SCAFFOLD PREPARATION. .....ccitiiiiiiie e ieeeeee ettt 38
3.4. CHARACTERIZATION EQUIPMENT ...ttt e 42
3.3.1. Differential and Thermal Gravimetric Ana/@DTA/TGA)................ 42
3.3.2. Particle Size ANAlYZEr....... ..o 43
3.3.3. Scanning Electron Microscopy/Energy DisperX-Spectroscopy
(SEM/EDX). .. ettt e ettt ek e et nn e et as 43
3.3.4 Degradation Tests, Contact Angle, Roughngs#s, Conductivity
MEBASUIEIMENTS.... ettt ceeenmm e e e e et et e e e e e e e e et e seeaaae s e e e eeeennbneneans 44
3.3.5. Fourier Transform Infrared SpectroscopyIgT..........oovviiiiiiiieinins 47
3.3.6 Mechanical TeStNG.........ovuuii i e e 48
3.4 “IN VITRO” TESTS AND BIOLOGICAL CELL RESPONSES...........c.cccvvenneen. 48
3.4.1. Bioactivity Test in Simulated Body FIUIdBS)..........ccccoeeiiiiiiciiiiiinnnns 48
3.4.2. Biological Response of Composite Scaffalds...............ccooeeeiiiiennnnns 50
4 RESULTS AND DISCUSSION. ....cciuiiiiiiiieiieesamiie ettt e eemeessse e snneens 52
4.1 INTRODUCTION. ....eiittiiiiiieeiitet et ettt et e e smeeeeseeennee s 52
4.2 PRELIMINARY CHARACTERIZATION OF MATERIALS.....c...ccoiiiieiiiieee. 53
4.2.1 HA Morphology and Particles Size.....ccoeevvvveeeiiiiii 53
4.2.2 Thermal Gravimetric AnalySiS..........ccceeevvvviiieiiie 4.5
4.2.3 SEM/EDX RESUIES.....cceiiiiiiiiiiiiiceeeee et 54
4.2.4 Mechanical TeSHNG.......oovviiieiiiiieeeeeee e 62

425 pH, Degradation Tests, Contact Angle and gRoass

MEASUIEIMENTS.... ettt ceeeemm e e et et ettt e e e e e et e abba e seaaaee e e e e eeeeenbnnnenns 64
4.2.6 In Vitro Bioactivity Test. Simulated Bodylukl (SBF) and FTIR

Y 01011 (U] 0 TP UPRPP 69
4.2.7 Cell Biocompatibility...........ccooiriiii e 72

5. CONCLUSIONS AND RECOMENDATIONS FOR FUTURE

VO R e e e e e e e 75
5.1 CONCIUSIONS. ...cciiiiiiitie ittt ettt enn e e e e e nee e 71

5.2 RECOMMENUALIONS. .....eeiiiiieiiiiiiiiiee e e e e e e e 72

e Publications arising from this research............ ..ot e s 77

® REIBIBNCES. .. ..ot 78



Biomimetic and Biodegradable Scaffolds for Hardstlies Engineering
Elena Irina Pascu

LIST OF FIGURES

Figure 2.1 Structure of the DoNe [7].......o i e e 5
Figure 2.2 Cortical and trabecular bone [7].......cooooi i 6
Figure 2.3 Ring open polymerizationsfcaprolactone to polycaprolactone [63].............19

Figure 2.4 Ring open polymerization of lactidgudylactide [64]................ccvviiieeennnnnn 19

Figure 2.5 Ring open polymerization of glycolidepmyglycolide [65]...............cccccinnnnnes 20
Figure 3.1 The research sCheme...........ooo i e, 32
Figure 3.2 Solvent evaporation technique (SE)..........covceeee i i, 36
Figure 3.3 Salt leaching teChnique.......... ... e 37
Figure 3.4 Gas forming teChNIQUE..........c.oi i e 38
Figure 3.5 Phase separation technique/freeze drying..........ccocvve i v, 39

Figure 3.6 Idealised equilibrium between degradataie of the scaffold and bone regeneration
= o F= 1 (=0 10| SO PPPPPP 42

Figure 3.7 Contact angle measurement, using sessitemethod.....................................44

Figure 4.1 Morphology of (a) HA60 and (b) HA9O.............oooiriiiiei e, 50
Figure 4.2 DTA/TGA CUIVES fOF PCL.....uieiii i e e e e e e 51
Figure 4.3(a,b) The PCL fully covers the HA padil..............cooeeeeii i ceeceee s 52
Figure 4.4 HA/PCL/DCM sample with HA particle siaf 90 um (a) and 45 um(b)............... 53
Figure 4.5 Dried composite sample (a- uncovetedcbvered)........coooceeviiiiiiieeeensieeeeene 53

Figure 4.6 The two layers of the composite sam@¢DM/PCL. Upper level is composed of
PCL and the lower is composed Of HA. ...ttt eeeeeee e e e e e e e eaeeens 54

Figure 4.7 Salt leaching technique samples (a- ROYRY0)..........cecvrerieeieeiiiiiie e 54

Figure 4.8 Samples obtained with sonication (afaser exposed to air (AS), (b) surface
exposed to the glass part of the disSh......co s 55

Figure 4.9 Porous samples obtained by gas forn@agnique/freeze drying (a, b) and without
freeze  drying (c,d) (effervescent salts were useds agas forming
=0 (= 1 1) 1P 56

Figure 4.10 Porous scaffolds obtained by phaseratpa and freeze drying (a, b) 1 cm thick
sample (c ) porous surface (d) thin SAMPIE. cameeeeeiiiiieiiiieiiie e 58

Vi



Biomimetic and Biodegradable Scaffolds for Hardstlies Engineering
Elena Irina Pascu

Figure 4.11 Tensile tests for composite samplegravpolymer was dissolved in two
different solvents (red- ACOH, blue- DCM).....ccccciiiiiiiiiiiiiiiiiiiieeeeeeee e 60

Figure 4.12 Difference between samples prepared BE@M and glacial acetic acid (AcOH),
AYOHAIIBVOP CL.......eveee ettt ereeme et e e e et e e et e e e e e at e e e e st e aner e e e e arae e e annaeaeeeannes 60

Figure 4.13 Variation of the pH for the first 20yda in deionized water, for samples of
PCLIDCMIHA . ...ttt emmmma e e e e e e e e ettt e e e e e e e e e s st ae e e e e ennaanseeeaeeeeanssaneeeeaeeeeaans 61

Figure 4.14 SEM images of the degraded sampley, Afb), 2(c) and 3(d) weeks compared to
the Prepared ONES (Q) ... ... i e et e e e eees 62

Figure 4.15 Tensile strength for degraded and norgradled composite
EST= 11010 1= 63

Figure 4.16 Contact angle measurements for samplntaining 0 -10%

Figure 4.17 Roughness measurement  for a  selectiof  oomposite
STz 1101 0] 1= TP 65

Figure 4.18 SEM/EDX results for samples after 14c)(aand 28 days (b,d) in

5] = ST PPRURPTRPTN 66
Figure 4.19 FTIR spectrums after 7,14 and 21 dagBF immersion................cccccveeee. 67
Figure 4.20 Cell proliferation for 4 types of saB®l............ooooriiiiii 68
Figure4.21 SEM and Fluorescence microscope imaighe done cells............ccoovvvnenee. 69..

Figure 4.22 Bone cells attached on porous scaffoiimd of (a) PCL/HA/DCM (b)
PCLIHAIACOH. ...ttt et 22222 e e et e e e e e e e e sttt e e e e e e eammmntaeeeeeensneaeaeeeaeeesannns 69

Vi



Biomimetic and Biodegradable Scaffolds for Hardstlies Engineering
Elena Irina Pascu

LIST OF TABLES

Table 2.1 Mechanical properties of the human badapted from [8]..........cccccveeiiiiiiiiiiiim 8
Table 2.2 Properties of the scaffolds produceddrjous conventional techniques................... 29
Table 3.1 Materials and suppliers used for theaebework...............ooeeeeii e, 34
Table 3.2 lon concentrations (mM) of SBF and huilblaod plasma [73]........ccccceeeeviiiiinnnnen. 47
Table 4.1 Variation of effervescent salts for gaserming technique at room
0T 0] 01T = LU PRSP 57
Table 4.2 Mechanical/Biological characteristicshef produced scaffolds................cc.ooove 70

VIiI



Biomimetic and Biodegradable Scaffolds for Hardstlies Engineering
Elena Irina Pascu

ABSTRACT

Bone tissue engineering offers interesting andqumichallenges to those
studying scaffolds design. First, a porous str&ctwith 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 ihe@ngtaffold 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 polg(—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 solvefit)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 polycaprotaxe and hydroxyapatite (HA) have
demonstrated great potential for bone tissue regéon. Polycaprolactone (PCL) is an
important member of the aliphatic polyester famityhad 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 cleavagkweight 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 conegral 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 combinatfdhe already known conventional
techniques (salt leaching, phase separation, gasig, or freeze drying). At the same
time methods of improving these techniques wilhelied, with the aim of producing
a porous structure using a simple composite ma{@rieomposite that resulted from the
homogeneous dispersion of one dispersed phasegtiootia matrix).

The best way of building a bone scaffold is toycdipe 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 naturadyantketic polymers have been used
in tissue engineering is considered.

Chapter three describes the process adopted tugeothe scaffolds in this
study, via different combination of conventionakchaiques. An overview of the
equipments used to characterize the structuresttananaterials is also outlined. An
investigation to evaluate the in vitro behaviourtloé 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 entienal techniques.
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CHAPTER 2. LITERATURE REVIEW

This chapter is an overview of Tissue Engineerimmierece and contains
information about bone structure and function, abeaoaffolds for bone tissue

engineering, bone substitutes and producing tedlesiq

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,jmprove 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 actdas 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 streicidnere 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 algent 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].eTmineral 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 lzmuke2) trabecular bone, also known
as cancellous or spongy bone (Figure 2.1). Thesdypes 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 turnaae 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 catat capillaries, arterioles, venules,
nerves and possibly lymphatics. Between each ostaan interstitial lamellae
(concentric layers of mineralized bone). Lamellan® gets its strength from its
plywood-like construction: parallel layers of boaéiernating 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. ltoisned 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 axignging 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 ishrhigher 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 pomiénr 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@mmmer, 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].



Biomimetic and Biodegradable Scaffolds for Hardstlies Engineering

Elena Irina Pascu

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]:



Biomimetic and Biodegradable Scaffolds for Hardstlies Engineering
Elena Irina Pascu

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 origing 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 tery 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 umwiith their counterparts from other
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pieces of the fracture. This process forms fracwabus [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 hyalamglage 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 ofntirgeralized matrix. This new
lamellar bone is the form of trabecular bone. Anhsaostage 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 lppomises of [13]:

1. Eliminating re-surgeries by using biological sutgés;

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

3. Providing long-term solutions in tissue repairinrthe 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 motlivate 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 [45,4dequate 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 (osteocondeutisteoinductive).

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&hee multiple clinical reasons to
develop bone tissue—engineering alternatives, dnaty the need for better filler
materials that can be used in the reconstructiofargfe orthopaedic defects and the
need for orthopaedic implants that are mechanicaldre suitable to their biologic
environment [19, 20]. The traditional biological timeds for bone—defect repair include
autografting and allografting cancellous bone, gipgl vascularised grafts of the fibula
and iliac crest, and using other bone transporriecie [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.

11
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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 therebeagignificant 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 replacemeid 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-engineeringiéag 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 anahfand 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#iks can proliferate into larger
colonies; however they are incapable of forminged¢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 curraerggéd. 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-ECdhtact plays an important role in
maintaining cell differentiation and function. Botigsue 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 tetadiar 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 accellulzat 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 nasewith bioactive molecules to

stimulate or modulate the remodelling process m&gslzeen 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 ofemas are combined together to

13



Biomimetic and Biodegradable Scaffolds for Hardstlies Engineering
Elena Irina Pascu

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 adfiglision [31].

The diversity and sophistication of materials usedrently in medicine and
biotechnology is the proof of significant sciertiind technological advances that have
occurred over the past 50 years. Starting withwoeld War 1l to the early 1960s, few
pioneer surgeons were taking commercially availglolgmers 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, suchbeslegradable 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 biomaterialsnéigits 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 dissolleen exposed to physiological
environments. The earliest application of calciunogphate 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@iniert ceramics, which are not
moldable intraoperatively; however they often hge®r fatigue characteristics [32].
The order of these calcium phosphates, dependirtgensolubility, is as follows [33,
39]

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 rapidebcepair 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 bybtbaty. 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 beed 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 psesea 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 thatdgty dissolve in vivo within 30 to
60 days depending on the volume and location [Bleé¢ main advantages are that it can
be used in presence of infection and it is compagigtcheap. 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 removamnfithe surgical site. When this is
combined with the eradication of dead space and¢itic environment created during
CaSAQ resorption, the compound can be an extremely efeetreatment for acute bony
infections with bone loss. However, some casesftdrmmatory response and a single

case of allergic reaction have been reported Wwithuse 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¢éhe triple helix structure and
variations are restricted to the length of the roale. 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 carba@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 condubtedam et al. [45] demonstrated
the feasibility of using natural biopolymers (starcdextran and gelatin) and distilled
water as the binder. This aqueous system elimintaeegroblem linked to the use of an
organic solvent. However, when a scaffold is botwydwater, 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 byFbA 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]. Ths®ions 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 polynpart 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 ofe- caprolactone using a catalyst such as stannotaaamte. This
polymer has a good resistantce to water, oil, sohand chlorine. Its role is as an
additive for resins, to improve their processingareltteristics 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 slowadiegion rate, even slower than that
of polylactide. PCL is a FDA approved material tiused in the human body as a
drug delivery system, suture (sold under the narnaddryl) or as adhesion batrrier. It is
now being investigated as a scaffold for tissuairega tissue engineering. It also has
been used as a hydrophobic block of amphyphilid¢hstic block copolymers used to

form the vesicle membrane of polymersomes [49532,

It has also been used to encapsulate a varietyugs, for controlled release and
targeted drug delivery. Also it is being used ino@logy/ Dentistry in root canal
fillings. It acts like gutta-percha, having the sarmandling properties, and for re-
treatement purposes it may be softened with heatlissolved with solvents like

chloroform [49].
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Figure 2.3: Ring open polymerization ef caprolactone to polycaprolactone
[62]

B. Poly-Lactic-Acid (PLA)

Polylactic acid or Polylactide (PLA) is a biodegabte, thermoplastic, aliphatic
polyester derived from renewable resources. Caarcist(in the U.S.) or sugarcanes
(rest of the world) are its common feedstock. Baaltdermentation is used to produce
lactic acid, which is oligomerized and then caiabity dimerized to make the
monomer for ring-opening polymerization, as showrfigure 2 [65]. It can be easily
produced in a high molecular weight form throughgropening polymerization using
most commonly a stannous octoate catalyst, bulafworatory demonstrations Tin (11)

chloride is often employed.

o
H,C ‘\ Catalyst + CH; O CH; O
0 Heat |l |l
- O0—CH—C—0—CH—C—
: ]
CHs !
Q0
Lactide Polylactide

Figure 2.4. Ring open polymerization of lactideptiylactide [65]

Due to the chiral nature of lactic acid, severatidct forms of polylactide exist:
poly-L-lactide (PLLA) is the product resulting fropplymerization of L, L-lactide (also
known as L-lactide). PLLA has a crystallinity ofoand 37%, a glass transition

temperature between 50-80° C and a melting temperdietween 173-178° C. The
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polymerization of a racemic mixture L- and D-laeisdleads to the synthesis of poly-
DL-lactide (PDLLA) which is not crystalline but ampthous [53].

C. Poly-Glycolyc-Acid (PGA)

Polyglycolide or Polyglycolic acid (PGA) is a biagtadable, thermoplastic
polymer and the simplest linear, aliphatic polyestecan be prepared starting from
glycolic acid by means of polycondensation or rapgening polymerization. PGA has
been known since 1954 as a tough fiber forming mpely however, owing to its
hydrolytic instability its use has initially beeimited [40]. Currently polyglycolide and
its copolymers, poly (lactic-co-glycolic acid) witlactic acid, poly (glycolide-co-
caprolactone) witle-caprolactone and poly (glycolide-co-trimethylersgbonate) with
trimethylene carbonate, are widely used as a nahten the synthesis of absorbable

sutures and are being evaluated in the biomedaddl f

Polyglycolide has a glass transition temperaturevéen 35-40°C and its
melting point is reported to be in the range of -238° C. PGA also exhibits an
elevated degree of crystallinity, around 45-55%sthesulting insoluble in water [41].
The solubility of this polyester is somewhat unigirethat its high molecular weight
form is insoluble in almost all common organic soits (acetone, dichloromethane,
chloroform, ethyl acetate, tetrahydrofuran), whitev molecular weight oligomers
sufficiently differ in their physical properties tde more soluble. However
polyglycolide is soluble in highly fluorinated selnts like hexafluoroisopropanol
(HFIP) and hexafluoroacetone sesquihydrate, thatbeaused to prepare solutions of
the high molecular weight polymer for melt spinniagd film preparation. Fibres of
PGA and are particularly stiff (7 GPa) [41].

o]
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Figure 2.5: Ring open polymerization of glycolidepolyglycolide [66]
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D. Poly-Lacti-Glycolyic-Acid (PLGA)

PLGA or poly (lactic-co-glycolic acid) is a Food carDrug Administration
(FDA) approved copolymer which is used in a hosthefapeutic devices, owing to its
biodegradability and biocompatibility. PLGA is skesized by means of random ring-
opening co-polymerization of two different monomelse cyclic dimers (1, 4-dioxane-
2, 5-diones) of glycolic acid and lactic acid. Coommcatalysts are used in the
preparation of this polymer, including Tin (Il) 2Hylhexanoate, Tin (lI) Alkoxides or
aluminum isopropoxide. During polymerization, swgsige monomeric units (of
glycolic or lactic acid) are linked together in PAGyy ester linkages, thus yielding a

linear, aliphatic polyester as a product [41].

Depending on the ratio of lactide to glycolide uded the polymerization,
different forms of PLGA can be obtained: these wseally identified in regard to the
monomers' ratio used (e.g. PLGA 75:25 identifiesopolymer whose composition is
75% lactic acid and 25% glycolic acid). All PLGAseaamorphous rather than
crystalline and show a glass transition temperatutbe range of 40-60 °C. Unlike the
homopolymers of lactic acid (polylactide) and glycacid (polyglycolide) which show
poor solubilities, PLGA can be dissolved by a widsmge of common solvents,

including chlorinated solvents, tetrahydrofurargtaoe or ethyl acetate [54].

PLGA degrades by hydrolysis of its ester linkageshie presence of water. It
has been shown that the time required for deg@dati PLGA is related to the
monomers' ratio used in production: the higherciwent of glycolide units, the lower
the time required for degradation. An exceptioihis rule is its copolymer with 50:50

monomers' ratio which exhibits the faster degradatabout two months) [54].

E. Polyanhydrides

Polyanhydrides are part of the biodegradable potyote&ss, characterized by
anhydride bonds that connect their monomer unitsh& polymer chain. They are
mainly used in medical implants and in the pharratical industry. In vivo they
degrade into non — toxic acid monomers, which dier anetabolized and eliminated
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from the body. Because of their safe degradatiordymts, this polymers class is

considered to be a biocompatible one.

Gliadel is one example of a polyanhydride prodoften used as a device for
the clinical use, in brain cancer treatement. Thegde of a polyanhydride wafer
containing a chemotherapeutic agent. After remo¥ahe cnacerous brain tumor, the
wafer is inserted into the brain releasing a chéerapy agent at a controlled rate
proportional to the degradation rate of the polyniéis kind of treatement protects the
immune system from high levels of radiaton. Othppligations of polyanhydride
include the use of unsaturated polyanhydrides imebaeplacement and of

polyanhydride copolymers as vehicles for vaccinevegy [54].

F. Polyorthoesters

Polyorthoesters are hydrophobic polymers that amiynused in drug delivery
systems. Polyorthoester is fabricated by polycosdton of diketene acetals and diols.
This fabrication creates ortho-ester bonds thatstable at neutral pH, but hydrolyse

rapidly at phagosomal pH, such as pH 5.5 [50].

G.Polycarbonates

Polycarbonate in its pure form is an amorphous melythat possesses low
moisture absorption, and is not susceptible to obied attack, which implies non-
biodegradability of the polymer. However, the metbal properties of the polymer
attract researchers that are interested in devejopolycarbonate-based material that
can withstand mechanical loading while the tisssebeing regenerated. Since
resorbability is the main problem, Bourke et al5][3nvestigated a member of the
tyrosine-derived polycarbonates that was not oaBorbable, but also possessed high
strength. Further studies based on polycarbongtedsl biocompatibility and ease of

biochemical modification towards cell adhesivitysteen undertaken [55].
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H.Poly (Gycerol Sebacate)

The constant search for soft and mechanically statdstomeric materials that
could be implanted in dynamic environments ledh® investigation of polymers that
are analogous with vulcanized rubber, having astirdsed three-dimensional network
in combination with random coil characteristics.ly)eondensation of glycerol and
sebacic acid renders a polymer having hydrogenihgridteractions through hydroxyl
proline hydroxyl groups. The hydrophilic charactdas of the material are a result of
the hydroxyl groups attached to its backbone. Tla¢enal is insoluble but swells in
water by approximately 2% [52]. It is totally ambgus at 37-C like vulcanized
rubber, a thermoset polymer. However, the uncnosstl polymer can be melted to a
liquid form which is soluble in common organic sem¥s. It is tougher than hydrogels
with tensile strength of less than 0.5MPa and terssiain more than 300% [52].

|.Polyfumerates

Polyfumarate-based materials have been developaidlynfor bone tissue
engineering [26—29]. The main advantages of thestenmals are their injectable and in
situ crosslinkable properties. Poly (caprolactomedrate) (PCLF) and poly (ethylene
glycol fumarate) (PEGF) were also investigated agectable, self-crosslinkable
polymers which circumvented the requirement fosslinking agents that may be toxic.
Also, they were shown to harden and self-crosslmken under physiological
conditions, and tissue compatibility studies usirgf models demonstrated no

inflammatory reactions [27].

As the applications of polyfumarate-based matenatre first investigated for
bone substitutes, mechanical properties are amatki concern. Cortical bone has a
compressive modulus in the range 17-20GPa, conipeessength of 106-144 MPa,
flexural modulus of 15.5GPa, and flexural strengthabout 180 MPa [28]. This
presents a major challenge for the tissue engingieg polyfumarate-based materials.
This unique characteristic of bone is a resultt®fcomposite make-up comprising the
interaction of inorganic material, i.e. HA, withgamic material such as collagen fibres.
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J.PEGT/PBT

Polyethylene glycolterephthalate-polybutyleneepghalate (PEGT/PBT) is a
thermoplastic polymer resin of the polyester. Emgiing resins are made often in
combination with glass fiber. Woodfield et al. [S6sed a FDM-like technique for
producing scaffolds made of polyethylene glycolpétbalate-polybutylene terepthalate
(PEGT/PBT) . By varying PEGT/PBT composition, patpsand pore geometry,
scaffolds were produced with a range of mechanpgaperties for engineering of
articular cartilage [49].

2.5 Processing Techniques

2.5.1.Conventional Scaffold Fabrication Methods

A.Fiber bonding-non-woven meshes

Some of the first scaffolds used to demonstrate feesibility of tissue
regeneration involved the use of non-woven fiberghie form of tassels and felts
consisting in individual fibers placed into a thdimensional pattern. Mikos et al. [46]
produced from PGA fibers a porous scaffold intenfitediver tissue regeneration .To
produce a scaffold the PGA fibers were immersedainPLLA solution, after
evaporation of the solvent, the network of PGA ififbevas embedded in a PLLA
matrix. The composite is then heated above theimgetemperature of PGA (225-
230°C) [66]. The PLLA has a lower melting temperatut&3-178C) [64], so it melts
first and fills all spaces left by the fibres. THiglps to maintain the architecture of
fibers so that when the PGA begins to melt, therfitructure is conserved and fibers
at the meeting-points are melting together. The ALis then dissoluted with
methylene-chloride (PGA is insoluble in it). Therpsity of these foams was as high as
81% and pore diameters were in range of p@® [46]. Scaffolds with the above
described spatial arrangement are suitable for iogtllantation and promote cell
interaction [46, 56].
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Although positive results have been reported ushig technique, it must be
emphased that this method involves the use of tealeents that must be extracted
completely. For this reason, the scaffolds musvdeium dried for several days that

inhibits the immediate clinical response, like o#iign, inflammation.

B. Solvent casting/particulate leaching

One of the most common and straightforward techmitm prepare porous
scaffolds is the particulate leaching method, whitlolves the selective leaching of a
mineral, usually NaCl salt or of an organic compbsnch as sacharose to generate the
pores [46]. Solvent casting/particulate leachingolaes the casting of a polymer
solution and dispersed calibrated porogen partieslan a mold, removal of the
polymer solvent, followed by leaching out of therqugen [56]. Scaffolds with more
than 70 w% salt exhibited high interconnectivitpains fabricated in this manner have
been used extensively with various cell types aagehshown no adverse effects on
new tissue formation, but this technique also iwesl the use of toxic solvents.
Because of the casting and solvent evaporation gteptechnique is suitable for thin
scaffolds only One drawback in this technique is the presencergaroc solvent,
which may be hard to completely remove from thdfelchduring the drying process.
To circumvent this problem, it was proposed to aeel solvent casting by melt-

molding resulting in the melt-molding/ particuldéaching method [46].

C.Melt molding/ particulate leaching

The melt molding technique consists in premixindypwr powder and solid
porogen particulates and hot-pressing them togeliner samples are then subjected to
the same solid porogen leaching step as for theesbtast samples. In a general
manner, the major advantage of combined salt lagckechnique is the effective
control of porosity and pore size. Materials witbrgsity levels up to 90% and pore
size varying between 100 and 700 um have beentegpby Mikos et al. [46], using
the particulate leaching combination technique. pomsity or void volume fraction is

given by the amount of leachable particles, whetieagore size and pore shape of the
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porous structure can be modified independentlyefporosity by varying the leachable
particles characteristics (size and shape). Onengiat deficiency of the technique,
especially for scaffolds requiring lower porosigvél is the lack of interconnectivity
between the pores. To overcome this inconvenienbas been proposed to partially
bond the porogen particles by working in a humigdimmment in the case of NaCl
porogen or by heat treatment in the case of paraffiheres or sugar particles [46],
which lead to a higher interconnectivity from 60867/0-80%.

D.Gas forming

Gas foaming, also known as gas saturation, elimiahe need for organic
solvents during pore-making, and uses gas as @eordnitially solid discs of polymer
are formed using compression molding. The diskseapmosed to high pressure €0
(5.5 MPa) for 72 hours at room temperature, thanpitessure is rapidly decreased to
atmospheric level [46]. This creates thermodynanstability for the CQdissolved in
the polymer disks, and results in the nucleatiod growth of gas cells within the
polymer matrix. The method resulted in scaffoldthwvgorosities of up to 93% and pore
sizes of up to 10@m. The advantage of this method was that toxic temare not
used. But the high temperatures during compressmmding still prohibit the
incorporation of cells or bioactive molecules dgrirprocessing. Furthermore,
especially on the surface of the compression motliteks the pores were not connected
[46].

E.Phase separation/emulsification

Two other methods can be used to prepare scaffetdslsification/freeze-drying
and liquid-liquid phase separation. With emulsifica/freeze-drying, the polymer is
dissolved in an organic solvent and then distilleter is added to form an emulsion.
The mixture is then cast in a mold and quenchetiguid nitrogen. After that, the
scaffolds are freeze-dried at &5 to remove the dispersed water and polymer

solvents. Scaffolds were reported to contain lg@g®sities (up to 95%), but small pore
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sizes (13-35um) [46]. Further research into this method is toréase pore size, in

order to make the scaffold suitable for cell impédion [46].

Liquid-liquid phase separation uses the advantdighermodynamic principles
to create polymer-rich and polymer-poor phasesiw#hpolymer solution; the polymer
poor phase is then removed. The polymers are dsdah naphthalene, phenol or 1, 4-
dioxane [46]. These solvents have a low meltingipand are easy to sublime. Water
can be added to induce phase separation. The polsohgion is then cooled down
below the melting point of the solvent and thenwan dried for several days to
promote complete solvent sublimation. Cooling paters proved to be of critical
importance in determining scaffold morphology. Feaaf up to 90% porous, with

pores of approximately 100m, have been reported using this technique [46]

2.5.2 Scaffold Fabrication with Solid Freeform Fedattion Techniques

Control of the microscale polymer scaffold architee is of fundamental
importance in tissue engineering. With solid freefdabrication (SFF) scaffolds for
tissue engineering with different external shape @medefined and reproducible
internal morphology can be produced where pore, giaeosity and pore distribution
can be controlled. SFF it represents a collectiotechniques for manufacturing solid
objects, by sequential delivery of material to $ii@points in space. This is done using
a computer-aided design (CAD) software that is esped as a series of cross-sectional
layers. Using the data that are introduced in tfevare, starting from the bottom and
building layers up, each newly formed layer adh¢webe previousBasically there are
2 main categories of rapid prototyping techniquassgdroducing scaffolds: the melt—
dissolution deposition technique and the particleding technique [57-59].

In a typicalmelt—dissolution depositiosystem, each layer is created by extrusion
of a strand of material through an orifice whileribves across the plane of the layer
crosssection. The material cools, solidifying amxih§y to the previous layer to form a

complex 3D solid object [57].

Fused Deposition Modeling (FDMis a typical example of melt-dissolution

deposition techniquén this method, a filament of a suitable matersalad and melted
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inside a heated liquefier before being extrudedubh a moving nozzle having x and y
axis control. The model is lowered along the z axd the procedure is repeated. The
system operates in a temperature-controlled enwiem to maintain sufficient fusion
energy between each layer. Although the fiber ralsi produce external structures to
support overhanging or unconnected features thed n@ be manually removed, the
pore sizes in tissue engineering scaffolds arecserftly small enough for the fiber
strand to bridge across without additional supptittctures [57].

Microsyringe is also used widely in the manufacture of porocaffelds. The
microsyringe expels the dissolved polymer under & constant pressure to form the
desired pattern. The resolution of this method s a cellular scale, which is
remarkably high compared to the other techniquesvever, capillaries with a very
small diameter require careful handling to avoi¢ &p breakage. Higher pressure is
also needed to expel the material from a smalicerib7].

In particle-bonding techniquegarticles are selectively bonded in a thin layer
powder material. The thin 2D layers are bondedoprof each other to form a complex
3D solid object. During fabrication, the object ssipported by and embedded in
unprocessed powder. Therefore, this technique esathle fabrication of through
channels and overhanging features and porous wtesctvith controllable porosity.
After completion of all layers, the object is remedvfrom the bed of unbounded

powder.

The space between the individual granules of powseresponsible for the
porosity; by manipulating the region of bonding e@rchitecture can be controlled;
however, the pore size is limited by the powdee ©izthe stock material o generate
larger pores, porogensan be mixed into the powder. The powder-based rralte
provide a rough surface to the scaffold. Therefsoaffolds fabricated via a particle-
bonding technique might be more advantageous inctireext of cell attachment.

Typical systems in this category include 3-DP ah8 §7-59].

Three Dimensional Printing (3DPincorporates conventional ink jet printing
technology. The ink-jet print head moves in accoogato the CAD cross-sectional
data along the x and y axis and eject a streandibésave droplets onto a polymer

powder surface to selectively bond a thin layempoivder particles to form a solid
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phaseThe piston chamber is lowered (z-axis control) egfdled with another layer of
powder and the process is repeated. The unbourmledep supports overhanging or
unconnected features and needs to be removed @taponent completion. The
resolution achieved is 30@m. 3DP can be employed by using a particulate leaching
technique to create porous scaffolds using poligami-glycolic acid (PLGA) mix with

salt particles and a suitable organic solvent [57].

Selective Laser Sintering (SL83es a deflected laser beam selectively to scan
over the powder surface following the cross-sediqmofiles carried by the slice data.
It constructs scaffolds by sequentially fusing oegi in a powder bed, layer by layer,
via the computer controlled scanning laser beama.ifteraction of the laser beam with
the powder elevates the powder temperature to réeciglass-transition temperature,
causing surfaces in contact to deform and fusethege[57] involves selective
polymerization of a liquid photo-curable resin hy altraviolet laser beam. The UV
beam is guided (x- and y-axis control) onto theiligresin surface in accordance to the
CAD cross-sectional data, and it solidifies the el@dcross-section while leaving the
remaining areas in liquid form. After the first &yis built, the elevator holding the
model is lowered along the z axis to allow theiigohotopolymer to cover the surface.
A ‘wiper arm’ is then displaced over the liquidftatten the surface. The procedure is
repeated until the model is completed. This systequires support structures to be
added to the model, to prevent any overhanginghoomnected features from falling to
the bottom of the liquid-filled vat [57].

Table 2.2. Scaffold properties produced by varioarsventional techniques [57]

Advantages

Highly porous
scaffolds with
interconnected pores

Methods Porosity (%)
Fiber Bonding a1
(Unwoven mesh)

Disadvantages Pore size (Jum)
Use solvents 500

which are
poisonous to cells
immersed in
them for a long
tumne

ification

changed

Solvent 87 Structure has high Organic solvents 100
casting/Particulate strength or electrical used contaminate
leaching conductivity polymer Very
long time
required.
Gas foaming 93 biocompatible Organic solvents 100
used contaminate
polvmer
Phase 95 Pore size and Solvents used are | 13 - 35
separation/emuls- porosity easily polsonous.
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2.5.3. Biomimetic methods for bone substitutesr®sis

In recent years biomimetic methods to obtain tissulestitutes have received
much attention, due to a more natural approachredtimg tissue. One biomimetic
method for bone substitues’ analysis is the suligiit in apatite components, while
maintaining apatite’s basic structure. Caan be substituted by various cations
(monovalent- N§ K*, bivalent-Md*,SF#*,B&*,PK*, trivalent-Y**). It is known that the
bone regeneration rate depends on several facdadd) as: porosity, composition,
solubility and the presence of certain elements thlhen released during the resorbtion
of the ceramic material, facilitate the bone regetien carried out by osteoblasts.
Therefore, small amounts of strontium, zinc orcsailes are believed to stimulate the
action of these osteoblasts and in consequenceethiebone formation [8]. Carbonate
and strontium favour the dissolution, and thereftre dissolution of the implant.
Silicates, however are formed to increase the mmechbstrength, a very important
factor in particular for porous ceramics, and asoelerate the bioactivity of apatite. In
recent years, substitution of magnesium (Mg) indpatite structure has been studied
due to its impending role on bone metabolism, reduaardiovascular disease,

promoting catalytic reaction and controlling bialcg functions [9].

Using a polymeric matrix for the formation of bollee components is another
biomimetic approach to bone formation. The polymeniatrix can be embedded into a
solution called Simulated body fluid (SBF), an angue solution with a concentration
that resembles the human body plasma ions onemin @an the polymeric matrix an
apatite layer forms, which is an essential condifior biomaterials to bond to living

bone or for the bone to start forming.

2.6. Techniques and materials used in the pressatrch

The materials and techniques presented in thealmexiter, were chosen in order
to combine in the best way the aim of the resedtitat is producing a scaffold that
would substitute hard tissue), managing materialstsc and availability of the

techniques and equipment. The present researcirti®opthe NOVELSCAFF project,
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funded by Marie Curie FP6 Framework, which combidedifferent techniques for

producing hard tissue substitutes and one fortssfiie substitutes.

Polycaprolactone was the main material used inptiogect due to its reduced
biocompatibility, costs and availability. Hydroxyatge is the main component of the
natural bone and is a bioactive material. Sectnihderlines the other benefits of

using these specific materials.

Conventional techniques were chosen for this @aer research because they
are simple and quick with reduced costs. In theesime Plasma Spraying, SLS and

3DPrinting were the other techniques used in tiheegaroject.

What this research brings new are the differentlmoations of the conventional
technique, combinations that may simplify even mswene of the existing steps and

form structures with new morphological features praperties.

31



Biomimetic and Biodegradable Scaffolds for Hardstlies Engineering
Elena lrina Pascu

CHAPTER 3. EXPERIMENTAL EQUIPMENT, MATERIALS AND
PROCEDURES

3.1 Introduction

This chapter outlines the equipment, the materatsl the experimental
procedures used in the current research. The asaarestigated the use of bioactive,
biodegradable powdered biomaterials using diffeteshniques in order to produce
functional gradient scaffolds for bone tissue eagiing applications. This means that
the structures will mimic the natural tissue byigesand internal structural changes, in
order to replicate as much as possible the extrdaematrix of the chosen hard tissue.
The flow chart in Figure 3.1 shows the steps takeorder to produce and characterize
the scaffolds. First the polymer is dissolved ie golvent and the ceramic phase is
incorporated, resulting a composite viscous satutubich is used in all the techniques
applied. If required by the technique, porogen &gare used. The second step includes
characterization of the composite samples obtaieglder by gas forming, phase
separation, salt leaching or solvent evaporatiah amalyzing all those obtained. The
best samples with regard to hydrophylicity, morplggi mechanical properties are
tested in phase 3, using in vitro tests (simulaiadly fluid immersion and cell line tests)

HA/PCL/DCM

HA+ 102%PCLIin DCM porogen

COMPOSITE

H, conductivi n
P v degradation SEM/EDX mechanical

contactangle testing

SCAFFOLD

bioactivity test in SBF "in vitro "test with cell line

Figure 3.1 The research scheme
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Due to the fact that the final product is intend@dhard tissue engineering use,
the materials to be chosen should combine enoughgth to support load, adequate
flexibility to withstand shocks and appropriateeraff degradation in order to offer the
cells time to attach, proliferate and divide. Ird@idn to these requirements the chosen
materials and techniques should be cost effective.

Combinations of conventional techniques were usethduce pore formation,
followed by optimization and characterization. Alsonovel technique was developed
for producing micropores. The material charactéioraequipment used in the current
investigation is described in Section 3.3. Two rodthof investigation to evaluate the
in vitro behavior of the produced composites that are daénfor bone tissue
engineering were also conducted, through apatitedtion in Simulated Body Fluid
(SBF) and cell studies, such as cell proliferaticel] viability and cell morphology. A
description of these procedures is outlined iniSe@.4.

3.2 Materials

Characterization of the composite sample was cdeduthroughout various
stages of the scaffold productiofhe main materials to be used in the construction o
the final scaffolds were- polycaprolactone (molecular weight 65000Da and 80&0
and hydroxyapatite, as the ceramic filler of thdyper. Additional materials were
used for the preparation of simulated body fluik$ for in vitro bioactivity tests and
as porogen, gas forming agents and solvents. Tablshows these materials and their

role in the research work.

33



Biomimetic and Biodegradable Scaffolds for Hardstlies Engineering

Elena Irina Pascu

Table 3.1 Materials and suppliers used for thearesework

—

No. | Substance name Used for Supplier

1 Hydroxyapatite Composite filler | Plasma Biota
(Ca5(PO)(OH)) Himited

2 ¢- Polycaprolactone Composite matrjx ~ Sigma Aldric

3 Dichloromethane (CECl,) Solvent Fluka

4 Glacial acetic acid@H;COOH) Solvent Sigma Aldrich

5 Sodium hydroxide (NaOH) Gas forming agen| Sigma Aldrich

6 Sodium bicarbonate (NaHGPD Gas forming agent  Sigma Aldrich

7 Sodium chloride (NaG) Porogen Sigma Aldrich

8 Potassium chloride (KCI) SBF Sigma Aldrich

9 Potassium phosphate dibasis trihydrate SBF Sigma Aldrich
(K:HPQ, *3H,0)

10 | Hydrochloric acid (HCI) SBF Sigma Aldrich

11 | Calcium chloride ( CaG) SBF Sigma Aldrich

12 | Sodium sulphate (N&QO,) SBF Sigma Aldrich

products are non toxic and are ultimately metakdlizwhich has resulted in it
becoming FDA approved material. Its degradatioroives two stages, comprising of
simple mechanisms: random hydrolytic ester cleavaigeé weight loss through the
diffusion of oligomeric species from the bulk. lag/chosen for this research due to its
low degradation rate, a property which allows celts attach, proliferate and
differentiate. Other advantages are its low melfiognt (~60°C) and the capacity of
dissolving in organic solvents, which can be rengblog vacuum drying. Consequently
polycaprolactone is not bioactive, and its mectanproperties must be improved in

order to be used in load bearing applications.

Polycaprolactone is a member of the alyphatic g&tlyr family. Its degradation
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The polymer and ceramic particles were characteérismseng scanning electron
microscopy with X-ray microanalysis (SEM/EDX) arfietmal analysis (DTA/TGA).
The composite structures were characterized usklg/EDX, FTIR, pH, roughness,
contact angle measurements, and investigating égeadation rate. In vitro tests were
performed in order to determine the bioactive fesgluand biocompatible properties of
the produces structures. In order to investigatesdhfeatures the samples were
immersed in simulated body fluid (SBF), preparedthe laboratory, according to
Kokubo’s formulation [69]. In vitro cell tests weadso conducted to evaluate the in
vitro behavior of the samples, cell proliferatiae]l viability and cell morphology.

Hydroxyapatite is a bioactive material and the maonstituent of the human
bone. It was used in this research as a filler raten order to improve the mechanical
properties of the polymer. The bending, compresane tensile strength values of HA
lie in the range 38-250, 120-150 and 38-300 MPag&R Weibull's modulus of dense
HA lies in the range of 5-18, characteristic ottteimaterial and nonstoichiometric HA
has the hexagonal space group structure [83].

In order to improve the pore size two differenttigde sizes (45 um, 90um) of
the ceramic material were studied and for comparigasons, glacial acetic acid was
also used to dissolve the polycaprolactone, in rotdecheck the viability of the

produced scaffolds.

3.3 Scaffold Preparation

As shown in Figure 3.1, the first step was diss@vihe polymer in thesolvent
and obtaining a viscous polymeric solution. A soreg step was implemented in order
to find the best concentration of polycaprolactalesolved in dichloromethane. The
dissolved polymer should properly blend with theltoxyapatite particles, in order to
offer the new composite the best combination oftraaecal and biological properties.
At the same time it should possess an adequatesitigcin order to prevent the
hydroxyapatite particles from migrating to the battof the composite solution, rather
allowing them to suspend (described later).

The screening step revealed that at this stagethef research, 10%
polycaprolactone in dichloromethane was the apptgiconcentration for the purpose
outlined. Into the 10% PCL/DCM solution differdntdroxyalapatite quantities (4-70%
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HA) were introduced and vigorously mixed, using agmetic stirrer (Bibby, HB502,
Sterilin UK). The magnetic stirrer speed was kep¢ same for all mixing step
(250rpm). After 1 hour of mixing, the solution wigdt to rest for 24 hours. The next
day, the mixing was repeated for 30 minutes andstilation was poured into Petri
dishes. Figure 3.2 shows a schematic of the sokeayporation technique, where 20ml
of composite solution was poured into the Peti @isd left to air dry in the fume hood.
Generally this technique is used in combinatiorhvaither conventional techniques, as
shown in the next figures 3.3, 3.4 and 3.5, thseaech work managed to produce

porous matrix just by using the solvent evaporasi@p only.

10%PCL/DCM HA composite/scaffold

Figure 3.2: Solvent evaporation technique (SE)

The next stage of the process involves creatimg pbres. For this, various
combinations of conventional techniques, specifjcaalt leaching, gas forming,
solvent evaporation and phase separation were 8epdrate research schemes for each
technique are shown in the following figures (3334 and 3.5). The salt leaching
technique involved the use of a porogen agent/géatbse particles), which dispersed
in the polymer/solvent solution and cast within lasg dish. The solvent was then
removed by evaporation and the remaining residyal/dcuum drying. In order to
remove the salt particle and obtain a porous siracthe dried structure was immersed
in water for a convenient period of time, duringiethtime the water was changed

several times, to speed up the leaching procegsrd-B.3 shows this technique.
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Figure 3.3: Salt leaching technique

In the present research work salt particles of L8R5 um in size, were mixed
into the composite solution, poured into a Petshdileft to dry and, in the end over
rinsed for 48 hours in distilled water (the watersixchanged every 4 hours).

The gas forming technique uses gas forming agentsyen CQgas as the pore
forming agent, as shown in the schematic in Fidude The reason pores form is that
the sieved salt particles of ammonium bicarbonaléchvwere dispersed within the
polymer-solvent mixture generate ammonia and cadioxide gases upon contact with
hot water while the matrix solidifies and finallygaluce highly porous structures. On
the other hand when G@as is used, pressure changes determine the tocled
pores in the polymer matrix. The salt leaching teghe was also used in combination
with gas forming, to create an open, interconneptaé structure of the polymer matrix
[57].
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Figure 3.4 Gas forming technique

In this study, the gas forming/ salt leaching rodthwas improved further by
either immersing the semisolidified polymer/saltxtare into an aqueous solution of
citric acid to yield gas-forming process at roormperature [57] or by combining
effervescent salts in the PCL/DCM/HA solution ditgor leaving these to react.

The other technique implemented in the research plaase separation, as
indicated in Figure 3.5. After dissolving the polgmwater was added and vigourously
mixed in a glass container. Immediately the sotutaas frozen and vacuum dried. To
lower the vacuum drying temperature and speedsdingples were placed in between
two metal plates. This technique can be implementbén there are multiphasic

mixtures.

All the samples were further tested and charadri
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10%PCL/DCM H,0 HA

pore:

SCAFFOLD

Figure 3.5: Phase separation technique/freegegr

3.4. Characterization Equipment

The materials and the composite samples were deawmex using in house
(Materials Processing Research Centre) equipment.

Initially thermo gravimetric and particle size ays were conducted, using the
differential and thermal gravimetric analyzer (DT&A, PL Thermal Sciences Ltd.,
UK). After the composite samples were preparedrattarization involved the use of

SEM/EDX, FTIR, pH/conductivity meter, contact angled roughness measurements.

3.4.1. Differential and Thermal Gravimetric Analy$DTA/TGA)

In the DTA, the material to be analyzed and antinmeference material
underwent identical thermal cycles, and measuresne@ate conducted to identify any

temperature difference between the sample andefleeence. The results were plotted
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against time, or against temperature in what ikedah’"DTA curve” or thermogram.
Either exothermic or endothermic changes can bectht relative to the inert
reference. Thus, a DTA curve provides data on ridiestormations that have occurred,
such as glass transitions, crystallization, meltamgl sublimation. The area under a
DTA peak shows the enthalpy change and is not t&ffieby the heat capacity of the
sample.

TGA measures changes in weight in relation to chang temperature. It is a
type of analysis that requires a high degree ofipi@an. TGA is commonly used in
research to determine characteristics of materidts, determine degradation
temperatures, absorbed moisture content of materiaé level of organic/inorganic
components in materials, solvent residues.

Differential Thermal Analysis and Thermo-GravimetAnalysis (DTA/TGA)
were performed on the individual polymeric and o®ta materials, prior to any
processing technique, in order to help understamd iateraction between the two

materials seen subsequently.

3.4.2. Particle Size Analyzer

The method used to determine the grain size digtab is called particle size
analysis and the apparatus used for this was cHiedvalvern particle size analyzer.
The particle size distribution is defined in terafgliscrete size ranges. The particle size
distribution is important in understanding the pbgk and chemical properties of a
material. It affects the reactivity of solids paipating in chemical reactions, and needs
to be tightly controlled [67-68]. For this reseatdA powder with particle size of 45
um and 90 um was used. The particle size was smbdily the supplier and no

additional testing was performed.

3.4.3. Scanning Electron Microscopy/ Energy DispefsRay Spectroscopy

Scanning electron microscope (SEM) is a type of rosicope (electron
microscope) that uses a high-energy beam of eletibhe principle of this technique
is that the electrons interact with the atoms thake up the sample and produce signals

that contain the information about the topographthe sample’s surface, composition
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and other properties (e.g. electrical conductiviiyje image is an artificial map of the
surface because there are no direct ray pathsngnttie specimen to the projected
image, like in the case of optical and transmissiitroscopes. The area under
observation is irradiated with a finely focusedctaien beam (10- 40 kV) [69]. The

scattered electron (SE), including the back scadteelectron (BSE) signals, are
monitored by a detector and the brightness of pla¢ an the cathode ray tube (CRT) is
controlled by an amplified version of the detecsgghal. The angle of incidence will

vary due to the variation of material’'s roughnelesding to the development of

contrast, which relates to the physical naturehef $pecimen. The surface facing the
light source appears bright while that facing awasies from grey to black. In the end
the surfaces that face the detector provide stemmugh signals to obtain a useful
image, while black are indicative of a tilted suda

The topography of the composite surfaces was etauasing Scanning
Electron Microscopy (SEM, Zeiss EVO LS15) with ineagnalysis and qualitative EDX
capabilities.

The samples were first coated in gold, in orderirtorease the electrical
conductivity of the specimen sample, and also pi®\a clear analysis of the surface
topography and morphological properties. For thisppse an Edward Pirani 501
Scancoat six sputter coater was used to applyex lafygold onto the samples which

took 80 seconds.

3.4.4. Degradation Tests, Contact Angle, Roughness, pH &@whductivity

Measurements

Degradation tests It is desirable for the scaffold matrix producemldegrade at
a rate that will slowly transfer load to the heglibone. Figure 3.4 shows the
correlation between the degradation time of therisna@nd the built up of the tissue
(bone).
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Figure 3.6: Idealised equilibrium between degramhatate of the scaffold and

bone regeneration (adapted from [77])

The degradationprocess takes place in 4 steps: water sorptiafycten of
mechanical properties (strength and modulus), temluof molar mass and weight loss.
There are two types of degradation: bulk erosioth suwrface erosion. As defined by
Gopferich, “polymer degradation is defined as tiemgical reaction resulting in a
cleavage of main-chain bonds producing shorteroaligrs, monom ers, and/or other
low molecular degradation products” [77]. Bathvivo andin vitro degradation occur
in the same rate that shows no significant enzyntatntribution initialy [78]. This also
can be explained as several studies have by thetliat the main mode of degradation
for high-molecular-weight aliphatic polyesters igdiolytic random scission, and
biodegradation is supposed to involved just lowenalar weight by-products (M
5000) or sub-micron sized particles that are rezeghand ingested by phagocytes.

According to the criteria used to choose the malteand the tissue engineering
purpose of the produced samples, degradation teste conducted in order to
investigate if the ceramic particles of HA will ¢ige the degradation rate and
dynamics. Samples of the same weight and dimengiors” 50g) were immersed in
50ml deionised water each and kept for 3 month®rnfEB0 days one sample was
removed from the plastic jar, dried and weightelde Tesults were then recorded for
analysis. For biological research the solution thatsually used for degradation tests is
phosphate buffer solution (PBS). This is a solutiesembling the osmolarity and ion

strength of the human body, which helps maintairangonstant pH. In this research
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deionised water was used instead of PBS, in oodfallow the pH changes as indicator

of degradation steps taking place.

Contact angle A hydrophile material is a material that can siently
bond to water through hydrogen bonding. This priyperakes the material dissolve
more readily in water than in oil or other hydroplwsolvents. The degradation profiles
of polymers are related to many factors, in whigtrbphilicity plays an important role.
Hydrophobicity is also linked with surface enerdyhereas surface energy describes
interactions with a range of materials, surface rbgtobicity describes these
interactions with water only. Because water hasg@elcapacity for bonding, a material
with high surface energy (high bonding potentiah @nter into more interactions with
water and consequently will be more hydrophilic.isTimeans that hydropobicity
generally decreases as surface energy increasesnple method that it is used to
measure the surface energy and tension isctirgact anglemeasurement. This
technique is surface sensitive, with the abilitydtect properties on monolayers. If a
liquid with well — known properties is used, theukling interfacial tension can be used
to identify the nature of the solid. When a droméliquid rests on the surface of a
solid, the shape of the droplet is determined bg talance of the interfacial
liquid/vapour/solid forces. When a droplet of higirface tension liquid is placed on a
solid of low surface energy, the liquid surfacesien will determine the droplet to form
a spherical shape (lowest energy shape). The nerasuat provides information
regarding the bonding energy of the solid surface surface tension of the droplet.
Due to the fact that this method is a very simpie,at has been accepted for material
surface analysis related to wetting, adhesion ésdration.

The method used for our tests was the sessiletdotymique, which is shown in
Figure 3.7, using ArtCAM 130 MI BW monochrome cameand FTA200 contact
angle analyzer software. Contact angle evolutios araalyzed after 1, 2 and 3 seconds.
Before conducting the measurements the flat sanvpéee cut and cleaned with an air

pistol, in order to remove any loose particles.
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Figure 3.7: Contact angle measurement, ussgile drop method

Roughnessis a measure of the texture of the surfacelajygpan important role
in determing how a material interacts with its surrding environment. Rough surfaces
will wear more than smooth surfaces and have hifiietron coefficients. Also having
information on roughness can indicate the mechhmiedormances of the material,
since surface irregularities may form nucleatiotessifor cracks and corrosion.
Roughness can be measured using contact or nortactomethods. Non-contact
methods include interferometry, confocal microsco@yectrical capacitance and
electron microscopy. For the presented researdurface roughness tester (Mitutoyo
Surftest 402) was used to determine the averagemaximum roughness parameters
[70].

Conductivity measuremenfor normal cell formation pH is a very important
factor, due to the fact that cells are very serssito it. They are suited to a neutral pH
level of 7.3-7.4. Even the slightest change in dgl¢l can cause serious consequences
such as the destruction of the cell or even defitheoorganism. Every organism takes
part in various chemical reactions that give oruséd". For this level to stay constant a
buffer comes into play to maintain the cells normidllevel. It does this by accepting or
releasing H. This mechanism of maintaining a proper baland¢e/den acids and bases
is called acid-base homeostasis. Outside the rahgél that is compatible with life,
proteins are denatured and digested, enzymesHeseability to function, and the body
is unable to sustain itséfhe conductivity of a solution is its ability to maduct an

electrical current, is the reciprocal of its efex@l resistance. It is an indicator of the
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ionic strength of a solution and it is determined the same time with the pH
determination.

Conductivity and pHmeasurements were recorded via a Hanna HI 9813
Handheld pH, EC and TCS Meter with Probe (Hann&ungents, Inc.) with accuracy
of pH: £ 0.2 pH at ambient temperature, in ordemonitor the degradation process
[71].

3.4.5. Fourier Transform Infrared Spectroscopy (RY

FTIR is a chemically-specific analysis techniquattban be used to identify
chemical compounds and substituent groups, measthia infrared intensity versus
wavelength (wavenumber) of light. Based upon thgemamber, infrared light can be
categorized as far infrared (4 ~ 4008mmid infrared (400 ~ 4,000¢t and near
infrared (4,000 ~ 14,000ch It is an absorbance technique. Infrared absaamly
takes place when infrared radiation interacts witmolecule undergoing a change in
dipole and when the incoming infrared photon hdBcsent energy for the transition to
the next allowed vibrational energy state.

A Fourier Transform Infrared (FTIR) spectrometetahs infrared spectra by
first collecting an interferogram of a sample sigmath an interferometer, which
measures all of infrared frequencies simultaneousty FTIR spectrometer acquires
and digitizes the interferogram, performs the Feruiansform function, and outputs the
spectrum.

The spectrums of the samples before and after isiorein simulated body
fluid (SBF) were analyzed using a Pekin Elmer SpeetGX FT-IR system with
HATR (Horizontal Attenuated Total Reflectance) asmry (Spectrum V3.01 software).
Also EDX results were used to identify the apaf@emation on the surface of the

sample, as an indicator of bioactivity featurehsf scaffold.
3.4.6 Mechanical Testing

Experience shows that polymeric materials displayide range of mechanical
behavior, from brittle solids to rubber to plagticstrong fibers. Also it is widely known
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that the mechanical characteristics of a polymtaralwith changes in temperature as
small as a few degrees, and also if it is usedrim fa composite material.

For the mechanical characterization flat sample® (@mx 1mm) were
manufactured, tensile strength and elastic modafuhe microporous samples were
determined, using a Zwick/Roell Z500 N universatitegy machine equipped with a
500N load cell (Zwick GmbH, Ulm, Germany). The résuvere plotted with Test
Xpert Il (Zwick GmbH, Ulm, Germany).

3.5 “In Vitro” Tests and Biological Cell Responses
3.5.1. Bioactivity Test in Simulated Body Fluid E$B

Simulated Body Fluid it is an accellular solutiohat has inorganic ion
concentrations similar to those of human extra&ilfluid. It is often used to reproduce
the formation of apatite on bioactive materialsvitro. It was first developed by
Kokubo and his colleagues [72] and is since knosv6BF or Kokubo solution.

SBF has demonstrated its effectiveness via theseinmodification of various
materials [72]. Initially it was applied as a téstbio-ceramics which were part of bone
implants.There are ceramics that bond to the boraugh a bone-like apatite layer
which forms on the ceramics or modified polymendames. Currently the formation of
the apatite-layer is not fully understood. It isolim that the biomaterial surface must
express OH groups, in order to attract the positves from the solution and create
nucleation sites. On the surface of organic polyther apatite layer formation takes
place in a two-step biomimetic process [73].

Square samples of 10mnand 50g were cut from the prepared composite
membranes, at least 4 for each HA concentratiore $BF was prepared in the
laboratory following Kokubo’s recipe [71]. Table23shows the concentrations of body
plasma and SBF [74].
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Table 3.2 lon concentrations (mM) of SBF and hutlaod plasma [74]

lon Simulate Body Fluid Blood plasma
Na’ 142.0 142.0
K* 5.0 5.0
Mg** 1.5 1.5
ca”’ 2.5 2.5
CI 148.8 103.0
HCO™ 4.2 27.0
HPO” 1.0 1.0
SO~ 0.5 0.5

The samples were immersed in SBF, within plastictaioers kept in a water
bath (Clifton, Nickel Electro LTD, UK) at 3T, for 4 weeks. Every week a sample for
each HA concentration was taken out, dried andyaedlusing SME/EDX and FTIR.

3.5.2. Biological Response of Composite Scaffolds

a. Osteoblasts cells

MC3T3-E1 osteoblast-like cells represent a suitabledel for studying
osteogenic development in vitro. The osteoblastd dne MC3T3- has been
established from C57BL/6 mouse calvaria. Cells hieecapacity to differentiate into
osteoblasts and osteocytes and have been demedsivaiorm calcified bone tissue in

vitro. Mineral deposits have been identified asrbyglapatite.

b. Cell culture conditions

For determination of cell attachement, MC3T3 Mouakarial osteoblast cells
were cultured under standard tissue culture camdit(37C, 5% CQ) in alpha-MEM
medium (Gibco, USA) supplemented with 10% Fetal iBevserum and 1%
Penicillin/Streptomycin. All experiments were cootkd with cell between passages 4-

8. Samples were sterilized by immersion into 70%yEtlcohol for 2 hours and
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following washing steps with sterile PBS, storedutture medium in a CO2 incubator
overnight to to promote protein adsorbtion. Thelscalere trypsinized and the cell
number was quantified by tryphan blue and thenesdtedto samples, at a concentration
1x105 cells/cm2 in 20pL of medium. After an initettachement period, the medium

was completed to 500pL.

C. Fluorescence Microscopy

To assess cell attachement, proliferation and noogly, samples were stained
with DAPI (a DNA binding dye, to stain nuclei) aR@IC —labelled Phaloidin (a fungal
toxin with specific affinity to f-actin fibrils, tovisualize cell cytoskeleton), samples
were fixed with 3.7% formaldehyde for 5 minutes aimein rinsed with PBS.Afterwards
celles were permealized by treatement with 0/1%mriX solution. After removal of
Triton-X, samples were incubated in 1% PBS-BSA sofuat 37C for 30 minutes to
decrease non-specific absorbtion of the dyes. wéeds 1:1000 dilution of DAPI and
1:200 dilution of FTIC-Phalloidin were applied thet samples and the samples were
incubated in the dark for 15 minutes. After washiith copious amount of PBS, the
samples were observed under and epifluorescenagesoape under single or multiple

fluorescence modes (Olympus, Japan).

d. Alamar Blue Cell proliferation assay

Cell attachment and proliferation was quantifiegg Blamar Blue Cell
proliferation assay (AbBiotech, USA) at 1 day anda¥s and 14 days post seeding.
Alamar Blue solution (10% in serum free alpha MEMdium) was applied onto the
samples and absorbance of the dye at 562 and 59Wasndetermined after one hour
of incubation in culture. Absorbance readings wewmnverted to dye reduction
% as per instructions of the provider. Dye reductiq%) is indicative
of cellular metabolic activity, i.e. higher redwrti signifies higher cell

number.
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CHAPTER 4. RESULTS AND DISCUSSION

4.1 Introduction

Several studies have been conducted on buildirdfadds for bone tissue
engineering, using different types of polymers, cmmposite materials. There are
several factors that influence how the scaffold photogy should behave, what
properties it should exhibit. A scaffold intended bone tissue engineering can be used
either outside of the bodyn(vitro) for cell culturing, or implanted in the body (ivo),
offering a temporary replacement for the bone,| tinéi seeded cells produce new bone.
Research studies have shown that for good scaffettbrmance, essential properties
are required, independent of its place of use, Wwiniclude: high porosity, appropriate
mechanical strength, biocompatibility and biorestibty. There is no perfect
combination of all of these features covering ladl &pplications, since bone itself varies
depending on its age and location in the skelgtstesn. Therefore before a scaffold is
fabricated, one needs to define its role.

The present research work aims to produce parongposite scaffolds for bone
tissue engineering. Scaffolds characterization witlude: porosity, mechanical tests
bioactivity and biocompatibility tests. A polymeitlv an adequate degradation period
(PCL) will be used to construct the matrix and aao@c part to add strength and
improve its biofeatures. Ideally it will mimic theatural structure of the extracellular
matrix, offering the cells a surface to adhere prgliferate and differentiate. The
preliminary studies were patrticle size, powder rhoipgy and thermal gravimetric
analysis of the materials (Chapter 4.1 and 4.2 mbxt step included creating the
composite membranes of different ceramic conceatrand their characterization. In
order to produce the composite membranes, impre@esabinations of conventional
techniques were used (salt leaching/ freeze dnyirage separation/ gas forming/solvent
evaporation).

The preliminary investigation of this study invety characterization of the
HA/PCL composite, with different HA content (1-7099EM analysis were performed
to observe the morphology of the prepared sammestion 4.2.3) and the viable
samples were tested mechanically (section 4.2 H4¢. ffext step was the degradation,
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contact angle and roughness measurements sect®B).4Comparing the results
obtained after characterizing all the samples preduthose performing adequately
towards the aim were tested for bioactivity feasur&amples were immersed in
simulated body fluid (SBF) (section 4.2.6); a fluesembling the human body plasma,
and apatite formation was monitored. Finally sdaovere seeded with cells and cell

attachment, proliferation and differentiation wasaleated (section 4.2.7).

4.2. Preliminary Characterization of the Powder Matals

4.2.1 HA Morphology and Particles Size

Figure 4.1 shows the morphology of the initial iddwders. For both types of
powders the particle size was specified (45 andr§OpdA 60 (45um) is a spherical
powder produced by spray drying and the HA 90 (60 was produced by tray drying,
giving it an irregular shape. Research has shoanthie shape, size and morphology of
a particle are factors that influence interfaciahtling [74], which also influence the
impact behaviour, important in the case of cranitegeneration. Even though the
morphologies of the two powders were different doethe different methods of
fabrication, the same porous pattern was obtaileed;omposites of 1-10% HA in PCL.
Thus the results show that following the same tephen protocol, the same porous

pattern can be obtained independent of powder notwgi.

Signal A = SE1
ignal 008 ) Date 21 Aug200g  EMT = 1000V

20.00 kv
arme = ha pure-100.tif Mag= 386X Time :11:25:02 File Name = HA Captal 90-b. (M lag

Figure 4.1 Morphology of (a) HA 60 (B) HA 90
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4.2.2 Thermal gravimetric analysis

Figure 4.2 shows the DTA/TGA curve for the comnarpolymer, PCL, which
can be considered its “fingerprint”. The result®wha melting temperature of 8D,
indicated as a peak on the DTA curve and at°G6the start of the degradation,
indicated on the TGA curve, when the signal begiosdrop. For the chosen
manufacturing techniques, the polymer does notirequelting, so it will not reach
60°C. In the case of sterilization methods like ethy oxide could be used, which is a

gas commonly used to sterilize objects sensitiierigperatures greater thar’60
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Figure 4.2 DTA/TGA curves for PCL

4.2.3 SEM/EDX Composite Results

Solvent Evaporation Technique

SEM images revealed that the ceramic phase (1-18%onds fully covered by
the polymeric one. The first sample obtained ditl exhibit any porous structure, as
shown in figure 4.3, which is not an advantagectll proliferation. Equally, due to the
lack of porosity the hydroxyapatite did not inteérath the cells, which would normally

enable its bioactive features.
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Mag= 1.00KX Time :16:56:07 File Name = 50%1 tif Mag= 375X Time :16:08:57

Signal A= SE1 Date :21 May 2008

Figure 4.3 a, b. The PCL fully covers the HA pdetsc
Sample of 4% HA: 96%PCL

Porous composite structures, as shown in figurewlede created by varying the
mixing technique. The polymer placed in the solversiution was vigorously mixed.
After the polymer was completely dissolved, the IgArticles were added and the
complete solution was vigorously shaken for 5 mesuand left to settle for 24 hours.
Finally the solution was poured into glass Petshds and left to dry. Pores of different
sizes were visible on the x-y surface of the sapgdeshown in figure 4.4, as opposed to
the structure evidenced in figure 4.3. The pore sias found to increase with increased
HA particle size. Using HA of 45 um particle sizke mean pore size was between 6-
10 um, and for HA of 90 um particle size, the mpare size increased to between 15-
25 pum. A possible explanation for the formatiortteé pores was formulated: the PCL
molecule has one end polar, and another non-pole.polar end of the PCL reacts
with the hydroxyl groups on the surface of the loygapatite. Due to violent mixing
(magnetic stirrer) the PCL molecules are torn aviiamyn the surface of the HA
particles, and the water forms small droplets i@ BCM solvent. The charged polar
ends of the PCL polymer then stabilize by formirgyer around each droplet of water,
causing each droplet to be negatively charged. &lebarged PCL molecules behave
like a surface active agent in the water. So when water droplets stabilize, this
prevents them from coalescence, and they distriewinly throughout the DCM
solvent. During slow evaporation, both the DCM #mel water were removed, leaving a
system of pores in the PCL matrix, with the pores® equi-distant from each other.
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Figure 4.4 HA/PCL/DCM sample with HA particle siaE90 um (a) and 45 um (b)

Different morphologies were found using the SEMy the samples left
uncovered to dry in air and the ones covered blassgplate, as shown in figure 4.5.
“Exposed to air” samples “a” dried very quickly bglvent evaporation, where over the
6 hours this allowed the polymer to shrink and ssjgafrom the ceramic phase. This
behaviour was observed for all samples “exposedaity independent of the HA
concentration. This aspect was improved by lowetimg solvent evaporation speed.
This was done by covering the Petri dish with aaptjlass plate. The drying time was
then 48 hours, where the air surface top aspethefsample improved. Figure 4.5b
shows a sample that was dried for 48 hours (cowertda glass plate). The hypothesis
is that the solvent evaporated at a lower rate wihersamples were covered and this

offered time for the composite blend to spreadugloand dry slowly.

a b
—
Shrinked
polymer \ Smooth
polymer
lZc_m' |2c_m| surface

Figure 4.5 Dried composite sample (a- uncoveredcbbered)

EDX analysis showed no trace of HA on the air stgfside (top) of the
samples, but HA was found on the glass surface (fidgéom) of the sample, for the
both types of dried samples. The dried composieptarevealed the formation of two

different layers of material: a ceramic and a pdayig one. This two layer composite
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was the result of the higher density of the cergphiase ga = 3.1569/cm3ppcL+pem ~
2.5g/cn). Figure 4.6 shows the two layers of the compasataple obtained by solvent
evaporation technique. EDX analysis confirmed #tst the HA was not present on the

upper surface of the sample, and that the poroustste had a vertical interconnective
orientation.

=

PCL+H

— s
Signal A = sSE 1
File Name = 80.80.501 cross Nag =500X

EHT = 21.00 kv Date 23 Oct 2008
Time :13:26:57

Figure 4.6 The two layers of the composite sam@\é PCL. Upper level is composed

of PCL and the lower is composed of HA+PCL

Salt Leaching Technique

For the leaching technique, salt with particle siagying from 250- 425 um was
added to the composite solution. Three differemiceatrations of salt, that is 10%, 15%

and 20%, added to 2, 4 and 6% HA in PCL were tested results are shown in figure
4.7.

Leached.salt/pores

F3
%

. N s
EHT =20.00 kv Signal A= SE1

Date :14 Aug 2008 200 pm EHT =20.00 kv Signal A = SE1 Date :14 Aug 2008
File Name = 1.5naciglass.if Mag= 93X Time :16:13:02 H

File Name = 40PCL801,5NaCIGf Mag= 68X Time 14:48:26

Figure 4.7 Salt leaching technique samples (a- 48 b- 15% salt)
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After obtaining the composite solution, the desiaenount of salt was weighted
and mixed in the solution, and then this soluti@swwoured into the Petri glass dishes.
After air drying, covered for 24 hours, under thené hood the samples were immersed
in distilled water (the leaching process). The watas changed every 4 hours, for the
first 24 hours, and every 8 hours for the next gsd#o speed up the leaching time, as
indicated by the literature information [30]. Aftealt leaching, the samples were
vacuum dried for another 48 hours and then analyZEge obtained pores were not
interconnected, but randomly distributed throughthé surface. It was visible that
some porogen particles were trapped in the driethion@ne and in order to remove
these particles, the membrane would have to be wethoDue to the fact that the
composite scaffold was too thin, cutting away tihiembrane layer without destroying
the sample proved almost impossible.

Different morphology of the sample was producenthloiming the salt leaching
technique with sonication. The viscous compositetem was introduced in the
ultrasonic bath (Branson 5210) for 10 seconds &hde®@onds. No heating was added.
The ultrasounds agitated the ceramic particlepeds® them in the polymer matrix and
provided sufficient energy for chemical reactionstake place. After sonication the
solution was rapidly poured into the Petri dish #&ftito dry in the fume hood. Using
ultra sonic the period of time for the molecularareangement of the PCL-HA
molecules increased, allowing no time for roundegoto form, instead small and
irregular shaped ones were created. Figure 4.8 shewsample obtained using ultra
sonic for 10 seconds.

EHT=15.01kV Date 13 Aug 2008
File Name = sonication10pcl80 Mag =200X Time :16:12:21

Figure 4.8 Samples obtained with sonication
a.surface exposed to air (AS) b.surface expos#tktglass part of the dish(AG)
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The samples prepared using the sonicator for agberi 30 seconds did not
behave as expected. The salt and HA particles gathtegether around the bottom of
the dish, and the polymer was found separately pfegipitating, also on the bottom of
the dish. This method, if it were to be considdmdurther studies, should be improved

by finding the optimum sonication exposure time.

Gas Forming Technique/Freeze Drying

Another method used to produce porous scaffoldhéod tissue regeneration
was the gas forming technique. For this reseanattysthe conventional technique was
improved by either immersing the semisolidified ypoér/ceramic mixture into an
aqueous solution of citric acid at room temperaf6i§ or by combining effervescent
salts in the PCL/DCM/HA solution directly and thimaving these to react. Figure 4.9

shows some samples obtained using this techniqtiiesimesearch.

Date :13 Aug 2008
Time :15:5249

EHT =20.00 kv Signal A= SE1 Date :14 Aug 2008
File Name = 40PCLBOBAKVIN Mag = 1000X Time :15:00:52

200 pm ignal EHT=20.00kV Signal A= SE1 Date :14 Aug 2008 )
F———1 File Name = 10pci80-5NaCi2vi Mag = 1000 X Time :14:37:32 H File Name = 10pci80-5NaCI2Vi Mag = 1000 X Time :14:33:05 pcl

Figure 4.9 Porous samples obtained by gas forneiclgnique/freeze drying
(a, b) and without freeze drying (c, d) (effernvasicsalts were used as gas

forming agents)
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SEM analysis revealed formed pores of 15-80 um ize dor the gas
formed/freeze dried samples. The pores were diggibacross the whole surface of the
sample. EDX identified HA across the top surfacéhefsample, which was different to
the results found in the samples obtained by soleeaporation technique. Samples a —
b (Figure 4.9) with gas forming onlyrevealed snrafjlere sizes than those from c-d,
with freeze dried and gas formed, with sizes vayyetween 15-40 um. The freeze
drying process had the effect of lowering the sp#feghs forming and at the same time
freezing the pores once the sample froze over.

The gas forming agents used were: baking powder mall vinegar (5%)
(combination 1) and (combination 2): citric acidking powder and ethanol. Table 4.2
shows these combinations. After dissolving the RCIDCM, the HA particles were
added and stirred for another 10 minutes at 25mprarder to increase the viscosity.
Then effervescent salts were introduced and imnhaglighe viscous liquid was poured
into the glass dishes and frozen, while the compizneacted. As discussed previously
the gas forming process ceases upon freezing driginglly the samples were vacuum
dried.

The porosity could be controlled by the amount icatbonate incorporated in
the polymer and, as literature showed [25, 46}a$ possible to make various scaffolds
with different geometries and sizes using containeith different shapes, to dry the
material. The type of porosity was controlled by tspeed of gas forming, which

depended on the amount of effervescent salts amdioer’s shape.

Table 4.1: Variation of effervescent salts for f@asning technique at room temperature

4% HA 10% PCL goo00 (1) 4% HA 10% PCL s0000 (2)

1g sodium bicarbonate (NaHCO5) 3gcitric acid
10ml malt vinegar 1g sodium bicarbonate (NaHCO5)

20ml ethanol (C,Hs0H)
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Both combinations of techniques were optimized gisiata from literature [26].
For the composition (2) in table 4.2, micro padsivere formed, but these could not be
used for the purpose of scaffolds, since scaffoldst be produced in compact blocks.
This also could be a future research recommenddtiomicro particles production,
intended for tissue engineering and drug deliverstesns. Micro particles could be
carriers for drug delivery or act like micro fileefor bone defects and drug delivery
systems at the same time.

Figure 4.10 presents the final samples that weteirtdd after optimization of
the parameters and improvement of the whole teckni(phase separation/freeze
drying). The conventional technique was simplifig, removing the vacuum drying
stage. After mixing all the ingredients of the carse mixture, the solution was left in
the freezer for 10 days, during which the solverd water evaporated (after reacting),

leaving behind a porous and thick (1cm) structure.

Figure 4.10 Porous scaffolds obtained by phaseatma and freeze drying
(a and b) 1 cm thick sample (c ) porous surfacehjd)sample
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4.2.4. Mechanical Testing

Solvent Evaporation Technique

Tensile tests were conducted for the samples that Imicropores of at least
30um and bigger (65- 80 um), pore sizes that wéadditate tissue infiltration [75].
Figure 4.11 shows the results for samples obtaibgdthe solvent evaporation
technique. Standard flat samples of 1cm x 1cm weeel for all the tests.

For comparison reasons PCL was dissolved in dlamatic acid (AcOH),
maintaining all the other parameters of the prepargrocess (rpm, temperature, and
concentration). As shown in Figure 4.11 the samplégh PCL dissolved in DCM
exhibited higher yield strength, of approximatejMPa, while the ones prepared with
AcOH did not exceed 7MPa. In both cases the tessimgth increased with increasing
HA content (1-10%), with a sudden decrease forsdmmples containing greater than
10% HA. In the case of samples prepared using alladetic acid, the glacial acetic
acid did not entirely break down the bonds whichmfdhe PCL at room temperature
(22°C), even after 7 days. For the prepared samplesdivent (AcOH) took a long
time to evaporate and during its evaporation sasngieunk, making them hard to test,
according to Figure 4.12. The samples obtained ds/ fgrming technique were too
brittle to be tested mechanically and the onesidated by phase separation exhibited
strength values of 5-7MPa.

Comparing all the values, one can conclude that dblvent evaporation
technique produced membranes with the highestl¢eagength. Data from literature
[13,30] and this research identified that DCM isteong solvent that can dissolve the
entire polymer mass at room temperature, in a dirod and it in combination with a

ceramic phase can produce pores of different sizes.
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Figure 4.11 Tensile tests for composite samplegrevpolymer was dissolved
in two different solvents (red- AcOH, blue- DCM)

Figure 4.12 Difference between samples prepardd @M and glacial acetic
acid (AcOH), 4%HA: 96%PCL

4.2.5 pH , Degradation Tests, Contact Angle andigRoess Measurements

Figure 4.13 shows the pH and degradation resudtsipies produced by solvent
evaporation technique, with different HA contentrgvaveighted and each one was
immersed in 50ml deionised water for 3 months. rifday the pH was measured and
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every 30 days one sample (1-10% HA) was takenrouat the water, vacuum dried and
weighted again. The degraded samples morphologyinvestigated under SEM, as
showed in Figure 4.14.

) 3 L —
g +— . = eionised H20

2%

3%

pH
[=a]

—3%  %HA

1.2 3 45 6 7 & 9 1011 1213 14 1516 I7 18 1% 20

days

Figure 4.13 Variation of the pH for the first 30ydain deionized water, for
samples of PCL/DCM/HA

As shown in Figure 4.13 the addition of the cerapfiase caused that the pH to
became alkaline (pH = 8-10), compared to the pué Rith an indicated pH = 6
(acidic). After the first 4 to 10 days, the pH veduof the composites approached more
neutral values, depending on the HA content ( tigadr the ceramic content was, the
longer the period for the pH to approach neutréles), which may indicate that acidic
products were released from the composite. Ovefolleving 10 days (days 10 to 20),
the pH values remained almost in the range of @r&amples with 3-8%HA, where
pure PCL, 2% HA and deionised water produced acidiues.

Compared to the studies made for accelerated datipad samples that were
treated with NaOH, showed slow degradation. Tofyéfithe PBS produced a constant
neutral pH value, a second degradation test in W&Sconducted for 1 month ( pH was
remained between 7.37-7.87, see figure 4.13- dastaede line).
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Figure 4.14 shows the SEM images of the degradegles,
after 1( b), 2(c) and 3(d) weeks compared to tlepared ones (a)

The samples degraded in Figure 4.14 (b-d), phigibad a jelly-like aspect,
with larger pores and thinner pore walls. Even wienpore walls became thinner, they
remained fused and attached together. There waaewof HA powder dislodged from
the degraded and dried samples. It appeared l&kes¢hffolds degraded via a surface
erosion pathway homogeneously, throughout the aldagtructure, through the thinning
of the pore walls. The tensile yield strength of tlegraded samples did not decrease
significantly after 3 months either. Figure 4.1%w8 that all the samples behaved in a
similar manner compared to the non degraded onéb. &dly 2% weight loss after 3
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months, it was concluded that the polymer basedtsires degraded at a slow rate, as

expected [25].
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B degraded-3 months |1.56| 6.7 | 6.5 | 4.7 | 5.1 |5.15|3.76(3.94| 2.7 |2.42 1.6

Figure 4.15 Tensile strength for degraded and mgnatied composite samples

Contact Angle

Contact angle measurements showed that the sampbelsiced by solvent
evaporation technique were hydrophilic, with anrage contact angle of 60-70
Figure 4.16 describes the results for samples aviteramic HA content of 1- 10%, for
the top surface of the samples. Wettability isseynmportant property of biomaterials
because cells adhesion and proliferation rate @eeh on a hydrophilic surface [37].
Interesting results were obtained for the sampléh & % HA and 7% HA, which
exhibited contact angle values of 81.8nd 84.6, showing the material to be less
hydrophobic, hence would improve the cell adhesidre 8% HA result was similar to
the other ones (76.3%). Increased irregularitiastlte sample surface may have
contributed to changes in the contact angle resAttshe same time it was observed
that an increase in the ceramic phase caused aagecin hydrophilicity, which was in
contradiction with the hydrophilic features of tliydroxyapatite. This could be
explained by an increase in roughness. Howevermegs and surface features may be
improved by future research.
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Figure 4.16 Contact angle measurements for samptgsaining 0 -10% HA( top

surface)

Roughness

The roughness measurements results are showmuneF4.17. Roughness is a
measurement of the texture of the material, witeaiimplications on how the material
will interact with the environment, such as cétighis case. Samples prepared by salt
leaching showed a rougher surface, due to the mcesef larger pores. Samples
obtained by gas forming and phase separation tggbsiwere more rough than those
obtained by simple solvent evaporation techniquamj8es obtained by solvent
evaporation showed that as the HA content incie64el10%) the roughness increased.
Also when the HA content was found to lie betweelD -27%, the roughness
decreased, and beyond 27% HA samples became tte twibe used.
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Figure 4.17 Roughness measurement for a seledticongposite samples

A possible explanation for this behaviour can lesadibed in correlation with
the SEM images ( Figure 4.4, 4.6). At a low HA @it the porosity was lower. With
an increase in HA content, there was an increasehef porosity and therefore
roughness. This behaviour is valid for HA contehi- 10%. For more than 10% HA,
HA particles agglomerated and the porosity decbase micropores were formed and

therefore the roughness results decreased.

4.2.6 In Vitro Bioactivity Test. Simulated Body Fluid aR@IIR Spectrums

Simulated Body Fluid was created in house, usiogubo’ recipe [71]. Square
samples were immersed in SBF and left for 28 daty87C. Every 7 days one sample
was taken out, dried and analyzed. Results from /SHMX and FTIR were correlated,
to reveal if any apatite was formed on the surfaicéhe samples, which would have

seen as an indicator of bioactivity features.

Figure 4.18 show SEM/EDX images of the sampleera?t and 4 weeks of
immersion in SBF. A delicate layer of needle likgtite appeared after 2 weeks, and
they became thicker after 4 weeks, as figure d)&hows. FTIR analysis confirmed

the structures formed were apatites, comparing tteethe spectrums of the samples
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before immersion. Figure 4.19 shows the spectruntaireed after 7, 14 and 21 days in
SBF.

There were no obvious change on the surface o¢ P@L samples, which
indicated that pure PCL is a non-active matenaEBF and no hydroxy- carbonate
apatite (HCA) was identified. HCA is a componeatmally found when HA interacts
with SBF [79-81] and the lack of HCA on the surfadeghe material indicates that the
material has no bioactive features. In the same,tancording to literature [ 79,80] the
fact that no HCA are formed on the surface of thetemal does not show that the
material will not bindn vivo. Instead there were changes observed on the swfdce
composite samples, as the days progressed. Thidienee structure formed after 14

days, and agglomeration of the hydroxy-carbonpédit® was observed after 21 and 28

days.
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Figure 4.18 SEM/EDS results for samples after 14cjaand 28 days (b, d) in SBF.
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Figure 4.19 FTIR spectrums after 7,14 and 21 dagBF immersion

Observation of all the samples of HBIFDCM showed that there was a
gradual formation of an apatite layer, spread acrthge entire samples surface.
Comparing samples immersed in SBF and those notedpathere was a large
distribution of apatite crystals after 14 days,tba surface of the sample. By day 21,
larger crystals appeared covering the first forraddyer, and by day 28 a thick crystals
layer was observed under SEM. EDX revealed Ca andnB on all the samples

immersed in SBF, initiating on day 7.

FTIR also indicated the presence dititg layer, as Figure 4.18 shows. Peaks
that corresponded to HA were located at 1169 adc@#" for the hydroxyl compound
and peaks at 1040 and 962 tivelong to the phosphate compound.The apatiteatsyst
as previously mentioned contained phosphate antbkyldcompounds. Peaks at 1632
and 1554 crl belonged to the C=0 band of the PCL and this @arbindicator that
the PCL matrix has undergone a chemical reactidghe SBF environment from day 7

onwards.
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4.2.7 Cell Biocompatibility

Figure 4.20 shows cells proliferatrate on four different types of composite

scaffolds, the composition of which is describedadsws:

1. 4% HA in 10% PCL solution in DCM, mixed with veatand produced by phase

separation /freeze drying technique

2. 4% HA in 15%PCL solution in DCM, produced by dgasning using effervescent

salts in combination of 3:1 (baking soda: vinegar)

3. 4% HA in 10% PCL solution in DCM, produced bgnpie solvent evaporation

technique

4. 4% HA in 10% PCL solution in glacial acetic a¢ktOH), produced by simple

solvent evaporation technique
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£~
3 20
S 15
E 10 |
< 5

0

1 2 3 4 sample

mday 7 137356 9 685286 1041085 17.53024
mday 14 30.08324 2890813 2707316 33 86744

Figure 4.20 Cell proliferation for 4 sample types

Between day 7 and day 14 the cell number douldedcalf of the 4 types of
scaffolds. It was also observed that a linear gnoimt cell proliferation for all the
samples. Samples exhibiting larger pore sizes alibwells to penetrate through the
pores, as showed in Figure 4.22. Comparing theltsefar the samples obtained by
solvent evaporation technique, the cells interactiith the polymeric matrix prepared

with glacial acetic acid was improved, however thechanical results were not as
68



Biomimetic and Biodegradable Scaffolds for Hardstlies Engineering
Elena Irina Pascu

encouraging (4%HA:96%PCL/AcOH exhibited a tensileld/ strength of 3MPa,

compared to 5 MPa for 4%HA:96%PCL/DCM). The cettaehed and grew across the
entire composite matrix. Available spaces wer@dilby cells endings where possible.
Where the pore size was less than 20um, the ddllsad penetrate the scaffold and for

this reason surface attachment was observed, amdhw Figure 4.21 and Figure 4.22

a, b.

Mag= 150KX EHT = 6.00 kW
Signal A = SE1 WD = 8.0 mm

File Name = pclha aca day 306 tif

Figure 4.22 Bone cells attached on porous scaffmdsposite of (a) PCL/HA/DCM
and (b) PCL/HA/AcOH
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Summary

All sets of experiments showed that biocompat#id biodegradable structures
can be manufactured using different combinationsarfventional techniques, having
PCL and HA as the main materials. Samples of 4-6A%id PCL/DCM, fabricated
using solvent evaporation and phase separationnitpeds exhibited the best
mechanical and morphological results. Composite® werous and flexible, but at the
same time evidenced a tensile yield strength oM&8. Cell culturingin vitro tests
showed all the samples were biocompatible, and &ted Body Fluid tests revealed
their bioactive features as well. Thus the aim fiodpce functional bio-scaffolds was
achieved and these kind of composites could be tmedkull regeneration or low
bearing application, or for cell culturing also.bl@4.2 shows the mechanical/biological
characteristics of the scaffolds produced and desteh a tick rating for the presence
or absence of the porous structure, apatite foromethe surface of the sample and cell

attachment and proliferation and 1-3 quantifying thte of cell attachment/proliferation

Table 4.2 Mechanical/Biological characteristicghed scaffolds produced

4%HA: 96%PCL Thickness Porous pattern| yield tensile | Apatite Cell
strength attachement
(MPa) (5mm /proliferation
thickness)
Solvent evaporation | 5mm- 10mm v 16-17 v 3
Salt leaching 5mm o - . 1
Phase separation | < 10mm v 14-16 v 3
Gas forming <10mm v 9 v 2
(effervescent salts)

v/ - apatite /porous pattern/ cells attachment antifpration present
e - apatite /porous pattern/ cells attachment antif@ration absent

Level 1-3: 1=low, 2= medium, 3=high
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CHAPTER 5. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE
WORK

5.1 Conclusions

This research work shows that different combimetioof conventional
techniques can be used to produce porous structtoesbone substitution.
Polycaprolactone and hydroxyapatite were the maatenals to be used for this work,
to produce properties like elasticity, biocompdityi slow degradation rate and
bioactivity and construct a rigid porous scaffoddnew method (self assembly during
solvent evaporation) of producing micropores in¢bmposite structure was developed.
Other conventional techniques, like salt leachpigase separation, freeze drying and
gas forming, were adapted to achieve the construcif a viable and biocompatible
scaffold. The structures produced (4-6%HA in PCLMDCformed by phase
separation/freeze drying) resulted in 75-80% pdypsivhich is one of the main
requirements when building a scaffold for bone negation. Scaffolds with different
porosity and mechanical properties were producddgusolvent evaporation, gas
forming and phase separation techniques. The irmoence of the salt leaching
technique was the formation of a “skin layer” ore thottom surface of the sample (layer
that does not exhibit any pores) and this resetairetl to overcome this disadvantage,
building thicker scaffolds from which this layer uld be cut off. Samples were
produced either as thin samples or thicker bloek#) various shapes. Slow mass loss
and thickening of the structure were observed dudiegradation tests. At the same time
the degradation speed can be influenced by thenterand polymeric phase and the
technique used. The manufactured samples were teakgndle and cut, giving the
possibility to create scaffolds of different shap€&ensile yield strength was about 6-
8MPa, making these scaffolds more appropriatedar bbearing bone application, like
facial and skull reconstruction. Cell culture testnfirmed that all samples were
biocompatible. Cells attached and penetrated thuetstes that exhibited pores larger

than 50um.
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5.2 Recommendations

Further investigations should include other caitiphosphate, ceramic material
combinations, as tri-calcium phosphate (TCP),,JIrium Stabilized Zirconia (YSZ)
in order to improve the mechanical properties aathtaining the open porosity. At the
same time optimization of phase separation parameteuld lead to improvement in
morphology and mechanical properties. Another fbsslirection for this research area
could be the development of a multiphase and gnagherous structure, using the same
components, structure that could be intended alsodrtilage regeneration.
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