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Abstract

Phosphate glass fibre polymer composites have atenpal to be utilised as degradable
orthopaedic implant devices with modifications he glass fibre composition allowing for
materials with tailorable mechanical properties aegradation rates. Accordingly such
materials could be advantageous for the developmieatternative cranioplasty implant
devices. In collaboration with an industrial spangopromising composition of phosphate
glass was characterised to assess its potentalcamposite reinforcing agent along with

the applicability of different composite configumats as possible cranioplasty implants.

The CorGlae® Pure 107 phosphate glass was found to demonsinitable dissolution

rates for cell culture whilst vibrational spectropg and analytical chemistry techniques
confirmed its structural features and suitability fibre manufacturing. The mechanical
properties of its bulk and fibre formats were detieed to be in line with alternate PG
compositions but initial biocompatibility screensngpf glass samples using human
osteosarcoma cells found this composition to betoyic. This was believed to be due to
localised pH changes or from the release of*Znns towards cytotoxic levels. The
absence of a carbonated hydroxyapatite layer faomathen immersed in simulated body

fluid also indicated that this glass compositiosgessed nim vitro bioactivity.

Composite materials based on CorGfaesre 107 fibres in a polylactic acid (PLA) matrix
at a 0.2 fibre volume fraction ¢}/were found to exhibit mechanical properties witthe
same region as those reported for cranial bonesvekier rapid dissolution of the
reinforcing fibres (due to autocatalysis) led teemature reductions in the composite
mechanical properties and resulted in a cytotoesponse during vitro cell culture. The
introduction of a secondary hydroxyapatite fillehage into the CorGla&sPure 107
composite to counteract the acidic pH led to changehe samples mechanical properties
and degradation media pH. However this failed tartethe fibre dissolution rate in 0.15V
composites. At a 0.0%Y the inclusion of HA produced biocompatible comfess
compared to the HA free equivalent and was atteitbtio the reduction of preferentialZn
ion release from the glass fibres due to the pHebufy at the fibre-matrix interface.
However the low Y required to achieve biocompatible composites nthdeCorGlaes

Pure 107 fibres unsuitable as a primary compositgarcing agent.

Consequently phosphate glass fibre composites maysuitable for cranioplasty
applications with future hybrid composites allowifay the design of implant materials
that are capable of eliciting an immediatevivo response whilst retaining its long term

mechanical properties.
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1 Giltech Ltd

Giltech Ltd are a Scottish company (based in Agoused on the development of medical
devices using their range of haemocompatible, Igaable controlled release
technologies for applications such as wound managgnurology as well as vascular
grafting. These include a range of soluble phosplylasses, alginates and patented
delivery methods that have been previously develapto products such as its alginate
based Sorbs&nwound care management system and infection rasiStverliné® urinary
catheters'.

1.1 CorGlaes® Technology

CorGlae$ is Giltech’s range of soluble phosphate basedsgkshat incorporate active
metal ions into their composition to tailor the sikition rates and ion release profiles.
These glasses are typically manufactured accortdingpplication specific compositions
and can be supplied in a range of material fornfatg. powder, fibres). Furthermore,
previous in vitro results using human and animal cell lines on difie CorGlae®
compositions have also demonstrated the potemqg@icability of this technology platform

as an orthopaedic biomaterial

1.1.1 CorGlaes® Pure 107

CorGlae$ Pure 107 is a quinternary composition of ultrapimage glass development by
Giltech Ltd that substitutes specific concentragigmol%) of magnesium (Mg) and zinc
(Zn) into the initial phosphate (P), calcium (Cafaodium (Na) CorGla8ssystem. This
glass was selected for this project by Giltech Wwith a view to its application as either a

standalone biomedical implant or in its fibre foasia composite reinforcing agent.

Due to the commercial confidentiality of the prdjethe precise composition of the
CorGlae$ Pure 107 glass was not disclosed and consequathtgnclusions based on the
obtained results have been developed with thisiegeth in mind. However it was
confirmed that the CorGlaB$Pure 107 composition contained 55 mol¥®Pas well as
low concentrations (mol%) of zinc and sodium. Augidially, the precursor compounds
used in the manufacturing of the CorGfadzure 107 glass are assumed to have been
composed of those typically used in phosphate gressufacturing (i.e. s, CaO, NaO,
MgO and ZnO).
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2 Introduction

The reconstruction of cranial defects typicallyoiwes the use of auto- or allograft bone,
titanium or PMMA based materials to improve neugidal function, protect cerebral
tissue and provide cosmetic restoration. Howeverh ematerial possesses specific
disadvantages and the occurrence of post-opetiafeetion at the treatment site is a major

threat to the success of the impl&nt.

Combined with their high radiolucency, specific mbdnd impact strengths, pre-formed
fibre reinforced composites are viewed as an diva@lternative to current cranioplasty
plate materials. Accordingly, multi-structured desmorous composite implant designs
such as those using non-resorbable E-glass fibresctive glass particles and a bisphol-a-
glycidyl methacrylate/triethyleneglycoldi-methaaig (pBisGMA-pTEGDMA) matrix
have been previously investigated by Aitasalo et (2D14) for cranioplasty plate
applications. This clinical study found that alltipats treated with these composites
displayed no inflammatory reactions or acute syatemoxicities with good functionality

and aesthetic results®.

Given the issues with existing materials and emighas infectious prevention, bioactive
phosphate glass fibre (PGF) reinforced composibetddoe advantageous for cranioplasty
plate materials. The use of a degradable matrixen@talong with the antibacterial
properties of specific phosphate glass compositiomgld subsequently allow for the
manufacturing of degradable cranioplasty implantemals that facilitate the complete
restoration of the skull defect with the host's ivatbone tissue. Consequently the
development of a dense PGF reinforced polymer ceit@avith mechanical properties
similar to those of the cranial bones was intertdgaiovide an initial investigation into the
suitability of these materials for cranioplastytplapplications. Such composites may be
pre-formed to the defect contours and could be &dnd a porous composite foam system,
mimicking the structure of cranial bone. This dasigould be similar to that tested by
Aitasalo et al. (2014) with the porous foam scaffallowing for bone tissue ingrowth
whilst the dense PGF polymer composite exterioviped both fixation and mechanical
protection (Figure 2.1.7§ ©.
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Figure 2.1.1. a) lllustration of potential CorGI&aure 107 multcomponent compos
being applied as a cranioplasty implant materiabdiMied from Aitasalo et al. (2014)] a
b) Magnified section showing the position of theplamtin relation to the surroundi

physiological tissue [Modified from Nganga et &012)].

Accordingly the development of a PGF composite apogential cranioplasty plate
component was conducted through a series of neratteps intended to sequentially
characterise the selected glass composition and the properties of the resulting

composite materials.

Chapter 3 of this thesis presents a review of tkerature concerning the general
physiology, structure and mechanical propertielsasfe with additional information on the
specific properties of the skull’'s cranial bonesisTcontinues with a breakdown of the
biomaterials typically used in orthopaedic applmas as well as an overview of the
general principles behind composite materials. &hmmcepts are carried forward as the
current cranioplasty plate materials are revieweefole the fundamentals and
compositional evolution of phosphate glasses (R&g) PGF composites for hard tissue
regeneration are examined. The basic mode of aperbehind key analytical chemistry
techniques related to this work is then reviewedhapter 4. The subsequent development
of the CorGla€e% Pure 107 composite is then broken down througbbapters 5 to 8 that
each contains their own materials and methodsltsesliscussion and conclusions.

To expand on this, the structural characterisasilmmg with the mechanical and vitro
properties of the CorGlaBure 107 glass and applicability of its fibresaasomposite
reinforcing agent are investigated in chapters & @rrespectively. This is carried into
chapter 7 where the manufacture and testing of 2e€5Pure 107 composites through
different interdisciplinary techniques is conductedassess its initial and degenerative
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properties. Modification and optimisation of thetisd composite configuration based on
the previous data obtained from chapter 7 is reploih chapter 8 whilst an overall
discussion and conclusion on the project work imtbin chapters 9 and 10 respectively.

Lastly the future direction of this work is outloshén chapter 11.

2.1 Aims of Thesis
The main aims of this thesis was to develop andstigate a degradable PGF reinforced
composite as a potential cranioplasty plate imptamponent using the CorGl&eBure

107 composition of phosphate based glass.
Accordingly the aims of this project were:

1. To investigate the suitability of the CorGl&eBure 107 phosphate glass composition
as a biomaterial.

2. To mechanically, chemically and biologically chaesise the CorGla&sPure 107
fibres and evaluate their potential as a compaositdorcing agent.

3. To develop and examine different CorGfaeBure 107 fibre reinforced polymer
composite configurations to assess their poteaia part of a degradable cranioplasty

plate.

It should also be noted that the characterisatimhamalysis performed here was composed
of the general multidisciplinary techniques typigamployed at the laboratory scale for
the testing of glass and biomedical compositesiszusised by Mustafa & Tanner (2011)

and was not intended to reachvivo testing during this projeé?.

Furthermore as an initial design criterion, it waecided that the PGF composite plate
must aim to retain at least 80% of its initial macical properties over a six week
degradation period in order to satisfy the meclaniequirements of its intended
application. However this may be later refined axtended given the reduced rate of
skeletal regeneration in the skull compared torginatomical site§™7.
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3 Literature Review
3.1 Bone

3.1.1 Definition and Function

Composites are a group of materials composed ofammore components which have
characteristics and properties derived from itssttuent materials. Bone tissue is an
example of a bioceramic composite and is constduotean organic matrix reinforced by
an inorganic ceramic phase. This tissue is founthé vertebrate endoskeleton (Figure
3.1.1) and enables various mechanical as well gsigbgical processes in the body. This
includes crucial metabolic activities (such as thepply of red blood cells -
haematopoiesis) and mineral homeostasis by acsng eeservoir for the body’s salts.
Meanwhile the high mechanical properties of bormvigle structural support, attachment
sites for muscles (that permit skeletal locomotiamd grant protection to the body’s
internal organs. Furthermore the dynamically resp@nnature of bone allows its structure
to be adapted according to the mechanical demahdss doading environment and

continually repair itself through a naturally océng remodelling proces§ !

Long bone (humerus)

Flat bone (illum

Irregular bone (vertebra)
Short bone
(carpals of wrist)

Sesamoid bone (patella)

Figure 3.1.1lllustration of human skeleton with examples of different bompegy(lonc
short, flat, irregular and sesamoid) [Modified from Hamill (200&)rBéchanical Basis

Human Movement].

A complete human skeletal system is composed af ww@ hundred unique bones with a

diverse range of geometrical and structural archites. These are dependent upon
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various factors including its anatomical site (doethe associated mechanical loading),
age, sex or required physiological function andgererally classified according to their

type or location (Figure 3.1.1*%,

3.1.2 Composition and Physiology

3.1.2.1 Composition

As mentioned in section 3.1.1, bone is often careid as a composite consisting of an
organic matrix (composed mainly of collagen) reméal by an inorganic ceramic phase of
bone mineral. However despite the various struttun@anisations of this tissue

throughout the body, its fundamental compositionams relatively constant.

Orientated type | collagen fibrils account fe®0% of bone’s organic matrix and provide
flexibility to the tissue with the remaining matroontents assigned to non-collagenous
proteins such as fibronectin, osteopontin, osteatand bone sialoproteins. Analysis of
the mineral phase shows that it constitutes 60-@80%®ne’s wet weight and is a reservoir
for the human body’s calcium, phosphorous, sodimt magnesium content. These are
stored as imperfect crystalline structures, maimighe form of 20-80nm long, 2-5nm thick
plate-like crystals of non-stoichiometric hydroxgéipe (Cao(POy)s(OH),) (Table 3.1.1)
and are responsible for providing the majority ohé's stiffness, hardness and strength.
Additionally, the inclusion of 5-8 % water in borseconsidered to play a crucial role in its

viscoelastic properties and facilitates nutrieahgport throughout the tisstié ** *°!

Table 3.1.1. Typical composition (wt.%) and Ca/Eoraf the hydroxyapatite mineral
phase found in bone [Reproduced from Neira (2011 gficient approach to the synthesis
of a calcium phosphate bone cement and its reiefoent by hydroxyapatite crystals of

various particle morphologies].

wt.%
c&|PQ¥|Cco” | Na | KF | Mmg” | s | ¢ | F- | RO* | H,O | Ca/P
36.6| 17.1| 48| 1.0 o007 0.6 005 01 0.1 0p7 H0 51.6
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3.1.2.2 Bone Cells
Despite only accounting for approximately 2% ofatgianic matrix the cells in bone are

vital to its growth and repair. These consist @& thur different cell types described below:

Osteoprogenitor cells - Also known as osteogeniis,cinese are mesenchymal stem cells

(MSC’s) with the ability to differentiate into ostielasts, chondroblasts, bone marrow
stromal cells or fibroblasts (depending on the llati@anuli). These cells are located within
the periosteum as well as the endosteum membrdribe bone tissue and are capable of

being reactivated during bone fracture ref&it”

Osteoblasts - Derived from osteoprogenitor cefissé large polygonal cells are critical to
the growth and repair of bone. Osteoblast cellsresectype | collagen and the
glycosaminoglycan’s necessary to form the orgaratrim of bone as well as producing
the previously mentioned non-collagenous proteibese cells also facilitate the
mineralisation process and are capable of produdiegeptors involved in the

differentiation of osteoclast® *1

Osteocytes - These cells make up 90% of all callbane and are involved in the cell
signalling processes that facilitate maintenanceefbone matrix and metabolic activities
(through the bone remodelling process). Osteocgtesderived from mature osteoblasts
that have become entrapped during bone depositidreaclosed in a calcified cavity of
bone matrix during remodelling (known as a lucuffdese entrapped cells are unable to

produce bone matrix and as a result differentiate dsteocyteS°°.

Osteoclasts - Large multinucleated cells respoasibl the resorption of mineralised
matrix through the release of bone-resorbing acsdswell as enzymes for collagen
resorption. Osteoclasts are derived from the fusfomultiple monocyte/macrophage cells
into a single cell and are regulated by hormonesh sas calcitonin and growth factors
including interleukin 6 (IL-6). These cells resitgeresorption pits and facilitate the release

of mineral salts from the calcified bone matrixstgport mineral homeostasig*®!

3.1.2.3 Bone Remodelling
The concept of modern bone remodelling is largéiybaited to the work of Frost (1961)
and is routinely described as a continually ocagrphysiological process where old bone

is replaced with new tissue through a series ofdinated interactions between different
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cells. This process maintains the mechanical stinreofgoone (through the repair of cracks)
whilst allowing it to adapt its architecture, masxl density to meet the local mechanical
loading regime (as described by Wolff's Law). Bamenodelling also serves to control
mineral homeostasis and is regulated from bothesystic and local factors as well as
mechanical stimuli. However the precise control n@isms behind the remodelling of

bone remain ambiguolfg: 2°-22

The remodelling of bone occurs across the skelatostructures referred to as bone
multicellular units (BMUs). These are primarily cposed of osteoclasts and osteoblasts
which facilitate the resorption and formation ofneorespectively. In cortical bone these
BMUs form a 150-200m diameter cylindrical cutting cone (also knownaabklowship’s
lacunae) that burrow through the mineralised tisatiea rate of 20-40m day™. In
cancellous bone the remodelling occurs throughfdhmation of 40-6Qm deep trenches
as osteoclasts travel across individual trabecalaeates of up to 28n day'. The
remodelling process at these BMUs for cortical eadcellous bone can be summarised by
the 3 phases described in Table 3.1.2 and igr#itesl in Figure 3.1.8%222°

Table 3.1.2. Summary of the three stages encouhtinéeng bone remodelling for cortical

and cancellous bone [Modified from Boccacini (2Q07)

Phase Description

Activation/ | Initiates when partially differentiated pre-ostexsts migrate to the bone
Resorption | surface and form multinucleated osteoclast cellat themove the
mineralised component (i.e. hydroxyapatite). Thisage can last fqgr

approximately two weeks.

Reversal Mononuclear cells prepare the surface nmiew bone deposition by
removing the resorption remnants and provide sgnébr the
differentiation/migration of osteoblast cells. Tpisase can last four to five

weeks.

Formation | Osteoblasts deposit new bone matrix enrédgion between old and new
bone forming a cement line. This matrix materiathen calcified at the

A\1”4

mineralisation front until the resorbed area is ptately replaced by new

bone tissue. This phase can take up to four maathe completed.
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Figure 3.1.2 lllustration of a) Osteonal remodelling of cortical bone showirtgoatas
resorption at the cone front along with the bone forming osteobléstTdee blood supp!
(Bs) at the centre of the new Haversian canal and distavedldchare also shown ove
56 day period and b) Remodelling of cancellous bone showing the tremebdf@cros
the trabeculae [Reproduced from Brickley (2010) The Bioardbggmf Metabolic Bon

Disease].

In an adult skeleton the rate of bone resorptioth fammation are balanced in order to
maintain a constant bone mass with studies estigidhat the entire mass of an adult
skeleton is replaced approximately every ten yddmvever irreversible reductions in a
body’s total bone mass can occur from pathologamaiditions such as osteopenia or

osteoporosi&®?2.

3.1.3 Structure of Bone
Bone is a hierarchically structured composite tlthsplays various degrees of
organisational architecture across the macro- hoszale. This is based on the mechanical

and metabolic optimisation of the tissue that haenbclassically characterised over
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different levels of hierarchy. However the numbérevels defining this hierarchy has
typically been user-defined with examples of foGuirey et al. 2012) and seven levels
(Weiner & Wagner, 1998) commonly reported (Figure 3! 26281

Collagen
molecule
Cancellous bone /

Collagen
fibril

Collagen
Lamella fiber

Bone

Osteon n Crystals
/
(&
~
—
10-500 pm
Microstructure Nanostructure
Macrostructure Sub-microstructure Sub-nanostructure

Figure 3.1.3Seven level hierarchy structure found in the diaphysis obtigelbone acro
the macro- to nanometre scale showing the diversity in structural geraen
[Reproduced from Rho et al. (1998)].

3.1.3.1 Macrostructure

At the macroscopic scale the structure of matureelissue is considered to be composed
of either a high density, high modulus tissue {cal} or high porosity mechanically weak
structure (cancellous) with the proportions of edistinct phase dependent upon the bones

function.

Cortical bone (also known as compact bone) is mdmind in the long bones (e.g. femur,
tibia, radius, ulna) as well as the flat bones. (el and skull) and is the primary source of
mechanical support in the skeleton (Figure 3.1C&xtical bone makes up approximately
80 wt.% of a human’s total skeletal mass and fotinesbone’s outer shell with greater
concentrations found at anatomical sites subjetdesignificant mechanical loading. This
shell surrounds the bone marrow contained in thdulfery canal of the diaphysis with
variations in cortical bone concentrations acrbssepiphysis reflecting the distribution of
mechanical loading throughout the long bone (Figute5)\*? 2°-%2
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Figure 3.1.4 lllustration of a) Partial frontal section of tibia (long bométh the differen
regions and structural components labelled and b) Sagittal sectiom tithia (lateral view
showing distribution of cortical and cegllous bone throughout the tissue [Reprod
from Patton (2014) Survival Guide for Anatomy & Physiology].

Figure 3.1.5. Sagittal section through a ldrame showing the outer shell of cortical b
with concentrations of cancellous bone at the epiphyses [ReproduceHlirgana (200¢

Bone Pathology].

Cancellous bone (also known as trabecular or spdmge) can be idealised as an
organised open-cell lattice of short 200um thidBQQum long tubular struts or plates of
bone matrix called trabeculae that are adjacepifged by 300-1500um (apparent density
~0.3 g cn?). This bone structure is primarily concentrated tire epiphyses and

metaphyses of long bones as well as in flat anelgidar shaped bones such as the
vertebrae (Figure 3.1.1). The high porosity of é@ldar bone (50-90 vol.%) subsequently

provides a high surface contact area for bone mairtood vessels and connective tissues
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that facilitate its role in haematopoiesis and mahéiomeostasis. However due to this
porosity, cancellous bone possess a severely rddtm®pressive strength compared to
cortical bone and is consequently found at anataihsttes generally free from any

significant mechanical loading. Yet this interntlsture does allow for the absorbance of
compressive energies and subsequent distributiestredses throughout the bone to occur

such as at areas below the surface of jétfits" 3!

3.1.3.2 Microstructure

At the microstructural level (i.e. 10-50) the exterior and interior surfaces of bone are
covered by thin membranes involved in the vascsdéion, growth and remodelling of
bone (Figure 3.1.6§2.

Lacuna
Interstitial lamellae
Osteocyte in
lacunae

Concentric lamellae
Central canal

Canaliculi

Osteon
(Haversian
system) &
Trabeculae

Circumferential lamella
— Blood vessel in osteon

~___——Periosteum
Osteon

Transverse
(Volkmann) canal

Trabecular | 13
(spongy)— ZHN'S
bone 21

Figure 3.1.6 Internal microscopic structure of the diaphysis from a long Bbhowing th:
cortical and cancellousegions as well as the osteons found in the cortical bone

[Reproduced from Patton (2013) Survival Guide for Anatomy & Physiology].

The periosteum is a highly vascularised dense dmembrane of connective tissue that
covers the exterior surfaces of bone (except as siear joints) and acts as a transitional
layer between the bone and overlying soft tissusfmlature (Figure 3.1.6). This layer
contains blood vessels and nerves as well as thésMBat are involved in bone growth
whilst the interior surfaces are lined by a thinnnbeane called the endosteum that contains

osteoprogenitor cells (section 3.1.243)
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Microstructurally the basic repeating unit of coalibone is a cylindrical element called an
osteon or Haversian system (Figure 3.1.6) whictypsgcally orientated along their long
axis according to the principal stress directiohe§e structural units are composed of a
20-10Qum diameter central canal (known as a Haversianlc#rat houses a blood vessel
as well as nerve fibres. Each Haversian canaldsessively surrounded by concentric 3-
7um thick layers of mineralised bone matrix (calladhklla) that are separated by Oril
thick sheets of interlamellar cement (Figure 3.1.These Haversian systems are
consequently linked by a series of smaller bloosisets (called Volkmanns canals) that
occur perpendicularly to the osteons and origifrat@ either the periosteum or endosteum

to create a network of blood vessels throughoubtre (Figure 3.1.6§> 14 2°!

a Osteon Section b Trabecular Section

\

\\" T concentric lamellae
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Figure 3.1.7 lllustration of a) Transverse section of an osteon in corboak and |
Individual trabeculaeof cancellous bone at the microstructural level [Reproduced
Belinha (2014)].

Alternatively the trabeculae of cancellous bone @mmposed of concentric lamellae that
develop into disk shaped sections and form itsdirad open structural network. Similar to
the osteons of cortical bone, these trabeculaebeapreferentially oriented along the
principal stress direction (in areas such as theelbeae) or isotropically distributed
depending on the mechanical loading regime. How#wese trabeculae structures do not
display the same osteonal units or interstitial ma@csms (i.e. Haversian canals) as found
in cortical bone (Figure 3.1.7). As a result, cdlocs bone is typically vascularised

directly from the surrounding haemopoietic tis8ae* 2°!
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3.1.3.3 Sub-microstructure

Each layer of osteonic lamellae surrounding the ddsian canal of cortical bone is
considered to be composed of orientated arrays iokenalised collagen fibres. Yet
concepts behind the precise arrangements and niseigathat stimulate fibre orientation
between lamella remain controversial with variou®dels adopted based on the

interpretation of experimental data (e.g. microscalfy, X-ray diffraction)!** 33!

Based on early work using polarised light microscqebhardt, 1905; Ascenzi &
Bonnucci, 1967) the variation in dark, bright andrkdbright fields was believed to
represent the presence of three different typesstdons in cortical bone (Figure 3.1.8a).
These were classified by the alignment of paraltedys of collagen fibres in each lamella
either longitudinally (dark), transversely (briglet) intermediately (dark/bright) to the long
axis of the Haversian canal. This led to the conoépn orthogonal plywood model in the
lamella with fibres limited to two orientations thalternated by 90 between each

concentric lamella (i.e. longitudinal/transverse)itermediately composed of boffl *
35]

AAAAAAAAAAAAAAAAAAAAAA

."n = s
1 2 3 e, *

Figure 3.1.8 a) Depiction of three different osteonal types 1) Transvers)
Longitudinally 3) Intermediately orientated as viewed by pséatilight microscopy al
the associated osteonal lamella arrays as described by tugaral plywood mod
[Reproduced from Girauuille (1988)] b) lllustration of twisted plywood model show
alternation of fibre orientations between adjacently concentriellae. [Reproduced frc
Adler (2000) Bone Diseases: Macroscopic, Histological, and RadialoBiagnoses ¢

Structural Changes in the Skeleton].
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However the use of alternative techniques (e.garsng electron microscope) has led to
other osteonal models being developed such aswiséet! plywood model of collagen
fibres as proposed by Giraud-Guille (1988) (FigBrk8). This model depicts the fibres in
each lamella as running in a continually spirallmgnner around the Haversian canal that
are rotated from plane to plane with fibre orieiotad alternated inversely between each
concentric layer. Based on this concept, the thtiséinct birefringence patterns are
attributed to the gradual change in orientatiomfitovo distinct structural arrangements as
oppose to the three in the orthogonal plywood mo#8lelandom orientation of collagen
fibres in each lamella has also been proposedtiviivariation in polarised light attributed
to changes in the collagen fibre density insteaaltefnate orientations (Marotti & Muglia,
1995). Under this model high density and low denBiire lamella were associated with
dark and bright bands respectivéfy 3 3°!

Although the specific mechanisms behind fibre dagan remain a subject of debate, the
mechanical testing of cortical bones has found siias typically loadedn vivo under
tension or compression displayed responsive pratiafecollagen fibre orientations. As a
result, discrete areas of longitudinal (tensilefl amnsverse (compressive) collagen fibre
orientations were found in response to the respedtiading regimes. This subsequently
supports the theory that the mechanical stimulagspa highly influential role in dictating
the collagen fibre alignment throughout corticahbg@Ascenzi & Bonucci, 1967 2 7]

3.1.3.4 Nanostructural and Sub-nanostructures

The collagen fibres in the lamella of bone are cosep of intimately arranged collagen
fibril sub-units that are each constructed from dksociation of multiple 1.5nm diameter,
300nm length tropocollagen molecules (Figure 3.£9y° Tropocollagen is the basic
structural unit of collagen and its molecules sgbsatly consist of three coiled
polypeptide chains which, through hydrogen bondarg, structurally arranged as a right
handed triple helix. Each tropocollagen moleculeséf-assembled with neighbouring
molecules into a staggered fibril arrangement wilhm gaps between the head and tail of
each tropocollagen molecule and a 67nm periodi@tye to the 40nm gap and 27nm
overlap). These gaps then act as nucleation stteghe formation of=100x25x2nm
platelets of hydroxyapatite (HA) that are orientdong the fibrils long axis (Figure
3.1.10)3840,
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Figure 3.1.9. Nanostructuraierarchy of bone showing the collagen fibre bundles i
osteons of cortical bone to be composed of a single collagen hhateconsists ¢

tropocollagen molecules and hydroxyapatite crystals [Reproduced fromeR@8£7)].
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arrangement of the tropocollagen molecules and hydroxyapatsilsryn a collagen fib
[Reproduced from Olszta et al. (2007)].

3.1.3.5 Lamellar and Woven Bone

As previously discussed in section 3.1.3.3, themsatmscopic level of mature bone is
composed of mineralised lamellar tissue with orgasticollagen fibres orientated relative
to the stress state environment to provide the latte optimised mechanical properties
(i.e. anisotropic). This structure is contrastedthy disorganised irregular collagen fibre
arrangement found in woven bone (also known asasinfibre or reticular bone) that is
encountered during embryonic development or dubnge fracture repair. The rapid
formation of this tissue (>4pum ddyis believed to provide the body with a means of

quickly reacting to alterations in the mechanigalisonment (such as those encountered
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during growth). However its disorganised structanel corresponding isotropic properties
are unsuitable for efficiently providing long terstability. As a result woven bone is
gradually replaced by lamellar bone (<1pm Yagiuring childhood and is generally not
found in the adult skeleton except during the estdges of fracture repair or from certain
pathological conditions such as Paget's dis€asé **!

3.1.4 The Human Skull

3.1.4.1 Anatomy
The skull refers to the osseous framework of thadhm the overall skeleton and is

composed of 22 irregularly shaped flat bones thaitarup the facial (splanchnocranium),
mandible and cranium sub-divisions of the skulg(fe 3.1.11§*2.

———————— Coronal suture
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temporal bone
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T\ MAXILLARY BONE
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astoid process | ™ ZYGOMATIC BONE
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Figure 3.1.11. lllustration of skull (lateral view) showing the Isotteat make upghe
cranium, facial and mandible bones [Reproduced from Martini (2007) Anaton
Physiology].

The cranial base and vault designate further sobgg of the cranium bones which when
combined form the cranial vault that surrounds pratects the delicate brain tissue. Also
known as the calvarium, it is composed of the fbraccipital, sphenoid, ethmoid as well
as two parietal and two temporal bones, which ased together by morphologically

jagged joints (referred to as sutures). In an askedeton these sutures are composed of
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dense fibrous tissue with the sagittal, coronahdédoidal and squamosal sutures regarded

as the major joints of the cranial vaft*.

3.1.4.2 Structure

At the macroscopic scale, flat bones like the stegpibs and those composing the cranial
vault are formed as a three layered composite sahdstructure. In the cranial bones this
consists of a homogenously structured cancelloug fknown as a dipolé) that is situated
between upper (ectocranial) and lower (endocratédlles of dense cortical bone (Figure
3.1.12). This structural organisation provides ligh mechanical properties required to
protect the brain tissue (from the tables of caftibone) whilst the porous energy

absorbing layer reduces the bone weight withoutpromising its strengtf®48.
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Figure 3.1.12a) Left lateral view of posterior half of skuh®wing radiographic featur
and trilayered structure of the cranium [Modified from [Bati (2007) Radiograph
Atlas of Skull and Brain Anatomy] and b) lllustration of the basicchitecture ar
sandwich structure of the flat bones (such as thosie cranium) [Reproduced fre
Orchard & Nation (2014) Cell Structure & Function].

Characterisation of the cranial bones has detedningeneral thickness >5mm with the
endocranial layer of cortical bone typically posseg a lower thickness and bone density
than the ectocranial bone. These properties areviedl to stem from the localised stress
microenvironments found in the ectocranial layes thuthe presence of anchorage sites for
masticatory and nuchal musculature. This subsetyugnparts areas of highly localised

orientations and distinct anisotropy due to theoeissed mechanco-stimulated effects
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especially in areas such as the parietal bone wigreficant muscle attachment sites
exist. Such anchorage effects are not encountetedhe endocranial layer and
consequently imply that the influence of mechaniséimuli plays a significantly
diminished role in the remodelling of cranial bon&®t when considered as a whole
element (i.e. as a three layered structure), drdrtine tissue is generally idealised as a
linear elastic and isotropic material with acknosdgement of its minor degree of in-plane

anisotropy on its outer tabf: 4°-51

3.1.5 Mechanical Properties of Bone

3.1.5.1 Overview

The mechanical properties of bone are attributets tcomposition (section 3.1.2.1) which,
similar to conventional engineering composites, egates its mechanical properties
through the reinforcement of a ductile organic matvith a high modulus ceramic

reinforcing phase (Figure 3.1.13). However its nagotal properties are also a
conglomerate of the bones microarchitecture, naltgmioperties (e.g. mineral density,
apparent density) and testing method. Consequiemslgeneral convention to consider the
mechanical properties of cortical and cancellousebas separate entities in order to
effectively evaluate their mechanical propertieshwiegards to the dominating factors
described. Yet due to these influences it is afsencacknowledged that no true value can
be considered *“correct” for the precise mechanipabperties of an entire bone

microstructure type and thus mechanical data is&jly expressed as a set range of values
[33, 49, 52]

«=Normal bone

Demineralized bone

~-Deproteinated bone
200 / f _

Stress (MPa)
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Figure 3.1.13. Contributions from the matrix (collagen) and reinfor@ygroxyapatite
phases of bone showing the influence from each component on the mechapedie
of normal bone [Reproduced from Burr (2013) Basic and Applied Bone Biology].
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3.1.5.2 Cortical Bone

When considering the diaphysis of a long bone (fig8.1.4), cortical bone can be
considered as a transversely isotropic material éRhibits an increased elastic modulus
when tested parallel to its longitudinal axis conggato the radial or circumferential
directions. These heterogeneous properties aretaldlee structural orientations of the
osteons and collagen fibres that generate anisotmpperties throughout cortical bone
(section 3.1.3.2 and 3.1.3.3). As such, the elastidulus of cortical bone can increase by
up to=1.5 times in the longitudinal direction (Table 3)1.This variation is further
demonstrated by the change in mechanical propeoii¢sined under different testing
techniques, anatomical locations or tissue age.arebnsistent range of values for the
mechanical properties of cortical bone have begorted despite these variations and
influencing factors that approximate its tensileesgth, elastic modulus and Poisson’s
ratio as 100-130 MPa, 17-30 GPa and 0.3-0.4 reispict!® 4 5254

Table 3.1.3. Anisotropic and asymmetric properttgshuman femoral cortical bone
mechanically tested at different axis [Reproduc@nnf Winkelstein (2012) Orthopaedic

Biomaterials].

Mechanical Properties Longitudinal Transverse Shear
Elastic modulus (GPa) 179+£3.9 10.1 £ 2.4

Ultimate tensile stress (MPa) 135+ 15.6 53 £ 10.7

Ultimate compressive stress (MPa 205 +17|3 1207

Modulus (GPa) 3.3x04
Ultimate stress (MPa) 65+4

Due to its viscoelastic behaviour, cortical bonsoashows increased strength and elastic
modulus values with an increasing strain rate thatoupled with a ductile to brittle
transition in its failure behaviour (Schaffler &t 8989). Furthermore, daily activities have
been estimated to plade vivo strain rates of 0.001-0.0I' ®n cortical bone with the
changes in its mechanical properties shown toviodopower law correlation according to

the applied strain rate (Carter & Hayes, 19%8)
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3.1.5.3 Cancellous Bone

As an interconnected lattice structure the meclahniesting of cancellous bone has
showed that under compression its mechanical betais likened to an open celled foam
with the compressive stress-strain behaviour o tisisue demonstrating its considerable
levels of energy absorption compared to corticaheboThis is evident by the large
compressive strains observed post-yield given elegively low mass of cancellous bones
(Figure 3.1.14a). However cancellous bone also gz3&s varying degrees of isotropy
depending on the anatomical site and associatetian@al loads. For isotopic cancellous
bone (such as that in the proximal humerus) th&tielenodulus can be related to the bones

apparent density following the power-law relatiopsshown in Figure 3.1.148 >
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Figure 3.1.14. a) Comparison of stressin curves between cortical and trabe«
(cancellous) bone with the bendimand compression of individual trabeculae repres
by the linear elastic region and b) Poues relation between the elastic modulus
apparent density for an isotropic section of cancellous bone [Reprodoced\frraya
(2009) Biomedical Materials].

Yet in regions of anisotropic cancellous bone (@grtebrae) where the trabeculae are
generally aligned along the primary loading axi® tbame considerations must be
accounted for as detailed in cortical bone (suchihastesting method and direction of
loading). Accordingly cancellous bone displays lighmechanical properties in
compression compared to tension or shear whendtedteng its primary axis and is
considered to possess extremely limited viscoelfgtihat is only observed at relatively
high strain rates (10%. As a result cancellous bone is generally reghatea non-linear
viscoelastic material with generalised strength,daies and Poisson ratio values
frequently stated as ranging between 0.1-37 MR&1-8.GPa and 0.3-0.4 respectively
(Table 3.1.4%+°7
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Table 3.1.4. Comparison of mechanical propertidleced from the compression testing
of human cancellous bone obtained from differerat@mical sites [Reproduced from

Nahum (2002) Accidental Injury: Biomechanics andvention].

Author Anatomical site Ultimate Strength Elastic Modulus
(MPa) (GPa)

Schoenfeld et al. (1974) Proximal femur - 0.02-0.97
Brown and Ferguson (1980 Proximal femur 2.1-16.2 .05@.25
Ciarello et al. (1986,1991) Distal femur 18.6 0.408
Pugh et al. (1973) Distal femur - 0.41-1.52
Williams and Lewis (1982) Proximal tibia 1.5-6.7 00-0.5
Hvid and Hansen (1985) Proximal tibia 13.8-116.4 008-0.430
Lindahl (1976) Vertebrae 4.6 0.055
McElhaney et al. (1970) Vertebrae 4.13 0.151
Struhl et al. (1987) Vertebrae 0.06-15 0.01-0.43

3.1.5.4 Cranial Bones

Investigations into the behaviour of the skull b®riegave shown that its response to
traumatic loading is intrinsically linked to its otenical properties and anatomical
features. As already discussed in section 3.1thefri-layered structure of the calvarial

bones provide a mechanically strong and light weegylstem due to the combination of a
porous cancellous layer between sheets of highitgermtical bone. This architecture is

analogous to an engineering sandwich structure thghdipolé layer acting as an energy
absorbing core that facilities increased bone tiesk without significantly increasing its

weight!46:47

For cranial bones a large variation in the meclamcoperties of these tissues has been
reported which has been primarily attributed to photogical influences such as the
sample size and shape (Motherway et al. 2009). Memferther discrepancies have arisen
from factors such as the tissue preservation msthedvell as the testing technique and its
specifications (e.g. test speed, quasi-static/dyndoading). This consequently limits
inter-study comparisons due to discrepancies anflicting data (Evans & Lissner, 1956;
Roberts & Melvin, 1968; McElhaney et al., 1970; Wilazt al., 1971; Peterson et al., 2002;

Motherway et al., 2009). Yet such studies have sheame degree of continuity by
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primarily testing the frontal and parietal bonesrs calvaria using compression, tensile or

bending test¥® 4% 5%

From this, the generally accepted mechanical ptigseof the adult cranial bones have
averaged values for the flexural strength and ielasbdulus as 80-140 MPa and 5-15 GPa
respectively (McElhaney et al., 1970; Hubbard, 19%od, 1971; Motherway et al.,
2009). Furthermore, experimental data (Table 314as shown these properties to be rate-

dependanf’®: °0: 58!

Table 3.1.5. Strain rate dependence on the flexastrahgth and elastic modulus of the
frontal and parietal bones of an adult skull [Diaten Motherway et al. (2009)].

Bone Strain rate (3 Flexural Strength (MPa) Elastic Modulus (GPa)
21.09 84.50 10.33
Parietal 30.83 82.98 9.44
109.43 123.12 12.80
21.77 90.80 4.35
Frontal 26.28 102.60 4.87
103.98 126.91 16.34

Additionally, impact investigations on cranial benelating to those experienced during
blunt trauma injuries have examined the tolerarafethe calvaria bones using a 28mm
indenter (Allsop et al. 1993). The data collectadiwe impact energies required to initiate
fracture were observed to vary across the fro®@&DQ kPa), parietal (7100 kPa) as well as
the temporal bones (5700 kPa) and correlated Wwehéported alterations in thickness and

density of the different calvaria boré¥.

3.1.6 Fracture of Bone

3.1.6.1 Skull Fracture
The fracture of bone tissue is highly site specd#itd is dependent on various factors

including the magnitude, direction, loading rated aturation of applied force that can
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ultimately lead to fracture when the maximum stdaimts or applied forces to the bone

are exceeded.

A skull fracture typically refers to a localisedury sustained to one or multiple calvaria
bones due to a direct impact with sufficient for@e to cause the bone to fracture.
Classification of these fractures has traditionddlben based on the presence of a scalp
laceration (i.e. open fracture) or its locatiorg(ezault and basilar fractures). However due
to their potentially complex and diverse nature ¢hassification of skull fracture types is

typically limited to the generalised definitionssdebed below?: 4% 59 €%

Linear fracture - Accounts for 80% of all skull ¢tares and are most likely to occur in the

frontal, parietal or occipital calvaria bones. Tdesjuries involve a single fracture
occurring across one or multiple bones that paggsesigh its entire thickness and can be
sub-categorised into fractures of relatively smsgilte (hairline fractures) or linear
separation fractures that are characterised byparaton distance of 3mm between the

fractured segments.

Complex fracture - Fracture of the skull bone covitgy multiple fracture lines that are

interconnected and can be sub-divided into theowuaritypes including multiple-linear,

stellate, comminuted and depressed fractures (Tabl6).

Table 3.1.6. Summary of different types of comkull fracture encountered.

Complex Fracture Description
Multiple-linear Intersection of multiple linear ttaure lines.

Stellate Star shaped multiple fractures.

Comminuted Fracture of skull into multiple fragme(figure 3.1.15).
Depressed Skull caves inwards towards the bragu(€i3.1.15).

Lastly a diastatic fracture is one that has occuaieng a cranial suture and is considered

rare compared to the other fracture types.
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Figure 3.1.15Examination of skull fractures showing a) Lateral radiograpskafl with
comminuted fracture and b) CT scan of skull shgwdepressed fracture of the left pari
bone (large arrow) and epidural hematoma (small arrow) [Reprodram@dCiemetriade
& Lewton, (2011)].

Furthermore it has been shown that the type otdracncountered can be directly linked
to the area over which the force has been appliethgl impact. In force trauma this
corresponds to a greater probably of a linear dir@acbccurring at larger impact areas (e.g.
>13 cnf) compared to the depressed fracture types commemipuntered at smaller,

more focalised areas of impact (e.g. F)H.

3.1.6.2 Fracture Repair

Fracture repair is a complex auto-activated medmanvhich attempts to restore damaged
bone tissue to its original anatomical architectanel function. This can occur through
either direct (primary) or secondary (indirect) I processes with the method of
fracture repair controlled by the biomechanicaldibons at the fracture site. These factors
include the degree of mechanical loading, fractyap size and vascularisation with the
presence of adverse conditions (e.g. excessiveomatr poor vascularity) potentially

leading to delayed or complete non-unions of thetéred bone end¥" &% 2!

Primary fracture healing can only occur in casesxtfeme fracture stability that are free
from any relative motion with a minimal fracture pgaize. Under these conditions
osteoclasts are able to tunnel across the fratihego form a cutting cone at the site of
damaged bone tissue. The subsequent depositiore matrix by osteoblasts during
remodelling then restores the continuity of the étaian systems and union of the bone

fragmentd®? 62,

Alternatively at a fracture site where some degrebiomechanical motion is present a
secondary healing process of fracture repair ocandsinvolves the formation of a callus
followed by endochondral ossification as illustcafer a long bone in Figure 3.1.16 ®-
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%2 In secondary healing, immediately after fracttiie local environment consists of
various damaged soft tissues (e.g. muscle, tenddrigaments) and dead bone from the
ruptured blood vessels that leads to the formatiba hematoma (i.e. blood clot) at the
fracture site. This hematoma is typically formedhivi 48 hours of fracture and is shown
by inflammation at the fracture site. After sevedlalys this hematoma is replaced with
granulation tissue composed of fibroblasts, collagesteoblasts and osteoclasts (recruited
from pluripotent MSCs). As the necrotic tissueampved, capillaries are introduced with
collagen fibres and cartilaginous tissue depoditeéibroblasts that form a reparative soft
callus. This callus provides a degree of mecharstability to the fracture site whilst
preventing disruption of the newly forming bloodssels. The formation of a hard callus
by endochondral ossification then converts the smllus into woven bone with
membranous bone formation restoring union to theebfyacture ends. Finally, tissue
remodelling and restoration of the bones functibpaiccurs through the conversion of
woven bone into lamellar bone (known as consolitgti This subsequently restores the
medullary cavity as well as the bone architecturd ean continue for months or even

years after the fracture has been clinically cfassias healeff” 6% 63 64

a b e
Proliferating \‘ |
osteogenic cel , ‘ “‘
Conversion Conversion of I
of callus to woven bone toL‘  Osteoclas!
woven bone lamellar bone

Figure 3.1.16lllustration of a) Restoration of fractured bone union through hemadar
subsequent hard callus formation via the deposition of woven bone and b) Stamwér
woven bone to lamellar bone and restoration of the medullary cavity fiediom Portl

(2011) Essentials of Pathophysiology: Concepts of Altered Health States].

Given that the majority of bone fractures are tgpictreated through methods that exhibit
some degree of motion (e.g. sling or cast immadtil as well as internal or external
fixation) secondary bone healing is the most comgnoencountered process. Yet
consideration should also be taken regarding tloevable amplitude of motion (limited to
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0.2-1mm at a fracture gap <2mm) due to the inlobiof osteoblastic behaviour observed
at high strain values. In the case of a linearlgkatture, no treatment is required and bone
repair follows the same principles as those preshjpdescribed. However the restoration
of skull bone tissue is considered to occur atoavet rate compared to that observed for

long boned® 1© 62
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3.2 Biomaterials for Bone Augmentation

The damage and fracture of bone can occur fronriatyaof incidents that include events
of high energy trauma or bone resection proced(deg to a tumour or infection).
However studies have estimated that of the 7.9anilannual fractures occurring in the
United Statesy10% will be affected by delayed or non-unions @& ttactured bone due to
an impairment of the physiological bone repair psst This can stem from the
misalignment and non-continuity of the fractureché® (e.g. comminuted fracture) or
presence of a critical sized defect (CSD). Thesebatieved to be dependent on the bone
type with 30mm, 50mm, and 60mm gaps considereta&rior the radius/ulna, femur/tibia
and humerus in humans respectively. As a resulgical intervention is often required
through the use of fracture fixation devices andebgraft materials in order to stabilise the

defect site and restore continuity to the fracturedes®°".

Furthermore when considering a bone graft mategnsinecessary to consider the different
material properties that can be advantageous tinthe/o bone forming response. This
includes its potential to retain viable osteoprogen cells during transplantation
(osteogenic), ability to stimulate MSCs from thersunding host tissue into bone forming
cell lineages (osteoinduction) and facilitate borgrowth across its surface

(osteoconduction§®?.

3.2.1 Natural Biomaterials for Bone Augmentation
Natural biomaterials for bone augmentation typicailvolve the use of autogenous and/or
allogeneic bone grafts that are intended to be asdabne defect fillers in order to bridge

the CSD and restore bone union.

3.2.1.1 Autografts

Autogenous bone (collected from the patient’s olssuie) has established itself as the gold
standard of bone grafting material for the treatmainbone tissue defects due to its
osteoconductive, osteoinductive and osteogenicepties. These materials are typically
extracted from the iliac crest, proximal tibia oistdl femur and given that they are

harvested from the patient’s own tissue any padéitimunogenic response is eliminated.
Depending on the application, autogenous bone caxide a supply of vascularised

cortical or cancellous bone but is hampered blimged supply especially in elderly and

paediatric patients. The bone harvesting procassisa significantly lengthen the surgical
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procedure with post-operative complications assediavith 8.5-20% of autologous bone
grafts that are generally related to the patieotsod site. Such complications can include
nerve damage, sepsis, pelvic instability, herni@pmic pain, iatrogenic fracturing as well

as ureteral and arterial injurié& ™.

3.2.1.2 Allografts

As of 2005, allogeneic bone is estimated to accéamB5% of all bone grafts performed

in the United States and involves the harvestind &ansplant of bone tissue from a
)[71, 72]

separate individual to the intended patient (Figigl

Fixation device

Allograft bone

Figure 3.2.1 Reconstruction of radial fracture containing dical size defect (CSD)
Resection of fibrous tissue b) Implantation of bgnaft with locking compression plate
well as a haemostatic agent and c) Post-operaflverages of defect site after 9 mor
showing metallic plates and allograft bone [Reposdlfrom Calori et al. (2011)].

Allografts are intended to alleviate the issuesidied with autologous bone (such as
donor supply or increased surgical duration) andehalso been used to develop
commercially available allograft-based bone subitmaterials. These products utilise
demineralised bone matrix (DBM) which are made labée from bone banking facilities
in a variety of formats such as dowels, strips emigs to meet the surgical requirements.
This subsequently allows the surgeon greater opteord has led to allograft bone being
the primary bone substitute in total hip arthropla@HA) procedures™® ™ 7 Once
implanted, allogeneic bone follows the kineticspbiysiological bone-tissue remodelling

and is gradually replaced by newly formed bonéhadracture is repairéd "
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In order to avoid disease transmission betweerdtim®r and recipient, a strict screening
process for diseases such as the human immunaaeficvirus (HIV) and Hepatitis C is

required. This is coupled with regulated radiatifvaezing or freeze drying pre-treatments
to allografts in order to further alleviate the qaial risk of disease transmission or
Immunogenic reactions. However these techniques hadso been shown to induce
changes to the graft material and its biologicalperties (e.g. mechanical properties,
vascularisation) whilst also adversely affectirgyasteoinductivity and osteoconductivity.
These methods also destroy any viable cells withénallograft bone and thus eliminate
any osteogenic potential. As a result the appbcabf structural allografts is associated

with a 15-20% failure rate due to the occurrenc&axftures and non-uniofg: " 73 74

This lack of osteoinductivity in allograft bone hiasen addressed by the development of
allograft based composites via the inclusion oflag@n, non-collagenous proteins and
growth factors. These materials are typically carediwith cancellous chips or ceramics
to further improve their osteoconductivity with comarcial DBM-based allograft products
available as DBX (Synthes, USA) and Orthobl&Citagenix, CAN)"® 7274

3.2.2 Atrtificial Biomaterials for Bone Augmentation

3.2.2.1 Tissue Response to Artificial Biomaterials

A biocompatible material has been commonly defiasdone which possesses the ability
to perform with an appropriate host response ipexific application” (Boutrand, 2012)
[81 Furthermore, according to Hench (2013), no biemalt can be considered as truly
inert and upon implantation will inevitably elicat response from the host tissue at the
material interface. This type of reaction is demmsmdupon the implant’s material
properties that include its composition, morphologgrosity, dimensions (relative to the
defect size) and the mechanical loading conditidthewever these host reactions are
further complicated by tissue specific influencastsas the anatomical site, patient health,
age, vascularisation and damage incurred fromubhgical procedure itself. Consequently
the resulting tissue-implant interactions of a babenial can be summarised by four
generalised reactions according to Hench (268)These are cytotoxic, encapsulation,

bonding to the surrounding tissue and resorption.

To consider in greater detail, a cytotoxic respoinem an implanted material is clearly
undesirable with the occurrence of localised celitd or migration of chemicals released

by the foreign material potentially causing systeBondamage to the patient.
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The most commonly encountered response to an itgolamaterial is its gradual
encapsulation with fibrous tissue that isolatesftineign body from the host tissue as part
of a protective mechanism. This type of responggpigally elicited from the implantation
of an inert metal or polymer based device as welbialogically inactive ceramics (the so
called ' generation biomaterials). Sufficient loading ofese encapsulated implant
devices and interfacial movement can then leadntinereased thickness of the fibrous
capsule which eventually results in the loosenihthe implant and its subsequent failure.
To combat this, porous ceramic coatings are comynaplied to these inert materials in
order provide a route for tissue ingrowth and hjatal fixation!’®.

Alternatively implanted materials can form an ifaeral bond with the surrounding host
tissue. In the case of bone this is through theipitation of a hydroxyl-carbonate apatite
(HCA) layer across the materials surface after anation (2 generation biomaterials)
which is analogous to the composition found inrthieeral phase of bone (section 3.1.2.1).
This can then act as a substrate for the prolifavednd differentiation of osteoblasts that
inhibit the materials fibrous encapsulation. Fusioetween the implant surface and
surrounding tissue is then achieved through therparation of collagen fibrils into the
HCA layer. Materials displaying this type of tiss@sponse are termed to lieactiveand
are defined by Hench (2013) as “a material tha&itsla specific biological response at the
interface of the material which results in the fation of a bond between the tissue and
material”. Investigations into this type of respertzave identified a variety of materials
capable of displaying this bioactive behaviour timaiude synthetic calcium phosphates
(e.g. HA, tri-calcium phosphate) as well as cerglass and glass-ceramic compositions.
These bioactive materials have since been utisedither standalone implants or used to
improve the tissue response of inert materials uifinothe development of bioactive
composites and surface deposited bioactive coatiadditional investigations have also
shown how the bioactive fixation of these matercn display a diverse range of bonding
mechanisms, bonding rates, interfacial layer thésisrand bond strengtf¥.

The degree of a material’s bioactivity can be radgedording to its bioactivity indexg)l
which is defined as “the time required for morentb®% of the materials interface to bond
with the native bone tissue” Hench (1991). Thie rat bioactivity is influenced by the
materials composition as well as its microstructumd has allowed for different classes of
bioactivity to be categorised. This includes thessl A bioactivity @ >8) that is capable of
bonding to both hard and soft tissues (e.g. Bia§l@5S5) or class B §I< 8) which is
limited to only hard tissues (e.g. synthetic H&)
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Finally materials exhibiting a resorbable respoaseintended to gradually degrade over
time and eventually be replaced by the host tis$hies concept is considered to be the
optimal method of addressing interfacial stabuiiyh the intention that the damaged tissue
will be regenerated instead of being replaced lyitiplant. Such degradable biomaterials
can elicit inert or bioactive responses and inclddgradable devices manufactured from
different polymers, ceramics and glasses. HoweVer application of degradable

biomaterials is coupled with the difficulty in symonising their resorption rates with the
rate of new tissue formation as well as maintairsangable mechanical properties as they
degradé™.

3.2.2.2 Metals

Metallic biomaterials have the potential to be nfaotured into a range of high strength
implant devices of various architectures that exiéproducible and predictable long term
material properties unden vivo load bearing conditions. For orthopaedic applorag]
implants based on 316L stainless steel, cobaltresbrqCo-Cr) alloys as well as
commercially pure titanium (CPTi) and its alloyg aonsidered to be the most frequently
used metals for osteosynthesis devices (i.e. bagéure fixation). This is due to their high

mechanical properties (Table 3.2.1) and good cimma®sistancé®8Y,

However 316L stainless steel can be susceptiblecadised corrosion at sites depleted of
oxygen (such areas underneath the screws of feadbgation plates) and as a result
implants based on 316L stainless steel have géndeén used for relatively short term
implant devices where removal during secondarysiemisurgery is expectéd "°. More

generally, metallic implants can induce stress Idimg in the surrounding bone - a
phenomena that arises due to the mismatch betweesidstic modulus of the native bone
and metal implant. The resulting absence of mecaastimulus to the bone can then lead
to osteopenia in the surrounding bone tissue (educed bone density) which can
ultimately cause bone weakening, localised bongphir and possible bone fracture after
implant removal. The permanent nature of metalttha@paedic biomaterials also makes
them susceptible to long term complications suctvear, migration and late foreign body

reactions as well obscuring radiographic and topplgic technique%®8%!
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Table 3.2.1. Generalised mechanical propertieymtal metal and metal alloys used in

orthopaedic applications [Reproduced from YaszertZ))3) and Mow (2005)].

316L Co-Cr alloys CPTi Ti alloy

(ASTM F138) | (ASTM F75) | (ASTM F67)| (Ti-6Al-4V)

Elastic Modulus (GPa) 190 210-253 110 116
Yield Strength (MPa) 792 448-841 485 897-1034
UTS (MPa) 930 655-1277 760 965-11083
Fatigue Strength (MP4 241-820 207-950 300 620-689
Hardness (HV) 130-180 300-400 120-20(¢ 310
Elongation at Fracture 43-45 4-14 14-18 3
(%)

: e 207-310
Fatigue Limit (at 10 241.276 300 620689
Cycles, R=-1) (MPa) *725-950

*Power metallurgy produced, hot-isostatically prdsse

3.2.2.3 Degradable Polymers

The use of degradable polymers for fracture fixatoevices has been driven by the
temporary nature of the fracture repair processthadong term complications observed
with permanent implant devices. Degradable polymars consequently considered
advantageous for orthopaedic applications giveir teenporary nature (section 3.2.2.1),
lower elastic modulus (reducing stress shielding) eompatibility with radiography. This
is coupled with their ability to be easily manufaed into relatively complex shapes using
conventional processing techniques. As a resuliradiable polymers have been used to
develop commercially available internal fractureation devices (e.g. plates, rods, pins
and screws) which after implantation are intendeadlowly transfer mechanical loading

back to the regenerating bone as the device gigdisgrades’® 7 &l

Yet despite the wide range of degradable polymers inatural and synthetic origin, only
the synthetic polyesters are considered practiwabithopaedic applications. This is due to
their material properties and susceptibility to tojgtic degradation processes that can
provide suitable degradation rates with relativalyn-toxic by-products. Of these the
polylactictides (PLA) and polyglycolides (PGA) afpmvith their subsequent copolymers
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are regarded as the most widely used memberssopthymer family. However alternative
biopolymers such as polyhydroxybutyrate (PHB) aradylpydroxybutyrate-co-valerate
(PHBV) as well as polycaprolcatone (PCL) have atsgeived interest for bone

engineering devicd&® !

PLA and PGA are synthesised by ring opening poligagon with the extra methyl group
of the PLA structure making it more hydrophobic desks crystalline compared to PGA.
The ester bond of PLA is also more resistant tordlytic degradation and due to the
presence of an asymmetrecarbon atom, three different PLA isomers can easstL-
lactic acid, D-lactic or DL-lactic. Each can be dise form polymers of poly(L-lactic) acid
(PLLA) or poly(D,L-lactic) acid (PDLA) along withhie manufacturing of poly-L-lactide-
co-DL-lactide (PDLLA) or polyglycolide-co-polylacte (PGLA) copolymers (if combined
with PGA) ¥4, Consequently through the formation of differentpolymer variations,
materials with different molecular compositions, lesnlar weights (M) and degree of
crystallinity can be developed with tailorable nigtieproperties. With regards to this, it is
generally accepted that high molecular weight pasgrwith high degrees of crystallinity

will degrade more slowly than a completely amorghdaw molecular weight alternative
[83, 85]

Upon immersion, the degradation of the PLA or PGé&urs through a homogenous
hydrolytic degradation process whereby water alswrpresults in cleavage and
reductions to the polymer chain length. Througtls throcess, the polymers molecular
weight (M,) is gradually reduced in what is described as ‘th&si-stable’ stage of
polymer degradation with the sample weight, shaypk rmechanical properties remaining
unchanged. This stage continues until the ‘lossti@hgth’ phase where decreases in the
polymers elastic modulus are observed despite soifosample weight. The final stage is
characterised by significant reductions in the damweight until it is completely
disintegrated and is known as the ‘structure-disonp stage. For poly(-hydroxyacid)
materials (i.e. PLA or PGA), the hydrolysis of thesster bonds produces lactic acid or
glycolic acid by-products (from PLA and PGA respeslly) which are expelled from the
body through catabolic pathways. However beingiecttiese by-products can accelerate
the polymer degradation rate through autocatabffiects and can also accumulate at the
centre of a polymer device. This can lead to a dtanhoss in the mechanical properties of
the device as well as a delayed inflammatory respatue to its internal degradation and

sudden burst release of acidic by-products. Efftartninimise these reactions have been
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achieved through the inclusion of alkaline saltg.(ealcium acetate) as filler materials or

antibodies of anti-inflammatory mediators into tholant!®>: 86!

Yet the implementation of polymer fracture fixatidavices is limited at load bearing sites
as a result of their relatively low mechanical puags (Table 3.2.2) as well as the
accelerated polymer degradation rates that canr damm in vivo cyclic loading!® 8" &
Accordingly, degradable polymer devices must beswarably thicker than their metallic
equivalent in order to achieve properties suitébteracture fixation (e.g. 2mm for PLLA
compared to 1.5mm for metal). This added thickmeay then make degradable polymer

devices unsuitable for certain fractures such asetlencountered in hand surgéfy’®: °!



Table 3.2.2. Comparison of material properties betwdifferent degradable polymers commonly usedrtinopaedic applications [Reproduced from
Sultana (2012) Biodegradable Polymer Based Scaffd Bone Tissue Engineering, Eglin (2008) Biodegble Polymeric Materials For
Osteosynthesis: Tutorial, and Dumitriu (2001) PadyrBiomaterials, Revised and Expanded].

Material Property PLLA PDLLA PGA PHB PHBV-10% PHBYL% | PHBV-20% PCL
Density (g cri?) 1.25-1.29 1.27 1.50-1.69 1.06-1.13
*Structure SC Am C SC
Crystallinity (%) ~40 >50 ~80 ~60 35
Melt Temp. [T,] (°C) 175 180 230 171 140 145 130 57
Glass Transition Temp. {J(°C) 53-64 50 - 57 36-45 1 2 -62
Tensile strength (MPa) 50 29 - 36 25 20 20 16
Elastic Modulus [E] (GPa) 2.7 19 7.0 3.5 1.2 1.1 80 0.4
Elongation g] (%) 3.3 5.0 15-20 8 20 17 50 300-50(
Impact strength (J M) 60 110 350
Degradation (months) >24 6-12 >24

*C = Crystalline, SC = Semi-crystalline, Am = Amoopis
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PHB is considered to be an advantageous altern@ticarrent polymer biomaterials such
as PLA, PGA or their copolymers as a result ofmitsterial properties. This includes its
high biocompatibility as well as its 3-hydroxybuaye acid degradation by-product that is
found as a naturally occurring metabolite in hurbsod and consequently fails to illicit
any form of inflammatory response. The piezoeleatature of PHB is also an attractive
option for developing so-called orthopaedic ‘snmaaterials’ that are capable of producing
strain generated potentials at the tissue-implatetfiace. However the implementation of
PHB is limited by its mechanically brittle natunecethermal instability?® .,

Such issues have been alleviated by the includicanalomly distributed hydroxyvalerate
(HV) monomer units (0-24 mol%) throughout the PHBymer chain structure to produce
copolymers with reduced crystallinity and increasedlctility/thermal stability. The
variation in HV concentration and associated change the polymers mechanical
properties and degradation rates (due to the clamgeits M, and crystallinity)
subsequently allow for the development of polyhygtutyrate-co-valerate (PHBV)
polymer compositions with tailored properties sfiedio the implant application (Table
3.2.2). Yet studies have shown that il@ivo hydrolysis reactions of PHB and PHBV can
be catalysed by non-specific esterase and lysozgnaymes secreted by the body’s
immune system. This has led to accelerated ratpslginer degradation being observad
vivo compared to those measurgdvitro. These materials are also significantly more
expensive than conventional biopolymers and canbéxkariations in their material

propertied®> 4,

Lastly PCL is a semi-crystalline hydrophobic polyngenerally used in pharmaceutical
products or wound dressings and due to its lowileessrength, low elastic modulus as
well as its high elongation (Table 3.2.2) is coesedl unsuitable for load bearing

orthopaedic applications without a suitable reiaifog agent®®.

3.2.2.4 Calcium Phosphate Ceramics

Due to the limited supply, expense and potentiagdes of natural bone graft materials
(section 3.2.1) attention has focused on developiteynative “off the shelf” bone graft

products. These would ideally be capable of proggdsurgeons with a readily available,
easy-to-use graft material with reproducible resiritan almost unlimited suppfy > !

Synthetic calcium phosphate ceramics such as alphlbeta-tricalcium phosphate-( -
TCP, Ca(PQy),, Ca/P = 1.5) and HA (G&PQy)s(OH),, Ca/P = 1.67) have been clinically
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used since the 1980s in orthopaedic and dentisétgsf for applications including
maxillofacial reconstruction and as a generalisedebdefect filler. This appeal has been
due to their compositional similarity to the apatihineral phase of bone alongside their
high biocompatibility, bioactivity and osteoconduity. Due to their high density and
crystallinity these materials possess high compresstrengths with slow degradation
rates and over the last three decades have sesificsigt product differentiation. This
diversification has been driven by the differenéesphysical properties that can be
achieved from relatively small alterations to thelremical composition and crystalline
structure. Consequently a range of commerciallylavie synthetically manufactured HA,
a-TCP, B-TCP and biphasic calcium phosphate (BCP) mixtofedA/TCP (Ca/P = 1.5-
1.67) products have been introduced. These inchmiPor€ (ApaTech, UK), Vitos§
(Orthovita, USA) as well as CerafofnfTeknimed, France) and can be supplied as solid or
porous preformed shapes, generalised wedges/btocksgranule/paste formats. Further
product optimisation has also been achieved thraagguate control and tailoring of the
porosity which has been shown to play a key roliefilnencing the rate of osteointegration

as well as the materials inherent biocompatibiffity® * 9°97]

The diverse performance of these calcium phosptex@mics is apparent by the greater
physiochemical resorption rates possessed by T@Bbfty, Ks, = 10°>°for a-TCP and
1029 for B-TCP at 25°C) which undergoes osteoclastic resorptiowivo. This is in
contrast to HA (K, = 10"**®at 25°C) which is considered to have marginal déggian
rates in its sintered form (e.g. multiple years)l @onsequently serves a more permanent
nature. For BCP the rates are dependent upon thpasition ratios and are intermediate
between those displayed by TCP and Bfa’> 73 98-100]

As with their other material properties, the medbanproperties of calcium phosphates
can vary significantly based upon their compositi@ichitecture and crystallinity.
However as bone graft materials, calcium phospbatamics suffer from low fracture
toughness which confines their use to non-loadibgasites (Table 3.2.3). It also makes
them difficult to shape or trim intraoperativelydanan limit the quality of the implant

interface which can inhibit bone formatibft 76 %5 101
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Table 3.2.3. Comparison of mechanical propertigsvéen calcium phosphate ceramic
biomaterials and bone [Data from Kokubo et al. @0@Momb (2011) Biodegradable
polymers in clinical use and clinical developmemid aHench (2013) Introduction to

bioceramics].

) Ca-P ceramics Dense Porous Cortical | Cancellous
Material Property ]
(Generalised) HA HA bone bone
Compressive 500-
30-900 0.21-0.41| 100-230 2-12
strength (MPa) 1000
Flexural/Tensile
30-200 115-200Q - 50-150 10-20
Strength (MPa)
Strain to failure (%
- - - 1-3 5-7
Elastic Modulus
30-103 80-110| 0.001-0.83 7-30 0.05-0.5
(GPa)
Fracture Toughness
- <1 ~1 - 2-12 -
[Kic] (MPa m")

Natural derived HA (from bovine or coralline sowst@resents another group of bioactive
materials with an interconnected macroporous siracsimilar to that of cancellous bone
(section 3.1.3.1). Such structures have traditlgnddeen difficult to achieve in

synthetically produced calcium phosphate cerammncktheir natural source results in an
impure form of HA containing trace elements of M3y, CQ, F, as well as Na. These
impurities are considered to be advantageous falodical processes and may install a
therapeutic effect into the graft material compam@dynthetically pure HA. However in

general, the performance of synthetic and naturddyived HA are considered to be

similar with natural HA also possessing equallypmechanical propertid® 102 10

3.2.2.5 Bone Cements
Initially developed for dental applications in th830s, these non-resorbable acrylic-based
polymeric materials quickly became an attractivdiaop as an implant material for

orthopaedic surgery. Such materials have continadae extensively applied in modern
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orthopaedic procedures for filling osseous defectas a grouting agent for the fixation of
surgical prosthesis that includes hip or knee aplasties, vertebroplasty, kyphoplasty as
well as in craniofacial or maxillofacial reconsttion. These two component solid-liquid
phase systems are typically referred to as ‘bonmeots’ and involve the bulk
polymerisation of a liquid methyl methacrylate (MY Aonomer after it has been mixed
with a poly(methyl methacrylate) (PMMA) powdét 104 109!

The use of bone cements are advantageous in odgtiicpgurgery due to their low cost and
suitable mechanical properties that, once hardeakuol immediate structural support
(Table 3.2.4)[91]. Despite principally operating on the same contpwsifor over fifty

years, seventy different commercial bone cemendywots are now available. This
diversification has been based on changes to thecodar weight of the PMMA as well as
the inclusion of other components such as radifipegi antibiotics and therapeutic

elementg’® 106 17)

Table 3.2.4. Typical physical and mechanical progerof bone cements [Reproduced
from Yaszemski (2003)].

Material Property Value
Density (g cnit) 1.10-1.23
Water sorption (%) 0.5
Shrinkage after setting (%) 2.75-5.0
Ultimate compressive strength (MPa) 72.6-114.3
Compressive modulus (GPa) 1.94-3.18
Compressive strain before fracture (%) 5.0-7.5
Ultimate tensile strength (MPa) 23.6-49.2
Tensile elastic modulus (GPa) 1.58-4.12
Tensile strain before fracture (%) 0.86-2.49
Shear strength (MPa) 42.7-50.2
Fracture toughness [i§ (MPa nt'%) 1.03-2.32

However bone cements are typically not bioactiegjing on a mechanical interlock at the

bone-cement interface in order to be fixated andk laany osteoinductive or
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osteoconductive potentidt®. Another disadvantage of bone cement is its piatent
fragmentation and the corresponding foreign boadgtiens that can be elicited by the host
tissue from the wear debris. This can ultimatebdl¢o aseptic loosening of a prosthetic
and the development of chromic complications. Thimperisation of MMA during its
application also produces a significantly high &eoiic response with peak temperatures
reaching between 80-124°C which, without sufficigrigation, can cause necrosis in the

surrounding tissug® 104 106l

Alternatively calcium phosphate cements (CPC) w@ ar three component systems that
function in a similar manner to PMMA and are usedfiiling small sized osseous defects.
However in contrast to the polymerisation reactiaisacrylic based cements, CPC
function through a complex precipitation processcafcium phosphate crystals. The
powder phases of these cements can consist of eaordpasuch as dicalcium phosphate-
anhydrate (DCPA), tetra-calcium phosphate (TTCP)onoacalcium phosphate

monohydrate (MCPM), calcium carbonate (Cal;@morphous calcium phosphate (ACP)
or a-TCP. These are mixed with water and sodium phdspfidaPQO,) to act as an

acceleratoft® 6% %I

Given the composition of these calcium phosphdhesclinical advantages to using CPC
cements lie in their excellent biocompatibilitypactivity and osteoconductive properties
as well as their ability to degrade by osteoclastgorption and be gradually remodelled
into new bone. This is further complimented by lthe temperature precipitation reactions
that occur during the hardening of these cemem8°R). However CPCs are not suitable
for load bearing applications (requiring osteosgsil) and consequently have limited

clinical applications'® 6 %!

3.2.2.6 Glasses

The idea of glass as a tissue regenerative mateamlffirst investigated over 100 years ago
in Glasgow when Sir William Macewen implanted asgldaube into the medulla of a

canine model after a 28.6mm resection of its radiaee. Retrieval of the tube after

approximately nine weeks showed that a firm uniothie radius had been re-established
and that new osseous tissue had proceeded to gtownio-thirds of the glass tube (Figure

3.2.2)108]



Figure 3.2.2. Images ofta} Canine radius with implanted glass tube after sixty one d
implantation performed by Sir William Macewarstored at the Hunterian Museum in
University of Glasgow and c) Drawing of histological seatafter retrieval of glass tu
from canine radius [Reproduced from Tanner & Dalby (2010) Guest Editorial].

Degradable bioactive glasses are an attractiveooptor bone tissue regenerative
applications due to their ability to bond to haisbtie (as well as potentially soft tissues)
and completely degrad@ vivo at rates controlled by the glass’s compositionisTib
coupled with their ability to stimulate advantageoextracellular and intracellular
responses from the release of its constituent tlbatscan potentially lead to an increased
rate of bone formation (i.e. osteoinduction). Bibae glasses can be based on a number of
glass forming networks (e.g. silicate-, borate{pbpsphate based) with the inclusion of
additional components (such as zinc, copper, ftlgrstrontium and boron) allowing for a
wide range of potential glass compositions to baufectured. Due to this compositional
flexibility, a continued increase in the developinand application of bioactive glasses has

been observed worldwide (Figure 3.228§*1
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Figure 3.2.3. Number of papers published between 1990-2010 tinedéld of "bioactiv:
glass" compiled from a search of Web of Science [Reproduced Rahaman et
(2011)].
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However despite the wide range of available glamsndilations, the silicate based
Bioglas§ 45S5 composition (Table 3.2.5) is considered totfe gold standard of
bioactive glasses and has been the most widelyandsed glass for biomedical
applications. This composition was discovered bgry&lench over 40 years ago and was
the first material found capable of bonding to b&meugh the formation of an HCA layer
(which was later termed “bioactivity” — section 22) 1% Consequently Biogla8s
45S5 has been successfully exploited in its pdaieuform for clinically treating
periodontal disease and as a bone filler mateni@ugh the development of Perioglas
and Novabone products respectively (Novabone Products LLC, USAimilar
particulate/granule systems have also been dewkldpen alternate silicate based
compositions and include the commercially availaBenAlive® (Biomaterials Ltd,
Finland) and StronBone(RepRegen Ltd, UKY® 111112

Table 3.2.5. Compositional comparison between cortiaiy available Bioglass 45S5,
BonAlive™ and StronBore products as well as the 13-93 glass compositicatgDrom
Jones & Clare (2012) and Hench (2012)].

Composition (mol%)
Material SiQ | NaO | CaO ROs SrO KO | MgO
Bioglas§ 45S51% 46.13| 24.35| 26.91 2.60 -
BonAlive™ (S53P4)% | 53.80| 22.70| 21.80 1.7 -
StronBoné& A4.47| 27.26| 21.47 442 239
13-931%] 54.6 6 221 1.7 - 7.9 7.7

As bulk monoliths, Biogla$§s45S5 has been successfully implanted in patienssraiddle
ear prosthesis in order to replace damaged osscl@édreat cases of conductive hearing
loss. However the commercial success of this prbtlas been restricted by the poor
intraoperative workability of the material. The rhanical properties of Biogla8s15S5
and other bioactive glass systems have also génénaited their clinical applications to
anatomical sites free of any significant mechaniocalding without additional metallic

fixation devices (Table 3.2.6f° 110112
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Table 3.2.6. Material properties of Biogl&st5S5 [Data from Jones & Clare (2012)].

Material Property Value
Density 2.7 gcnv
Glass transition temperatureg T 538°C
Glass crystallisation onset temperaturg][T 677°C
Glass Melt Temperature [J 1224°C
Thermal Expansion Coefficient 1.51x3
Tensile Strength 42 MPa
Youngs Modulus 35 GPa
Fracture Toughness 0.6 MPa ni”
Vickers Hardness 5.75 GPa

Furthermore the poor thermal workability of silieabased bioactive glasses can make
them prone to crystallisation (which has a detritakeffect on a glass’s bioactivity). As a

result, research has also examined the use of ibcats, borate and phosphate based
glasses. However investigations into other glasspasitions have also been driven by the

uncertainty over the long term effects of Si@vivo ™% 114

3.2.2.7 Glass-Ceramics

Alternatively heat-treatments can be used to ghrttanvert glass compositions from their
completely amorphous structure into one that imgrily crystalline (commonly referred
to as glass-ceramics). These can be manufactungolssess superior properties compared
to the initial parent glass and can be machined anvariety of shapes (such as artificial
vertebrae implants) whilst displaying a bioactiesponse similar to that observed from

bioactive glasse’s™ 11!

Based on this ceramming process (i.e. conversiamyitalline phases) a variety of glass-
ceramics can be manufactured with different mdtgraperties through adequate control
over the size and concentration of the developirygtalline phases (Table 3.2.7). The
commercial development of glass-ceramic materials tesulted in several biomedical
products being released such as Ceraboké&V (Botiss Biomaterials, Germany) and

Bioverit® (Vitron Spezialwerkstoffe GmbH, Germany). Howewsspite their improved
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mechanical properties (compared to bioactive gigskey are still considered too brittle

to be used at sites that experience sufficient mchl loading"*>**"}

Table 3.2.7. Comparison of mechanical propertids/den commercially available glass-

ceramic materials [Data from Holand & Beall (2012)]

Glass-Ceramic

Material Property Cerabofid-W Bioverit® I | Bioverit® Il
Density (g cnit) 3.07 2.8 2.5
Flexural Strength (MPa) 215 140-180 90-140
Compressive Strength (MPa) 1080 500 450
Youngs Modulus (GPa) 118 70-88 70
Vickers Hardness (GPa) 0.680 5 8
Fracture Toughness (MPd'f) 2.0 1.2-2.1 1.2-1.8

3.2.3 Composites

3.2.3.1 Overview
From a mechanical and biological perspective, glsimaterial can often fail to meet the

in vivodemands encountered within the human body.

Composites are typically defined as a group of mete composed of at least two
physically or chemically different constituent pbasseparated by a distinct interface
(Thomas et al., 2012; Balasubramanian, 2013) **! This commonly involves the
homogenous distribution of a brittle, high modul(&) reinforcing filler within a
continuous ductile low modulus (E matrix phase. The incorporation of this fillergse
typically leads to a general increase in the @astodulus (Gmp, strength ¢comp and
other mechanical properties but a reduction instingn at failure compared to the matrix
phase as the volume or weight content of filleneeased (i.e. volume or weight fraction -
Vi, Wr respectively). This increase in mechanical propsris due to the transfer and
distribution of externally applied stresses throutjie matrix to the high modulus
reinforcing filler via the filler-matrix interfaceConsequently due to their potentially high

specific elastic modulus/strength (Figure 3.2.43re@ased fatigue resistance, lower thermal
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coefficient and high impact energies, composites amsidered to be an advantageous
alternative to traditional metal devices. Howevae do the breadth of available literature

on composite materials, only a brief summary isenéed herg° 118 1201211
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Figure 3.2.4.Comparison of the elastic modulus vs density (i.e. specific modulL
different monolithic and fibre composite materials [Reproduced froth&IClyne (1996
An Introduction to Composite Materials].

Furthermore composites also offer the ability itotaheir mechanical properties to meet
the demands of a specific application via altereito different material parameters. These
include the choice and associated mechanical prepesf each constituent phase, filler
form (Figure 3.2.5), the reinforcing phase disttiba (i.e. geometrical orientations), filler
concentration as well as the condition of the ffilleatrix interface (e.g. coupling agents).
As a result, a variety of composite configuratiaas be produced (Figure 3.2.6) with the

classifications of these materials typically dedvieom the nature of their constituents
(Tab|e 3 2 8596’ 118, 122, 123].

o QO O

Fibrous Spherical Plate-like Angular

W/

Figure 3.2.5. Comparison of differentldit types used in composite design [Reprod
from Mallick (1997)].
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Particulate composite

20

Fiber reinforced composite Laminated composite

Figure 3.2.6. Comparison of different types of composite configuratisimgy differen
fillers [Reproduced from Gurdal et al. (1999)].

Table 3.2.8. Description of different compositeigas [Data from Gurdal et al. (1999)].

*Composite Type

Description

Nano- Nano- fibres or particles embedded withinrtfarix.
Particulate Employs the random distribution ofisdric particlesX1um).
Flake Uses the random distribution of thin, higlspect ratio

flakes/platelets that can provide some degree opif properly

aligned.

Fibre-reinforced

Sub-categorized into continuousliscontinuous fibre reinforce

composites that utilize long or short fibres respety.

Laminated

Combined stacks of aligned or randontigntated composit
fibre laminates. Laminate layers (also known aspuegs) are

manufactured by impregnating fibres with a polymesin.

d

D

* Composites can be dense or of a porous foam ligtacture depending on the manufacturing technique

Yet despite the different types of composite canfagions, fibre reinforced composites are

considered by Gurdal et al. (1999) to be the most@gminantly used form due to the

increase in mechanical properties that can be aetiig-igure 3.2.7). This is due to the

higher aspect ratios encountered with fibres [@eger surface areas per unit volume) and

consequent increase in stress transfer comparpdrtcles - where reinforcement of the

sample occurs parallel to the fibres axigix). Accordingly, fibres suitable for composite
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reinforcement should possess a uniform diametergakath a high elastic modulus, high

ultimate tensile strength and suitable stabilityinty handling®® 123!

Fibre reinforced polymer composites (FRPC) can baufactured from a variety of fibre
types including continuous or discontinuous glassasbon fibres through methods such
as extrusion or injection moulding techniques. Hesvethe ability to also manufacture
composites with anisotropic properties by alignihg reinforcing fibres is considered to
be a major advantage compared to isotropic pastieldomposites or monolithic materials
(Ratner et al. 20125°. This is due to the ability to tailor the compesibaterial properties
(via the fibre orientation) in relation to the pany direction of the applied stresses. Yet
when considering the illustration shown in Figure.3, the alignment of parallel
reinforcing fibres in the xdirection consequently offers lower reinforcement the
transverse direction £#E,). As such, laminated composite designs incorpaogatinear
fibre pre-pregs of consecutively alternating origiains (e.g. Q 45, 90) have been used
alongside various two dimensional and three-dinmeradiweave/woven designs to further

modify and tailor the fibre composite material pedjes (Figure 3.2.8§% 121123 126]

Figure 3.2.7 lllustration of FRPC showing a) Elastic modulus (E), shear mod@uanc
Poisson’s ratio\() of the fibre (E G, w) and matrix (R, Gm, Vm) constituents in
unidirectional fibre reinforced composite and b) Elastic propertit composite wit
regards to global axis running paralleh)(and transverse £xto the primary fibre ax
with the elastic modulus (EE;) as well as the shear modulus;fGand Poisson’s rai
(vi2) labelled relative to the applied axis coordinates. [Reproduwed Gurdal et a
(1999)].
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plain weave tri-axial weave
Woven Fabrics
Figure 3.2.8. Comparison different fibre architectures used in various comp

laminate designs [Reproduced from Gurdal et al. (1999)].

In fibre-reinforced composites, the major stressdfiat the fibre-matrix interface is
experienced as shear and as a result, the degreefufrcement for a specific composite
configuration is dependent upon the interfacialastimnd strengthef) of the fibre-matrix
interface. Consequently when mechanically loadwelfdilure of fibre composite materials
traditionally occurs through fibre fracture (for akeer fibres) or when the interfacial shear
stresses (IFSS) exceed the interfacial bond stiefigsS >1,). However the fibre-matrix
interface is also influential to the fracture tonghs of a composite specimen with
interfacial debonding and fibre pull out regardegdMallick (1997) as the primary energy
absorbing mechanisms during composite failure. kpaed on this, the interfacial
debonding can disrupt the crack pathway and cause shift from its initial direction
(through the fibre) to propagation along the fibteface (Figure 3.2.9). Additionally if the
reinforcing fibres fracture at locations away frahe crack plane then the composite

fracture toughness can increase due to the frigizcountered during fibre pull-oHt*
127]

Fiber-matrix
Inter;acial Debonding
Fiber
|+~ Fracture
/
" L
Matrix v A
Crack l__ -~
Fiber /
Pull-Out

Figure 3.2.9. lllustration of interfacial debonding, fibre fracture fmek pull-out during

composite fracture [Reproduced from Mallick (1997)].
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As previously discussed, the enhanced mechanicapepiies of fibre reinforced
composites are related to the quality of the filrarix interface which is dependent upon
the ability to successfully infiltrate the fibrestiwv polymer resin. In polymer reinforced
laminate composites this can be expressed by afieddiersion of Darcy’s Law that
describes the anisotropic viscous flow of the paymphase during composite processing
(Egn 3.2.1). Based on Darcy's law, improved polynnéitration can be achieved when a
lower viscosity resin (i.e. higher processing terapge) and increased pressure
differential/gradient is applied for a set fibrenstruct of permeability [K}-?2.

Egn 3.2.1

where[U] = superficial velocityVP = pressure gradieni= viscosity of the flowing resin

and[K] is the permeability tensor of the fibre reinforaar

In addition to the previously discussed mechanisrhgailoring composite material
properties, further modifications can also be adatdethrough the development of hybrid
composite designs. These look to simultaneouslgrparate different types of reinforcing
phases due to the potential synergistic effectsvdet the two different filler types.
Examples of this include the production of compmsibaterials with good fracture
toughness (via fibre-pull out and crack deflectimachanisms), impact resistance, thermal
shock and wear resistance from the combinatioiboé$ and particles (Figure 3.2.75F.

Particles  Polymer matrix

00,00 00 00
.
0%

Particulate composite Short fibres Hybrid composite

Figure 3.2.10lllustration of a hybrid polymer composite that incorporates shwes an:
particles into the matrix phase [Reproduced from Fu et al. (2009)].
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3.2.3.2 Composite Biomaterials

Given the advantages and flexibility in compositechmanical properties, implant design
has also looked to utilise such concepts for th@iegtion of polymer composite devices
with mechanical properties targeted at a desireslié or specific anatomical site. Such
materials have been investigated for a range sli¢igeconstructive applications using a
variety of different matrix and filler materials diluding carbon, polymer (i.e. self-
reinforcing) or glass (Figure 3.2.11). This alsoluldes architectural variations such as the
use of dense or porous composite materials. Howdwerto the breadth of the available
literature surrounding the development and charaetiton of such composite

biomaterials only dense glass/ceramic-polymer caitg® have been considered H&T8,

In orthopaedic applications, the development ofymar composites using a brittle, high
modulus bioactive ceramic or glass reinforcingefilbhase alongside a synthetic or natural
(e.g. collagen, chitosan etc.) polymer matrix hasrbinvestigated since the 1980s. This
has been due to the natural ceramic-polymer cortga@simposition of bone (section
3.1.2.1) as well as the flexibility in material dgs and mechanical properties that can be
achieved with composite materials. Consequentlgeh®eaterials have been investigated
with the aim that the bioactive filler phase medhbalty reinforces the low modulus ductile
matrix as well as confein vivo bioactivity to the inert polymer that would typilsa
undergo fibrous encapsulation (Tanner, 2010). @intib its mechanical properties, this
degree of bioactivity can also be tailored via raliens to the bioactive filler
concentration, morphology and its distribution (esgrface area-to-volume ratios and

volume fraction)®® 130 131

One of the most successful biomedical compositesedan this bioactive ceramic-
polymer composite concept has been through theforeement of a high-density
polyethylene (HDPE) matrix with 40 vol% HA micropiales. Such composites possess an
elastic modulus (4.4 £ 0.7 GPa) in the lower regidrcortical bone whilst retaining a
ductile failure mode. The development of this cosif@ material has since led to its
commercial success for orbital floor prosthesisddi@ ear implants and maxiofacial
surgery reconstructive applications under the made HAPEX'. However, HAPEX is
non-resorbable and according to Tjong (2012) isuitakle for major load bearing

orthopaedic applications due to its low mecharst@ngth3* 133
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hydroxyapatite, PMA: polymethylacrylate, BIS-GMA: bis-phenol A glycidyl methacrylate, PU: polyurethane,
PTFE: polytetrafluoroethylene, PET: polyethyleneterephthalate, PEA: poltethylacrylate, SR: silicone rubber,
PELA: Block co-polymer of lactic acid and polyethylene glycol, LCP: liquid crystalline polymer, PHB:
polyhydroxybutyrate, PEG: polyethyleneglycol, PHEMA: poly(20hydroxyethyl methacrylate)

Figure 3.2.11 Overview of the different composite materials being developedissue

reconstruction at different anatomical sites [Reproduced from Ramakrisah#2901)].

The development and application of degradable caitgpmaterials has been viewed as an
attractive alternative to traditional metallic avgfaedic implant devices (section 3.2.2.1).
This is due to the time-dependent reduction in rapal properties of such materials and
their subsequent ability to gradually transfer natbal loading to the regenerating tissue
as the implant degrades. As discussed in sectid2.3, this would help alleviate any
stress-shielding problems (such as those encoudntsitn metallic implant devices —
section 3.2.2.2) whilst also eliminating any loegn cytocompatibility issues or need for
secondary removal surgery. Furthermore by alteting material configuration and
precursor materials, composite biomaterials haeeattility to be developed with tailored
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degradation rates aimed at matching specific tiskumation rates across different
anatomical sites. Accordingly a variety of compestonfigurations using degradable
materials have been investigated that have beemaply focused on applications such as
fracture fixation plates, pins or screws (Table®.2In degradable materials the inclusion
of basic calcium phosphate compounds has also lssth in applications to mediate the
acidic degradation of the polymer matrix and buéry pH effects (such as the lactic acid

and autocatalysis effects observed during PLA digian — section 3.2.2.5) 8 131134

However the major challenge in the developmenuohsnaterials is, according to Chen et
al. (2012), achieving materials that are not onbydbgradable but are also mechanically
stable after implantation. This is due to the cetntuitive relationship between

mechanical strength and material degradation. Quesgly authors such as Pietrzak &
Eppley (2000) have indicated that degradable oebdje devices should typically aim to

retain at least 80% of their mechanical propeigsr six to eight weeks of degradatfon
86]

Table 3.2.9. Examples of different composites fittvn literature and those commercially
available for use as orthopaedic fracture fixaptates, pins and screws.

Author/Product Matrix Filler Filler Conc
Doyle et al. (1991}’ PHB HA Particles 40 vol.%
Shikinami & Okuno (1999’ PLA HA Particles 50 wt.%
Russias et al. (2006} PLA HA Whiskers 70-85 wt.%
Misra et al. (2007}’ PHB Bioglas§ 45S5 20 wt.%
Zhou et al. (2009§°°! PLLA | Phosphate Glass Particles 10 wt.%
Felfel et al. (2013}""] PLA | Phosphate Glass Fibres 30 vol.%
Charles et al. (2013)*® *Self-Reinforced PLLA-HA (15 wt.%)
SmartPins (Bionx, USAJ* *Self-Reinforced PLLA
FIXSORB 30 (Takiron, Japafy” | PLLA HA Particles 30 wt.%
BioComposite (Arthrex, USAY®? | PLLA BCP Particles 30 wt.%

*Self-reinforced (SR) composites incorporate madrixl reinforcing fibres of the same basic thermdijglas

polymer family where the matrix has a significaitdyer melt temperature compared to the polymeegb
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3.3 Cranioplasty

3.3.1 Overview

Cranioplasty is a surgical procedure aimed at repgaa cranial vault defect such as those
produced by incidents of neurosurgical trauma wiseions of calvarial bone have been
surgically removed (also known as a craniectomye Subsequent closure of the defect
site is then performed in order to physically pobtine underlying brain, provide suitable

cosmetic results and improve neurological symptohiese defects typically range from

12-178 cm and can be corrected through a range of differattve or synthetic

cranioplasty plate materidf§®14?!

3.3.2 Cranioplasty Plate Materials

3.3.2.1 Auto- and Allogenic Bone

The use of autologous bone tissue in cranioplasty mwtroduced in the 1950s and corrects
the defect using the section of bone (i.e. bong) flaeviously removed during the earlier
craniectomy surgery. This route is considered tothe simplest option given the
advantages of autologous material (section 3.2dnd) likely correlation with the defect

contours. However they can suffer from relativelyhhinfection rates¥33%)!? 140142

Alternatively cranioplasty procedures utilisingogieneic bone can be performed using a
split-graft technique where the inner and outelelf a donor’s calvarium are separated.
The outer table is then used to correct the cral@édct whilst the inner table remains with
the donor. This technique is considered to prosesthetically pleasing results however it
is unsuitable for large defects and suffers frommgsame allograft bone issues discussed in

section 3.2.1.% 149

3.3.2.2 Metals

Since their initial use during the 1940s, titaniamd its alloys have become the only
metallic biomaterial currently used in cranioplaatyd is considered to be the material of
choice for the treatment of moderate to large sazadiectomy defects. This has been due
to its good biocompatibility, high strength-to-wieigatio, malleability and comparatively
low radiopacity at a reduced cost to alternate metBurthermore modern titanium
implants can be pre-fabricated using 3D CAD/CAMhtamlogy to achieve customised 2-
4mm thick cranioplasty plates (Figure 3.3.1) thateh the defect contoufs*®l
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Figure 3.3.1.Manufacture and implantation of a titanium cranioplasty platefrtortal
skull reconstruction showing a) Simulation of reconstruction using CABYGoftware
based on CT scan data b) Manufactured titanium plate and c) 8urgmlantation an
fixation of titanium plate for frontal basis reconstruction [Reprodudoem Spetzger et
(2010)].

Yet despite its higher radiolucency, titanium cantue to generate significant artefacts
in both CT and MR imaging that can hinder the ppstative review of patients especially
where large reconstructions have been performedagplication is also associated with

patient discomfort in extreme weather conditions thuits high thermal conductivit§.

3.3.2.3 PMMA

Polymethyl-methacrylate (PMMA) has become increglgirpopular for cranioplasty due

to its ease of handling and intraoperative fleiipilthat permits its application in

technically challenging reconstructive craniectomgfects with cosmetically pleasing
results. This is further complimented by the ligatght, non-magnetic and low thermal
conduction of the resulting implant that can possaschanical properties similar to bone

for a comparatively lower cost than the titaniurnigglent!? 14 143

The application of PMMA during a cranioplasty prdaee typically involves the manual

moulding of the paste as it sets to fit the det@gitours to produce 3-6mm thick plates.
This plate is then secured using low profile titemifixation devices (Figure 3.3.2) with

large scale cranioplasty procedures commonly irmatng a titanium reinforcing mesh to

combat the inherent brittleness of PMMA (Table ) %: 140143
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Figure 3.3.2.Navigation assisted reconstruction of a large skull defect usiRiylldA
cranioplasty plate fixed with titanium screws [Reproduced from Spetzgér(2010)].

Besides its brittle nature, the exothermic tempeest during the polymerisation of PMMA
has been a major concern due to the risk of patgntlamaging the surrounding tissue
(i.,e. dura mater, cerebral cortex etc.). Consedyethe PMMA must be constantly
irrigated with saline during polymerisation and twur shaped before being removed from
the defect site whilst still in a deformable st&f&*?! Additionally PMMA implants are
considered to have a high rate of extrusion andctidn (reported to be24%) with
further concerns relating to its suitability in pésric operations due to its inability to

accommodate cranial growth**!

3.3.2.4 Polymers

The development of porous polyethylene (PE) witt0@25Qim pores offers an implant
material that can be easily cut, shaped and sutotexbperatively and is capable of tissue
ingrowth from the surrounding skull bone tissuenfpared to PMMA, porous PE can
reduce the overall duration of the surgical procedat an equivalent cost and has been
sold in different sizes as MEDPGRor MEDPOR® Titan (Strykef, USA) implant
materials (Figure 3.3.3a,b). However due to its lm&chanical properties (even with

mechanical reinforcement) the use of porous PEbkas limited to small cranial defects
[143, 147].

Polyetheretherketone (PEEK) is a semi-crystalliman-degradable thermoplastic polymer
that has been widely used in spinal surgery si®88 Hue to its inert nature, light weight,
radiolucency and mechanical properties that appraaase of cortical bone. Due to these
features and previous clinical results, PEEK hasv fmeen suggested as a future

cranioplasty plate material using 3D CT scannintada create patient specific plates
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(Figure 3.3.3c). Initial publications on the perfance of PEEK cranioplasty implants

have reported promising results however no long t@ata is yet availabfé 4%

Figure 3.3.3. Polymer cranioplasty plates a) MEDB(Rirgical implant [Reproduc
from Liu et al. (2004)] b) MEDPORTitan cranial plate for temporal reconstruction v
reinforcing titanium mesh visible [Reproduced frditip://www.stryker.com(Accesse
14/09/2014) and c) Patient specific customisedfgibeicated PEEK implant plate from
CT data [Reproduced Harris et al. (2014)].

3.3.2.5 Ceramics

Calcium phosphate ceramics have held a particatarast as cranioplasty plate materials
and are predicted to be important in developingrtuglloplastic cranioplasty implarité®
148 This has subsequently seen the development fdrpred porous Ca-P implants with
interconnected porosities such as the range of kiaplasty devices offered by Fin-
Ceramic& (Italy). However as discussed in section 3.3.2h, brittleness of calcium
phosphates renders them highly susceptible touiraaspecially during device fixation

and is further compounded by their inability torbeulded intraoperatively*® 14

The development of HA based cements has allowetopiasties to be performed with
ceramic materials that could be easily manipulahdng surgery in a similar manner to
PMMA. These products are supplied as BoneSSu(&ryker, USA) or Norian SRS
(DePuy Synthes, CH/USA) with titanium meshes comimantegrated into the cement
during the reconstruction of large scale defecisnfarove their mechanical properties. Yet
the application of these cements is limited byrthelative expense and reported high rates

of infection? 150 154
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3.3.2.6 Composites

The application of particulate or fibre reinforcedmposites as cranioplasty devices has
been investigated with a range of material configjans. These have include use of HA
reinforced HDPE as well as hydrolytically stablerbmm, S-glass or E-glass fibres in
different polymer resins (e.g. PEEK, bisphol-a-glyt methacrylate/triethyleneglycoldi-
methacrylate}*® *°>1%° Due to the inert nature of these reinforcingdirthese implant
materials have also incorporated bioactive glassicies such as Biogla8s45S5 or
BonAlive™ into their composite structure (section 3.2.218pwever unlike the dense
composites intended for fracture fixation platesanplasty composites have been
developed with dense-porous sandwich like architest in order for the material to

possess suitable mechanical properties whilst aligpor cellular ingrowth (Figure 3.3.4)
(5]

Glass fiber  BG particle

Figure 3.3.4 Illustration of a fibre reinforced cranioplasty plate dedigat combines hic
performance nomesorbable glass fibres with a porous layer containing bioagtas
(BG) patrticles [Reproduced from Vallittu et al. (2015)]

Additional considerations in cranioplasty fibre quusite design also related to the lack of
a defined mechanical loading regime at anatomites sicross the calvarium. As a result,
the use of continuous bi-directional or fibre weslfedorics are considered by Vallittu et al.
(2015) to be the preferred option compared to #lective orientation and advantageous

anisotropic properties found in fibre compositefuse fixation plates (section 3.2.33)



98

3.3.3 Cranioplasty Complications

Despite being considered a physiologically andrexily straightforward operation, high
complication rates in cranioplasty procedures ararnon £30%) and can include patient
symptoms such as infection, haematoma, headache semmires. However these
complication rates will vary and are dependent ugun patient’s radiography/surgical
history, age, procedure duration and primary paths well as the cranioplasty site, size

and implant material usétf®: 4% 1°¢!

Post-operative infection is the most common andisa@nt complication in cranioplasty
procedures due to its serious consequences aedasded by Thavarajah et al. (2012) as
one of the key drivers in the diversification andlation of cranioplasty plate material
technology. Retrospective studies on cranioplastggrures have found these infection
rates to range from 5-9% witBtaphylococcus epidermidiStaphylococcus aureusnd
Propionibacteriumidentified as the predominant infectious bactefiaese infections are
believed to be caused by skin microbiota and tbeaurrence is influenced by disrupted
wound healing, the duration between craniectomy enagtioplasty, prior procedures as

well as inflammatory responsgs-*2 5!

If an infected case is confirmed, the complete nemhof the cranioplasty plate is required
before a series of broad-spectrum and systemibiatiti agents is conducted over six to
eight weeks. A replacement cranioplasty procedsirthen performed after 6-13 months.
However the continued rise of antimicrobial resistanfections has placed greater
emphasis on preventative measures rather thanuthent post-operative treatments with
the financial implications of treating cranioplagihate infections estimated to be £9,283

per case to the National Health Service (NHS) atingrto O'Keeffe et al. (20125 4% 142
156]
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3.4 Phosphate Glasses

3.4.1 Definition and Theory of Glass Formation

Given the range of manufacturing methods and nas$edapable of forming glasses, the
definition of a glassy material has been typicdigsed on its material characteristics.
Accordingly glasses are defined by Shelby (2005)ams amorphous solid completely
lacking in long range, periodic atomic structureid aexhibiting a region of glass

transformation behaviouP®"],

The principles of glass formation can be explaiwbén considering a heated melt of fixed
volume that is subsequently cooled at a controti®® to room temperature. As the
temperature drops below the samples melt temperéli) a crystalline state is typically

formed that displays a short or long range peri@dnic arrangement. This transition is
driven by the tendency of the thermodynamic sydtefall to its lowest energy state and is

signified by the sharp drop in enthalpy shown igufe 3.4.1%7.

&3

Enthalpy

i(&‘law i‘ml :Tm
Temperature —————
Figure 3.4.1. Enthalpy-Temperature diagrahnowing formation of crystalline and gla
materials as well as the effect of cooling rate on glassdtion [Reproduced from She

(2005) Introduction to Glass Science and Technology].

However, if a sample is cooled below itg Without crystallisation then the materials
structure continues to rearrange with decreasimgpeéeature as kinetic factors (i.e.
viscosity) overrule the thermodynamic system. Resgive cooling of the liquid and the
corresponding increases in viscosity then leadststructure becoming fixed without any
atomic arrangement. This behaviour is represenyetthd gradual slope in Figure 3.4.1 as
the enthalpy deviates from the equilibrium states@ved by the formation of a crystalline

material) and is defined as the range of glasssifian. The so-called ‘frozen liquid’ can
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now be considered as a glassy material. Additigraafice deviation from the equilibrium
state is dictated by kinetic factors, the rate aictv the melt is cooled will ultimately
control the temperature at which the sample entessglass transition region. Thus if a
material was to be cooled at a reduced rate thegltss transition temperaturg)Would

shift to lower values with the atomic arrangemehthe resulting glass reflective of its

arrangement prior to its deviation from the equilim state (Figure 3.4.1° 7]

Furthermore given the range of materials capabferafing a glass, the American Society
for Testing and Materials (ASTM) has defined a glas any material that has been
“cooled from the melt without crystallising”. Acatingly the formation of glassy materials
is dependent upon achieving cooling rates high gimdar kinetic factors to dominate the
thermodynamic system and prevent crystallisatiamr. & typical inorganic silicate melt

(used in the manufacture of windows and drinkingseds) this corresponds to a relatively

slow ~20° min* whilst the generation of metallic glasses requiegsid cooling rates of
~0° gggt [109,157]

3.4.2 Manufacturing of Phosphate Glasses

Phosphate glasses (PGs) have conventionally beenfatdured from a melt quenching

technique that involves the mixing and heating @i rmaterials inside a platinum or

ceramic crucible to form a homogenous melt. Thesgeratures typically range between
800-1300C with the selection and quantity of each precuisased on the calculated

proportions of each glass component in order taeseha specific glass composition

(mol%). This melt is then rapidly cooled betweero tmetal plates or poured into water
with the production of bulk monoliths achieved gsapreheated graphite or metal mould.
Monolith samples are then typically subjected taanealing cycle where they are slowly
cooled from a predetermined value to room tempegasth a controlled rate in order to

alleviate any residual internal stresses in thegthat were generated as it was initially

castllo9. 157]

Other methods of PG production include relativelgdern sol-gel techniques that allow
glasses to be produced at comparatively lower teatynes from a polymer-type reaction
of a compositionally specific solution. Due to tlogver temperatures, sol-gel glasses can
incorporate drugs and growth factors as well asnafior development of polymer-glass
hybrid materials. However sol-gel PGs are repottethe especially fragile and possess

dissolution rates unsuitable for most biomedicaliaptions™®®,
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3.4.3 Structure and Classification

The theory of a glass’s structure includes thauatitial studies by Zachariasen (1932) who
proposed the formation of a three dimensional strat network from silicates or
phosphorus pentoxide 4Bs) glass forming compounds. Further studies by Higd) Van
Wazer challenged these concepts and proved thaspphte glasses could also be
composed of large one dimensional molecular grolips evidently led to glass structure
models being described in terms of the short rédvgaling information and long range

length scales throughout the materials overalcstng!*>”: 1%

PGs are based on the(® glass former with the orthophosphate P-tetrahe¢iPan®) the
basic structural unit that is able to form covaldinds with any surrounding P-
tetrahedrons via the molecule’s three free oxygems. Due to their ability to bridge
between P-tetrahedrons, these oxygen atoms areafjgneferred to as bridging oxygen'’s
(BOs) and allow for the formation of chains, rings branching network structures of
orthophosphate units to be generated (via the PHd#ds). This three dimensional
random network of covalently bonded P-tetrahed(assdescribed by Zachariasen, 1932)

for a simple vitreous s glass {-P,Os) is represented in Figure 3.4'% 1%
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P-O-P bonding via the bridging oxygenBOs)

Figure 3.4.2.Random network structure of a vitreous phosphatssghenerated by P-
tetrahedra linked by P-O-P covalent bonds [Modifredn Jones & Clare (2012)].

The corresponding structure of a PG network iscgipj classified under the 'Q
terminology where represents the number of available BOs per P-tediram (Figure

3.4.3). This classification is dictated by the P@ngposition and is influenced by the
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addition of alkali or alkaline earth metal ionsarihe PG structure. These ions are intended
to modify the glass’s structure and have been &ffyicised to improve the poor durability
and hygroscopic nature ofP,Os glasses. These additional compounds are commonly
referred to as network modifier oxides (MOs) anidvalfor the production of PGs with

tailored material properties based on their specifimpositior*>®.

0 1 0 1 ‘ 0 o
| |
i i i

o) ) 0 o ol o o | o]
0 i (o} ‘ o | ‘ o |
Q3 Q2 Q1 QO

Figure 3.4.3. Classification of PG networks based btegninology showing decreasi

BO’s as @ decreases [Modified from Brow (2000)].

These modifier oxides can include compounds suanagnesium oxide (MgO), calcium
oxide (CaO) or titanium dioxide (TiKpand their introduction cleaves the P-O-P bonds in
the PG network. This subsequently generates idpibahded crosslinks between the non-
bridging oxygens (NBOs) of different phosphate gs/ahains which are often described
as forming a chelate-like structure (Figure 3.4.8his consequently disrupts the PG

network and is known as network depolymerisatt&t

Figure 3.4.4Change in P-O-P glass structure from the addition of MOs [[{&0) intc
the phosphate network and the formation of ionic bonds between the phospligie- gr
Note that due to the single pdve charge of the Ndon, the PG network is depolymeri
but no ionic bonding between chains occurs [Modified from Jones & Clare (2012)].
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As a result, the random three dimensional crosstinR-tetrahedra network {Qin a v-
P,Os glass can shift to one consisting of linear polgilee phosphate chains of
decreasing length @@Q") to a glass composed of isolated orthophosphatepgr(Q) as
the concentration of MOs is increased (i.2—QQ°— Q'— Q%. For a binary PG this shift
in Q' classification can be described by the pseuddiea2d' + R,0 — 2Q"* (where R

is a metal atom andrefers to the hetwork classificatior}*® %!

The resulting PG networks from MO addition typigatbnsist of both covalent and ionic
bonding and allows for a vast range of potentiald@@positions with tailored properties
to be achieved from the use of specific MOs andr ttedative concentrations (mol%).
These include the glass’s thermal stability (i#s. tendency towards crystallisation),
mechanical properties and its dissolution ratg Which can be altered by several orders of
magnitude depending on the atomic radius and velefiche selected MO catiof$”.
Some commonly utilised MOs along with their relapedperties are shown in Table 3.4.1.
Additionally the increased PG network disruptiomsed by the number of different MOs

can also influence the glass propertté% 60 161

Table 3.4.1. Common modifier oxides (MOs) used hogphate glass compositions

showing their atomic weight, ionic radius and cleatgrsize ratio (arranged by increasing

ionic radius).
MO/Cation Atomlc(a\:vrsgmgf cation) lonic Ez(rjrl]l;[slg cation Charge-to-size ratio
B,04/B>" 10.810 41.0 0.0731
FeOs/Fe” 55.845 75.0 0.0400
MgO/Mg~* 24.305 86.0 0.0232
Zno/zrt* 65.380 88.0 0.0227
TiOJ/Ti* 47.867 100.0 0.0400
CaO/C&" 40.078 114.0 0.0175
Na,O/Na' 22.989 116.0 0.0086
La,0s/La"" 138.905 117.2 0.0255
SKLOs/SF 87.620 132.0 0.0151
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A summary of PG classification based on the glassér content (s mol%), Q

terminology and corresponding network structurghiswn in Table 3.4.2. It should also be
noted that due to the difficulty in achieving comsftimns with an exact stoichiometry of 50
mol% B.Os metaphosphate glasses are often considered ag &hamed polyphosphate
glass® %8 Furthermore pyrophosphate glasses (also knovnves glasses) are formed
by the interactions of cations and phosphate gr@umusnot from a random network or

entangled phosphate chaltg.

Table 3.4.2. Description of various phosphate gtissctures and network characteristics

showing the FOs content, Oterminology and structure.

Classification*%® 158! (r:;%z) Q' 158l Structurg*®®
Vitreous RO. 100 g t(;c:;;l(ijr:l;ed random network ofQ
oo |0 | w7 |l e
Metphosphate | S0 | g | J Pt Povete s ot |
Polyphosphate <50 ® t(gir%T:;TZdOfb;l%lgutZtIreanhgetgrsa
Pyophosphate | <333 | g | ol AmeR O
Orthophosphate N/A © | (PO*) phosphate tetrahedra

Finally, intermediate oxides represent an addiligiess component with the capability of

functioning as either a MO or a network former. Tih&#oduction of these intermediate

oxides can thus allow for the generation of hydratresistant covalent bonds to be
introduced into the glass’s backbone (e.g. P-O-N;Qvhere M represents an intermediate
metal atom). Examples of these intermediate oxidelside those based on magnesium
(Mg), iron (Fe), aluminium (Al) and zinc (ZHf°.



105

3.4.4 Dissolution Mechanisms

The dissolution rate (Dof a PG can vary over more than four orders ofjmtade and is
dictated by the glass composition/thermal historyd ammersion conditions (e.g.
temperature, pH, static/dynamic media flow, medigsd concentration and surface area-
to-volume ratio). It is however generally acceptbdt PG dissolution is a two stage
process and that it is consistent with a typicdlmper hydration model where the initial
diffusion of water into the glass surface leadshi release of phosphate chains through
hydrolysis of the PG network (section 3.2.2.3). tRemmore PGs are considered to
typically degrade congruently with the resultingatilution products and changes to the

ionic concentrations in the aqueous media refleatithe glass’'s compositidt?*: 162 163

Upon immersion in aqueous media, it is believed Waer molecules penetrate into the
surface of the phosphate glass leading to the fitomaf a smooth hydrated layer across
the sample at the glass-water interface. The foomatf this hydrated layer occurs in
tandem with an immediate ion exchange reaction déetvthe N&ions in the glass and the

waters H ions at the phosphate chain ends (Figure 3'4%)

0 0 0 0

~0 - p)-o [l’—ONa + g _fonexchange o . lll-O- [I>-OH + Na'
| ” _ﬂ,\Tlrm_ion_ | ”
o o 0° 0

Figure 3.4.5 Hydration reaction that produces the formation of a hydrated suege!
across the glass surface due to the exchange of the sodiurhygithgen ions in wat
(Na-H) [Reproduced from Gao et al. (2004)].

Given that this ion exchange process occurs immngjathe formation of this hydrated
layer is governed by the diffusion rate of waterleoales into the bulk glass which is
strongly affected by the composition of the PG.sTis due to the resulting crosslinks/
chelated network structures formed from the intatidun of suitable MOs and their ability
to retard the diffusion of water molecules into thlass network which consequently
improves the durability of the glas8®.

Once formed, this hydrated layer propagates inwaalthe glass and is followed by the
hydration of entire P-O-P chains that are thenrda®gled and released into the aqueous
environment (Figure 3.4.6). The liberation of th@b®sphate chains is coupled with the
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release of the glass’s modifier cations with timedir dissolution rate of a PG reflective of

the release kinetics of its phosphate ch&ffis*®?!

Figure 3.4.6. Breakage of P-O-P bonds in a PG n&tirom the attack of KD wate
molecules after the initial surface hydration reacfReproduced from Gao et al. (2004)].

The dissolution process of PGs is consequentlyideresd by Bunker et al. (1984) to
follow two separate kinetic periods which are didma by an initial decelerating
dissolution period obeying g t“? law (where q represents weight loss). This is then
believed to be accompanied by a linear rate of tley@ndant dissolution ¢gt). However
these mechanisms are challenged by Delahaye €1%98) who attributes the initial
decrease in PG o the gradual increase in media ionic concentnadi® the glass begins
to degrade. Accordingly Delahaye et al. (1998)dwals that the dissolution kinetics of a
PG should be considered as following a single lineae-dependant relationship (qt)
throughout the entire dissolution proc&$% *4 Furthermore it should be added that the
dissolution rate of a PG must be considered wiipeet to its immersion conditions as
accelerated dissolution rates will typically ocaMhen samples are immersed low pH,

elevated temperature environments and/or at higasiarea-to-volume ratios.

3.4.5 Bioactivity Mechanisms

The mechanisms of bioactivity have been widely stigated for silica based glass
compositions such as Biogl&s45S5 and have been shown to be dependent upassisy!
chemical reactivity in physiological media. Accorgly the stages of HCA surface layer
formationin vivo have been well characterised by Hench to folloseguence of initial
surface reactions prior to a series of cellulamévas described in Figure 3.4.7. However
in contrast, very little has been reported on tihmadiivity mechanisms of silica free
phosphate glass compositions that fail to display asort of silica rich surface layer
formation which is considered vital for providingaleation sites for the €aand (PQ)*
ions to accumulate and eventually crystallise/giéstie into HCA!®: 1651671
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Figure 3.4.7 Sequence of reactions occurring across surface of silical tmsactive
glasses with surface reactions (1-5) and cellular eventd)(&belled [Reproduced frc

Hench (1998) Bioactive materials: The potential for tissue regeneration]

However authors such as Kasuga et al. (2005) haaissed how in silica free glass
compositions the nucleation of bone like apatite loa formed from alternate groups such
as Ti-OH, Ta-OH, Zr-OH, Nb-OH, -COOH and ). Furthermore in comparison to the
SiO; rich gel layer found in silica based glasses,ftmmation of a calcium phosphate gel
layer in PGs is also believed to play an importafe in apatite layer formatiof®®. Yet
glasses possessing low dissolution rates (i.ee@asad durability) are considered to exhibit
a poor bioactive response due to their inhibitiérihe dissolution-precipitation reactions
required for apatite formation. In contrast Gayabevi et al. (2010) and Mohammadi et
al. (2012) have also discussed how the acidic pkihéd from a rapidly degrading
phosphate glass can also inhibit apatite formatfen"®

3.4.6 Compositions for Bone Tissue Augmentation

The continued interest in the development of newsatde materials for bone tissue
regeneration has driven the demand for novel nas$enith adjustable levels of bioactivity
and biodegradation rates. PGs are an advantagemuys @f materials with the potential for
use in hard tissue regeneration due to their gbibt be formed from compositions
chemically similar to the mineral phase of bone amnpletely degrade at highly
controllable rates. This is further complimentedtig ability of PGs to be metabolised by
natural processes occurring in the body and stimryleeffects elicitedn vivo from the

ions released during PG dissolutioif 171172
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The range of PG compositions produced by the anditif MO’s has led to a broad
spectrum of glasses being developed for the reggaerof bone tissue defects from
different glass systems (i.e. binary complex multicomponent systems). Consequently
given the breadth of available literature, only pasitions utilising a $0s glass former
concentration of 40-55 mol% and intended for theppses of bone tissue defect

regeneration will be briefly summarised here.

3.4.6.1 Ternary Compositions

Glasses based on the ternapDf2CaO-NaO system as developed by Uo et al. (1998)
offer potential as degradable scaffold materials fwne regeneration due their
biocompatible dissolution products and compositignrdependant dissolution rates §p
Development of this system continued with a randestudies characterising the
compositional effects of different MO concentrasoon the various properties of the
resulting glasses. This work by Uo et al. (1998]) &ilow up studies (Franks et al., 2000;
Ahmed et al., 2004; Skelton et al., 2007) consetiypegstablished that the .bf a PG
decreased with a reduction ia@2 or increase in CaO concentration. This behavioas w
due to changes in the glass structure and improvene the network strength from
enhanced ionic cross-linking between the NBOs @edint phosphate chains. This was
attributed to the disruptive monovalent ‘Naeing replaced with divalent €acations.
Dissolution testing revealed that the PGappeared to follow a linear decrease as the CaO
concentration was raised but also that non-lineguds existed when examining systematic
alternations to the glass’s® content that also affected its biocompatibilityicB non-
linear trends were also seen in its thermal proggednd were proposed by Ahmed et al.
(2004) to be associated with changes to the netpacking density due to the presence of
small @ pyrophosphate units in glasses with a 45 mol®sRomposition However a
general trend was reported over a s€&sRcontent with elevated glass transition)(&nd
crystallisation (F) temperatures observed as the concentration of Waincreased and
the network was strengthen@&&’. A comparison of PG [On different media by Franks et
al. (2000) also showed that reductions in theduld be achieved using high ionic strength

media such as Hank’s Balanced Salt Solution (HBBS) to an ionic buffering effe€t’*
176]

The in vitro testing of PG compositions in this system using@@@nd HOS cell lines
(Salih et al.,, 2000; Bitar et al., 2004; Skeltonaét 2007) examined the relationship

between a glass’s;[&nd its biocompatibility. The results obtainednrthe culture of cells
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incubated in dissolution extracts or using dirawitact cultures established that theoDa

PG (and thus its composition) were critical to agimg biocompatible glasses. Correlating
with previous data, the vitro results showed that increases in the CaO conteol®4)
produced samples with beneficial cell culture res@s due to their reduced Dhis effect
was related to the associated ion release rateshphiges and cell anchorage mechanisms
(from the surface integrity) that influenced cetblfferation and expression of antigens
like bone sialoprotein, osteonectin and fibronelfth”>-18%

Consequently from the range of glass compositioagstigated, the glass forming regions
and compositional dependence of this system waspethpising 2D ternary diagrams
(Figure 3.4.8). Such illustrations also highlightde limitations in the glass forming

region of the ROs-CaO-NaO system and potential \Oihat are critical to achieving

biocompatible glassé¥®.

O:glass
@:glass+crystal
@:crystal

Na,0 20 40 60 80 CaO

Figure 3.4.8. 2D map of a) Glass forming region and b) Correspoduisglution rates
phosphate glasses in thgds-CaO-NaO system [Reproduced from Uo et al. (1998)].

3.4.6.2 Complex Compositions

The addition and substitution of alternate MOs iarencomplex glass compositions has
typically been based upon the introduction of e&iwith greater charge-to-size ratios than
the previous fOs-CaO-NaO system. This has been in order to achieve glasghsan
enhanced network strength (and consequently reddcgsblution rates) through the
improved ionic cross-linking between phosphate gséthains. Additionally the controlled
release of specific MO cations from tailored PG positions was anticipated to induce
beneficialin vivo responses at the treatment site of the bone tisieet (Table 3.4.3¥%%
183 Some example ternary and quaternary composifiecrporating alternative MOs

based on the initial ®s-CaO-NaO system are shown in Table 3.4.4.
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Table 3.4.3. Potential modifier cations for PG cosipons aimed at bone tissue

regeneration.

Cation Biological Function/Role

B>* | Role in bone growth - suspected to replicate &ffet oestrogeH®

Mg®* | Stimulates bone formation, increase bone cell sidheand stability > *°°.

Zn** | Stimulates bone formation, regulates transcriptibosteoblast genés”> %

Sr* | Beneficial toin vivo bone formation, possible treatment of osteopott5is®.

Table 3.4.4. Ternary and quaternary glass compasitivith alternative MOs suited for

bone regenerative applications showing the mokieteby various authors.

Author Composition

(P205)70-{(ZN0O)so(MgO)x
x: 0,5, 8, 10, 13, 15, 18, 20 mol%

Khor et al. (2011§8"!

g
e
E Lucacel et al. (2012}%? (P20s- CaO}oox(ZnOk
x: 0, 0.1, 0.5, 1, 10, 50 mol%
Knowles et al. (20012 (P205)45-(CaO)-(NazO)ss.x-y-(K20)y
x: 025,y : 20, 24, 28, 32 mol%
Franks et al. (2002328 (P205)45-(CaOk2.x-(N&O)23-(MgO)x
X: 0—22 mol%
. Salih et al. (2007 (P20¢)s0-(CaOho-c(NaeO)o-(ZnO):
£ x: 0—20 mol%
% Abou Neel et al. (20095°” (P205)s0-(CaO}o-(NapO)20-x(TiO2)x

x: 0, 1, 3, 5 mol%

(P205)50-(Ca0)30-(N aQO)zo_x-(Sl')x

x: 0,1, 3, 5 mol%

Abou Neel et al. (20095°%

(P205)50-(CaO)Ls_x-(MgO)X-(TiOZ)5
Morikawa et al. (2013Y°%
x: 0—45 mol%
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Alternative ternary glass compositions such asetassessed by Khor et al. (2011) were
intended to generate PGs with improved durabiling do the smaller atomic radii and
larger charge-to-size ratios of Kfgand Zf* that could also provide an advantageous
responsein vivo (Table 3.4.3). The characterisation of PGs incafog increasing
amounts of MgO into ultra- and metaphosphate cortipps showed decreases to the
glass Q. The increased durability was associated withftmmation of more hydration
resistant P-O-Mg-O-P bonds within the glass’s nekvatructure compared to the existing
P-O-P backbone. Additionally, Khor et al. (2011gtiighted how the lower basicity of the
oxygen atoms in these P-O-Mg-O-P bonds (due tohihleer charge-to-size ratio of the
Mg** cation) would limit their attraction to the posii H' ions of the HO molecules.
Hence as the MgO concentration (mol%) increasemssgtompositions were developed
that displayed B considered suitable for osteoblast cell adhesiah@nliferation (0.3—
1.7x10° mg cn® hr') as suggested by Bitar et al. (2004) and Parsoral. €2004).
Dissolution testing in buffered media of differgrtl also suggested that the preferential
leaching of ZA" ions from PG samples would occur when samples degeaded in acidic
media - contrasting the typical congruent PG diggmh behaviour (section 3.4.4y8 187
1931 Meanwhile Lucacel et al. (2012) found that thelision of ZnO caused an inhibitory

effect to PG bioactivity due to the glass’s deceeadissolution rate®.

Investigations into more complex quaternary PGesyist(Franks et al., 2002; Abou Neel
et al., 2009; Lee et al., 2013) showed that greaircentrations of MgO and Ti@esulted

in increasing glass biocompatibility due to thenfation of samples with reducedsDAs
previously reported, this decrease in glass dissoluate was attributed to the inclusion of
modifier cations with comparatively higher chargesize ratios. Studies by Lee et al.
(2013) also demonstrated that the atomic weightssaructural bond lengths of different
MOs could also further manipulate a glass’'s propertwhen developing new
compositions. Meanwhile an analysis of glass bivigtdiscussed the ability of Mg ions

to be beneficially substituted into apatite layerth Abou Neel et al. (2009) highlighting
the potential of T# ions to improve the bioactivity of a PG. The reei® and improved
strength of the glasses structural networks was edflected by shifts in the thermal
properties. This was evident by the marked increasthe Ty and T in glasses with
increasing concentrations (mol%) of either MgO @Ozl due to the increased energy
required to break the structural bonds in the ghet®/ork. Changes to the density of these
PG compositions was also reported and relatedeacdmparative atomic weights of the
metal atoms in the substituted MOs (Table 3.4%%)!88 190194
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Conversely the addition of increasing quantitieZoO as a direct substitute for CaO in
quaternary PG compositions (Salih et al., 2007;ANeel et al., 2008) produced glasses
with gradually decreasing biocompatibility. Thegedings were linked to increases in the
glass’s dissolution rate that subsequently ledhéoformation of an acidic pH environment
over the dissolution period and the rapid releabeZzmf* ions to cytotoxic levels.
Meanwhile localised surface pH effects were alsosmered to have lead to the poor
biocompatibility observed in glass’s containingatelely low amounts of ZnO. Based on
the thermal data obtained using DSC, the inclusibmcreasing concentrations of ZnO
resulted in a gradual decrease in the glasgesd T.. This behaviour was attributed to a
weaker glass network structure being generatetdeasdncentration of ZnO increased due
to the difference in bond strengths between thenger C&" and weaker Zfi. This
hypothesis would correlate with the observed thémesults but contradicts the previous
literature and commonly accepted theories on P@&tstral modification via the inclusion
of MOs with increasing charge-to-size ratios (Tahke 1) as discussed in section 3.4.3 and
3.4.6.1. Regardless it was concluded that whengugimO as a MO, the appropriate ion
release rates of Zhions should be carefully consider&y: 18% 19!

Increases to a glass’s dissolution rate were aiseroed in compositions incorporating
K20 or SrO (Knowles et al., 2001; Marikani et al.080Neel et al., 2009). These results
could be clearly explained by the weaker glasscgire stemming from the larger ionic
radius of K or Sf* cations and its increased disruption to the glastvork. The
replacement of the Nawith K™ also corresponded to an increase in the density and
hardness of the glass. Additional factors on tHeab®ur of KO containing PGs has been
proposed by Knowles et al. (2001) relating to tikeuorence of a mixed cation effect on
the examined glass compositions. However no cadioeldetween the influences of the

mixed cation effect on a glass'’s dissolution rate yet been reportéf§® 1% 19

The development of metaphosphate glasses with wedrdhermal stability via the
substitution of CaO with MgO was examined by Mowigaet al. (2013) due to the
difference in ionic radius and bond energy betwidgh" and C&". This improvement was
also attributed to an increase in the number adggtaomponents whilst it was suspected
that mixed cation effects could be responsibletf@ non-linear trends observed in the
glass’s thermal stability over different composiso The effect of Mg addition on the
glass properties was also found to differ betweetarand invert glass compositidhs'.

As shown by Morikawa et al. (2013), further fleXityi in a glass’s Pand thermal stability
could be achieved from an increased number of Ms@e @lso section 3.4.3). This has
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since led to the characterisation of more compledtioomponent glasses such as those

formed from quinternary and septernary glass systém®”!

Glasses of a @s)ss-(CaO)sz0--(NaO)o-(CoO)-(TiO2)s (x: 0, 5, 10, 15 mol%)
composition were investigated by Lee et al. (204Bd examined the potential structural
and biological advantages from the incorporatioth @mntrolled release of cobalt (Co). Yet
early investigations showed that despite a redndtiothe glass’s Pwith increasing Co
concentration (mol%), the growth of MG63 cells aamples containing 15 mol% Co
appeared to be inhibited. These results subsequéighlighted the need for further
optimisation in this glass system and tailoringmf release rates in order to achieve the
desired cellular response. Evidence of a possihleamcement to the glass’s thermal
stability was also apparent by the relative inceeiasthe crystallisation onset temperature
(To) ™. The analysis of glasses by Novajra et al. (20th&} substituted ¥O with
increasing quantities of Tdin a (ROs)so-(CaO)e-(NapO)e-(SiO;)3-(MgO)s-(K20)(5-x)-
(TiIO2)x (x: 0, 2.5, 5 mol%) system have also been invasty These results were found to
correlate with previous data that introduced catiarf increasing charge-to-size ratios
(Franks et al., 2002; Abou Neel et al., 2088} 1 197]

Meanwhile Weiss et al. (2014) investigated the suhi®n of NgO with TiO, or MgO
into a BOs-Ca0-NaO-SrO glass to develop quinternary compositionsh vimhproved
durability. Characterisation of these samples fodhnat improved durability, thermal
stability and mechanical properties were obtaimedhfthe incorporation of either 5 mol%
TiO, or MgO. The expected change in glass propertiessasaociated with an increase to
the network’s strength due to the advantageouseptiep of either Mg or Ti** ions and
their higher bonding energy (394.3 kJ thaind 662.2 kJ mdl respectively) compared to
Na" (257.2 kJ mol). A direct comparison between the effects of Mgy@ TiQ on the
PG properties also showed that the incorporatioh wiol% TiGQ generated samples with
an increased density, hardness, fracture toughaedsreduced Dcompared to MgO
glass’s. This was due to the greater bond enendycharge-to-size ratios of the*Tions
that were able to act more readily as an interntediade compared to Mg ions!*".

However besides the stimulatory ions listed in €kU.3, the inclusion of silver (Ag) in
PG compositions has also been investigated fompiateorthopaedic applications due to
its broad antimicrobial properties against multiuglr resistant bacterial strains.
Consequently such studies have demonstrated hoindlusion of 5 mol% Ag into a glass

system can severely limit the attachment and graf/tracterid'®® *°°!
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3.4.7 Phosphate Glass Fibres

3.4.7.1 Bulk vs. Fibre Properties

Owing to the difference in thermal and mechanicaé-lpstory incurred during
manufacturing, the structure and properties of phate glass fibres (PGFs) can deviate
significantly from bulk monoliths of an identicalGPcomposition. This relates to the
frozen-in anisotropy of the phosphate chain netwantallel to the fibres primary axis as a
result of the mechanical drawing stress and rapieénghing (18 - 10° seconds)
commonly experienced during manufacturing. Thelteguchange in internal structure is
typically reflected by the fibres increased tensiledulus whilst the tensile strength is

representative of the fibre surface qualfity 10 200 201

3.4.7.2 Fibre Manufacturing

Continuous PGFs have conventionally been manuedtirom a melt spinning technique
where droplets are drawn down directly through zzfeofrom a temperature adjusted glass
melt under the influence of gravity and hydrostgtiessure. These drops are then
attenuated by mechanical tension and collectedndr@urotating drum (Figure 3.4.9a).
Furthermore by altering the manufacturing condgi®uch as the glass melt viscosity,
hydrostatic pressure, bushing nozzle diameter aman dspeed (rpm), the glass fibre
diameter and fibre-to-fibre spacing can be corgbll Alternative methods such as
downdrawing from solid preforms and updrawing cgufations have been also been
developed for fibre production (Figure 3.4.9b,c)t lmuffer from poor efficiencies

compared to melt spinning techniql@g 160 2022031

JRing
Heater

Preform
Windup @
==
Melt

Fiber —», Fiber —» Fiber —»|

@ Windup @ Windup

a b c

Melt

Figure 3.4.9. Representation of a) Melt spinning b) Solidfgma- downdrawing and
Fibre updrawing techniques employed in PGF production [Reproduced from Wallat
(2010)].
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However not all glass compositions are suitablefiforllation and the ability to form
PGFs are dependent upon achieving a glass meliitaboke viscosity (typically between
10* — 1¢ Pa-s) without crystallisation of the glass ocagri This crystallisation is
undesired due to its ability to prevent fibre dnagvireduce fibre mechanical properties and
limit fibre bioactivity. Consequently the ease ofrhing fibres has typically been dictated
by a glass composition’s processing window (PW} thaeflective of its thermal stability
and is defined as the temperature range betweeRtaed T with PW values of >10@

preferred for fibre drawing®?.

3.4.7.3 Biomedical Applications

PGFs have gained attention for a range of potebimshedical applications with particular
interest in the regeneration of soft tissues (egscle and ligament), nerve repair and
biosensors due to their suitable chemistry and hmggy. Such studies include those by
Ahmed et al. (2004) who examined the potentialrof idoped PGFs in a {8s)-(CaO)-
(N&O)-(FeOs;) system as cell delivery vehicles for treating ouligr diseases. Similar cell
seeding and transplantation constructs were alsesiigated by Bitar et al. (2004) on a
(P205)s50-(NapO)a-y)-(CaOke-(F&O3)y (y: 0, 1, 2, 3, 4 mol%yompositiorfor repairing the
bone-ligament interface through the co-culture sfeoblast and fibroblasts cell types.
However PGF have also gained considerable intasesiegradable composite reinforcing

agents in novel bone fracture fixation plates, pinscrewd!’® 194 204

The development and systematic characterisationd8f40um fibres based on the
previously proven biocompatible ternary-CaO-NaO glass system was examined by
Ahmed et al. (2004) for any compositional dependemrt the processability of PGFs. The
analysis of compositions with varying® and CaO concentrations showed that fibres
could not be manufactured from ternary polyphosplugdsses 0£45 mol% BOs. This
was attributed to the low,Bs content of the glass and its resulting short-akinetwork
structure that upon heating, produced melts of itaisly low viscosity with a tendency
towards crystallisation. Compositional influencesni the substitution of N® with
increasing amounts of CaO displayed the expectekase in glassgTand decrease in
dissolution rate, confirming the same compositigndépendant properties in the fibres as
previously reported for bulk samples (Uo et al.989Franks et al., 2000). Further
examination on the dependence of PGF manufactuwamglitions showed the expected
decrease in fibre diameter with increasing pullsgeed (i.e. drum rpm) whilst glass

composition was found to have no influence on #gseliting fibre diameter. A comparison
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between bulk and fibre forms of identical glass positions also showed that fibres
displayed a higher Dand T, compared to their bulk equivalent which was atiiéll to

surface area effects and difference in thermabhyst’* 176 20

In contrast, dissolution studies by Patel & Know{2606) examined the effects of SO
addition into a quinternary PGF AB)so-(CaO)o-(NaO)1s5.x-(FE03)s-(SIOy)x (X: O, 1, 3,

5 mol%) composition in order to accelerate thevithout substantially altering the
dissolution media pH. Dissolution testing subsetjyeoonfirmed the increased ,Dn
glasses containing 5 mol% Si@hilst it appeared that the pH changes produceB®¥
dissolution were suitably buffered by the cell atdt media. This was coupled with a
general trend of increasing the glass’s thermabpgnties (T, Tc) as the Si@concentration

increased?®®!,

Further dissolution studies on the effects of agseaging to the mechanical properties and
real-time dissolution mechanisms of PGFs were emathby Cozien-Cazuc et al. (2008,
2009) on a (FOs)a0-(NaO)20-(CaO) 6 (MgO).4 (Mol%) composition. Initial tensile testing
of @10-40um fibres prior to degradation showed thatannealing of fibres decreased the
tensile strength from 484 MPa to 288 MPa. It wasppsed that this was related to the
development of a tensile surface layer containimajlew surface defects across the fibres
that acted as initiators for fibre failure follownGriffiths theory of brittle fracture.
However the annealing process also showed an agpaease in the tensile modulus
from 44 GPa to 52 GPa. Mechanical testing of deggtdtbres found that the modulus of
as-prepared and annealed samples remained unchdungeg immersion whilst the tensile

strength of annealed fibres appeared to improve tiwe 2% 2°7)

Data collected from each sample set consequenthpdstrated that the annealing of PGFs
could provide significant improvements to maintaghithe mechanical properties of fibres
compared to the application of a 1 wt.% 3-aminopttojpxyethyl (APS) sizing agert®”.
This was evident by the results which showed that use of a sizing agent failed to
significantly retard the PGFlue to the leaching of the sizing agent into tiveasinding
media. However it was predicted that different preion techniques or an alternative
choice of surface treatment could successfully eobaPGF durability. In contrast the
reduced D of annealed fibre samples was coupled with smdiite topographies

compared to the pitting corrosion observed durhegdissolution of as-prepared fibfé¥:
208]
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Further characterisation and environmental aging @ange of quinternary compositions
has been conducted to assess the suitability ofrakevibre systems for biomedical
applications (Hasan et al., 2012; Haque et al.328harmin et al., 2014). The testing of a
(P205)40-(Mg0O)24-(CaO) - (NapO)16-(Fe03)s (MoI%) composition was examined by
Haque et al. (2013) due to the previously repodghantages of £F©sin improving glass
durability by Ahmed et al. (2004). Tensile testofgghese fibres showed that the filaments

displayed tensile strengths of 250-300 MPa andsileemodulus between 50-70 GP4'
209-211]

The analysis of #s)i0-(MgO).24-(CaO)e-(NaxO)roxy(FEO03)x (X: 0, 2, 4 mol%)and
(P205)50-y-(MgO)24-(CaO)6-(NaO)y-(Fe03)4 (y: 0, 5, 7.5 mol%) PGF compositions were
assessed by Hasan et al. (2012) (Figure 3.4.1@)laBly a (ROs)-(NaO)-(MgO)-(CaO)-
(B2O3) system incorporating B3 was examined by Sharmin et al. (2014) for meta an
polyphosphate glass fibre compositions. These navdidxides were selected based on
previous data (Ahmed et al., 2004; Sharmin et 2013) regarding their influence on

improving sample durability, thermal stability aimdvivo responsé* 1942102111

VA A SO |t scrrrsty
N g

Figure 3.4.10. Images of PGF tows a) @Bso-(CaO)s(MgO)2s-(NapO)s-(Fe&O3)4
[Reproduced from Hasan et al. (2012)] and BOgRo-(CaO)o-(NaO)s-(Fe0s)s fibres -
the change in colour was attributed to the commosibf the glass [Reproduced fr
Ahmed et al. (2010)].

Both studies showed that the production of fibresld be achieved with compositions of
40-45 mol% ROs in contrast to the limits previously observed he tternary system
examined by Ahmed et al. (2004). This was due ¢ohiigher chain lengths as a result of
the increased number of glass components andyabfliEeO; or B,O3 to act as both a
network former and modifier oxide (i.e. as an intediate oxide). The formation of
hydration resistant P-O-Fe-O-P or P-O-B-O-P bomsthe networks backbone and
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enhanced ionic cross-link densities produced tipeebed trends by reducing the glass;s D
and improving its PW. Enhanced tensile propertiesrewalso observed as the MO
increased with tensile strengths as high as 120@d6:MPa recorded by Sharmin et al.
(2014). However it was also highlighted that conipass exhibiting very low P(1.8x10

® g cm? hr') appeared to reduce the cellular activity compacedimilar compositions
with higher dissolution rates. It was thereforegaegied that target specific glass Would

be required for eliciting an advantageous cellukesponse according to the desired

application (Hasan et al. 201&* 205210 211]

3.4.8 Phosphate Glass Fibre Composites

Despite the range of material properties and biokgresponses elicited by PGs they
remain unsuitable for load bearing applications ttu¢heir poor mechanical properties.
Consequently numerous studies have examined trentpdtof incorporating PGFs into
degradable polymers to produce resorbable bioatitive reinforced composite materials
intended for replacing traditional metallic fractufixation devices such as pins, plates,
nails and screws (Felfel et al. 2013). This hasilwkes to the advantages that a completely
degradable fixation device presents in eliminagimgblems such as stress shielding and
secondary revision surgery as discussed in se8tihA.2. The use of PGFs also allows for
the degradation behaviour of these composites tta@med for the treatment site and
dictate the rate of load transfer to the remodetissue whilst simultaneously releasing
stimulatory ions. Additionally PGFs possess adwgedgaover alternative reinforcing
materials such as those derived from natural ofgig. flax, hemp, jute, kenaf, abaca) that

are considered to possess inconsistent dimensimhsachanical properti&d? 24

Accordingly the majority of studies have been aimetd developing PGF laminate
composites via the compression moulding of fibre-mregs and polymer matrix sheets to
generate materials with mechanical properties amd those of cortical bone. However
equally important is the rate at which these meidaarproperties decline which, for a
fracture fixation plate should aim to match thesrat bone formation whilst allowing the
gradual transfer of loading to the native tissuet a&trengthens over a 8-12 week period.
As a result, investigations into various PGF contpwss, fibre architectures, volume
fractions and other composite modifications havenbeonducted with different polymer

matrix materialg*’® 215-221]
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Composites of 0.06Vand 0.18Y utilising a PCL matrix with binary @®s)s0-(CaO)o
(mol%) fibres were investigated by Ahmed et al.080with as-prepared and annealed
fibres. Mechanical testing of composites showed ti@a improvement to the flexural
strength was observed from the reinforcement of R@h PGFs. However an increase in
the elastic modulus was observed in composites ithaeased from 0.5 GPa to a
maximum of 2.4 GPa with 0.18¥hat was within the range of trabecular bone. Higi
composites also saw greater ionic concentrationthéndegradation media which were
consistent with the relative amount of fibres icleaomposite configuration. Comparisons
also indicated that the fibre volume fraction andface area effects may dominate

composite degradation behavidtir'.

Further studies of polyphosphate@);s-(CaO)7.5(MgO)y. s (NaO)22.5(TiO2)s 5 (Mol%)
fibres were conducted by Brauer et al. (20@83ssess the fracture behaviour andglitro
response of a reinforced organic methacrylate nemtlifoligolactide composite. As
expected, the incorporation of Ti@as shown to improve the PW of the glass and aitbw
for the production of @=126n glass fibres from the glass melt without crysation.
The resulting composites were found to have sinmilachanical properties to cortical bone
whilst mechanical testing showed a fibrous fractomede when tested in 3— or 4-point
bending. This was regarded as the desirable farhode for biomedical implants due to
the possibly serious consequences that could rigsuitthe sudden failure of an implant.
However SEM imaging at the composite fracture sitls® showed evidence of sample
delamination that indicated poor interlaminar bowgdi The culture of composites with
murine  MC3T3-E1 cells showed that these materialso apossessed suitable

biocompatibility?** 247 221]

The retention of mechanical properties and biocarbopity of PGF-PLA composites was
examined by Ahmed et al. (2009) who characterisadpses using a g®s)so-(CaO)o-
(N&O)s-(Fex03)s (mol%) composition of as-prepared or annealecebComposites were
generated by the incorporation of 10mm length nowem fibres (@=20-25um) into a
PLA matrix at a 0.14 fibre volume fraction {V As expected, the inclusion of PGFs
increased the modulus and flexural strength ofPth& from 2.5 to 5GPa and 50 to 90MPa
respectively. However the degradation of samplegeionised water at 37°C showed that
the mechanical properties were reduced=b9% after 6.5 weeks. This degradation was
coupled with an increased weight loss (Figure 3ds well as a decrease in media pH
(=4) from the dissolution of the reinforcing fibresidaformation of phosphoric acid

(HsPOy) that was believed to have accelerated the PGiRrBugh autocatalysis effects.



120

Comparisons with annealed PGF composites founc thasiples to exhibit similar initial
mechanical properties whilst the degradation resshiowed these samples to possess an

improved degree of mechanical property retentiomtduthe reduced PGF, B'®..
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Figure 3.4.11. Weight loss of “as used” and annealed PGF-PLA comp@sitéd¥;) ovel

6.5 weeks of degradation in deionised water [Reproduced from Ahmed et al. (2009)].

The culture of MG63 cells on both composite confagions also showed that the reduced
D, of the annealed fibres produced samples with ingdoiocompatibility compared to
as-prepared fibre composites. However despite thpraved cellular response, the
mechanical properties of all samples remained beloyge of cortical bone which was
attributed to the relatively low compositg % 2% 228 |nterestingly a polyphosphate
(P205)40-(MgO),4-(CaO) e-(NaO)16-(F&03)s (Mol%) fibre composite investigated by
Felfel et al. (2012) displayed improved durabilishich was attributed to the tighter
packing structure of the phosphate chains in tHgpposphate glass structure. However
the applicability of this composition as a compes#inforcing agent was hampered by its
reported difficulty to manufacture continuous fidrevithout fracture compared to

metaphosphate glass$é&s’.

Work on a (ROs)s0-(CaO)o-(NaeO)s-(Fe0s)s (mol%) PGF composition was performed by
Ahmed et al. (2011) who investigated the influermfe fibre architectures on the
mechanical properties and degradation of PGF conepeamples. The study also
investigated higher composite fibre volume fractidn achieve samples with improved
mechanical properties closer to those exhibitedctngical bone. Composites of 0.2V
0.3V and 0.4V were produced from chopped 10mm fibre length nowem mats as well
as 0.2V unidirectional (UD) and [0/90] cross-ply architeicts. Mechanical testing of these

samples showed the expected increase in flexurahgth and elastic moduli with
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increasing fibre volume fraction that were foundow accurately predicted by the rule of
mixtures. A comparison across different fibre amttures at 0.2Malso showed that [0/90]

composites possessed the lowest mechanical prepedmpared to the highest exhibited
by the UD materials. This was due to the stresdddmeing more axially distributed along
the fibre lengths in the UD continuous fibres widlgards to the loading axis used during
mechanical testing (section 3.2.3). However all posite materials showed a rapid
decrease in both flexural strength and elastic nusdafter 10-20 days of immersion in

deionised water at 37°C with an acidic media forr@d=3.0) after 5 days of immersion
[219]

Long term, these degradation profiles subsequestihywed that the acidic pH would
gradually return towards initial values and refbecthe near complete dissolution of the
reinforcing PGFs. Further comparisons also revetilatithe rate of water absorption and
loss of mechanical properties occurred more rapidlyUD and [0/90] composites
compared to chopped fibre samples. This was atétbto the relative ease at which water
could wick along the continuous fibre architectucesnpared to the 20mm discontinuous
fibores and demonstrated the influence of fibre iéecture on the initial mechanical

properties as well as those during sample degaufat?.

The characterisation of bulk monoliths and PGF-R@Gmposites using PG’s doped with
SiO, and FgO3; was evaluated by Mohammadi et al. (2012) over @eaof (BOs)so-
(CaO)o-(SiO,)10x(FE0O3)x (X: 0, 5, 10 mol%)ompositions. Comparisons using 10mm
length,~10-20um diameter PGF'’s in a PCL matrix (0.))8kvealed that the ion release
rates were greater in Xx=5 mol% composites comptretie equivalent bulk monoliths.
This was believed to have resulted from the differsurface area-to-volume ratios
between the bulk glass and those found at the-fitaix interface of the composite.
However further comparisons between glasses withheased hydrolytic stability (10
mol% FeOs) showed that similar ion release profiles couldybrerated between bulk and
composite samples. The incorporation of@ewas also shown to produce glasses with
reduced surface polarity and surface energy whias \attributed to the decreased
concentration of hydroxyl groups (Si-OH) on thesglaurface. The results consequently
indicated that the ion release rates of PGF corngmsiere dictated by the glass

composition and were heavily influenced by theefibratrix interfacé'®.

Meanwhile Han et al. (2013) showed that an increasmechanical properties could be
achieved from the use of multiple fibre mats comepaio a single pre-preg lamina during
compression moulding. This was due to the impropetymer infiltration when using
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multiple fibre mats and quality of the fibre-matrinterface (section 3.2.3.1). The
introduction of screw holes in different fibre artelstures also showed that significantly
greater surface damage was incurred in UD fibre pmmites compared to random and

mixed (i.e. UD + random) composite fibre constrits.

3.4.9 Composite Modifications

A review of various PGF-polymer composite studias highlighted how various sample
configurations can generate materials with a rasfgmechanical properties (e.g. 80-200
MPa flexural strength and 5-25 GPa elastic modulipwever a common factor
throughout these studies has been the inabilitthee materials to retain adequate
mechanical properties over a prolonged immersiarogedue to the rapid dissolution of
the reinforcing PGFs. These results have beerbatitd to the breakdown of the fibre-
matrix interface and has consequently led to aminm PGF dissolution rate of 2x1@ng
cm? hr! being identified by Hasan et al. (2012) in ordentanufacture orthopaedic PGF
composites with adequate mechanical propertiesigsample degradatidft: 224!

As shown previously by Mohammadi et al. (2012)erdtions to the PGF surface
properties via compositional modifications can hsigmificant effects on the quality of the
fibre-matrix interfacial adhesion which is cruciér the efficient distribution of

mechanical loading across the reinforcing phaseeraAdtively chemical coupling agents
have been applied to modify the PGF surfaces iardalimprove the composite interfacial

properties and introduce a degree of hydrophobatitye interfac&® 220 229

Due to the multitude of available coupling agenss, cross-examination of their
effectiveness was investigated on @=9x2mm glass raad fibres of a quinternary
(P205)45-(Ca0) - (MgO)24-(NapO)11-(Fe03)s  (Mol%) composition (Haque et al., 2010;
Hasan et al., 2013). These agents included 3-amopgptriethoxysilane (APS), Glycerol
2-phoshate disodium salt (GP), 3-phosphonopropiacid (PPA), etidronic acid (EA),
hexamethylene diisocyanate (HDI), amino phosphadd (APA) and sorbitol/sodium
ended PLA oligomers (S/Na-PLA). Analysis of theatexl sampleshowed that only APS,
EA and HDI appeared to covalently bond to the gkas$aces whilst also being the only
treatments that created hydrophobic surfaces. &umibre it was found that increased
concentrations of coupling agents did not direpgfyect improvements ta, values of the
fibre-matrix interface. Degradation testing of ttieated rods showed reductions to the
glasses Pcould be produced by HDI, APS, EA, Na-PLA and Riaipling agent&2°: 2261
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Meanwhile follow up biocompatibility studies by Hamset al. (2013) showed that despite
all treatments demonstrating adequate biocompisyibloor cell responses were observed
with the use of HDI or Na-PLA compared to APS, GRl &£A treatment&?”. Further
studies using APS, HDI and S-PLA coupling agenta#®.2V; UD PGF-PLA composite
of a (ROs)s5-(Cal)e(MgO)24-(NaO)11-(F&03)s (Mol%) composition using @=20um
fibres were evaluated by Hasan et al. (2013). Assent and comparison of the treated
fibore composite’s mechanical properties, degradatiad biocompatibility showed that
improved initial mechanical properties were achieweth APS and S-PLA treated fibres.
A difference in water uptake and final mechanicalpgerties compared to untreated control
samples also confirmed that these coupling agemtsided improvements to the
composites mechanical properties during degrad&in Similar results were also found
by Khan et al. (2011) using 4Bs)40-(Ca0) s (MgO)24-(NaO),0 (Mol%) APS silane treated
fibres in a 0.1YPGF-PCL composite. The results indicated thatsgdasface reactions and
the possible formation of a polysiloxane coatingtloa fibre surfaces were responsible for
the decreased fibre dissolution rate found in éebdibre composite$?®.. However other
surface treatments have also been investigated asictinose by Liu et al. (2013) on
(P205)45-(Ca0) 6-(MgO)24-(NaO)11-(Fe03)4 (mol%)fibres which were sputter coated with
thin films of magnesium. This aimed at increasihg tomposite interfacial bonding by
improving the mechanical interlock at the fibre-rhatinterface *°®. However when
incorporated into a PCL matrix (0.2Ythe magnesium coated fibres (10mm random non-
woven) showed no statistically significant improwsrh to the initial composite

mechanical propertié&™/,

Alternatively attempts at controlling the dissotutiof (ROs)s1.04(CaO)1 47(NaO)s 51
(SiOy)2.03 (MOI%) fibres in a methacrylate-modified oligolidet matrix were studied by
Kobayashi et al. (2010) who incorporated 20 wt.2%&Oainto a hybrid composite design.
Mechanical characterisation of the composites sdathat the inclusion of CaGhad a
significant effect of the dissolution media pH vghikltering the failure behaviour of the
composites from a ductile to brittle fracture moHewever, no mechanical testing ior
vitro data was provided over the ten days of degraddtofully assess the composite

performance after CaG@ddition!?%?.
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4 Principles of the Technique Used
4.1 Structural and Thermal Properties

4.1.1 X-ray Diffraction (XRD)

X-ray diffraction (XRD) is an analytical tool used investigate a crystalline material’s

atomic or molecular structure and is based on ¢h#exing, interference and diffraction of

a monochromatic incident X-ray radiation source tiye samples internal atomic

arrangement. From this concept, the structuralacharisation of a material is achieved by
the detection of diffraction peaks (i.e. construgtinterference) at specific incident angles

following Bragg’s Law (Eqn 4.1.1) as illustratedRigure 4.1.12°0%%2]

nAd = 2dsinf
Egqn4.1.1

wheren = an integerd = wavelength of incident X-rayy = angle of incident X-rayg =

spacing between planes in the atomic lattice

X-ray source detector

s=dsind

.......................

-------------------------

Figure 4.1.1. lllustration of coherent rdy beams striking a series of hkl lattice plan
distance g apart in a crystalline material at an incident artglend the resultant optic
path difference (2s) [Reproduced from Mittemeijer (2010) FundansemialMaterial
Science: The Microstructure-Property Relationship Using Metals as Ngdetms].

From Eqn 4.1.1 it is apparent that for diffractjpeaks to occur, the optical path difference
between two scattered X-ray beams must be equal positive integer of the source
wavelength (Figure 4.1.1). Hence by scanning acrassange of @ angles, the
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identification of all possible diffraction directis in a material lattice can be obtained with
the results typically expressed as plots @fagainst intensity. From this the fundamental
properties of the crystalline state can be obtatheough the use of a materials reference
database (e.g. ICDD, International Centre for Rdfron Data) in conjunction with the
detected diffraction peaks, measured intensitielscafculated basal spacing®: 23 233

4.1.2 Fourier Transform Infrared Spectroscopy (FTIR)
Fourier transform infrared spectroscopy (FTIR) isnathod of vibrational spectroscopy
used to analyse a material’s molecular structuré¢hbyvibrational modes that occur from

the absorption of an incident infrared (IR) radiatsource.

For a molecule to absorb IR light, a periodic ctemg the dipole moment (P) of the

molecule must occur (in IR active molecules) witkealer levels of polarity producing a

more intense IR absorptio®”. However this absorption can only occur at specifi

resonant frequencies that are determined by theculalr structure, atomic masses and
structural bonding within the material sample. Rosimple covalently bonded diatomic

molecule this natural vibrational mode can be regméed by a spring model system
(Figure 4.1.2) with its natural vibrational frequgn(v,) described by Hooke’s law (Egn

4.1.2)1%9

my @\/\/\/\/\/@mz

Figure 4.1.2. Representation of a covalent bondidxn two atoms of mass;fm, as

spring model system with spring stiffness k.
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1k
Ym = on i

. My *xmy
#—(m1+m2)

Egqn 4.1.2

wherevy, = frequency of vibrationk = force constant of bond strength gnd reduced

mass of a diatomic moleculey andm, are atomic masses of atoms 1 and 2 respectively.

However when analysing polyatomic molecules ofettght atomic masses, bond strengths
and structures, a multitude of natural frequencias exist in a material sample. These
frequencies become even more complex when the olekavailable degrees of freedom
are considered which, for a moleculenchtoms, follows the 3n-6 and 3n-5 rule of thumb
for non-linear and linear molecules respectivelgr Example, a simple linear diatomic
carbon dioxide (Cg molecule ( = 3) containing 4 rotational degrees of freedongFe

4.1.3) is characterised by the vibrational freqiesioutlined in Table 4.1!33% 236 237]

Symmetric COo, In/out plane of page
O0—=0=0 = 0==0—(0=¢=0

Asymmetric In plane of page
0—0 10 AP
Stretching modes Bending modes

Figure 4.1.3. Molecular vibrations from the avaiéadegrees of freedom found in a £0
molecule when exposed across a range of mid-irdna@iation frequencies during FTIR.
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Table 4.1.1. Vibrational modes and correspondirgdencies of a COmolecule found
from FTIR analysis [Data from Smith (2011) Fundataé&nof Fourier Transform Infrared
Spectroscopy, Second Edition].

Vibration Mode Frequency (Hz) Comment
Symmetric stretching N/A IR inactive vibration
Asymmetric stretching 7.05 x 10
Bending in/out plane of page 1.99 x10 Equivalent vibrations —
Bending in plane of page 1.99 x40 same frequency

It is upon this basis that FTIR is capable of idgimg a material sample through the
absorption of mid-IR radiation corresponding to faenple’s natural molecular vibrations
due to its specific molecular structure. Theseltesare typically expressed as plots of IR
absorbance against wavenumber where the inciddrdti@s wavenumber is defined as
the inverse of the signal wavelength. This relatiop is described by Eqn 4.1.3 with a

complete FTIR scan commonly expressed over the-4008n" wavenumber rang@*
238]

Egn 4.1.3

whereW = wavenumber} = wavelength¢ = velocity of light and/ = frequency

From these plots, the characterisation of a matesiaypically conducted through the
analysis of the identified functional group (4000B0cm‘) and fingerprint regions
(=1000-400crit) of the spectrum in conjunction with the use ofeference spectrum
databas&".
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4.1.3 Raman Spectroscopy

Raman spectroscopy is an alternate form of vibmaticspectroscopy that compliments
FTIR by probing the molecular structure of a sampdéeng the polarised scattering of
monochromatic UV, visible or near infrared lasghti However compared to FTIR, the
theory of Raman scattering is more complex andbeen briefly summarised here with

further insight available from the literatUfé®.

In Section 4.1.2 it was shown that a diatomic malecwill vibrate with a natural
frequencyvy, and that in order for the molecule to absorb IRiaah a change in the
dipole moment (P) of the molecule must occur. Haevd¥aman active molecules require a
change in the polarity of the molecule to occurimyrits normal mode of vibration.
Consequently the exposure of a Raman active satoplgense laser light of frequency
(Vo) alters the polarizabilitya) of the molecule to induce an oscillating dipolement (P)
that scatters the incident light.

This scattered light will consist of strong Rayleigcattering (frequencyy) and weak
Raman scattering (frequenay+ vy) which is used in Raman spectroscopy to measere th
shift in incident frequency (Figure 4.1.4). Rama&attering can be represented by either
the Stokes \(-vm) or anti-Stokes W+vy) lines with an analysis of the Stokes shift
considered the common convention due to its highnsities'**l. These shifts are
typically represented as a change in the incideawenumber (Egn 4.1.3) with the results
plotted as a function of the signal intensity agaiRaman shift (wavenumber). From these
plots the identification and concentration of a ezolar species can be determined from its
measured intensity with each peak correspondirgdpecific Raman shift of the incident

light sourcé?*?.

Vo
— | S |
(laser) ample

voEvn(Raman scattering)

vo(Rayleigh scattering)

Figure 4.1.4. Scattering of an incident laser souwge iy a sample and the resuli
Rayleigh ) and Raman scatteringo(x Vi) during Raman spectroscopy [Reprodt
from Ferraro (2003) Introductory Raman Spectroscopy].
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4.1.4 Differential Scanning Calorimetry (DSC)

During heating a solid state material will undefase transformations as the atoms and
molecules gain energy and break down their strattoonds (e.g. solid to liquid phase
transformation). Thermal analysis (TA) techniquessequently provide a method of
accurately measuring and understanding the mulpipése transformations a material can

undergo as it gains and loses endfy:

Typically the TA of a material sample has been quenkd using differential thermal
analysis (DTA) or differential scanning calorime{fySC) equipment in order to measure
endothermic and exothermic events as a samplatediand/or cooled. In both techniques
a controlled thermal cycle is typically performediwan empty sample pan acting as an
inert reference within the equipment’s heating.dédwever DSC differentiates itself from
DTA by its ability to provide quantitative data ammaterial’s thermal properties as a result
of the data obtained** 2*°!

DTA operates via the process of simultaneouslyihga material sample and reference
pan following a pre-programmed thermal cycle uraleonstant heat inpu®y in order to
raise the temperature of the pand’) following Eqn 4.1.4. This technique is suited to
applications requiring extreme temperatures (~28908r where greater flexibility in

volume size or crucible form is needed with a ¢d<DTA set up shown in Figure 4.1.5
[244-246]

AT = —

@)

Eqn 4.1.4

wheredT = differential between initial and final materianiperatureQ) = thermal energy
required to satisfyT, C, = specific heat capacity of sample

Consequently as both pans are heated, the resuiimgerature differential AlTpra)
between the material samplegTand reference pan {Tare recorded with deviations
representative of thermal events in which energyditiner been absorbed (endothermic) or

released by the sample (exothermic). These reardtsubsequently displayed as plots of
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ATpra against Twith the general convention that endothermic pssee are shown in the

negative directioff>" 246248l

I b s J| |

7 furnace temperature sensors —

Figure 4.1.5Configuration of thermal analysis equipment a) Dual heating opka(®
and reference (R) pans in DTA and b) Independently temperatnne@ked DSC set up
sample (S) and reference (R) pans [Reproduced from Brown (200byuaotion t

Thermal Analysis: Techniques and Applications].

Similar to DTA, a typical DSC unit comprises of angple and reference pan that are
simultaneously exposed to a controlled heatingecyidowever unlike DTA, the design of
a DSC system allows the temperature of each papetindependently measured and
controlled (Figure 4.1.5). This allows the instrurnéo account for the differences in
thermal capacity (§} between the sample and reference pan to enstineab® heated at
identical ratesdT/df) by modulating the rate of energy supplied to epah. DSC thus
measures the difference in required heat flow r@€gd) needed to maintain both pans at

an identical heating rate throughout the thermalecgEqn 4.1.5§43246

dQ  CpdTl
dt — dt

Egqn 4.1.5

where t = time

Like DTA, the deviations idQ/dt between the two pans represent the occurrence of
thermal events as more or less thermal energy pplisad to the pans in order to

accommodate for the absorption or release of emdugng phase transformations and are
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plotted against T A schematic of an idealised DSC thermogram fgtagsy material is
shown in Figure 4.1.6 and shows the glass tramsifig), crystallisation onset J),
crystallisation peak (J and liquidus temperatures {l'** ***! The liquidus temperature
is defined as the temperature at which thermodyoa&auilibrium is achieved between the

solid and liquid phases in the glass and crystah&tion is unstabl&*.

=
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Figure 4.1.6. Idealised DSC thermogram curve for a glassy material keth therme

properties/events indicated [Reproduced from Jones & Clare (2012)].

4.2 Microhardness Testing

Microhardness testing is a widely used method ¢érdaning the hardness of a material
by analysing an indent profile formed when a diachordenter of specified dimensions is
depressed onto a sample surface under a knownféwad controlled duration. These
indents can be performed using a Vickers or Knomemter and are assessed optically to
measure the indent diagonals/{d) in order to determine the indent area (Vickens) o
projected area (Knoop). From this a microhardnedsevis calculated using the ratio of

applied load to the indent ar& 2°° 21
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5 Characterisation of CorGlae$ Pure 107 Composition

5.1 Outline
Material testing was conducted in order to charesethe different properties of the
CorGlae§ Pure 107 glass.

The review of the literature has shown that therattarisation of glass formulations
requires the analysis of various material propertising a diverse range of techniques
relating to the interdisciplinary aspects of bioengtls science. Previous studies have often
focused on a range of properties that have typigadluded its dissolution characteristics,
in vitro biocompatibility and bioactivity as well as itsisttural/thermal propertids™:
179,205,210, 282 Taple 5.1.1 presents an overview of the experiatéachniques commonly
employed in the characterisation of glass compwsti intended for biomedical

applications.
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Table 5.1.1. Summary of techniques typically emptbyn the characterisation of glasses

intended for bone tissue regenerative applications.

Material Property Analysis Technique/Method

Dissolution Dissolution rata’3 174 179, 18T, 87, 189, 190, 206, 210, 253]

lon release[l?S, 179, 187, 189, 190, 206, 253]

Dissolution media pH173, 179, 181, 187, 189, 190, 206, 210, 253, 254]

Thermal parameters| Differential thermal analysigAp!*’3 189 190, 206, 210, 2:250]

Differential scanning calorimetry (DSE§° 2°°

Structural Nuclear magnetic resonance (NMR" 1% 2"

characterisation X-ray diffraction (XRD)15: 173, 187, 190, 253.-258]

Energy dispersive X-ray (EDXj'% 24

X-ray photoelectron spectroscopy (XP8}: 2%
Raman spectroscopy® 8!

Fourier transform infrared spectroscopy (FTHRY 190 210 256]

Bioactivity Immersion in simulated body fluid (SBF>® #% 2> =

In vitro cell culture | Neutral red uptake (NRU3™

and biocompatibility MTT assayt?7200. 255261

Alkaline phosphate (AP) activif§t® 254 259-261]

Live/Dead staining*®® 2%

AlamarBlu€ assay'’® 210254

Density Archimedes principle®® 2% 2
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5.2 Materials and Methods

5.2.1 CorGlaes® Pure 107 Phosphate Glass Manufacturing

5.2.1.1 Bulk Monoliths

CorGlae$§ Pure 107 monoliths were prepared using a melt cjuéechnique by placing

the designated precursor materials at specific Wgigside a silica crucible. This was then
heated to 1050°C and held for 120 minutes to formomogenous melt. The molten
CorGlae$ Pure 107 glass was then cast across a steelgpidtallowed to cool before the
resulting glass monolith was broken into fragmeantd stored inside polyethylene (PE)

bags. This material preparation was performed g6 Ltd.

5.2.1.2 Annealed Disks

For characterisation of the CorGl8eBure 107 composition, @15x2mm melt quenched
disks were produced by manually pressing a small pbthe remelted CorGlaBsPure
107 cullet inside a custom profiled graphite moditie disks were then subjected to an
annealing cycle by being placed inside a 420°C gatdd oven which was then raised to
465°C at 5°C mirt and held at this temperature for 60 minutes. Sesnglere then
subsequently cooled to room temperature at 1°C'rorcomplete the annealing process.
This material preparation was performed by Giltetth

5.2.1.3 Powder Samples

CorGlae$§ Pure 107 powder samples were generated by feefass fragments into a
Hosokawa ACM10 hammer mill grinder (Hosokawa MicroK) which were
comminuted under pre-set speed and airflow condtito produce~15um particles.
Powder samples were stored without any further aimge stages inside PE bags. This

material preparation was performed by Giltech Ltd.



135

5.2.2 XRD

The CorGlae® Pure 107 phosphate glass structure was charactdris XRD on powder
samples using a D5000 X-ray diffractometer (Siem&@s Germany) and monochromatic
Cu Ko radiation (1.5418A). The analysis was performea atanning step rate of 0.02°
over & values from 5 to 85°. XRD was performed at the $tlodb Chemistry, University
of Glasgow by Mr Andrew Monaghan.

5.2.3 FTIR

FTIR spectra were recorded using a Spectrum OnéRF$pectrometer (PerkinElmer,
USA) on CorGla€e® Pure 107 powder samples. The production of KBkgitgpically used

in the preparation of FTIR samples was omitted wuthe Attenuated Total Reflectance
(ATR) accessory attached to the FTIR equipmentanSovere obtained in absorbance
mode across the 4000—400trvavenumberangeat aresolution of 8crit with 16 scans
performed per spectra and analysed using the eguipsn Spectrui software
(PerkinElmer, USA). FTIR was performed at the Centor Textile Conservation,

University of Glasgow.

5.2.4 DSC

Thermal analysis of the CorGl&eBure 107 glass was evaluated by differential sognn
calorimetry (DSC) using a STA 449 F1 Jupiter Simultaneous TGA-DSC equipment
(Netzsch, Germany) on crushed glass monolith fragsné<3mm). The DSC was
performed by heating samples to 1200°C at 10 °C™niimside an inert nitrogen
atmosphere before cooling at°8min* with air as the purge gas. Phase transformation
temperatures were then analysed by the instrumeRtsteu$ software (Netzsch,
Germany) and Eqgn 5.2.1 used to determine the glgasicessing window (PW). As
discussed in section 3.4.7.2, the PW (Figure 4.i%.@elieved to reflect a glass’s thermal
stability (i.e. its tendency towards crystallisali@nd due to its consistency in the literature
was selected over alternative models such as thbyHeriterion 1% 120 2621 pSC was
performed by Dr Fiona Sillars at the Advanced MaterResearch Laboratory (AMRL),
University of Strathclyde.
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PW =T, — Ty
Egn 5.2.1

wherePW = processing window (°CJ,c = glass crystallisation onset temperature (°C) and
Ty = glass transition temperature (°C).

5.2.5 Density

The density of the CorGlaB$ure 107 phosphate glass was determined usingnedes
principle by recording the weight of a disk samiplair (W,) and whilst suspended within
a suitable medianf) of known densityd.). Measurements were carried out in triplicate on
three glass disksn(= 3) using distilled water as the immersion medid #he sample
density calculated by Eqn 5.2/%". Data was collected using a +0.1mg, Pioneer

analytical balance (Ohaus, USA) with an attachetsitie measurement Kit.

_ (Wg * pr)
B (Wa - Ws)

Egqn 5.2.2

wherep = sample density (g ¢f, p. = immersion media density (g & w = sample

weight in air (g) anavs = sample weight suspended in media (g).

5.2.6 Flexural Strength and Elastic Modulus

Mechanical testing of the CorGl&esure 107 phosphate glass had been previously
assessed by The Welding Institute (Cambridge, UKlpWing a 4-point bend method
according to ASTM C158-02 using an Instron 5567 B{dstron, USA). Samples (=

24) were tested at a cross-head speed of 0.5 mmusing a 30kN load cell with the data
used to calculate the glass's flexural strength eladtic modulu$?®® 2% This data was
provided by Giltech Ltd.
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5.2.7 Microhardness Testing

5.2.7.1 Sample Preparation

CorGlae$ Pure 107 disks were prepared by being ground deitmWS Flex 18C silica
carbide paper (Hermes Abrasives, Germany) ovengeraf grades (P240-1200 grit) using
a Metaser¥ universal polisher (Buehler, USA) with distillecater applied as a cooling
agent. Disks were then polished using MefaBupreme diamond polishing compounds
(Buehler, USA) of decreasing particle size{4%—1 um) and finally cleaned in an Ultra
8000 ultrasonic bath (James Products Limited, UWK)tfiree minutes. To ensure adequate
surface quality prior to testing, the polished skargurfaces were visually inspected by an

Eclipse ME60O optical microscope (Nikon, Japan).

5.2.7.2 Hardness and Fracture Toughness

Microhardness testing of CorGl&e$ure 107 disks was performed using a Vickers
microhardness indenter due to the reduced semgiti’ithe Vickers technique to the initial
sample surface conditiohs' >°°) Microhardness testing on polished disks was cotedi
with a 300g indentation load using a Wilson Wolgditro-Vickers 401MVA (Buehler,
USA) at an indentation dwell time of five second$is indentation load was selected
based on previous Vickers hardness testing by Glémteal. (1999) and was performed
under atmospheric conditions at ambient temperaiitte five microhardness tests each
performed on three disk samples<( 3) *°®.. The resulting indent diagonald.Ad,) were
then measured using the optical microscopy equipragached to the testing unit and a

Vickers hardness value calculated from Eqn 5%°3

1.854 * P
=T

Egqn 5.2.3

WhereHy = Vickers hardness (HVE = indentation load (kgy = average indent diagonal

length (mm).

Vickers hardness (HV) was converted to GPa usidg@9807 conversion fact6P”.
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From the microhardness testing, the fracture toeghnof the CorGla8sPure 107
composition was also determined using the radiatlciengths (c) emanating from the

indent depressions of each Vickers microhardnests(fégure 5.2.1) using Eqn 5.2%4°
268]

Vickers
19\ indentation
ety

Figure 5.2.1lllustration of radial crack lengths (c) emanating from thek®rs indent on
material sample surface [Reproduced from Bhushan (1998) Handbook of Méinot

Tribology].

v _s(E Y21 p
e = <ﬁ> C3/2
Egn 5.2.4

where Kic = fracture toughness (MPa'ff), E = elastic modulus (GPa}4 = sample
hardness (GPap, = indentation load (mN)Y; = average indent crack length (U@ ) non-
dimensional indenter geometry constant, 0.016 8D f0r radial median cracks resulting

from Vickers indentatioff®® 25

5.2.8 Dissolution

5.2.8.1 Dissolution Rate
Dissolution studies on the CorGl&eBure 107 glass were performed on three glass disks
(n = 3) using distilled water at a 0.18 tml* surface area-to-volume ratio (SA:V) and

stored individually inside polystyrene universabés within a 37°C incubator for 1008
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hours (six weeks). Due to its frequent use in tteedture, this experimental configuration

was selected over a dynamic flow system such dsuded by Rinehart et al. (1999) or

Giltech Ltd?™,

During immersion, samples were periodically remgvdded and weighed (+0.1mg

Pioneer analytical balance - Ohaus, USA) along with measients of the dissolution
media pH (HI 221 pH Meter - Hanna Instruments, U®&8)outlined in Table 5.2.1. The

samples were then returned to fresh media untihéx¢ measurement point.

Table 5.2.1. Data collection and media replacendming 1008 hour dissolution of
CorGlae$ Pure 107 disks in distilled water at 37°C.

Immersion Period (hours) Data

Measurement Pointdidl€hange

168 [1 weekK]

0, 24, 48, 72, 96, 120, 144,Sample weight

Media pH

At each immersion period, media

replaced after each measurement.

1008 [6 weeks]

168, 336, 504, 672, 840,Sample weight

Media pH

At each immersion period, media
replaced at each measurement and
every 72 to 96 hours between

measurements.

Collected weight data was then analysed using E@h55and plotted against the

dissolution period (hours) with the addition ofimelr trendline describing the CorGl8es

Pure 107 dissolution rate in mg érhr

Weight loss per unit area =

1[145, 173, 183]

Wo — Wt
A

Egn 5.2.5

Wherew, = initial sample weight (mg)y: = sample weight at timig (mg) andA = sample

surface area (cf
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5.2.8.2 lon Release

Coordinating with the dissolution data in sectia@.8.1, the ionic concentrations of the
dissolution media were also measured from extralotained every 24 hours over the first
168 hours of glass disk immersion (Table 5.2.1sEhwere measured for the’GCaig™,
Zn** and N4 cations as well as the (2® anion corresponding to the CorGladzure 107

composition (section 1.1.1).

The C&', Mg®" and Zif* cation concentrations were assessed using an Agtnag00
Atomic Absorption Spectrometer (Perkin Elmer, US#Y22.7nm (C%), 285.2nm (M§")

and 213.9nm (Z#) wavelengths with a nitrous oxide-acetylene flamsed to compensate
for phosphate interference. Sodium {Neoncentration was determined by flame emission

using a 410 Flame Photometer (Sherwood Scientiq,

Orthophosphate anion concentration was measured asiechnicon AutoAnalyser (Seal
Analytical, UK) that is comprised of a segmenteaflsystem with an air bubble used to
isolate samples. The (R® anion was used as an indicator for the differemsphate
anions that could be released during glass dissalfe.g. (0))*, (Ps0e)*, (Ps010)>)
similar to that performed by Skelton et al. (200and Khor et al. (2011). All
daily/accumulative ionic concentrations were expeesin mg T and plotted over the first
168 hours of immersion for each ionic spe¢tés 8" 1% |on release was measured at the

School of Chemistry, University of Glasgow by Mrd¥Wiael Beglan.

5.2.9 Bioactivity
The bioactivity of the CorGla8sPure 107 phosphate glass was assessed usingemprot
free acellular, simulated body fluid (SBF) in ordereplicate thén vivo conditions at the

laboratory scal&"™.

5.2.9.1 Preparation of Simulated Body Fluid (SBF)

For bioactivity testing of the CorGla&®ure 107 composition, corrected SBF (c-SBF) was
initially prepared. Corrected SBF differentiateself by accounting for the SO ion
deficiency found in the original SBF-K9 formulatidinst developed by Kokubo et al. and
used by Hench et al. as well as multiple other @sthThe ionic constituents of these

solutions are compared with human blood plasmaalniers.2.2%% 271 272]
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Table 5.2.2 Comparison of ionic concentrations between SBF-8$BF and human
blood plasma [Reproduced from Kokubo et al. (2003)]

lon SBF-K9 (mM) c-SBF (mM) Human Blood Plasma (mM
Na’ 142.0 142.0 142.0
K* 5.0 5.0 5.0
Mg~ 1.5 1.5 1.5
ca” 2.5 25 2.5
CI 148.8 147.8 103.0
HCOs 4.2 4.2 27.0
HPO,” 1.0 1.0 1.0
SO~ 0 0.5 0.5

The c-SBF was prepared by sequentially adding eaegent (Table 5.2.3) to a
polypropylene (PP) bottle containing 750ml of distl water which was maintained at
37°C and vigorously agitated by magnetic stirriegch reagent was only added after the
previous had completely dissolved. All apparatiesdu®eakers, bottles, spatulas etc.) were
cleaned prior to c-SBF preparation by rinsing waéthdilute hydrochloric acid (HCL)
solution and then washed consecutively with desliNvater. After the addition of the final
chemical reagent, the solution pH was buffered.2® at 37°C using 1M HCI with further

distilled water added to create a final solutiotune of 1000mf?"2.
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Table 5.2.3Reagent chemicals for preparing 1 litre of corre@cenulated body fluid (c-
SBF) [Reproduced from Chavan et al. (2010)].

Stage Reagent Quantity (9)

1 NaCl 7.996
2 NaHCQ 0.350
3 KCI 0.224
4 KsHP Oy 3H,0 0.228
5 MgCh:6H,0O 0.305
6 1M HCI 40ml

7 CaCp 0.278
8 NaSOy 0.071
9 (CH,OH);CNH; 6.057

To check solution stability, 50ml of prepared c-S&Hution was placed in a cleaned PP
bottle and stored inside an incubator at 37°C f8rhéurs to ensure no spontaneous
precipitation had occurred.

5.2.9.2 ¢-SBF Immersion

The bioactivity of CorGlaésPure 107 disks was assessed in triplicate 8) by recording
the initial sample weight (+0.1mg Pionéemnalytical balance, Ohaus, USA) before
individually immersing disks within c-SBF at a G mI™ surface area-to-volume ratio
inside cleaned PP bottles. Containers were platgdea an incubator at 37°C with the c-
SBF replaced every 72 hours. Samples were extrafted24, 72, 120, 168 as well as 336
hours (two weeks) of immersion and washed in age(®MWR, USA) to halt any further
surface reactions occurring before the samples weighed again. Samples were then
stored inside a desiccator unit for further analygith any precipitate characterised
following the flow chart described in Figure 5.2vith the weight loss of the glass disks in
c-SBF calculated by Egn 5.2.5. The media pH of &f#BF was also recorded at each
immersion period using a HI 221 pH Meter (Hannarimeents, USA) with the weight

loss and media pH plotted over the 336 hours ofénsion!*8% 273



143

Bioactivity

Analysis

FTIR - Spectrum One FT-IR Spectrometer (PerkinEJre&A), 4000+

400cn?, 8cnt resolution, 16 scar

*Surface Laye
No _ Yes
Formation?
v
No Bioactivity Raman/SEM
Exhibited

Bioactive Layer

*Surface layer formation was indicated by|a

Characterised
change in the FTIR spectrum over the

immersionperiod

Figure 5.2.2. Process flowchart of CorGfa&ure 107 disk bioactivity after immersior
c-SBF for 336 hours.

If a surface layer precipitate was found by FTIRert Raman spectroscopy was to be
performed using a LabRAM HR (Horiba Jobin Yvon, kr@) with a Ventus 532 laser
(Ventus, USA) over a 1500-100&nwavenumber range. Spectra were to be collected in
triplicate (r = 3) from a 532.17nm laser line with a 10% OD obyecand 600 grating over

a 10 second accumulation period. Images of the @ae€5Pure 107 disk surfaces were
also to be captured using a Sigma VP SEM (CarlsZ&&rmany) in SE and BSE modes
using a 20kV accelerating voltage. Raman spectpsaad SEM was to be performed at
the School of Chemistry and the School of Geogagland Earth Sciences, University of

Glasgow respectively.

5.2.10 Biocompatibility
The procedures for biocompatibility testing andpaieng precursor solutions fam vitro
cell culture were conducted following the instroas and recipes at the Centre for Cell

Engineering (CCE), University of Glasgow.
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Biocompatibility of the CorGla&sPure 107 composition was assessed from a comfninati
of MTT assay and a Live/De&dCell Viability/Cytotoxicity Kit (Life TechnologiesUSA)
on disk samples following the process flow chaadveh in Figure 5.2.3.

Biocompatibility

Analysis

MTT Assay of Dissolution Media Extracts

Cytotoxic MT

No

v
Live/Dead® Cell Viability Staining Of Cells

Cultured On Samples

Yes

Response?

Cytotoxic Dissolutio

Products

Cytotoxic

Yes

Response?

Localised

o Biocompatible
Cytotoxicity

Figure 5.2.3. Process flow chart for assessingtbeompatibility of CorGlagsPure 10
disks using an MTT assay and a Live/D&adll staining kit.

5.2.10.1Cell Culture Precursor Solutions

HEPES buffered saline solution

HEPES saline solution is a zwitterionic chemicafféning agent and was prepared by
adding the reagents outlined in Table 5.2.4 to bf10&f distilled water. The pH of the
resulting solution was then adjusted to 7.5 usikgN&aOH and dispensed in 100ml vials

before being autoclaved and stored in a fridge@t 4
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Table 5.2.4. Reagents for preparing 1 litre of HER&Iine solution.

Reagent Quantity
Sodium chloride 89
Potassium chloride 0.4g
d-glucose 19
HEPES (Sigma-Aldrich, USA) 2.38¢g
0.5% phenol red 2ml

Versene solution

Versene is a chelating agent based on an ethykmatktraacetic acid (EDTA) solution
and is used in conjunction with Trypsin to allowi€¢o be dissociated from the surface of
a culture flask into a suspension. The Versenetisoluvas prepared by adding the
reagents outlined in Table 5.2.5 to 1000ml of testi water and the pH adjusted to 7.5

using 5M NaOH. The Versene solution was dispenséal 20ml vials, autoclaved and
stored in a fridge at 4°&7+ 27!

Table 5.2.5. Reagents for preparing 1 litre of ¥aessolution.

Reagent Quantity
Sodium chloride 89
Potassium chloride 0.4g
d-glucose 19
HEPES (Sigma-Aldrich, USA) 2.38¢g
Ethylenediaminetraacetic acid (EDTA) 0.29
0.5% phenol red 2ml
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Trypsin-Versene solution

Trypsin is an enzyme used to remove cells from gshdaces of culture vessels by
hydrolysing specific peptide bonds in the adherelts and is combined with Versene in
order to improve its activity. Trypsin-Versene d@uos were prepared by adding 2ml of
Trypsin (Sigma-Aldrich, USA) to 20ml of Versene @nda laminar flow hood and were

stored in a fridge at 4°C prior to u$g&" 2"

Antibiotic mix

In order to prevent the growth of contaminatingtbaa during cell culture an antibiotic
solution (AB) was prepared by mixing the reagent$limed in Table 5.2.6. The AB

solution was then aliquoted into sterile 20ml ghaisés and stored in a freezer at -20°C.

Table 5.2.6. Reagents used in preparation of 262d& an antibiotic mix solution.

Reagent Volume (ml)
L-glutamine 150
Penicillin-Streptomycin 100
Fungizon& Antimycotic (Life Technologies, USA) 125

Phosphate buffered saline

Phosphate buffered saline (PBS) was prepared frB® tblets (P4417, Sigma-Aldrich,
USA) by dissolving one tablet in 200ml of deionisedter to yield 0.01M phosphate
buffer, 0.0027M potassium chloride and 0.137M sodahloride (pH = 7.4). The resulting

media was then sterilised by autoclaving and stateanbient temperature.

Cell culture medium

As supplied Dulbecco’s Modified Eagles Medium (DMEKSigma-Aldrich, USA) was

received as a basal media containing various diesmtf amino acids, salts, vitamins and
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glucose, but lacked the essential proteins or drgwwvbomoting agents necessary for cell
culture. For this media to be considered complatgher supplements were added to
400ml of DMEM as outlined in Table 5.2.7. Suppletsewere added sequentially after
passing through a Minisart 0.2um syringe filterr{&aus Stedim Biotech, Germany) with
completed DMEM (CDMEM) divided into 25chflasks and stored in a freezer at -20°C.

Table 5.2.7. Supplements used to produce 565mloaipteted Dulbecco’s Modified
Eagles Medium (CDMEM).

Reagent Volume (ml)
DMEM 400
Medium 199 100
Foetal Bovine Serum (FBS) 50
Antibiotic Mix (AB) [From Table 5.2.6] 10
Sodium Pyruvate 5

5.2.10.2In Vitro Cell Culture and Cell Seeding

Forin vitro testing of the CorGla&sPure 107 composition, a human osteosarcoma derived
cell line, MG63, was selected to perform prelimyndrocompatibility testing due to its
widely accepted role as an accurate model of oktstid behaviour and availability’”

178 The MG63 cell lines were cultured within 75tritasks inside a 37°C humidified

atmosphere incubator with 5% @0 maintain the required culture media pH.

For sample cell seeding, the required media (Tryp&rsene, HEPES, CDMEM) was
heated to 37°C using a hot water bath and confloelfg dissociated from the culture flask
by removing the CDMEM culture media, washing twiegh HEPES saline solution then
adding 5ml of the Trypsin-Versene solution for 9%cands. The flask medium and
dissociated cells were then transferred to a usalecentrifuge tube containing 5ml of
fresh CDMEM and centrifuged at 1400 rpm for founaotes to generate a cell pellet. The
pellet was then re-suspended in 1ml of CDMEM witl $pecific cell concentration (cells

ml™) determined using a hemocytometer.
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5.2.10.3MTT Assay

The MTT assay is a quantitative methodilfvitro cytotoxicity testing based on the
cleavage of a water soluble tetrazolium salt, (S4dimethylthiazol-2-yl]-2,5-diphenyl-
tetrazolium bromide) by NADH- or NADPH-dependanthgdrogenases to generate
insoluble blue formazan crystals. These crystals subsequently solubilised by the
introduction of a suitable organic solvent with thytical density (OD) of the resulting
solution measured by spectrophotometry at a deteatiavelength between 570nm and
590nm. Since the cleavage of the tetrazolium 94IfT) can only occur in respiring
mitochondria, the optical density (i.e. absorbancé) the formazan solution can
consequently be used as a means of accuratelyagwawiable cells. Advantages of this
technique include its ease, reproducibility andoregd correlation betweean vitro andin

vivo resultg?76-279

MTT assay protocol

The in vitro cytotoxicity of the CorGlaésPure 107 disk degradation by-products was
evaluated following the MTT assay protocol outlir®dBS EN 10993-5:2009. Glass disks
were initially sterilised by immersing in a 70 voBthanol-water solution for one hour and
sequentially rinsed three times in the ethanol temlubefore being washed twice with
HEPES saline solution. Samples were then placeirwég 12 well cell culture plate and
allowed to degrade in CDMEM at a 1.25%Tml™ surface area-to-volume ratio inside a 5%
CO,, 37°C incubator for 24 and 96 hours. Disks wergra@ed in triplicater(= 3) for each
immersion period with the extracted dissolution raatiluted with CDMEM to 100, 50, 1,
and 0.1 vol%. Positive and negative control medesenwprepared from CDMEM and a 1
vol% Triton-X100 (Sigma-Aldrich, USA)/CDMEM solutiorespectively??.

For the MTT assay, MG63 cells were cultured in 100gr well of CDMEM at a cell
concentration of 1xT0cells mI* within a 96 well plate for 24 hours following aap
layout in accordance with BS EN 10993-5:2009 tolwata each extract concentration in
triplicate f = 3). After 24 hours, the culture media was aspdaind replaced with the
diluted extracts from the CorGldedure 107 disks alongside the control media and
incubated for 24 hours before performing the MT$agsfollowing the steps described in
Table 5.2.8%%,
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Table 5.2.8. MTT assay of CorGl&eBure 107 disks dissolution extracts.

Step Activity

Under a laminar flow hood, a 5mg Mthiazolyl blue tetrazolium bromide
1 (Sigma-Aldrich, USA) solution was prepared usingrig¢ PBS to a total

volume that ensured 100ul could be distributecaithesample well.

The cell culture media was removed and each samplewas rinsed with

2
100ul of sterile PBS.

3 100ul of the thiazolyl blue tetrazolium bromide igan was added to each
sample well before the plate was wrapped in fail BExcubated for 60 minutes.
After incubation, the solution was removed and 108fjudimethlysulfoxide

4 (DMSO) (Sigma-Aldrich, USA) was added to each wEhe culture plate was

then transferred to a FLUOstar OPTIMA spectroph@in plate reade
(BMG LabTech, Germany) operating at a detectionedength of 570nm.

=

From the spectrophotometric results, the cell Viigbof each well corresponding to a
specific CorGla€® Pure 107 media extract concentration or contrad agsessed by Eqn
5.2.6. The MTT data was then statistically analybgdtwo-way analysis of variance
(ANOVA) using MS Excel (Microsoft, USA).

0D570e

Percentage Cell Viability = 100 *
Ds70p

Egn 5.2.6

whereODs70e = mean optical density measured for each disswolwgktract (or control) and

ODs70p= mean optical density value of the positive colmnedia.
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5.2.10.4Live/Dead"® Staining
The Live/Deadl Cell Viability/Cytotoxicity Kit (Life TechnologiesUSA) is a dye-based
membrane integrity system of determining cell Vigbfrom the interactions of membrane

permeable and membrane impermeable dyes withadtlsred on a sample surface.

From the membrane impermeable ethidium homodim@tthD-1), dead cells can be
determined from the dyes capacity to bind spedificaith the nucleic acids of cells that
no longer have intact membranes. The identificatibthese cells is then achieved by the
red fluoresce of EthD-1 when viewed microscopicadly excitation and emission
wavelengths of 528-536nm and 617nm respectivelywvErsely viable cells are evaluated
through the membrane permeable calcein-AM whiclnugntering the plasma membrane,
is cleaved by intracellular esterase to fluoreseeig under optical microscopy. Given that
only cells with a functioning esterase enzyme aée @0 cleave calcein-AM it is
preferentially selective to only fluoresce with bfi@ (i.e. living) cells. The combination of
calcein-AM with EthD-1 then serves as a simple métbf simultaneously distinguishing

between living and dead cells based on the obséiwveascent differentiatiolf® 281284

Live/Dead® sample preparation

The Live/Deall staining kit was employed to assess the viabiitycells cultured on
CorGlae$ Pure 107 disks over 24, 96 and 168 hours of irtiaa Prior to cell culture
the CorGlae® Pure 107 disk samples were prepared by being lyugziound down and
polished following the method described in secbdh7.1.

Live/Dead® staining protocol

For cell culture, polished disks were steriliseditoynersing in a 70 vol% ethanol-water
solution within a sterile laminar flow hood for gixminutes. Samples were then rinsed a
further three times with the 70 vol% ethanol-watelution and washed twice with HEPES
saline solution. Sterile samples were then seed@d24-well plate at a cell concentration
of 1x10' cells mi* at a surface area-to-volume ratio of 2.24 enii* (SA:V) and incubated
within a 5% CQ, 37°C incubator unit. Samples were cultured iplitate g = 3) for 24,

96 and 168 hours with @13x0.2mm Thermahawverslips (Thermo Fisher Scientitic
USA) employed as a positive control. During incutrat the cell culture media was
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replaced after 96 hours and at each culture pegsiodve/Dead viability stain was

performed following the steps outlined in Table.S.2

Table 5.2.9. Steps describing the Live/D®athin of MG63 cells cultured on the surface
of CorGlae$ Pure 107 disks.

Step

Activity

1

Under sterile conditions a Live/Déastain was prepared by creating an Ett
1, calcein-AM and CDMEM solution at a 1:1:1000 volk ratio respectivel

to a total volume that ensured 2ml could be disted into each sample well.

(%)

K

2 Under a laminar flow hood, the existing CDMEM time culture plate wa|
removed before introducing the Live/D&astain to each well and returnir
the culture plate to the incubator.

3 Culture plates were then removed after thirtyutes and the staining med

extracted before samples were inverted onto glagsrslips and transferred

a Axiovert 200M microscope (Carl Zeiss, Germany)ifisage capturing.

a

to

The expected pH of the CDMEM at each culture penddhe Live/Deall stain was

recorded by immersing separate CorGladaure 107 disks over the corresponding

incubation period in acellular CDMEM at a 2.24%ml™* SA:V ratio. The samples were
stored in a 5% C@incubator at 37°C with the pH recorded using a2B1 pH Meter

(Hanna Instruments, USA) at 24, 96 and 168 holimmmersion. This was compared with

a blank, sample free CDMEM control that was staneder identical conditions.
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5.3 Results

5.3.1 XRD
The XRD trace of the CorGlaé$ure 107 composition (Figure 5.3.1) displays arcle
absence of any defined crystallisation peaks oker® = 5-85° range with a broad

spectrum halo peak centred &t~223°.

XRD Analysis of CorGlaes Pure 107 Powder
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Figure 5.3.1 XRD trace of CorGldeBure 107 composition of phosphate glass over’5-85
20 with no crystallisation peaks and a broad haldreenat 2 ~ 23°.

5.3.2 FTIR

FTIR traces of the CorGlaé$Pure 107 glass over the complete mid-infrared tspec
(4000-400crit) and 1400-400cth region is shown in Figure 5.3.2. The position loése
peaks was reflective of the CorGl8eBure 107 glass composition and based on the
literature was assigned to the vibration of phosplstructural groups as listed in Table
5.3.1. The peaks at 3466¢rand 1664cii were associated with the presence of moisture

and thus not included in Table 5.3.1.
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a FTIR of CorGlae8 Pure 107 Phosphate Glass Over 4000-400cm
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Figure 5.3.2. FTIR vibrational spectra of the CorGlaBsare 107 phosphate glass oagr
The complete mid-IR range (4000-400tnand b) The 1400-400¢hwavenumber ran
showing absorption peaks and shoulders corresponding to the glass’s estuiittuthe
wavenumber of identified spectral features labelled.
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Table 5.3.1. Assignments of spectral features ifledtfrom the CorGlaésPure 107 FTIR
spectrum over the 1400-400¢mwavenumber range to the corresponding phosphate

structural features.

Feature Wavenumber Assignment

P=0 |v.J associated with &etrahedra superposed

Peak 1268ch _ _
with Q? (PO [Vad [190, 191, 285, 286]

Peak/Shouldef  1080cnt™ | Q@ (POy) symmetric stretchingvf] % 2%

(P-O-P) asymmetric stretching,f

Peak 1014cth (small metaphosphate rings)* 28!
-0O- i H ; [159, 190, 11,
Peak 908crh g;(z)s 6I]:>) asymmetric stretching,f (chains)
Peak 770/737cth | (P-O-P) symmetric stretching] (rings) %% 190 286 28
. Bending vibrations of bridging phosphorai(©-P-O)
Peak 448cil and/ors(P=0) %"
5.3.3 DSC

The thermogram obtained from <3mm fragments of GoeGlae§ Pure 107 phosphate
glass is shown in Figure 5.3.3. This trace dispkaygtear endothermic glass transitiog)(T
however further exothermic (i.e. crystallisatiorakeor endothermic (i.e. liquidus) events
are obscured and are not obvious in the thermodragond ~860°C. The level of
obscurity in the thermogram (i.e. the radical deerain the baseline) was greater than any
found in the literature and prevented the iderdtfin of the crystallisation peak jTas

well as the liquidus temperatureq)T

This was believed to have arisen from influencethéotesting equipment during the DSC
thermal cycle and relates to nearby constructiorkwioat commenced mid-way through
the DSC run. The resulting intense vibrations tgrmut the laboratory and testing
equipment was then believed to have accountechfoclear §, but substantial deviation
in the baseline after860°C. Given the limited availability of the DSCusgment and
relevance of the fibres to composite developméetthermal characterisation of this glass
composition was repeated at a later date using l@essPure 107 fibres.
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DSC Thermal Trace of CorGléeRure 107 Composition

0.20 l
. 015
? 0.10 ."‘/
< 0.05 //~
E o000 1
B .0.05
c I
2 .0.10 E— ———
n _ \ / \ ]
R -0.20 V

-0.25

0 200 400 600 800 1000 1200
Temperature (°C)

Figure 5.3.3. DSC trace of the CorGl3eBure 107 phosphate glass over the pre-
programmed heating cycle with deviations in theebas indicative of endo-anc

exothermic events.

Magnified sections of the DSC thermogram (Figu4band Figure 5.3.5) found the glass
transition () and crystallisation onset {J temperatures to be 436°C and 784°C
respectively by the intersection of tangents overdaross the endo- or exothermic events.
From Eqn 5.2.1 the CorGlde®ure 107 processing window (PW) was determineldeto
348°C.

CorGlae$8 Pure 107 Glass Transistion Temperature
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Figure 5.3.4. Magnified section of CorGl8eBure 107 DSC thermogram (Figure 5)3.3

showing the glass transition temperature at 4366@ the intersection of tangents.
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CorGlae$8 Pure 107 Crystallisation Onset Temperature
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Figure 5.3.5 Magnified DSC thermogram of CorGfa@sire 107 (Figure 5.3.3howing

the crystallisation onset temperature from therggetion of tangents.

5.3.4 Density
The density of the CorGlaBsPure 107 glass was determined to be 2.65 § using

Archimedes principle.

5.3.5 Flexural Strength and Elastic Modulus

The flexural strength and elastic modulus of theGae$ Pure 107 glass was determined
to be 64.29 + 27.11 MPa and 33.62 + 2.00 GPa réspbcfrom the independent testing
conducted by The Welding Institute (TWI) (Cambrigdgk).

5.3.6 Hardness and Fracture Toughness

The hardness and fracture toughness of the CorRuee 107 glass using a 300g (2.94N)
indentation load (Figure 5.3.6) were determined e 3.98 + 0.17 GPa and
0.48 + 0.05 MPa ¥ respectively.
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Figure 5.3.6. Optical image of CorGl&ePure 107 disk surface after Vickers m
indentation with a 300g load showing an indent diagongl &md crack length (¢
emanating from indent site [scale bar = 50um].
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5.3.7 Dissolution

5.3.7.1 Dissolution Rate
The weight loss per unit area and media pH overl@@8 hour (six week) dissolution of
CorGlae$§ Pure 107 disks is shown in Figure 5.3.7. From werlaid linear trendline

passing through the origin the CorGfadzure 107 dissolution rate was determined to be
0.004 mg cnif hr.

a Weight Loss Per Unit Area vs Immersion Period
5
& —— CorGlaes® Pure 107 Glass Disk
o 4+ Weight Loss Per Unit Area — —%
g ----- Linear (CorGlaes® Pure 107 Glgss
~ 3 Disk Weight Loss Per Unit Area) I
S /‘T/
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2 2 I
2 &
= ! -
0 T T T T T 1
0 168 336 504 672 840 100¢
Immersion Period (hours)

b Media pH vs Immersion Period

pH
O P N W b 01 O N 00 ©

0 168 336 504 672 840 100¢
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Figure 5.3.7. a) Weight loss during dissolution of CorGldaisre 107 disks immersed
distilled water at 37°C with the overlaid trendline plotted throughotiggn indicative o
the glass's dissolution rate and b) Extract pH of CorGldasre 107 disk dissoluti

media showing the formation of an acidic pH after 72 hours (standard dewatior84).
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5.3.7.2 lon Release
The daily and accumulative ionic concentrationsGaf*, Na’, Mg**and Zif* cations
corresponding to the modifier oxides of the Cor@taeure 107 composition as well as the

PO, anion over the initial 168 hours of glass disksdlation are shown in Figure 5.3.8.

a Daily lonic Concentration vs Immersion Period
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Figure 5.3.8 a) Daily ionic concentrations and lcg@mulative iofic concentrations in tl
immersion media over the first 168 hours of Cor@laPure 107 diskdissolution it
distilled water at 37°C.
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5.3.8 Bioactivity

The FTIR spectra of the CorGl&eBure 107 glass across the 1400-408emavenumber
range after the immersion of disk samples in c-@BB7°C for up to 336 hours is shown
in Figure 5.3.9. The corresponding weight loss ravedlia pH of the c-SBF over this period
IS shown in Figure 5.3.10. Due to the absence cuidace layer formation, Raman

spectroscopy and SEM imaging were not performed.

Bioactivity of CorGlae® Pure 107 Disks
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Figure 5.3.9. FTIR of CorGla84ure 107 disk surfaces after inmersion BRF at 37°(
for 24, 72, 120, 168 and 336 hours.
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Q

Weight Loss Per Unit Area vs Immersion Period in c-SBF
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Figure 5.3.10. a) Weight loss during the immersion of Cor&l&ese 107 disks in 8BF
at 0.1 cmi mI™ and b) Extract pH of c-SBF media during bioactivity analysisaf3ae$
Pure 107 disks (standard deviatioa 0.01).
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5.3.9 Biocompatibility

5.3.9.1 MTT Assay

The viability of MG63 cells cultured for 24 houns & range of CorGla8sPure 107 disk
CDMEM extract concentrations collected after 24 &bddhours of sample dissolution is
compared with positive as well as negative contretlia in Figure 5.3.11. The statistical
analysis (ANOVA) of the results found no signifitadifference (p > 0.05) between the
immersion period or extract concentrations withbsitive controls.

Degradation Extract Concentration vs MTT Assay Cell Viability
140%

m 24 Hour
m 96 Hour

120%

100% -

80% -

60% -

Cell Viability (%)

40% -

20% -

0% -

0 vol% [Pos. 0.1 vol% 10 vol% 50 vol% 100 vol% 1 vol% Triton-
Control] X100 [Neg.

Media Extract Concentration (vol%) Control]

Figure 5.3.11. Viability of MG63 cells cultured in CorGl8dzure 107 disk extract me:
over 24 and 96 hours of dissoluti@md evaluated by MTT assay after 24 hour
incubation at 0.1, 10, 50, 100 vol% extract concentrations.
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5.3.9.2 Live/Dead® Staining
Live/Dead staining of MG63 cells seeded on Thermahoaverslips and CorGlaB$ure
107 disks after 24, 96 and 168 hours of cultureshsewn in Figure 5.3.12 with the

corresponding media pH shown in Figure 5.3.13.

24 Hour 96 Hour 168 Hour

CorGlae® Pure 107 CorGlae® Pure 107 Thermano®

CorGlae® Pure 107

Figure 5.3.12. Live/Deddcell viability staining of Therman&xcoverslip controls (&)
and CorGlag®Pure 107 disks (§-showing reduced MG63 cell viability when culturec
CorGlae$ Pure 107 disks with increasing incubation period compared to the cell sp

observed on the positive controls (Thermahdall scale bars = 10pm].
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Live/Dead® CDMEM pH vs Immersion Period
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Figure 5.3.13. Comparison of CDMEM pH over the espondingncubation period fc
Live/Dead® cell cytotoxicity testing of CorGla&sPure 107 disks compared to a bl
CDMEM control (standard deviations + 0.01) - the media change at 96 hc
corresponding to the cell culture protocol is atsduded.
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5.4 Discussion

Analysis of the CorGla&sPure 107 powder by XRD confirmed the amorphouscaire

of the glass due to the lack of any clear crysafion peaks and was characteristic of the
long range structural disorder found in glassy miate (section 3.4.3). The presence of a
broad peak was in line with the literature andatsation centred at2~ 23° was believed

to correspond with the dominant crystalline phabkat tcould be formed from the
CorGlae$ Pure 107 composition (Figure 5.44%". The position and shift in the location
of an amorphous halo in an XRD trace is also camei as an indication of the degree of

compactness in a glass’s netw8rk.

Cristobalite Silica glass
e = (amorphous)
= >
@) O
O @)
20 20

Figure 5.4.1lllustration comparing the XRD results between a crystaking amorphot
material of the same composition highlighting the correspondenahasp and bros

peaks between both results [Modified from Suryanarayana & Norton (1998)].

The FTIR spectrum shown in Figure 5.3.2 was reflecof the CorGlaés Pure 107
composition but was believed to be a convolutionvafious overlapping Gaussian
components that prevented the complete identiioatf all the phosphate structural
groups. This band overlapping was likely due to ghess’s structural disorder from the
presence of long P-O-P chains and rings in tRestuctural units that would permit
additional vibrational modes and account for theegally broad nature of the absorption
peaks (Moustafa & El-Egili, 1998). Furthermore #ssignment of wavenumber peaks to
specific phosphate groups (i.e® @7, Q' Q units) is open to interpretation given the
relative shifts in absorbance peaks produced betwdterent glass compositions. This is
due to changes in the structural features and Istrathgths within the glass’s network
from the effects of its modifier oxides (sectiord.3). Consequently, the phosphate
structural groups are typically categorised overaage of wavenumbers (Moustafa &
Eglili, 1998)28]
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From the results shown in Figure 5.3.2, the assignmf the absorption peaks té &d

Q? phosphate groups (Table 5.3.1) based on the blaliterature appeared to confirm the
ultraphosphate composition of the CorGfafsire 107 glass. These assignments were also
found to be in agreement with the generalised mrdgscribed by Moustafa & Egili
(1998) due to the vibration of’@-O-P chain and ring type structures at 737cAr0cn,
908cm’ and 1014cm. However the assignment of bands at 10T4ésrchallenged by its
association with ®P-O |v.J as reported by Lucacel et al. (2012) and thupiteesgreeing
with the consensus of data, some uncertainty resnaithe current assignments. Further
identification of the structural phosphate groupsthin the CorGla€® Pure 107
composition could be achieved through deconvolutibthe FTIR spectrum to resolve the
broad peaks as demonstrated in Figure 5/4%82 288

a b CorGlae$ Pure 107
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Figure 5.4.2. FTIR spectra showing a) Thecahvolution of a phosphate glass F
spectrum over the 1200-800¢nrange and b) An equivalent FTIR spectrum toé
CorGlae$§ Pure 107 composition illustrating the potential &milar band overlappir
[Reproduced from Lucacel et al. (2009)].

The very broad but low intensity absorption peaésted at3466cm* and~1666cn*
(Figure 5.3.2) were assigned to the absorptiontimogpheric moisture across the glass
surface as previously reported by Moustafa & Hdi#98), Lucacel et al. (2009) and Kiani
et al. (2012}*°°: 288. 289]

From the DSC thermogram (Figure 5.3.3), the Cor€Sldeure 107 composition was
revealed to possess a larger processing window (Edifjpared to Biogla8s45S5 or
alternate PGs intended for biomedical applicatifrable 5.4.1) due to its significantly

higher Toe. This parameter is closely related to the visgosit the glass melt and was
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considered to be a result of several contributamdrs related to the CorGl&eBure 107
composition that included its structural arrangenaenwell as the selection and number of
the modifier oxides (MOs).

Table 5.4.1. Comparison of the thermal properties thermal processing windows (PWSs)
of different metaphosphate, polyphosphate and pwgphate glasses intended for
biomedical applications.

Thermal events (°C)
Material/Composition (mol%) aq Toc PW
CorGlae§ Pure 107 436 784 348
(P205)50-(CaO}3.75(MgO)11 25(TiO)s 7 522 742 220
Bioglas$ 4555"% 538 667 129
(P,05)50-(CaO)s-(TiOo)s 94 518 645 127
(P205)s0-(CaO)e-(MgO)4-(B203)10 > 552 669 117
(P,05)45-(Ca0) 6-(NapO)s-(MgO)o4-(B203) 102 500 615 115
(P205)30-(CaO)o-(TiO2) 10" 645 755 110
(P,05)50-(CaO) 6-(NaO)10-(MgO)z4 452 538 86
(P,05)45-(CaO) 6-(NaO)15-(MgO)z4 > 440 512 72

Phosphate content {Bs mol%) was previously reported by Ahmed et al. @0© alter a
glass’s thermal properties due to its effect ondtracture and corresponding degree of
disruption throughout the phosphate network. Aceowmlg ultraphosphate glasses are
considered by Jones & Clare (2012) to possess ategrelegree of thermal stability
compared to meta- and polyphosphate compositiodsarnelates with the data shown in
Table 5.4.1. This is due to the structure of uliegphate glasses consisting of a 3D
phosphate network with the combined ghosphate chains and ring type structures further
impeding the glass’s reorganisation into an arrdngeystalline state by becoming
entangled and increasing the melt viscodif§. The quinternary composition of the
CorGlae§ Pure 107 glass would also have likely supressesl dhset of glass
crystallisation by increasing the entropy of mixiagd the subsequent energy barrier

required for atomic rearrangement to form critisiaed nuclef!©®: 192 20%!
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The inclusion of network modifier cations into tBerGlae$ Pure 107 composition with
sufficiently large charge-to-size ratios was alsdidved to have influenced the glass’s
thermal stability. This is due to the expected rggr@nic cross-linking in the phosphate
network of the CorGla&sPure 107 structure from the inclusion of Mgzn** and C&"
cations and their respective charge-to-size raf®9232, 0.0227 and 0.0175). The
CorGlae$ Pure 107 network structure would then be more tlapaf suppressing the
onset of crystallisation and would be in line wghevious results (Ahmed et al., 2004;
Khor et al., 2011; Jones & Clare, 2012; Morikawalet2013). However, previous studies
have also shown how increased network stabiligssociated with a highery Que to the
increased energy required to break the structurahd® which contradicts the
comparatively low § found in the CorGla&sPure 107 results (Table 5.4.1). Yet this could
be accounted for by the general decreasg, fiolnd in ultraphosphate glasses compared to

metaphosphate compositions as reported by Ahmaid @004)0% 173 187.192]

Based on previous metaphosphate glass composgtoged by Morikawa (2013), the
large CorGlaesPure 107 PW could also be attributed to a mixdibcaffect between the
Mg?* and C&" ions (Figure 5.4.3). This is believed to be relate the difference in
polarity of the glass’s chemical bonds as a resftlthe higher electronegativity of
magnesium compared to calcium. If following thisspbmenon, glasses would possegs T
and T, values that followed non-linear trends and dedidtem the expected behaviour

commonly reported for phosphate glass composifidfls
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Figure 5.4.3. Variation in thermal properties,(Toc, PW) with the increasing substitut
of a) Mg for Ca [Reproduced from Morikawa et al. (2013)] or b)f&rCa [Reproduce
Jones & Clare (2012)] into phosphate glass compositions showing addiesence

between non-linear (i.e. mixed cation effects) and linear PW relationgisipsatively.
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This mixed cation effect has previously seen sigaift increases in a glass’s
crystallisation temperature and subsequently lanmgpeovements in its processing window.
It is however unclear what role ZnO may have playeany mixed cation effects given the
lack of comparative data and the large effects $hall compositional changes can make
to a glass’s crystallisation behaviour. Furthermibgotentially acting as an intermediate
oxide, the MgO may have induced further thermabitg to CorGlaeS Pure 107 by
entering the phosphate network backbone. Such mmivavas been observed previously in
highly disrupted bioactive glasses where the*Mgpation has shifted from a network
modifier to a network former after exceeding a atled “critical concentration” (Jones &
Clare, 2012). This was reported to have producedsgls with significantly wider PW
values at compositions incorporating >20 mol% Mge. However given that this
threshold was deemed to be dependent upon theésgtasaposition and was conducted
using a silicate based glass, it is unclear how thould translate to phosphate based

g|asseé109, 114, 187, 192, 205, 290]

The density of CorGla&sPure 107 glass was reflective of the accumulateahia weights
from the glass’s components and atomic packingsimetwork which was related to its
modifier cations and network structure. A comparisi the calculated density for the

CorGlae$§ Pure 107 glass showed it to be in line with othiemedical glasses (Figure
5.4 4)[109, 184, 187, 195, 291, 292]
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Figure 5.4.4. Comparison of CorGl&eBure 107 phosphate glass density with Bio§lass
45S5 and alternate ultra-, metand polyphosphate glass compositions intende
biomedical applications [Data from Abou Neel et al., 2008; Devi.eRal0; Khor et aJ.
2011; Jones & Clare, 2012; Lee et al., 2013; Sharmin et al., 2014].

From the mechanical testing results, the CorGldase 107 glass was found to display a
higher flexural strength and a similar elastic madiwcompared to Biogla8s15S5 (Figure
5.4.5). The elastic modulus of CorGl&d3ure 107 glass also appeared to be significantly
higher than some alternative metaphosphate glasgpasitions and within the range

generally stated for bong" % 29329l

It is generally accepted that PGs possess a lowehamical strength and elastic modulus
compared to silicate glasses and that accordirRptoxel (2007), the elastic moduli of an

oxide glass is primarily governed by its atomic td@trengths and atomic packing density
(Cy). The atomic packing density is defined by Rou@807) as the ratio between the
minimum theoretical volume occupied by the ions #mel effective volume of the glass.

This property can be used alongside the dissooian@rgies of the glass’'s modifier oxides
to calculate the total bonding energyjuusing the method proposed by Makisma-
Mackenzie. From this, the total bond energy) tas been found to typically show a linear
relation to the elastic modulus of a glass (E s,RWith weak bonding, an expanded

network and a high number of non-bridging oxygeyeserally producing glasses with a

relatively low elastic modulus. Consequently duethe flexibility in available glass
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compositions, a range of elastic moduli from 1200 GPa have been reported for oxide
glasses. Furthermore given the relation betweenarktbond strength and elastic moduli,
authors such as Shelby (2005) have highlightedgdmeral trend of increasing elastic

modulus with increasinggF*>" 2%6-2%
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Figure 5.4.5. Comparison between the flexural strength and elastic usodiithe
CorGlae$ Pure 107 glass with BioGld545S5, cortical bone, hydroxyapatite along
alternate PGompositions intended for biomedical applications [Data from Thomp:t
Hench, 1998; Kokubo et al., 2003; Abou Neel et al., 2009; Ratner et al., 2012].

Accordingly, the comparatively high elastic modula$ the CorGla€s Pure 107
composition (Figure 5.4.5) is associated with a loimiation of factors that include its
selection of modifier cations as well as its quinéey composition. This can be attributed
to the anticipated high total network bonding epdltdy,) generated in the CorGldeRure
107 glass network from the high charge-to-sizeoristi? " and ZA* cations. This is further
complimented by the variation in ionic radii betwethe calcium (114 pm), magnesium
(86 pm) as well as zinc (88 pm) modifier cationattlaccording to Rouxel (2007), would
allow these ions to fill the interstitial sites hith the glass network more effectively and
increase the glass’'sqCThis atomic packing density in the CorGfadBure 107 glass

structure is reflected by the density data showrFigure 5.4.4%7 2% gych features
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would also appear to coincide with comments by Retidl. (2005) who discussed how the
appropriate choice of modifier cations and degrepabymerisation in the network can
produce phosphate glasses with elastic moduli dosar exceeding those displayed by
silicate based glasses. Furthermore Rouxel (20650 eonsiders factors such as the
coordination and molecular organisation (i.e. chand ring structures) to have an impact
on the elastic modulus of a glass. Such influemeag help explain the minimal change in
the elastic moduli reported between the two contpar®G compositions shown in Figure
5.4.5 despite the expected increase jp ahd number of modifier oxides through the
substitution of NgO with TiO,. However any further interpretation of these resug
limited by the lack of available data on the Cok&taPure 107 composition as well as that

of alternate biomedical PGs regarding their bulist modulf*t4 157: 296, 297, 299-301]

The theoretical strengths of glasses are typiaaitiers of magnitude greater than those
found experimentally due to the presence of surfiaees across the sample that can act as
stress concentrators. During mechanical loadirghtbhly localised stresses at these flaws
are then able to exceed the theoretical strengitheofglass to cause spontaneous crack
growth and sample fracture as described by Grif(Bimelby, 2005). As a result, the
inherent strength of a glass is typically considete be irrelevant with regards to its
practical value due to its reliance on the sampldase quality. Consequently the
differences in flexural strengths and large stahddeviations between the glass
compositions shown in Figure 5.4.5 may be repregieetof the different levels of surface

quality 157 2%%1

Micro indentation techniques found the hardnesthefCorGlae® Pure 107 glass to be in
line with the accepted range for PGg5 GPa) and below that of Biogl&s45S5 with a

comparison between alternate biomedical glass csitipas shown in Figure 5.4.6. The
calculated fracture toughness was also found twib@n the typical values reported by

Ashizuka (1982) for metaphosphate glass composit{er3-0.53 MPa fff) [109 117. 172, 294
302-306]
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Glass Composition vs Hardness

CorGlaes® Pure 107

*(P205)40-(Ca0)30-(Na20)25-(Sr0)5 (mol%
*(P205)40-(Ca0)30-(Na20)20-(SrO)5
(MgO)5 (mol%)

*(P205)40-(Ca0)30-(Na20)20-(Sr0)5
(TiO2)5 (Mol%)

Bioglass® 45S5

Hardness (GPa)

*Measured using a Berkovich tip indent (three sidieshond pyramid) at 400mN

Figure 5.4.6. Comparison of CorGl&e®ure 107 glass hardness with different PG
compositions and Biogla$s45S5 [Data from Jones & Clare (2012) and Weisslet a
(2014)].

During Vicker’'s hardness testing, it is generalcepted that a glass will experience
deformations and consequently indentation througbrabination of compressive as well
as shear stresses. These deformations are compbséaktic deformation (compression
related), plastic flow (shear related) as well a&msification (compression and shear
related) phases when mechanically indented. Additlp the ratio of each deformation
type is reported by Salama & El Batal (1994) talbpendent upon the glass’s composition
due to the corresponding glass structure. Yet dulke complex processes governing glass
hardness, the underlying mechanisms are also aesidy Salama & El Batal (1994) to

be poorly understood®”: 38!

The hardness of a phosphate glass is however bdlievbe highly influenced by the ionic
radii and the polarizability of the modifier catoiiSalama & Batal, 1994; Weiss et al.,
2014). Similar to the elastic modulus of an oxidiesg, generally higher hardness values
can be found in compositions with small ionic raatiihigh field strength cations due to the
increased network compactiongfGind bond strengths in the network that incredses

resistance to deformation (Shelby, 2085j 172 307]

Based on the limited comparative data, Figure Ssh@vs the hardness of the CorGfaes
Pure 107 glass to be lower than the alternate pladsmlass compositions. This could be

accounted for by the presence of ghosphate units in the comparison polyphosphate
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glasses (40 mol%:Pxs) that could increase the atomic packing density (§ acting as
phosphate dimers (Ahmed et al. 2004). The inclusibMgO or TiG and the increased
hardness would also appear to agree with the oakltips governing glass hardness as
described by Shelby (2005) due to the expectecase in g from their inclusion. The
reduced hardness of the CorGfaure 107 glass would subsequently make samples mor
liable to surface damage which may explain the cedulexural strength seen in Figure
5.4.5 due to the greater severity of the flawdaw fpopulation. However it should also be
noted that a direct comparison between these cdtippssand the CorGla8sPure 107
glass is compromised by the differences in indértatechnique, loading rate, indentation
load and thermal history of the samples (i.e. almga Accordingly further dedicated
work towards the compositional as well as thermfllences would be required to fully

interpret the CorGla&sPure 107 Vickers hardness dgta 4% 172 190. 196, 307, 309]

Although glassy materials possess no crystallineciire, crack propagation is considered
to behave similarly to that of a single crystal asda result glasses generally display lower
fracture toughness compared to polycrystalline nedge This is due to their homogeneity
and lack of microstructure that permits cracksaodl freely without being retarded by the
grain boundarie§®® 3% The fracture toughness of glassy materials isidened by Inaba

et al. (1999) to be directly related to its elastiodulus which, as discussed earlier, is
dependent upon its Jand G. Consequently a general trend of increasing fractu
toughness with increasing elastic moduli has beewigusly observed by Weiss et al.
(2014) and was attributed to the more rigid glassvork obtained by the inclusion of

Mg?" or Ti*" modifier cations (Figure 5.4.%y? 29"}
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Figure 5.4.7Increase in hardness, fracture toughness and elastic modulusisathgior
of MgO or TiO,. Note: the elastic moduli reported here were determined froimattomes
data and was excluded from the previous analysis that used threeuangoint ben
techniques (Figure 5.4.5) [Reproduced from Weiss et al. (2014)].
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A comparison between the fracture toughness oCiiSlae$ Pure 107 glass and those
reported for Bioglass45S5 along with the biomedical PG compositionsgtigated by
Weiss et al. (2014) is shown in Figure 5.4.8.

Glass Composition vs Fracture Toughness

(P205)40-(Ca0)30-(Na20)25-(SrO)5 (mol?
(P205)40-(Ca0)30-(Na20)20-(SrO)5-(MgO)
(mol%)

(P205)40-(Ca0)30-(Na20)20-(SrO)5-(TiO2)
(mol%)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Fracture Toughness (MPa/8

Figure 5.4.8. Comparison of CorGl&eBure 107 fracture toughness with BiogfadsSt
and alternate phosphate glass compositions [Data Jomas & Clare (2012) and Weis:
al. 2014].

However glass compositions which fail to adherthese trends discussed by Inaba (1999)
and Weiss et al. (2014) have also been reported Ashizuka (1982) documenting
abnormal variations in the fracture toughness abpteosphate glasses containing MgO or
ZnO. Furthermore Rao et al. (2014) believes thatontrast to Inaba et al. (1999),
Kurkjian (2000) and Weiss et al. (2014), a moradrigtructure reduces the fracture
toughness of a glass due to its restrictions orddgee of plastic flow occurring during
indentation. Given that Salama & El-Batal (1994jilatites an increased Vicker's hardness
to a reduction in the ratio of plastic flow it isoposed that a trade-off between the
hardness and fracture toughness could exist imiogphosphate glass compositions. This
increased plastic flow would improve the glass'digbto relieve the stresses near the
crack tip that are responsible for crack propagatithe results of the CorGldeBure 107
glass shown in Figure 5.4.6 and Figure 5.4.8 wdlioh appear to be in agreement with
this proposal due to the superior fracture toughméshe CorGlaésPure 107 glass being
offset by its reduced hardness. However a deepesiigation would be required in order
to develop this concept further with regards to ather specific compositional influences



176

or trends. Furthermore the analysis presented beffers from a lack of sufficient
comparative data and conciseness in the experim@aaniques adopted as previously

highlighted in the analysis of the Vickers hardnessiltg’> 297: 307. 311, 312]

Immersion of the CorGla&sPure 107 disks in distilled water at 37°C (Figi#8.7)
showed the dissolution rate to follow the two sthgdration and hydrolysis mechanisms
as described by Bunker et al. (1984). This was rgppaby the initially decreasing
dissolution rate (@ t?) over the first 168 hours (1 week) of immersioatttvas followed
by a more linear profile (g t). Given that the media was replaced every 24shouer the
first 168 hours, any accumulated ionic concentragffects believed responsible for the
initially decreasing dissolution rate as proposgdielahaye et al. (1998) were ruled out.
From the plotted trend line through the origin, issdlution rate () for the CorGlaes
Pure 107 composition was determined to be Zxh@ cm® hr' and was in line with the
measured dissolution rate reported by Giltech Tlek ionic concentrations during sample
immersion also showed the release of calcium, sodimnagnesium and zinc cationic

species as expected from the known CorGldse 107 compositional daté* 164

Correlating the results shown in Figure 5.3.7, éal 24 hours saw the pH of the
immersion media fall te6.5 which was attributed to the formation of carbacid due to
carbon dioxide being dissolved from the atmospliet@ the media. However such pH
values (i.e. 5.8 < pH < 6.5) are still consideredé neutral in relation to phosphate glass
dissolution kinetics by Delahaye et al. (1998). Tdezrease in pH after 72 hours was
attributed to the release of various phosphate naniand their dissociation to form
phosphoric acid (§POs) as reported by Ahmed et al. (2008, 208%) 2% 228 This initial
release was believed to be from the annealed suttaer degrading across the disk
samples as previously reported by Hayden et aDqQR0Cozien-Cazuc et al. (2008) and
Lee et al. (2013Y8 207: 313 This is due to the ambient atmospheric moisttteeking the
disk surface during the annealing process and iclgathe P-O-P chains. As a result the
surfaces of annealed samples are considered tegsodsferent properties compared to the
bulk interior. This effect has previously been alied to occur over the first 24 to 72
hours of sample dissolution with Delahaye et al99g) commenting that during
metaphosphate glass dissolution, an outer laygthobphate chains is spalled from the
glass surface without prior hydrolysis reactidf¥. The absence of any significant
phosphate species being released into the medjaré5.3.8) from this outer surface layer
dissolving may be due to the release of larger it anionic species (e.7*, P;Og

% P;O) that were not included in the analy8iS: 1% 34 A gradual increase in pH was
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also seen after 96 hours (Figure 5.3.7) and cooreggal to a significant increase in 'Na
cation concentration in the immersion media (Figbrg.8). This was attributed to the
consumption of H ions in the media from the hydration reactions eeted during
phosphate glass dissolution as previously desciibsdction 3.4.4. The apparent delay in
this hydration reaction (i.e. its occurrence a@@rours) and the associated changes to the
ionic concentrations/pH was similar to previousigta reported by Novajara et al. (2011)
and Lee et al. (2013) (Figure 5.4} 1831971

'
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Figure 5.4.9. Dissolution of glass compositions showing a) Delayedseslof Ti" ions
from the glass with increasing concentration of JI(i@ol%) [Reproduced from Novajra
al. (2011)] and b) Changes in media pH during the dissolution of glagdesamitt

increasing concentrations of MgO (mol%) [Reproduced Lee et al. (2013)].

The release of Nawas also coupled with an increase in?Cand (PQ)?* ion
concentrations after 120 hours of immersion thas waemed to be reflective of the
saturation and hydrolysis of the CorGf3d3ure 107 glass’s phosphate network. This is
typically considered to signal the transition tbnear stage of phosphate glass dissolution
and would appear to loosely correlate with the oleseweight loss data (Figure 5.3.10)
that showed increased linearity after 144 to 168r&i@f immersion. Yet no significant
increase in Zfi or Mg?* release over the corresponding period was obseviegire
5.3.11). This is despite the relatively high coricaton of magnesium in the composition
compared to zinc (based on comments by Giltech wtdrh would imply that congruent
dissolution did not occur (section 3.4.4). Howeviergould be proposed that the acidic
environment generated by the CorGfadure 107 dissolution (pH4-4.8) may be
producing the selective leaching of?Zmations that has been shown by Khor et al. (2011)
to effect the release rate of MqFigure 5.4.10). However due the relatively shpmtiod

over which the ion release data was recorded timecongruent dissolution process seen
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here may be due to some initial surface chemidtaces. Although further investigations

would be required to expand on this and confififi.

lonic Concentration vs pH

= 600
(@]
é 500 B Zn2+ EMg2+ [
c
S 400
s
S 300
(&)
S 200
@)
L 100
c
o

0

4.01 7.00
pH

Figure 5.4.10. Variation in Zh and Md" ion release from a (Ps)ss-(ZNO)so-(MgO):=
glassin different media pH buffer solutions (0.24-0.48%ml™) at ambient temperatt
[Data from Khor et al. (2011)].

The drop and subsequent plateau of the media p¥8.to after 336 hours of immersion
was attributed to the reduced exchange and repkmeant the dissolution media which
allowed increasing quantities of phosphate spdoiescumulate. This would have led to
an increased concentration of phosphoric acidendibsolution media and was in line with
similar pH values recorded for ultraphosphate gadsy Ahmed et al. (2004). Yet this
decrease in pH failed to exhibit any significantogatalysis effects to the CorGl&eBure
107 dissolution rate that continued to progressality (Figure 5.3.7)6% 173 187.315]

A comparison of the CorGlaB$ure 107 dissolution rate with alternate ultraetan and

polyphosphate glass compositions under near iddrtst conditions is shown in Figure
5.4.11[173 175, 188, 190, 210, 316]
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Phosphate Glass Composition vs Dissolution Rate
Dissolution rate (mg crahr?)
0.00 0.01 0.02 0.03 0.04 0.05 0.06 o0.07
(P205)50-(Ca0)40-(Na20)10 (mol% 5.65E-02
(P205)44.5-(Ca0)44.5-(Na20)11 (mol? 1.77E-02
(P205)45-(Ca0)30-(Na20)23-(Mg0)2 (mol% 1.50E-02
(P205)45-(Ca0)32-(Na20)23 (mol% 1.22E-02
(P205)50-(Ca0)40-(Na20)9-(TiO2)1 (mol% 8.68E-03
(P205)45-(Ca0)25-(Na20)23-(MgO)7 (mol? 8.50E-03
(P205)45-(Ca0)10-(Na20)23-(Mg0)22 (mol9 8.00E-03
(P205)44.5-(Ca0)44.5-(Na20)8-(Ti02)3 (mol9 6.26E-03
CorGlaes® Pure 10 4.00E-03
(P205)50-(Ca0)40-(Na20)7-(Ti02)3 (molvslll 3.20E-03
(P205)44.5-(Ca0)44.5-(Na20)6-(Ti02)5 (molodlll 3.13E-03
(P205)44.5-(Ca0)44.5-(Na20)3-(Ti02)8 (molog)| 2.18E-03
(P205)50-(Ca0)17-(Mg0)23-(Na20)6-(Fe203)4 (mold) 1.80E-03
(P205)50-(Ca0)46-(Na20)4 (mol%)| 1.26E-03
(P205)55-(Ca0)30-(Na20)15 (mol%) 3.46E-04 W Distilled Water M PBS
(P205)55-(Ca0)40-(Na20)5 (mol%) 3.13E-04
(P205)55-(Ca0)35-(Na20)10 (mol%) 2.94E-04

Figure 5.4.11. Comparison of CorGl&d3ure 107 phosphate glass dissolution rate v
selection of different ultra-, meta- and polyphosphate glass congpgsiheasured under
near identical testing conditions in distilled water or PBS74C [Data from Franks et ¢
2002; Navarro et al2003; Ahmed et al., 2004; Skelton et al., 2007; Abou Neel
2009; Hasan et al., 2012].

The comparison revealed the CorGfasire 107 glass to possess a mid-range dissolution
rate which was related to its composition through inclusion of C&, Mg®*, Zr** cations

as discussed in previous studies (Abou Neel e2@08, 2009; Khor et al., 2011; Lee et al.,
2013). Furthermore the dissolution rate of the Gae€ Pure 107 glass was found to be
within the limits deemed acceptable for permittzell anchorage (1.7x¥0mg cm?® hr)

but too rapid for cell proliferation (3xT0mg cm hr') as identified from previouis vitro
studies by Bitar et al. (2004) and Parsons epan4)!*"® 1871
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The FTIR spectra of CorGldé®ure 107 samples shown in Figure 5.3.9 indicatatrio
surface layer had developed over the 336 hour gkhenmersion period in c-SBF. These
observations were in line with alternate PG contpmss tested by Clement (1999) that
failed to display any bioactivity after 72 hours imhmersion in SBF. The marginal
variations observed in the FTIR spectra were aasatiwith a poor signal-to-noise ratio
due to the sample surface quality (i.e. faces weteground flat prior to testind’>. The
pH of the c-SBF media over the corresponding immarperiod was also found to remain
neutral whilst the weight loss per unit area wagificantly reduced compared to the
equivalent period in distilled water (Figure 5.3.9)

The lack of bioactivity in the CorGla®sPure 107 glass was similar to the reported
inability of calcium metaphosphate glasses to foam apatite surface layer during
immersion in SBF by Kasuga (2005) and Devi et 2010). Based on this, the results
obtained could be attributed to the low dissolutiate of the CorGla&sPure 107 glass
and its subsequent effect on the dissolution-pr@tipn processes required for surface
apatite formation (section 3.4.5). Owing to an whuffering effect, the dissolution of the
CorGlae$§ Pure 107 glass was found to have been significastluced (Figure 5.3.10)
compared to that found in distilled water (Figur®.B). This difference has been attributed
by Uo et al. (1998) to the presence of Na&€* and HPG” ions in the SBF media. As a
result, reactions between the c-SBF and the gla$ace could have been inhibited due to
the lack of ionic constituents released from theGlae$ Pure 107 glass (e.g. €a This
slow dissolution was thus likely to have preventieel formation of a calcium phosphate
surface gel phase that is considered to be vitahfbating apatite nucleation according to
Clement et al. (1999), Kasuga (2005) and Devi .gRai10)* "% 17

Additionally, PGs studied by Lucacel et al. (20b2yve demonstrated the inhibitory effect
of zinc on a glass's bioactivity due to its incregsdurability *8?. Consequently the

CorGlae$ Pure 107 composition may be capable of forminglaiem phosphate apatite
surface layer if the immersion period was increabegond the tested 2 weeks. If
combined with a reduced rate of c-SBF replacemsuffjcient concentrations of ionic

species may also be allowed to accumulate in t8BIE- Prolonged immersion times such
as those used by Clement (1999) have shown thelogenent of calcium phosphate
surface layers across meta- and polyphosphate gtaspositions after 1344 hours (8
weeks) of immersion. However the CorGfaeBure 107 composition may also be

displaying behaviour similar to that discussed bwarK (2014) where titanium doped
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phosphate glass compositions were found to onlgldevbioactive surface layens vivo
[170, 273, 289]

As demonstrated from previous studies (Salih e280; Bitar et al., 2004; Skelton et al.,
2007), the dissolution rate of a phosphate glaisnfluence its osteogenic cell adhesion,
proliferation, differentiation and cell viabilityThis is due to the associated ion release
rates, pH changes as well as cell anchorage meshari.e. surface solubilityy’> *7" 178l

Initial biocompatibility testing of the CorGla&®ure 107 disks by MTT assay showed that
no cytotoxic response was evoked during the cultdr®G63 cells in glass dissolution
extracts over the tested dissolution periods amdsacall concentrations (Figure 5.3.11).
This was evident by the cell viability of all saraplbeing maintained above the 70%
threshold as specified by BS EN 10993-5:2009. Thesalts indicated that the ion release
rates and pH changes to the culture media werabaitfor maintaining cell viability
during in vitro cell culture experiments. A comparison acrossekiact concentrations
obtained after 24 hours of sample dissolution slibavgeneral increase in the average cell
viability as the extract concentration increasele Thcreased viability could be attributed
to the ions released from the glass as had beesr@sswith alternate MTT results by
Franks et al. (2002) who reported equivalent orgased cell growth due to the glass’s
dissolution by-products. This would then explaire theneral increase in average cell
viability with increasing extract concentration dwethe respective ionic concentrations in
the CDMEM from the dissolution of CorGldedure 107 disks. However statistical
analysis found no significant difference (p > 0.@&Yween the extract concentrations or

immersion period with the positive controls on MG&8 viability 158,

Images obtained during direct contact cell cultafeer 24 hours on Thermari®and
CorGlae$ Pure 107 samples showed live cells (green) aaibssamples with early signs
of cell cytoplasmic flattening and spreading on ¢batrol coverslips (Figure 5.3.12a). The
concentrated pockets of live MG63 cells on CorGlaure 107 samples was also
suggestive of colonial clustering on the glassaa$ as reported by Lee et al. (2013).
However a cytotoxic response in the CorGtaRsre 107 samples was then observed after
96 hours of culture with a significantly reduced pepulation whilst the cell morphology
remained round. This was coupled with the presehdead cells (red) scattered across the
sample surface (Figure 5.3.12e, h, k) and was astal by the development of polygonal
shaped cell morphologies with filopodial extensigmslicative of cell spreading) on the
Thermanof coverslips after the equivalent culture periode Hell viability appeared to
further decrease on CorGl&eBure 107 samples after 168 hours of culture (EiguB.12f,
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I, I) with further reductions to the number of Vialzells (green). The absence of any large
dead cell population despite the apparent cytotoeisponse was attributed to the
detachment of dead cells into the CDMEM during thdture or staining stages of
CorGlae$ Pure 107 disk evaluation as previously observed\byu Neel et al. (2008).
Continual cell spreading and proliferation was fowvith the Thermandkcoverslips over
the equivalent culture period with images showinfiah monolayer of highly confluent
cells developing across the coverslip surface (@igu3.12c}**°!. The pH results over the
Live/Dead® culture period (Figure 5.3.13) also showed that @DMEM pH remained

above the cytotoxic limit of MG63 cells (pH 7.4Ydlighout the entire culture peridd®
195]

The combined results from the MTT assay and LivafSemages implied that either
surface anchorage mechanisms or highly localisefdi effects were responsible for the
increasing cytotoxicity of the CorGlde$ure 107 disk samples. However it should be
noted that the higher surface area-to-volume réA:V) used with the Live/Dedd
protocol (2.24 ch mI™) compared to the MTT assay (1.25%cml?) may impede a
correlation between the results of the two testhis Tdifference was due to the
specifications of the MTT assay as dictated in BE10993-5:2009 whilst no SA:V data
regarding direct contact cultures on phosphatesgéasnples could be found from the
consulted literature to establish consistency (Satlial., 2000; Franks et al., 2002; Bitar et
al., 2004; Abou Neel et al., 2007; Skelton et 2007; Abou Neel et al., 2008; Lee et al.,
2013). As a result, cytotoxic effects due to anreased concentration of ions in the

CDMEM from glass dissolution could not be completelled out™*#>: 165 175, 177 178, 188, 189,

195]

The pH data of the CDMEM culture media during thieelDead staining was used to
rule out any cytotoxicity arising from the aciditssblution by-products of the CorGl&es
Pure 107 glass as had been observed during itsrsionen distilled water. Dissolution of
the disk sample surface and its associated restr&ctto cell anchorage were also not
considered. This was due to the results of Bitaale{2004) and Skelton et al. (2007)
where the successful seeding and attachment of M®BbBS to annealed phosphate glass
disks was achieved on samples with dissolutionsraignificantly higher (5.65x10mg
cm? hr?) than the CorGla&sPure 107 glass (4xfomg cm? hr') %% The lack of any
acidic pH in the CDMEM also ruled out any accelierato the CorGlaésPure 107 glass
dissolution rate (via autocatalysis) which may hbeen expected given the higher SA:V

ratio used in the Live/De&d(2.24 cmi mlY) compared to the previous dissolution
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experiments (0.18 chml™). It was also likely that the CorGl&eBure 107 samples would
have degraded at an even slower rate (i.e. < 2xig cm?hr?) in COMEM based on the
decreased PG, Deported by Patel & Knowles (2006) when PG sampieie immersed in

cell culture medi&°®.

The resulting cytotoxic response observed in theDead results of the CorGla8%ure
107 samples was consequently believed to be daénighly localised acidic surface pH as
reported by Salih et al. (2007) and Jones & Cl2@12). Such effects would not be
detectable in the bulk media pH or MTT assay (aduthé lack of direct cell contact with
the sample surface). This proposal would then agvéh the gradually increasing
cytotoxicity observed across the MG63 culture peras the local surface pH gradually
decreased to cytotoxic levels during sample disswiu Alternatively the higher SA:V
ratio of the Live/Deall culture may be evoking a cytotoxic response frova gradual
increase in ionic concentrations related to thegtadissolution by-products. This could
be related to the release and accumulation 6f ims in the CDMEM based on results of
Abou Neel et al. (2008) with concentrations gredtem 8ppm %8 mg I') found to be
cytotoxic to MG63 cells. This is due to the relea$éactate dehydrogenase from the cells
and cell damage occurring via an oxidative stresshanismd$'®®. Furthermore rounded
cell morphologies from the concentration of specibns released via glass dissolution
have also been reported by Bitar et al. (2004)waadld correlate with the results found
here. Based on the ion release profiles obtained siginificantly lower SA:V ratio (0.18
cn’” mi™) in Figure 5.3.8 the time dependant accumulatib&ré* ions in the CDMEM
from the CorGlaé¥ Pure 107 disk dissolution would be able to accdanthe observed
decrease in cell viability despite the apparentljyable pH of the CDMEM. Integrating
with the MTT results, it would then appear thastbytotoxic response was only achieved
during its immersion at SA:V ratios >1.25 tmnml!. However the accuracy and
applicability of these Live/Deddresults to anin vivo response is contested by the
circulation of extracellular fluids and variatiohthe SA:V foundin vivo compared to the

static nature of thin vitro culture set up used here as discussed by Bitalr §004)11%°

177,178, 195]
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5.5 Conclusions

Based on the previously reported advantages ofucaJcmagnesium and zinc for the
regeneration of bone tissue (Table 3.4.3) it wakipated that the unique CorGl&eBure
107 composition would prove advantageous as a pakearthopaedic biomaterial.
Accordingly through a combination of multidiscipdiry techniques the characterisation

and comparison of the glass’s mechanical, cheraindin vitro properties was assessed.

Analysis of the composition subsequently confirmibeé ultraphosphate (FTIR) and
amorphous state (XRD) of the glass whilst the $icgmtly large processing window
(348°C) made the composition highly suitable fdardi production. Mechanical testing of
the composition also showed the elastic moduluthefCorGlae® Pure 107 glass to be
comparable to Biogla8s45S5 whilst the density (2.65 g &nhardness (3.98 + 0.17 GPa)
and fracture toughness (0.48 + 0.05 MPH¥nwere in line with the reported literature
regarding phosphate glasses. These propertiesstrergyly related to the composition of
the CorGlae® Pure 107 glass that was also believed to havisadiladvantageous mixed

cation effects to achieve its material properties.

Dissolution of the CorGla&sPure 107 glass was found to be within the limits dell
adhesion with the acidic dissolution by-productilatited to the gradual formation of
phosphoric acid that was expected from its ultraphate composition (55 mol%®).
This dissolution process corresponded with theasseof cationic and anionic species
relevant to the CorGla8%ure 107 composition but its mid-range dissolutiate (4x10
mg cm? hr?) also resulted in a lack of calcium phosphateiap&irmation on the sample
surface. This lack of bioactivity was compoundedthg cytotoxic response generated
under the current testing conditions that waskatted to the accumulation of ionic species
or localised surface pH effects during direct contzell culture. Consequently based on
the accumulatedn vitro evidence, the CorGla8sPure 107 composition would appear
unsuitable forin vivo applications but could be advantageous as a catapbbre

reinforcing agent.
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6 Characterisation of CorGlae€ Pure 107 Fibres

6.1 Outline

Characterisation of the CorGl&e$ure 107 composition (chapter 5) had previously
highlighted the suitability of this glass for pgstcessing fibore manufacturing due to its
advantageous thermal properties (i.e. its largartakprocessing window). Given that the
unique properties of composite materials are ddrivem its constituent phases (section
3.2.3), the characterisation of CorGfadzure 107 fibres was subsequently required. This
was conducted through a range of testing techniquesed at analysing the fibres

structural, mechanical and dissolution propertgewell as its bioactivity.
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6.2 Materials and Methods

6.2.1 Fibre Manufacturing

CorGlae§ Pure 107 fibres were manufactured by Giltech Isithgi an in-house gravity fed
melt spinning technique from a dedicated fibre pitn facility that consisted of a
temperature controlled interchangeable ceramic blaghing positioned above a @ =
0.637m stainless steel drum (Figure 6.2.1). Dufibge production, these clay bushings
could be vertically displaced from the surroundiegistance heating elements in order to

further regulate the glass melt temperature andilaie manufacturing.

4 Ceramic

Bushinc

,'\

Stainless /! U
steel drur -
— e T AT

Figure 6.2.1 Images of a) Gravity fed melt spinning fibore mewiuring plant witl

ceramic bushing and stainless steel drum labeledly Image of CorGla8sPure 10

fibres [scale bar = 100mm].

For glass fibre productions350g of CorGla€$ Pure 107 cullet fragments were heated to
1000°C at 1C min* and maintained at this state for 4 hours to predachomogenous
glass melt. The molten glass was then transfeoedday bushing containing an array of
@2mm holesr{= 50) that was preheated to 680-690°C in ordeckieae the desired glass
melt viscosity for fibre manufacturing (section 3.2). Under gravity, glass droplets
travelled down through the bushing orifices andensrbsequently drawn/collected around
the drum (rotating at 250 rpm). Prior to fibre meawiuring, the drum was coated with a

Knittol® lubricant (Selco, India) to preserve the integofythe manufactured fibres (by
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reducing fibre-to-fibre abrasion) and protect thieam environmental moistufé!”. Fibre
production continued until the feed melt was deggletith the aligned CorGla@®ure 107
fibres removed from the static drum by cutting parawith the drums long axis. The
fibres (Figure 6.2.1) were then placed in PE bagb stored inside a desiccator without
any annealing stages. Prior to all experimentalkvibe CorGlae$ Pure 107 fibres were
washed in Chloroform (VWR, USA) for 10 minutes inder to remove the Knitt8l

lubricant and dried inside a fume cabinet for 1Bues at ambient temperature.

6.2.2 XRD and DSC

XRD was conducted on crushed CorGfagaure 107 fibres according to the procedure
described in section 5.2.2. Fibres were crushedguai pestle and mortar with XRD
intended to assess the degree of crystallisatiesgpt in the manufactured fibres. DSC

was performed or10mm length CorGla&sPure 107 fibres as described in section 5.2.4.

6.2.3 Raman Spectroscopy

Raman spectroscopy was performed on Cor&l&ese 107 fibres using a LabRAM HR
(Horiba Jobin Yvon, France) with a Ventus 532 lg&&ntus, USA) over a 1400-1008m
wavenumber range. Spectra from th2Omm length fibre samples were collected in
triplicate (h = 3) from a 532.17nm laser line with a 10% OD obijecand 600 grating over
a 10 second accumulation period. Raman spectroseagyperformed at the School of

Chemistry, University of Glasgow.

6.2.4 Fibre Diameter

The diameter of CorGla8sPure 107 fibres (under the current manufacturiodiions)
was determined from an isolated tow of 20mm lerfigptes using a Sigma VP SEM (Carl
Zeiss, Germany) according to Method C of BS ISO6F15995. Samples were prepared
by backing the fibres onto card using aluminiumetdgefore sputter-coating with a thin
layer of gold (Agar Scientific, UK). Cross-sectibimmaages were captured in SE and BSE
modes using a 20kV accelerating voltage and meamnes recorded using the
equipment’'s Zeiss SmartSEM software. From the diamef 30 samplesn(= 30) the
average cross-sectional area of the fibres wasdhkenlated®'®. SEM was performed at

the School of Geographical and Earth Sciences, ddsity of Glasgow.
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6.2.5 Tensile Testing

Tensile testing of CorGla8sPure 107 fibres was conducted following ISO 115666
using a Zwick/Roell Z2.0 (Zwick Roell, USA) tensitest machine with a 5N load cell
operating at a crosshead speed of 1 mm*#iii. Tensile test specimens were prepared by
creating mounting frames with a 25mm gauge lengthmf stationary card to the
dimensions specified in BS ISO 11566:1996 (Figu&2). Individual fibres were isolated
from an aligned fibre tow and fixed to the mountifigmes using an epoxy adhesive
(Loctite, Germany)Frames were then secured using grips to the testjungpment before
the sidewalls of the frame were cut in order tdawothe fibre. Force-displacement data

was then collected for 50 fibre samples=(50) using Zwick/Roell TestXpéttsoftware
[319]

]
@ o | Adhesive —_|
£ ! 5N Load
é T Single-filament cell
E § | test specimen "\
c ¥ ® i
£ 1 ™ Testing
c
-% \T/ frame
c =) I Adhesive —_|
Q |
£ !
.Q. 10
a 20 b

Figure 6.2.2.lllustration of sample housing frames employed in tensiléintgsol
CorGlae$ Pure 107 fibres showing a) Housing frame dimensions b) Fixaficampl
specimens [Reproduced from BS ISO 11566:1996] and c) Image of testingucatnbr

showing a card housing prior to cutting of the support frame.

To account for influences from the load train aniggng system of the tensile testing set
up, a correction coefficient (also known as theeyscompliance factor) was determined
by tensile testing CorGlaBure 107 fibres at 10mm, 20mm and 30mm specimegega
lengths. Five samplesh (= 5) were tested at each gauge length under idérngsting
conditions as those specified by BS ISO 11566:Hfb6the force-displacement plots used
to calculate the\L/AF ratio (mm N) for each gauge length. The system compliancerfact
(k) was then determined from plots Mf/AF against the fibre gauge length using a linear

regression of an applied trendline back to thermigi value (i.e. zero gauge lendtfy.
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To calculate the tensile strength and tensile melof the CorGla&sPure 107 fibres the
recorded force-displacement and dimensional dataapgalied to Eqn 6.2.1 and Egn 6.2.2
respectively following Method B of ISO 11566:19886".

Egn6.2.1

whereo; = fibre tensile strength (MPaly; = fibre maximum tensile force (Nfs = fibre

cross-sectional area (Mmn

G ()
! 1-k(52)

Egn 6.2.2

whereE; = fibre tensile modulus (GPd); = gauge length (mm){Fg = difference in force
corresponding to the selected strain limits (N)g = difference in cross-head displacement

corresponding to the selected strain limits (mk®),system compliance (mm)

Note: An averaged value of the cross-sectional e&aused in Eqn 6.2.1 and Eqgn 6.2.2

from the dimensional data obtained in section 6wdth the selection of strain limits based

on the nominal strain at failures( of the tested samples.

6.2.5.1 Weibull Analysis

The strength of a glass or brittle ceramic matasiaenerally dependent upon its fracture
toughness (k&) and critical flaw size (a). Thus the determinataf a glass’s mechanical
performance requires knowledge of the flaw popatathat must be evaluated statistically.
Weibull distribution statistics has commonly beesed to characterise the statistical
variation in fracture strength of a brittle matéaad is based on the ‘weakest link theory’
where the most significant flaw will control the erall strength of a material. However
this critical flaw may not necessary be the largest is also reliant on its specific location

and orientatioff* 269 320]
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To account for the flaw size distribution presemtiie CorGla€sPure 107 glass fibres a
determination of the flaw population throughout éxgperimental sample set was required.
The Weibull distribution of statistical analysis svaubsequently used to examine the
scatter of flaw size distributions and fractureesgths through calculating the Weibull
modulus n). For analysis, the tensile testing data was ddteincreasing tensile strength
and a Weibull distribution plot was constructed fioe CorGlae® Pure 107 fibres using
Eqgn 6.2.3 and Eqn 6.2[#° 329

__ (i-0.5)
Pr = S
Eqgn 6.2.3
where Pr = probability of failure,i = i tensile strength value\l = total number of
specimens tested.
1
In <In (1 B )) =m(Ino) — m(In g,)
- I'F
Egqn6.2.4

where ¢ = Tensile strength (MPa)n = Weibull modulus,c, = Normalising stress -
considered by Ahmed et al. (2008) as the “stresghith 63.2% of the tested fibres had
failed” or “the most probable strength expectedrira fibre of gauge lengthyLby Hull &
Clyne (199620 28!

6.2.5.2 Fibre Fracture Analysis

Given that the tensile strength of glass fibres lghly dependent upon their surface
quality, the influence of surface flaw type andatiele depth was also determined in
relation to the experimentally measured tensilergfths of the CorGla84ure 107 fibres.
This was evaluated for the presence of eitheraagstr edge or semi-circular surface flaw
using Eqn 6.2.5",
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1

%= Vi R) )_1/2
Y(Cflaw , R)

Kic(m criaw

Egn 6.2.5

where ciaw = flaw depth (nm)Kc = fracture toughness (MPa'fi), Y (Ciaws R) = crack
geometry constant dependant on flaw depgkwf@nd fibre radius (R) : 0.6366 for semi-
circular flaws and 1.1260 for straight edge fldtV8.

Note: For Egn 6.2.5, the fracture toughness prelodetermined in section 5.3.6 was
applied (0.48 MPa fff).

6.2.6 Silane Treated CorGlae$ Pure 107 Fibres

Surface modification of the CorGldefure 107 fibres was performed using a 10 wt.%
concentration of a 3-aminopropyl-triethoxy (APS}isg agent following the protocol
originally outlined by Khan et al. (2011). Thesepst are summarised in Table 6.2.1 for
treating a 1.5g batch of CorGl&eBure 107 fibre§?®.

Table 6.2.1. Procedure for the silane treatmefibods as described by Khan et al. (2011).

Step Activity
1 90ml of ethanol (VWR, USA) was diluted with 10ml distilled water
to create a 90 vol% ethanol solution.
) 9.6ml of 3-aminopropyl-triethoxy (Sigma-Aldrich, By was added to
100ml of the ethanol solution to create a 10 wt.P&Asolution.
A 1.5g batch of fibores was immersed in 100ml of fltewt.% APS
3 solution for 15 minutes inside a laminar fume hood.
Fibres were removed and washed in 50ml of ethandkeu vacuum
4 filtration with grade three filter paper (WhatmaklK) used in
conjunction with a Bichner funnel.
Fibres were then placed in an air circulated ower2#t hours at 120°C
> to cure the sizing agent.
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6.2.7 Fibre Dissolution Rate

The weight loss and media pH during the dissolutibthe CorGlae Pure 107 fibres was
determined in triplicaten(= 3) for each dissolution period over 24, 48, 7&,ahd 168
hours of immersion. This was performed using destilwater (DW), phosphate buffered
saline (PBS), Dulbecco’s Modified Eagle’s MediumMEM), and corrected simulated
body fluid (c-SBF) immersion media along with a 6EAPS treated CorGla@$ure 107
fibres in distilled water. The PBS was produceddigsolving a sachet of PBS (P5368-
10PAK, Sigma-Aldrich, USA) into one litre of didadl water whilst the c-SBF was
prepared as described in section 5.2.9.1. Bactgraaith in the DMEM was inhibited by
the addition of sodium azide (Sigma-Aldrich, USA)the DMEM at a concentration of 0.1
vol% prior to fibre immersion. The initial ionic noentrations of the c-SBF, DMEM and
PBS are listed in Table 6.2.2 with the ionic conduty of each media prior to sample

dissolution measured using a HI-8733 conductivigten (Hanna Instruments, USA).

Table 6.2.2. lonic concentrations of acellular DME®II culture media, ¢c-SBF and PBS
[Data from Kokubo et al. (2003) and LutiSanovale{2011)].

lonic concentration (mM)
Media | N& K ca’ Mg®* | HCOy cr HPO” | SO~
c-SBF | 142.0] 5.0 25 1.5 4.2 147.8 1.0 05
DMEM | 154.6| 5.37 1.82 0.8 44.0 120.5 1.0
PBS 350 | 5.19 - - - 233 10 -

A dissolution sample consisted of a 200mg batcBOwhm length fibres that were stored
inside a sealed 10ml glass vial giving a 14.4 oifi* surface area-to-volume ratio (SA:V).
Each sample was stored in an individual glassanal placed within a 37°C incubator unit
with the sample weights recorded periodically usingg0.1mg Pioneer analytical scale
(Ohaus, USA). This was performed in tandem with sneaments of the dissolution media
pH using a HI 221 pH Meter (Hanna Instruments, US®)each dissolution period, the
immersion media was decanted and samples dried asimir circulated oven at 60°C for
4 hours. The dry weight loss was then determineBdpy6.2.6. and was plotted against the
immersion period (hours) along with the solution. e media was not changed at any
point with the exception of the DMEM that was regad after 96 hours in order to mimic

the protocols used during vitro cell culture studied?°®.
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Percentage Weight Loss = W*]OO
]

Egn 6.2.6

wherew, = initial sample weight (mg) angk = sample weight at time pointmng)

The dissolution rate of the fibres normalised te tbtal theoretical surface area of each
sample batch was determined using Eqn 6.2.7 frenw#iight loss measurements after 24
hours of dissolution. To calculate the total suefacea in a 200mg fibre batch, each fibre
was assumed to be of uniform length (20mm) andtic&@rdiameter (20.85um) in order to
calculate the surface area of a single pristineefilhe total number of fibres per 200mg
batch and the subsequent total surface ared (@as then calculated from the theoretical
weight of single 20mm length, @20.85um filf% 27}

Wo — Wy
_ A
t

Fibre dissolution rate =

Egqn 6.2.7

whereA = sample surface area (9ot = time (i.e. immersion period — hours).

6.2.8 Fibre Bioactivity

The bioactivity of CorGlaés Pure 107 fibres was assessed by individually insingr
26mg batches of 20mm length fibres in c-SBF at froiit SA:V ratio inside polystyrene
universal tubes and stored at 37°C within an intabanit with the c-SBF prepared
according to the method described in section 8.2 he media was not changed over the
immersion period and samples were examined inidafd @ = 3) for each incubation
period of 0.5, 1, 3, 6, 12, 24, 48, 168 and 33afi¢2 weeks) before being extracted and
rinsed in acetone (VWR, USA). Extracted fibres wdren dried at 60°C inside an air
circulated oven for 3 hours before being storedhiwiti desiccator for further analysis. The
c-SBF pH was also measured at each extraction psing a HI 221 pH Meter (Hanna
Instruments, USA) with the bioactivity of the filsreharacterised following the procedure
outlined by the flow chart shown in Figure 5.2.2.
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6.3 Results

6.3.1 XRD
The XRD profile of the CorGla8sPure 107 fibres is presented in Figure 6.3.1 &osved
no clearly defined crystallisation peaks but a drbalo centred ati2x 23°.

CorGlae8 Pure 107 Fibre XRD
180
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Figure 6.3.1. XRD profile of CorGlaB%ure 107 fibres showing the amorphous stru

of the fibres produced under the operating conaktispecified in section 6.2.1.

6.3.2 DSC

The thermogram obtained from the DSC of CorGladure 107 fibres over the
predetermined thermal program is shown in Figu&26.Magnified sections of the
thermogram highlighting the glass transition)(Tcrystallisation onset ¢f) as well as the

crystallisation peak (J and liquidus temperature §J are shown in Figure 6.3.3, Figure
6.3.4 and Figure 6.3.5 respectively. These wererdebed from the intersection of
tangents overlaid across the endo- or exothermentevand are listed in Table 6.3.1
alongside the PW that was calculated using Eqri.5.2.
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Figure 6.3.2. DSC thermogram of CorGladzure 107 fibres over a thermal cycle fi

25°C to 1200°C.
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Figure 6.3.3. DSC thermogram of CorGfad@ure 107 fibres with the glass transi
temperature identified as 432°C from the tangerdrgection (Magnified section frc

Figure 6.3.2).
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Figure 6.3.4. Crystallisation onset temperatureCofGlae$ Pure 107 fibres identifie

from the intersection of lines on the DSC thermag(enagnified section of Figure 6.3.2).
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Figure 6.3.5. DSC thermogram of CorGf3e®ure 107 fibres showing muiltif

crystallisation peaks and its liquidus temperafuragnified section of Figure 6.3.2).
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Table 6.3.1. Thermal properties of CorGlasire 107 fibres.

Thermal property Temperature (°C)
Glass transition temperatureg(T 432
Crystallisation onset temperature, T 775
Processing window (°C) 343
Crystallisation peak(T1) 918
Crystallisation peak(T,2) 963
Crystallisation peak(Tys) 1022
Crystallisation peak(T,s) 1057
Liquidus temperature (J) 1074

6.3.3 Raman Spectroscopy
The Raman spectrum obtained from the CorGlaesre 107 fibres is shown below in
Figure 6.3.6 with the assignment of the spectratuiees to the associated phosphate

structures listed in Table 6.3.2.

Raman Spectrum of CorGl&eBure 107 Fibres
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Figure 6.3.6 Raman spectrum of CorGfadgure 107 fibres over the 1400-100tm
wavenumber range with peaks corresponding to the structural feafutles CorGlaes

Pure 107 composition.
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Table 6.3.2. Assignments of spectral features ifiedtin the Raman spectrum of the

CorGlae$ Pure 107 fibres to the phosphate structural featur

Feature Wavenumber Assignment
Peak 1290cm (PO, asymmetricyad ™
Peak 1179c (PO,) symmetric g ™
Peak 682cm (P-O-P) symmetriof]
Peak 332cm (P-O-P) bending vibration mod&"”

6.3.4 Fibre Diameter

From the thirty samplesn(= 30) the average diameter of the CorGlaBsire 107 fibres
was determined to be 20.85 = 3u@% with a range of 16.07 - 27.06um (Figure 6.3.7).
These measurements lead to an average cross-sedi@a (A) of 349.14um for the
CorGlae§ Pure 107 fibres under the current fibre plant nfiacturing conditions (section
6.2.1).

w9

§i .,

y SR B ~ >
2000k sE2 585K X 29Feb2012 [N

20.00kV sE2 341KX 20Feb2012 [
WD = 82mm File Name = Fibre_Meas_06 tif 12:2657 WD = 82mm File Name = Fibre_Meas_07 ¢ 1231:14

Figure 6.3.7. SEM images of CorGldePure 107 fibres with measurements of

diameters used to determine the average cross sectional area [scalé®ans, 2um].



6.3.5 Tensile Testing
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A typical force-displacement and corresponding sstigtrain plot for a tensile tested

CorGlae$ Pure 107 fibre is shown in Figure 6.3.8 and frtw tesults an average tensile
strength and tensile modulus of 426 + 143 MPa abd & 20.8 GPa were found
respectively. This was determined from the systempiiance factor (k) of 0.4747 with
the Weibull statistical model (Figure 6.3.9) promhgca Weibull modulusr() of 3.406
with a 525 MPa normalising stresg) (Figure 6.3.10).
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Figure 6.3.8. a) Force-displacement plot and bgsSstrain plot of a tensile test
~@20pm CorGladsPure 107 fibre at a cross-head speed of 1thm s
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Weibull Modulus of CorGlaé&sPure 107 Fibres
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Figure 6.3.9. Determination of Weibull modulus) from CorGlae$ Pure 107 fibre tensi

test data based on the gradient of the plottedilire:
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Figure 6.3.10Corrected probability of failure based on the Wéibktatistical analysis t
the CorGlae$ Pure 107 fibre tensile test data.

The variation in CorGla&sPure 107 fibre tensile strength based on the poesef a semi-
circular or straight cut surface flaw is shown iigufe 6.3.11 using the tensile test data
from the fibres and the fracture toughness preWodistermined from the CorGldé®ure
107 disks (section 5.3.6).
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CorGlae$8 Pure 107 Fibre Tensile Strength vs. Fibre Flaw Depth
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Figure 6.3.11. Variation in experimental CorGfaeBure 107 tensile strength w

theoretically determined surface flaw type and dept
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6.3.6 Dissolution Rate

The dry weight loss and corresponding media pH @ r48, 72, 96 and 168 hours of
CorGlae$ Pure 107 fibre dissolution is shown in Figure 523.The resulting dissolution
rate of the CorGla&sPure 107 fibres over the first 24 hours of imm@tsivith respect to

the initial ionic conductivity of each immersion die is shown in Figure 6.3.13.

a Fibre Weight Loss vs Immersion Period
Immersion Period (hours)
0%
-10% 48 96 120 144 16¢
< -20% \\\ —o—D.Water B
< 30% —o—D.Water (Silane Treated)_
= —o—PBS
o -40% —e—C-SBF -
%) e X \\ —e—DMEM -
L -60%
2 70% A NEa\N S
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-100% e —— 4
b Media pH vs Immersion Period
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—o—D.Water —&—D.Water (Silane Treated) —¢—PBS ——c-SBF —e—DMEM

Figure 6.3.12. Comparison of CorGlgeBure 107 fibre dissolution up to 168 hour
various immersion media showing a) Dry weight lasger time and b) Media [
throughout the immersion period with the replacenoé®™MEM at 96 hours of immersi
(standard deviatios + 0.07).
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Fibre Dissolution Rate vs Media lonic Conductivity
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Figure 6.3.13. Comparison of CorGIgeBure 107 fibre dissolution rate against the ir

ionic conductivity of the immersion media aftert2durs of immersion.

6.3.7 Fibre Bioactivity
The pH of the c-SBF during CorGl&e®ure 107 fibre bioactivity testing is shown in

Figure 6.3.14. The characterisation of fibre sampleross the 336 hours was assessed by
FTIR (Figure 6.3.15) and Raman (Figure 6.3.16) it corresponding SEM images of
the fibres shown in Figure 6.3.17 and Figure 6.3.18
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Figure 6.3.14. Media pH of c-SBF during bioactivity testing of&aes$ Pure 107 fibre

over 336 hours of immersion showing the decrease in pH with prolonged srar

(standard deviation < + 0.02).

336



204

FTIR of CorGlae® Pure 107 Fibres After Immersion in c-SBF
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Figure 6.3.15. FTIR spectra of CorGl&8d2ure 107 fibres after immersion irSBF for uj
to 336 hours (2 weeks) with the formation and suppressiobroad peaks over t

immersion period labelled accordingly.

Immersion of CorGlaésPure 107 fibres in c-SBF showed changes from rifili [To]
FTIR and Raman spectra over the 336 hour (2 weak)earsion period with a whitish
precipitate gradually forming on the fibres andhegt bottom of the vials. This appeared to
indicate the precipitation of compounds out of Soludue to the supersaturated conditions
of the media and the ions released during glass @liissolution (Clement et al. 199%he
handling of fibres also became increasingly diffi@after immersion periods greater than
48 hours due to their increased brittleriéss
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FTIR analysis of the fibres (Figure 6.3.15) shoveeshift in the broad absorption peaks
initially centred at 893cth and ~448cm' [To] to 916cm® and 534cnt respectively
[T 336H0u] While a new broad peak spanning across 1200@L000crt was also formed.
This was coupled with the semi-suppression and tssuppression of the peaks at
1268cnit and 737crit respectively [BssHou). A shift in the Raman spectra was also
observed but adequate results could only be celletom fibres after 336 hours of
immersion due to fluorescence effects that produgedr signal-to-noise ratios. The
Raman spectra (Figure 6.3.16) of samples after [33&s of immersion showed the
suppression of previous {[Tpeaks and the formation of broad peaks centréd4®cn,
957cm’, 750cm® and 356c¢rt. SEM analysis of the fibres revealed the simulbaise
appearance of cracking and precipitate formatiothenfibre surfaces as well as a change
in the fibre morphology (Figure 6.3.17). This appeeato follow a transition from a
smooth pristine surface {[f'to one which showed surface cracking and pedlingour
Tasnou] that eventually returned to a pristine surfacéhwirecipitate deposited across it.
The immersion of fibres in c-SBF also saw a de@easts pH from the 7.4 t66.9 after

336 hours of immersion.

Raman Spectra of CorGl&eBure 107 Fibres After c-SBF Immersion
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Figure 6.3.16. Comparison of Raman spectra obtained from CofGrags 107 fibre
prior to bioactivity testing [§] and after 336 hours of immersionsgdnol] in c-SBF a
37°C with the peaks labelled.
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T336H0ur

Figure 6.3.17. SEM Images of CorGl&d2ure 107 fibres prior to bioactivity testing]T
and after immersion in §BF at various points over a 336 hour period showin
changes across the fibre surface at@))10.5¢) 1d) 3 e)6f) 12 g) 24 h) 48 1) 168¢
hours of immersion [scale bar = 2um] and k) Image of Cor&l&se 107 fibres «
25mm SEM mounting stubs after each immersion periodSBIE-prior to SEM imagir
(moving counter-clockwise from gTas indicated) showing the decreasing amoul

retrievable fibre with increasing immersion time frog-IT 33eHour
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Figure 6.3.18. SEM images of CorGl&d2ure 107 fibres after immersion in c-SBF a-b) Fibre csession showing an outer surface layer of 400..
and 550.6nm thickness respectively after 12 hours of immersion [scatelpan] c-e) Surface precipitation and cracking on fibres aB8rhoursof

immersion [scale bar = 20um] and f) Surface deposition onto fibres after 336 hoursestion [scale bar = 10um].
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6.4 Discussion

The XRD profile of the CorGla&sPure 107 fibres confirmed their amorphous strectur
and long-range disorder as found in various ottessgfibore compositions such as those
investigated by Haque et al. (2013). This verifibdt no crystallisation had occurred
during fibre manufacturing and that the glass fessdperatures (680-690°C) were suitable
for fibre production. The absence of any crystatlen peaks also verified the general
accuracy of the large processing window (PW) pneslp identified from the DSC
thermogram of <3mm CorGld&®ure 107 fragments (section 5.3%.

A comparison between the DSC results of ##20um CorGlaés Pure 107 fibres and
<3mm fragment samples (section 5.3.3) showed a difarence in the two thermograms
which was attributed to the improved operating ¢mas during sample testing. However
the improved clarity in the thermal events coulsbabe attributed to size effects between
the tested samples. The nearly identical values ther glass transition ¢y and
crystallisation onset temperaturesdIcorrelated well with those found from the mortolit
fragments with the fibre PW (343°C) closely matchithat previously determined
(348°C). The slight discrepancy in PW could be aoted for by user error in the data
interpretation or size effects between samplestdude increased time required for the
larger <3mm fragments to reach the furnace tempexafThe improved clarity of the
thermogram obtained from the CorGl8eBure 107 fibres also allowed the glass

crystallisation peak temperatures as well as thssgiquidus temperature to be folfid.

The DSC thermogram shown in Figure 6.3.5 also itledtthe presence of multiple
crystallisation peaks (I, Tp2, Tps, Tps) in the DSC thermogram that were considered to
represent the occurrence of surface and bulk dhgsti#zon events as well the possibility of
different crystalline phases. This was based odiestuby Reynoso et al. (2003) with the
broad (T1,Tp2) and sharp (f, Tpa) Crystallisation peaks seen in Figure 6.3.5 cpwading

to surface and bulk crystallisation events respelti The appearance of multiple
crystallisation events are considered by Reynosal.e2003) to be highly sensitive to
particle size effects and consequently may not hlaeen apparent on the previous
thermogram obtained from the <3mm fragments. Thidue to the larger surface area of
the fibres that allow a greater number of surfageleation and growth events to occur
during crystallisation that increases their sigaiength in the DSC thermografit.
These results would also be in line with work répdrby Jones & Clare (2012) where a
DSC thermogram between a 1mm glass frit and fiassgpowder of aPs-CaO-MgO-

NaO-TiO, system showed the formation of two distinct criyista phases in its powder
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format only (Figure 6.4.1). These were later idedias calcium pyrophosphate ¢€g0)
and a mixed calcium magnesium pyrophosphate (Ca®igRrystallisation phase. Given
the relative similarity between the composition@mponents of this glass with the
CorGlae$ Pure 107 composition it would be anticipated that crystalline phases in the
CorGlae& Pure 107 DSC thermogram may be sintif&r 32!

— frit

Heat flow (a.u.)

= powder

I T T T T T
400 450 500 550 600 650 700
Temperature (°C)

Figure 6.4.1. DSC thermogram ofR-CaO-MgO-NaO-TiO, glass system between 1t
glass frit and fine powder samples showing the formation ofctwstalline phases/pes
in the glass powder corresponding to the formation ofPLy and CaMgBRO;,
[Reproduced from Jones & Clare (2012)].

The occurrence of bulk crystalline phasegs(Tps) at temperatures above the 1000°C melt
used by Giltech Ltd for the CorGlde®ure 107 glass was likely due to the decrease in
melt viscosity. As discussed by Jones & Clare (20t tendency of a glass to crystallise
is dependent upon its melt viscosity and as a tréiselincreasing temperature would have
allowed for the formation of crystalline phases dwue¢he increased molecular mobility of
the phosphate chains to reorganise into a crystadiiate. The identification of the liquidus
temperature at 1074°C would then indicate that ghdr melt temperature (>1074°C)
should be considered for melt quenched applicatiwhen working with this glass
composition. However given that no crystallisatas found in the XRD results of either
the fibre or bulk forms (Figure 5.3.1) there isoafifficient counter evidence to support

the current manufacturing methddf§' 24!

Along with the DSC and XRD, Raman spectroscopyhef €orGlae$ Pure 107 fibres
identified @ and @ phosphate structural units that coordinated wishuitraphosphate
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composition (55 mol% J®s) as discussed by Brow (2000). This subsequenthfircoed

the accuracy of the previous FTIR results (seci@n2)!*°?,

The 20.85 + 3.25um diameter of the CorGfaBsire 107 phosphate glass fibres (Figure
6.3.7) was in line with the typical 10-20um diamstased in synthetic fibre reinforced
composites. A comparison with alternate studies fidland the CorGla&sPure 107 fibre
diameters to be in line with those used in the bgpment of similar degradable PGF
reinforced composites (Table 6.4°%732* This is due to the high aspect ratios (i.e. fibre
length to diameter ratio) of continuous fibres witie large surface area per unit volume
allowing maximum stress transfer and reinforcentanbughout the composite material
(section 3.2.3). The results consequently indicatedt the current manufacturing
specifications (section 5.2.1) were highly suitafde the production of CorGlaBsPure

107 fibres as a composite reinforcing phia&e322-324

Table 6.4.1. Comparison of phosphate glass fibaendters used as reinforcing agents in

polymer composite devices intended for orthopaegdications.

Author Fibre Diameterpym)

Onal et al. (2007 18

Ahmed et al. (20085 20-25
Ahmed et al. (20085 20 - 25
Mohammadi et al. (20115 10 - 20
Hasan et al. (2012%°" 205
Mohammadi et al. (2012)%” 10 - 20
Haque et al. (20135 15 - 25
Sharmin et al. (20143 20

A typical force-displacement plot from a tensilstesl CorGlaés Pure 107 fibre and its
corresponding stress-strain plot (Figure 6.3.8)watb a lack of any significant plastic
deformation prior to sample fracture that is chemastic of a brittle material. However
from the fifty samples prepared € 50) only thirty-two data plotsi(= 32) were used for
further data analysis. This was due to the preradtilure of fibore samples during testing

and the sporadic occurrence of multiple fractunea single sample that was evident by the
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multiple deviations in the force-displacement plBigure 6.4.2). This was attributed to
human error during sample preparation with data ablscluded from specimens where

fibre fracture had occurred in close proximity lhe £poxy adhesive.

Multiple Fibre Fracture of CorGlaes Pure 107 Tensile Tested Sample
0.06
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£ 004 ,
8 /
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Figure 6.4.2. Force-displacement plot of a rejetésdile tested CorGlag®ure 107 fibr
sample showing evidenad several fractures due to the presence of malfipkes bein

accidently secured to the housing card during samg&paration.

Compared to the bulk glass, the average tensilaulasf the CorGla&sPure 107 fibres
was significantly higher and was in line with laéure values. This was due to the fibre
drawing process that preferentially selected thengt P-O-P bonds and installed a degree
of molecular chain alignment along the fibres lamgs (section 3.4.7.1). Such chain
alignment contradicts the glass’s natural isotrgpiacture (as found in glass monoliths) to
produce fibres with anisotropic optical and mechalnproperties (Murgatroyd et al., 1943;
Ahmed et al., 2004; Sharmin et al., 2014). The ayertensile modulus of the CorGl3es
Pure 107 fibres was also found to be in the upgege when compared with alternate PGF
compositions that were intended for biomedical mpgibns (e.g. composite reinforcement

or cell transport vehicles) (Figure 6.4!%Y: 209211, 219]
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Phosphate Glass Fibre Tensile Properties for Biomedical Applications
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Figure 6.4.3 Comparison of CorGIé\@eE’ure 107 fibre tensile properties with alter
phosphate glass fibre compositions of sim#@0um diameter, tested according to
11566:1996 [Data from Ahmed et al., 2008; Cozearuc et al., 2008; Hasan et al., 2
Haque et al., 2013; Sharmin et al., 2014].

The tensile modulus of a phosphate glass fibremsidered by Sharmin et al. (2014) to be
dependent upon the same influences as previoustussed for bulk phosphate glass
monoliths (i.e. the network’s cationic field stréimgand atomic packing density) (section
5.4). Furthermore the inherent tensile strengtiphladsphate glass fibres is believed to be
regulated by the cross-link density and chain lleagtf the phosphate backbone. The
tensile strength of the CorGl&eBure 107 composition is then expected to benefin f

the presence of magnesium and zinc if acting &srmediate oxides (section 3.4.3) which
can potentially increase the glass’s cross-linksdgror chain length by being incorporated
into the glass’s P-O-P backbone. Yet the largedstahdeviation in the tensile strength

and tensile modulus of the CorGl&eBure 107 fibres has also made comparisons with
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alternate glass fibre properties difficult. Thissaattributed to several factors related to the

fibre manufacturing and test sample preparatiocgsse&*".

Due to constrictions in the testing technique aexkgsely limited number of successfully
recovered fibre samples after fracture, an accucateelation between the tensile test
results and the precise sample fibre diameterdamot be established. The averaged fibre
diameter of 20.85um was then used for Egn 6.2.tvedsas Eqgn 6.2.2 and as a result
deviations in the fibre diameter between samplegidcanot be accounted for. Such
variations would likely have arisen during fibre maéacturing from changes to the
hydrostatic pressure in the glass melt and thus ril@s through the bushing nozzle as the
melt volume was depleted as reported by Kobayasial.e2010). Consequently, fibre
diameters obtained at the start of fibre manufauguwere likely to be greater than those at
the end. This influence is demonstrated in Table26by the change in tensile modulus at

the upper and lower range of the recorded Cor&IRese 107 fibre diametefZ?.

Table 6.4.2. Variation in tensile modulus (Egn B)2vith lower, average and upper range
of fibre diameters (section 6.3.4) with the maximiamsile force (0.288N) recorded during
the tensile testing of CorGld&Bure 107 fibres.

Fibre Diameter (um) Fibre Cross-Sectional Area finm Elastic Modulus (GPa)
16.07 2.03x10 151.9
20.85 3.41x10 90.3
27.06 5.75x10 53.6

The large error in the tensile strengths of theGlae$ Pure 107 fibres were to be

expected however given the similar range reportgurévious results (Figure 6.4.3). These
were attributed to the introduction of Griffith W& (i.e. surface defects) in the fibres that
were likely generated during the manufacturinghaf tensile testing samples (e.g. cutting
and handling of the fibres). Yet the presence chdlaws are considered by De Diego et
al. (2000) to be an accurate representation opthetical fibre properties due to the likely
handling of fibres experienced during composite ufacturing. The results shown in

Figure 6.3.11 consequently demonstrated how agktradge or semi-circular flaw surface
defect of increasing size@—5um) had a detrimental effect on the tensile stremgfithe
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CorGlae$ Pure 107 fibres. This was in line with commentsHagque et al. (2013) who
discussed the large number of studies dedicatéuetpractical strength’ of oxide glasses

due to the influence of surface quality on theichmmical performandé®’ 209 326!

Accordingly the observed variation in tensile sg#nwas accounted for by a Weibull
distribution with the resulting Weibull modulusi( providing a dimensionless measure of
the strength distribution throughout the fibresorfrthis it was found that the CorGl&es
Pure 107 fibres gave a Weibull modulusof= 3.41 for the tested sample set with a
normalising stresscf) of 525 MPa. The Weibull modulus value fell withihe range
reported for ceramic materialsE 2-15) but was significantly lower than those tasly
found in commercial grade glass fibres£ 10-30). A Weibull modulus <4 also indicated
that the flaws present on CorGl&d¢ure 107 fibres were not evenly distributed thruug
the material and suggested a degree of continliitig could imply that the scatter in fibre
tensile strengths was related to the specific hagdbf the fibres during sample
preparation. The Weibull modulus was also found¢éocomparable to values reported
during the tensile testing of {Bs)s¢-(CaO)e-(NaO)s-(Fe:03)s (mol%) fibres (h = 3.37)
by Ahmed et al. (2009) using the same testing nikth@t studies by Sharmin et al.
(2014) have demonstrated the ability to produce $@iEh Weibull moduli (n) as high as
7.7-10.5 (Figure 6.4.43"% 215 218,300, 327]

Weibull Modulus vs Normalising Stress

12 ¢ CorGlaes® Pure 107
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Figure 6.4.4. Comparison of CorGl&e®ure 107 fibre Weibull modulusmf anc
normalising stresscf) with alternate PGF'sested according to 1SO 11566:1996 [[
from Ahmed et al., 2008,2009; Cozien-Cazuc et al., 2008; Sharmin et al., 2014].
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The dissolution of as made and surface treated l@e&5Pure 107 fibres in different
media (Figure 6.3.13) showed distinct changeseditive dissolution rates over the initial
24 hours. Continued immersion over the entire 168r lperiod also revealed the weight
loss profile to be non-linear after 72 to 96 hoofsdissolution following an inverse
exponential curve. Fibres immersed in distilled evg®.83x1¢ mg cm? hr') and PBS
(2.55x10° mg cm® hr') appeared to display comparable dissolution reteitst similar
rates were observed between samples immersed BFt867x10 mg cm?® hr') and
silane treated fibres (1.44x10ng cm?® hr') over the initial 24 hours. The dissolution of
fibre samples in distilled water, c-SBF, PBS anan& treated fibres was also coupled with
a universal drop and plateau in pH after 24 hooirs2t (Figure 6.3.12). This pH reduction
was significantly lower than that previously receddfrom the dissolution of CorGldes
Pure 107 disks (section 5.3.7.1) and was attribtgete increased surface area-to-volume
ratio with the fibres (14.4 chml™) compared to the previous tests (0.1 oifi"). Due to
the static test conditions, this led to a greatumulation of phosphate species and
concentration of phosphoric acid in the media. dmtast, fibores immersed in DMEM
showed the slowest rates of fibre dissolution (¥188 mg cm? hr?) that appeared to
degrade in a linear fashion over a prolonged pecadpared to the other media. The pH
also displayed a more gradual decrease reaceHirigat 72 hours and corresponded with a
visible change in the media colour from red to gwllbefore it was replaced with fresh
DMEM after 96 hours.

It is believed that PGFs will undergo the same dig®on mechanisms as their bulk
monolith equivalent with the same compositional etefence. However phosphate glass
fibres will typically degrade faster than the eaéent bulk sample as seen with the
CorGlae$§ Pure 107 composition and agrees with data repdryedhmed et al. (2004).
This is due to the increased surface area andreliffemechanical/thermal histories
between each form (e.g. the rapid air quenchingthef fibres). The reduced fibre
dissolution rates in DMEM were also in line witrettrends observed by Patel & Knowles
(2006) but remained below the preferred dissolutaie of fibres intended for composite

reinforcement (2x16mg cni® hr?) as suggested by Hasan et al. (20'%2)2° 20% 217

It has been previously reported by Franks et &l0Q2 that the ionic concentration of an
immersion media can influence the rate of ionidudibn from a phosphate glass (i.e.
dissolution rate}*’*. Consequently it was believed that the initialitononductivity of

each media would correspond with its ability to pngss the dissolution rate of the

CorGlae$ Pure 107 fibres. However this trend was not $yri@flected in these results
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with similar dissolution rates observed in the itlest water €0 mS cnt) and PBS (14.8
mS cm'). This contrasted previous results reported meRart et al. (1999) who observed
a reduced dissolution rate when PGFs were immens®S compared to distilled water
270 However this discrepancy between these resulistizose of Rinehart et al. (2009)
could be accounted for by the difference in glasmymosition and testing conditions.
Rinehart et al. (1999) used a 500ml circulatingvflystem (SA:V = 0.15 ciml™?) while
this study used a 10ml static environment (SA:V4=4Icnt ml™). As a result the influence
of the dissolution by-products on the glass didsmhu process (specifically any
autocatalysis effects) would have been substaptiatire severe in the CorGldeBPure
107 experimental set up. The inhibitory effect €8BF on phosphate glass dissolution has
been previously associated with the presence &f Gia* and HPGQ* by Uo et al. (1998).
However c-SBF also contains Kf¢C&* and as a result, the reduced rates observed in c-
SBF (19.53 mS cif) compared to PBS (14.8 mS ¢yrmay be due to the absence of these
ions in the PBS composition used in this experimemethod. Some visible precipitation
within the c-SBF may have also influenced the weigiss measurements however no
method of separating the precipitated phases cbelémployed without damaging the
fibres (and further influencing the weight datd®® ?°! The decreasing rate of fibre
dissolution in the various media after 72 to 96rsowas assumed to be due to the ionic
saturation of the media and correlated with 80-8%%he fibre weight being lost in all
samples except DMEM. This decrease was attribuidetid saturation of the media with
the least soluble ionic species (correspondingh®o glass’s composition) as previously
reported by Cozien-Cazuc et al. (2058}

The improved durability of fibres degraded in DMEMedia agreed with previous work by
Patel & Knowles (2006) and was believed to be duethie presence of a sodium
bicarbonate (NaHC$) pH buffering agent in the DMEM that retarded tihecrease in
media pH and autocatalysis effects during fibresalistion ?°®. This buffering agent
subsequently accounted for the observed improvemefibre durability compared to c-

SBF despite their similar ionic composition (Tabl2.2).

The progressive change in DMEM colour was due t ghesence of a phenol red pH
indicator in the media that will change from itdina red (at neutral) to yellow in acidic
conditions. Although bioactivity has been reporteith bioactive glasses in DMEM by
LutiSanova et al. (2011), no visible precipitatesrevfound in the vials during fibre
dissolution and thus any influence to the weightasueements were considered to be

negligible. Silane surface treated fibres also sftbw reduction in fibre dissolution rates
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that were comparable to that displayed by c-SBlseBan comments by Cozien-Cazuc et
al. (2009) this was considered to indicate the ssgftl bonding between the sizing agent
and fibre surface with the reduction in fibre dission rates stemming from the formation

of a hydrophobic surface layer that helped proggeiinst water diffusion into the gldé®"
227, 328]

A comparison between the dissolution rate of theGhme$ Pure 107 fibres in distilled
water and PBS with those reported in the literafaresimilar diameter PGFs showed the
CorGlae$ Pure 107 fibres to possess a high dissolution (Figure 6.4.5). However a
direct comparison is obscured by the high SA:Vorased in the testing procedure of the
CorGlae$ Pure 107 fibres (14.4 énml™) compared to the average used in the majority of
alternate methods<{.3 cnf mI™). As previously discussed by Mohammadi et al. 201
the SA:V ratio will have a significant effect orbfe dissolution rate and would make the
autocatalytic effects more severe for the CorGldesre 107 fibres. However given that
high SA:V ratios would be encountered at the fibratrix interface in a composite
material during its degradation, the dissolutiotesaand pH values measured here were
considered to provide a better prediction of theefs behaviour as a composite reinforcing
agent. The use of annealing treatments has alsogbesvn in various studies to reduce the
dissolution rate of phosphate glass fibres comptrydbeir as made state (section 3.4.7.3)

and may be of interest for further processing ef @orGlae® Pure 107 fibre&®®: 20t 207

209, 211, 270]



Dissolution of CorGlaes Pure 107 Fibres in Distilled Water and PBS

Dissolution rate (mg crhhr?)
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(P205)45-(Ca0)16-(Na20)15-(MgO)24 (mol 2 53E-03
(P205)45-(Ca0) 16-(Na20)10-(Mg0)24-(B203)5 (mol? 1.97E-03
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(P205)45-(Ca0)16-(Na20)5-(Mg0)24-(B203)10 (molo@mm 1.47E-03
*%(P205)50-(Ca0)16-(Na20)5-(Mg0)24-(B203)5 (mol%symm 1.35E-03 W Distiled Water M PBS
*(P205)45-(Ca0)16-(Na20)10-(MgO)24-(B203)5 (moloGymm 1.25E-03
(P205)54-(Ca0)27-(Zn0)12-(Fe203)4.5-(Na20)2.5 (nolvem 9.00E-04
*%(P205)45-(Ca0)16-(Na20)10-(Mg0)24-(B203)10 (molv@m 8.59E-04
(P205)54-(Ca0)27-(Zn0)12-(Fe203)4.5-(Na20)2.5 (Mol 6.54E-04

* Surface treated with a coupling agent  ** Annealed

Figure 6.4.5. Comparison of CorGl&eBure 107 fibre dissolution rates in distilled wated PBS compared with alternate PGfmpositions [Dal
from Rinehart et al., 1999; Cozien-Cazuc et alQ@Maque et al., 2013; Sharmin et al., 2014].
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Inspection of the FTIR spectra after the immersibCorGlae& Pure 107 fibres in c-SBF
found that these traces failed to correlate with thstinct wavenumber peaks of a
crystalline apatite as reported in previous studiesh as the silica based glass fibres
investigated by Clupper et al. (2004). The lackan¥ sharp, well defined peaks in the
FTIR spectra was indicative of an amorphous phasthe fibre surface and was initially
interpreted as indicating a form of amorphous cailcphosphate (ACP, Ca/P = 1.5). This
phase is considered to serve as a precursor torhoreralisation and can spontaneously
transform into crystalline apatite phases dependmghe precipitation conditions (i.e. pH
and Ca/P ratio). However approximate wavenumbenegalfrom the FTIR and Raman
spectra failed to match with those documented fGPAand were believed to correspond
with the precipitation of amorphous pyrophosphatkss(Leeuwen et al. 201§°334
These included calcium pyrophosphate f£@;) (Ca/P = 1), magnesium pyrophosphate
(Mg2P.0;) and zinc pyrophosphate (Z30;) with the amorphous nature of these phases
attributed to the rapid rate of precipitation frdine super saturated c-SBF solution (Figure
6.4.6). Such compounds would also correlate Wighionic constituents of the CorGl&es
Pure 107 composition and have been previously tegoto precipitate during PG
dissolution by Franks et al. (2000) and Khor e{2011)*"* 187!
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Figure 6.4.6. a) FTIR absorption spectra of various sanurphous metal pyrophospr
salts over 2000-400cfwavenumber range [Reproduced from Leeuwen et al. (2012

b) FTIR of CorGlae$ Pure 107 fibres after 336 hours of immersion in c-SBF (1400
400cm?).
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These phases are expected to form via hydrolyschamsms (as described in Eqn 6.4.1
for Zn,P,0O;) with the observed decrease in media pH overrtitearsion period resulting

from the phosphoric acid gROs) reaction by-produdt®’- 332

Egqn 6.4.1

The application of pyrophosphates for bone regewerapplications has received limited
attention and is considered to be relatively unavgal according to Grover et al. (2013). It
has also been reported by Kasuga et al. (2005pthalcium pyrophosphat§{CPP) can
display bioactivity similar to that of hydroxyapatiHA) and beta tricalcium phosphage (
TCP). However pyrophosphate ions@?* are known to supress HA crystallisation and
have consequently also been discussed as a methotluencing and controlling bone
mineralisation. This is due to the ability of alk& phosphatase (an enzyme secreted by
osteoblasts) to hydrolyse pyrophosphate ions ateVviale the inhibitory effects of
pyrophosphate saltdn vivo mineralisation is then stimulated through the asé and

saturation of the surrounding extracellular fluidish orthophosphate units (R 1168 33

334]

Yet it is also possible that these precipitates @lag have consisted of magnesiumyCa
xMgxP>0O7) and zinc (Ca.ZnP,0;) doped calcium pyrophosphate. However the precise
identification of each respective amorphous phes® the available FTIR/Raman spectra
is restricted due to the similar IR signals of thaeslts and associated band overlapping.
Further identification could be conducted by pastealing and repeated analysis via XRD
and FTIR with deconvolution of the spectra to idgrthe crystalline phases as performed
by Franks et al. (2000) and Khor et al. (203§ 33334

Yet despite the potential of these pyrophosphdte &a in vivo applications, the inability
of the CorGla€® Pure 107 glass composition to form a more ‘tradii’ bioactive apatite
layer (i.e. HCA) across the fibres surface durmgitro test conditions was in line with the
literature. The precipitation of these salts ra#edcthe high dissolution rate of the
CorGlae$§ Pure 107 fibres when compared to the CorGldase 107 disks and this rate is
considered to directly influence the resulting ealt phosphate phase (Mohammadi et al.

2012). Furthermore the decrease in media pH praddoem ultraphosphate glass
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dissolution is believed to supress apatite fornrmtespite the large quantities of calcium
and phosphate released into the media. Howeveta#sdsin section 3.4.5, some PG
compositions such as those investigated by Kiamalef{2012) have demonstrated the
ability to exhibit bioactivityin vivo despite failing to do sm vitro. This could be due to
thein vivo circulation of the extracellular fluid helping taintain a physiological pH in
the surrounding environment and allowing for agatiucleation on the glass surface
compared to the static environment encountéredtro. Consequently the CorGldeBure
107 fibres may also be capable of displaying sinmbkehaviourin vivo through improved
regulation of the pHf:?%: 168 170.177. 273. 28%5\yaver it should also be considered that when
applied as a composite reinforcing agent, the edtéibre dissolution rates as well as the
volume fraction of fibres employed (section 3.2)3m@ay lead to the development of

alternate phases when such composites are immierse8BF.

Lastly, the observed change in fibre morphologyrdkie immersion period was attributed
to the dissolution of the fibres and the subsequeatking/peeling of an outer surface
layer on the glass fibres. This change in morphplags in line with previous SEM

images (Figure 6.4.7) observed during PGF dissmluby Rinehart et al. (1999) and
Sharmin et al. (2014) with SEM images of the CoeSlaPure 107 fibres (Figure

6.3.18a,b) indicating a surface layerf4-0.55pm?.

Figure 6.4.7. SEM image of phosphate gfdses after 24 hours of immersion in PB!
37°C showing significant cracking and peeling of the outer surface layer [Repiddut
Rinehart et al. (1999)].
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6.5 Conclusions

Thermal analysis of the CorGl&eBure 107 fibres confirmed the high suitabilitytbis
novel PG composition for fibre production due ®high thermal stability. Tensile testing
of the~@20pm CorGlaésPure 107 fibres also confirmed their mechanicahbility as a
composite reinforcing agent. However the suscdjtjitof the CorGlae® Pure 107 fibres
to autocatalytic effects gives them unsuitably higdsolution rates. The dissolution rate of
the fibres was also found to vary between differaetlia as well as after an APS surface
treatment with the Pstrongly retarded through adequate control ofntleglia pH. The fast
dissolution rate of these fibres was responsibtettie formation of pyrophosphate salts

when immersed in c-SBF due the rapid ion releadedanrease in c-SBF pH.
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7 CorGlaes® Pure 107 Fibre Composites as Potential CranioplagiPlates

7.1 Outline

Mechanical testing of the@2Qum CorGlae§ Pure fibres (chapter 6) showed their
suitability as a potential composite reinforcingeag This was due to their tensile strength
(426 £ 143 MPa) and tensile modulus (65.526.8 GPa) being in line with previous PGF
data obtained from the literature that were intenfibe similar applications. Consequently
the characterisation of a CorGl8eBure 107 fibre reinforced composite material was
conducted with the initial composite specificatiobsised on the parameters and
specifications (e.g. manufacturing method, volunnactfons, matrix etc.) frequently

employed in the literature (section 3.4.8).
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7.2 Materials and Methods

7.2.1 CorGlaes® Pure 107 Glass Fibre Mats

Continuous fibre mats of unidirectionally alignedJlY) and randomly orientated
continuous fibre (RCM) architectures for composib@nufacturing were produced by
manually expanding the melt spun CorGfagwire 107 fibre tows (Figure 6.2.1). For UD
mats, the tows were evenly expanded parallel tofilve’s primary axis whilst random
fibre mats were generated by collectively drawing fitbres across a metal table tangential
to their primary axis. This formed a loose fibraisicture that was then circumferentially
collected around a hand driven mandril with theultésy expansion inducing random
orientations throughout the fibres. The expandedsnwere then removed from the

mandrill before being cut and stored in PE baggu(fe 7.2.1}*%%.

CorGlae$§ Pure 107 Fibre Tow Collection of expanded fibres around rotating médndr

Tow expansion Random continuous fibre mats produced

after removing from mandril

Figure 7.2.11llustration of manufacturing method for producirapdom continuous fib
mats (RCM) from a CorGla8sPure 107 fibre tow a) Expansion of fibres parattefibre
tow b) Collection around a hand driven mandril ahd€Cutting and removal from manc
into RCM mats [Modified from Mallick (1997) Compaéss Engineering Handbook].

7.2.2 Composite Precursors

7.2.2.1 Fibre Pre-Pregs

Polymer impregnated continuous CorGfa&ure 107 fibre mats (pre-pregs) were created
by cutting the UD/RCM fibre mats into 130x80mm $mt$ and preparing a low viscosity
3 wiv % 3001D PLA (NatureWorRs USA) solution using chloroform (VWR, USA) as
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the polymer solvent. Fibre mats were then placednatal foil trays (130x80x10mm)
inside a fume cabinet and solvent cast with a pterdhined volume of the PLA solution
to achieve a desired pre-preg (pp) fibre volumetioa (Vi.pp). The solvent cast pre-preg
mats (Figure 7.2.2a-b) were then left for 12 hotorsallow the solvent to completely
evaporate before being removed from the trays tordd&inside a desiccator.

To quantify the primary orientation and coherenaythe fibre alignment of each mat
architecture type, images of the fibre pre-pregsewenalysed using ImageJ software
(National Institutes of Health, USA). ImageJ is apen source Java based platform
employed for image processing and analysis thatdeaeloped by the National Institutes
of Health (NIH) and was used in conjunction withadditional OrientationJ plug-in. The
analysis was performed on 5 imagas=(5) from each fibre mat type and compared with
an idealised set of aligned or randomly orientaededys. These were generated using
MATLAB software (MathWorkS§, USA) and acted as control images (Figure 7.2.2).

c 90¢ 45¢ d
0°
-90¢ -45°¢

Figure 7.2.2. Back-lit illuminated images aj 100x50mm section of UD solvent ¢
CorGlae$ Pure 107 fibre pre-preg [scale bar = 10mm] b) 100x50mm section SGAn
cast CorGlaés Pure 107 fibre pre-preg [scale bar = 10mmCrientation axis used
OrientationJ results d) Unidirectional (UD) control image andRayjdomly orientate
control image (generated by MATLAB).
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7.2.2.2 Matrix Sheets

Matrix sheets of 0.1-0.2mm thickness were manufadtby compressing 9g of 3001D
PLA granules (NatureWorRs USA) between two 305x305mm heated plates of a
hydraulic compression moulding press (Mackey BowlEyngland) at 200°C (Figure
7.2.3). The polymer granules were compressed uh8e2 MPa of pressure for 30 seconds
before cooling to room temperature by passing wateugh both cooling plates. The PLA
sheets were then cut into 130x80mm sections. Teeptgpolymer adhesion to the heated
plates, intermediate layers of greaseproof papee wiaced between the granules and the

plates during manufacturing.

Figure 7.2.3. Compression moulding press used to produce PLA matris simeet

CorGlae$ Pure 107 composites.

7.2.3 Composite Manufacturing

Continuous CorGla&sPure 107 fibre laminated composites were manufedtusing a
hand lay-up film stacking and compression mouldimethod with each CorGlag$ure
107 fibre pre-preg laminan(= 6) stacked alternatively between 3001D PLA matheets
(n = 7) (Figure 7.2.4a-b). Compression moulded contpssivere created inside a
130x80mm stainless steel three-piece cavity mduigu¢e 7.2.4c) using the compression
moulding press (Figure 7.2.3) at 200°C for 15 nesubefore being cooled to room
temperature under 4 MPa pressure. To improve densig in the composite thickness,
metal shims were used in conjunction with the mowhdist a PTFE dry film lubricant
(251-3794, RS Components, UK) was applied priaraimposite manufacturing in order to
ease removal of the sample from the mould (Figuzetad).
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Heat and pressure

Mould

Figure 7.2.4. lllustration of a) Alternating filniagking technique witlPLA matrix shee’
and CorGla€e% Pure 107 fibre pre-pregs [Reproduced from Gibsol&hson (1992)]b)
Sequential lay up of matrix films and fibre gseegs under heat and pressure insids
cavity mould[Reproduced from Gibson & Manson (1992)] c) 130x&80mstainless ste
cavity mould used for composite manufacturing [gsda&r = 10mm] andl) 130x80mr
0.2V; RCM composite plate marked for further cutting sta@f sample manufacturi
[scale bar = 10mm].

Composites of different fibre volume fractions ¢(Vand fibre architectures were
subsequently manufactured based on the accumuletim&ibutions from the polymer
matrix and fibre pre-pregs that were calculateagigign 7.2.1 and Eqn 7.2.2. For aligned
composites, UD lamina were alternatively stackegbgredicularly to the previous lamina
to produce a symmetric cross-ply composite lay@/pqQ/0/90/0/90] (where T denotes the
total laminate stacking sequence). The predetedniitee weight (), fibre volume
fraction (\f) and manufacturing specifications for each contpasinfiguration are shown
in Table 7.2.1%0- 122

Positive control samples of 3001D PLA (NatureW8KISA) were also manufactured by
placing 30g of 3001D PLA polymer granules into daeity mould inside the compression
moulding press at 200°C for 10 minutes. The moudd ¥hen cooled to room temperature

under 4 MPa pressure.
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Egqn7.2.1

whereW: = composite fibre weight fractiomy, = composite weight (gl = composite

fibre weight (g) wn = composite matrix weight (g).

V- (Wr/py)
57 (Wi /ps) + Wi/ o)

Eqn 7.2.2

whereV; = composite fibre volume fractioly,, = composite matrix weight fractiom; =
fibre density (g cri) [2.65 g cnif], pm = matrix density (g cf) [1.25 g cnt] 122,

Table 7.2.1. Manufacturing specifications of Cor&faPure 107-PLA composites.

CorGlae$ Pure 107 Pre-Preg (pp) PLA Matrix

Composite 40ml 3 w/v % PLA solution 0.1-0.2mm skeet

Sample VY | Fibre weight per pp (g Mp Weight per sheet (g)
®0.01 RCM | 0.01 0.1 1 ~2.9
®0.05\; RCM | 0.05 0.4 1 ~2.9
0.1V RCM 0.1 0.8 0.5 ~2.4
0.2V; RCM 0.2 2.5 0.5 ~2.9
€0.2V; [0/90ks | 0.2 2.5 0.5 ~2.9

®No solvent casted pre-pregs (pp) were manufactwidd the low \f composites due to the difficulty in

removing the resulting pre-pregs from the foily$ravithout significant sample damage.

P 14ml of 3 wiv % PLA solution used to solvent cadtV; composite pre-pregs.

¢ [0/90]3s represents the total stacking sequence ([0/90/@®T};) based upon its symmetry (s) and
repetition @ = 3) of the [0/90] orientated cross-ply.
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7.2.4 Mechanical Properties

The flexural strengthotomp and elastic modulus &y of all CorGlae$ Pure 107-PLA
composites and PLA control samples was assesseg aithree-point bend method based
on BS EN ISO 14125:1998. Testing specimens werdront the 130x80mm composite
plate (Figure 7.2.4d) to 60x15x2mm rectangular teasing a bandsaw in accordance
with BS EN ISO 14125:1998. Due to the homogenousMR or symmetrical ([0/9Qf)
nature of the CorGla8sPure 107-PLA composite lamina, no preferentiagmation was
selected during sample cutting with all specimartsaccording to sample ‘A’ as shown in
Figure 7.2.5&°¢,

% 1 l
' % —
' By
' %
' %
__________ ' O
OAoo < |
% |
(]

A Width direction of product | ,\
- )
g : | F?y\ %

L |

c' : [ — — [_ S— ,i,ig_l

b | | S

Figure 7.2.5. lllustration of a) u@ting specifications for samples cut along the le
direction of the composite (A) and samples cut along the width idinect the composi
(B) and b) 3-point bend testing arrangement used to test the @stGlare 107PLA
composites and control samples [Reproduced from BS EN ISO 14125:1998].

Samples were then tested using a Zwick/Roell Z2BWigk Roell, USA) testing
equipment with a 1kN load cell at a crosshead spgfe@mm min' in the testing
arrangement illustrated by Figure 7.2.5b whereltilagling member radiuR{) = 5mm,
support member radiu®{) = 2mm, support spai.Y = 40mm, specimen spak) € 60mm

and specimen thicknessh)(= 2mm. Force-displacement data was recorded using
Zwick/Roell TestXpeft software with the mechanical properties of the cspens
calculated using Eqn 7.2.3, Eqn 7.2.4 and Eqrb@ag.described in Method A of BS EN
ISO 14125:1998%¢. Prior to testing, the width and thickness of eacmple was
measured at three different locations with digitallipers and used to calculate an

averaged thickness (h) and width (b) for each spei
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3FL
Ocomp — 2bh2

Egn 7.2.3

whereccomp= flexural strength (MPaf; = maximum load (N)L. = specimen span (mmnt),
= specimen thickness (mni) = specimen width (mm).

) 11,2
EcL EcL
s’ = f s = f
6h 6h

Egqn7.2.4

wheres’ = beam mid-point deflectidrimm),s” = beam mid-point deflectiGr(mm), & =

flexural strairt (0.0005) & = flexural straifi (0.0025).

L* /(AF
Ecomp = 313 (E)
Egqn 7.2.5

where Ecomp= elastic modulus (MPayF = differential betweerr andF” from sample
force-displacement plot corresponding doand s” respectively (N),4s = differential

between deflections’ ands” (mm).

A comparison between the experimental and theatetiastic moduli was also conducted
using the rule of mixtures (ROM) (Egn 7.2.6). Tinmdel is based on the composite
properties being the sum of each constituent wajards to their respective volume
fractions. This can subsequently be used to predeceffective longitudinal (primary) or

transverse elastic modulus in a laminate comp8site



231

Egn 7.2.6

whereE; = elastic modulus (primary)), = correction factor depending upon composite
fibre orientation (0.375 for random in plane fibeasd 0.5 for a balanced 0°/90° lay-u),

= correction factor dependent upon fibre lengtlioflfibres that are-10l;, where { is the
critical fibre length),E; = fibre modulus (GPa):, = matrix modulus (GPa); = fibre
volume fraction.

7.2.5 Degradation

7.2.5.1 Weight Loss and Mechanical Properties

Degradation of 0.2VRCM and 0.2Y[0/90]ss samples as well as a PLA control was
carried out using distilled water on 60x15x2mm skmm@t a 0.21 cAiml™* SA:V ratio.
Samples were stored individually within PP bottesl placed inside a 37°C incubator for
up to 1008 hours (six weeks) before being evaluetédplicate o = 3) at each immersion
period. Analysis of the degraded samples along veftacement of the immersion media

was then conducted following the procedure outlimetable 7.2.2.

Table 7.2.2. Immersion period and sample data dudegradation of composite and

control samples over 1008 hours in distilled wate37°C.

Immersion Period _ _

(hours) Data Measurement Points/Media Change
2,4,6, 24,48, 72, 96, *Wet weight At each immersion period
120, 144, 168 Media pH
Wet weight, Dry weight| At each immersion period. Medja
168, 336, 504, 672, Media pH changed at each immersion period
840, 1008 Flexural strength and every 72 to 96 hours between
Elastic modulus measurements.

* Composite wet weight over the first 144 hours ardylected for 0.2Y RCM composite and PLA control

samples.
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Due to the cutting procedure of the 130x80x2mm cwsiip plate, samples were open-
ended (i.e. exposed fibre faces) across 3 or s@estional faces. To ensure comparable
results between samples, a 10 w/v % 3001D PLA isoluvas applied to the required
composite faces so that only 3 cross-sections loeaatples were exposed as shown in
Figure 7.2.6.

Exposed cross-sectional faces

Figure 7.2.6. Image of 60x15x2mm 02KRCM composite sample used in degrad:
testing with the three exposed cross-sectional faces indicated [scalé®@am].

During degradation, composite/control sample wetl alty weight as well as the
degradation media pH were measured using a +0.liome& analytical scale (Ohaus,
USA) and HI 221 pH Meter (Hanna Instruments, USA$pectively. For dry weight
measurements all samples were dried in an airlabedioven at 60°C for 12 hours prior to
measurement with the sample wet weight and dry hweiglculated using Eqn 7.2.7. These
results were then plotted against the immersiorog€hours).

Yo =Wt 100

Change in Wet and Dry Weight = ”
0

Eqn 7.2.7

wherewp = initial sample weight (mg) angk = sample wet/dry weight measured at tithe

(mg)

The flexural strength and elastic modulus of thgrdded samples were subsequently
evaluated using a three point bend method as edtimsection 7.2.4 using Eqn 7.2.3, Egn
7.2.4 and Egn 7.2.5 at each designated immersioadpaccording to Table 7.2.2. SEM
images of the 0.2VRCM composite as well as the PLA control fractimees after
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degradation and mechanical testing were captured) s Sigma VP SEM (Carl Zeiss,
Germany) in SE and BSE modes at a 10kV acceleratitgge after coating the sample
fracture sites with gold (Agar Scientific, UK) basen section 6.2.4. This was performed

at the School of Geographical and Earth Sciencesgisity of Glasgow.

7.2.5.2 lon Release

lonic concentrations in the distilled water duritige first 168 hours of 0.2VRCM
composite degradation (section 7.2.5.1) were meddotlowing the procedure outlined in
section 5.2.8.2.

7.2.6 DMEM Degradation

Degradation of 0.2VRCM composites in acellular protein free DMEM (Q&rAldrich,
USA) was conducted following the composite manuwfaocty and degradation methods as
outlined in section 7.2.3 and section 7.2.5 respelgt Growth of bacteria and fungi in the
DMEM was inhibited through the addition of sodiumide (Sigma-Aldrich, USA) to the
DMEM at 0.1 vol% prior to composite degradation pasviously described in section
6.2.7.

The precipitate formed on the degraded compositgps was examined by FTIR and
XRD using the equipment and specifications outliedection 5.2.3 and section 5.2.2
respectively. SEM images of the degraded compésitéure sites after mechanical testing
was also conducted at a 5kV or 10kV acceleratingage using a Hitachi S9000 SEM
(Hitachi, Japan) after coating the fractured contpofaces with gold (Agar Scientific,
UK). This was conducted at the James Watt Nanafabon Centre (JWNC), University
of Glasgow.

7.2.7 Bioactivity

The bioactivity of 0.2YRCM composite samples was assessed by immersirighgBmm
samples in ¢-SBF for 24, 72, 120, 168 and 336 haues0.1 cthml™ SA:V ratio. The c-
SBF was prepared following the procedure outlimeddction 5.2.9.1 with samples stored
individually in inside PP bottles within a 37°C ulmator. The c-SBF was not replaced over
the immersion period and samples were assesseplicate (| = 3) by measuring the

composite wet weight and media pH at each immergaiod after washing the samples
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in acetone (VWR, USA) to halt any further surfagaations as described in section
5.2.9.2. The results were then plotted againsintimeersion period (hours) with the sample

planar and cross-sectional faces analysed by F3 i#Rescribed in section 5.2.9.2.

7.2.8 Biocompatibility
Prior to biocompatibility testing of the composgamples,in vitro cell culture and cell

seeding was conducted following the method outlineskection 5.2.10.2.

The biocompatibility of 10x10x2mm 0.01V0.05V, 0.1Vt and 0.2Y RCM composites
was investigated by an initial MTT assay on MG6Bscellowing the methods described
section 5.2.10.3 using 100 vol% extracts from eamposite configuration after 24 and
96 hours of degradation. Samples were degraded & enf mI™ SA:V in CDMEM with
10x10x2mm 3001D PLA samples used as a secondaityvposontrol sample. The pH of
the degradation media for each MTT assay was atssured from a sample of the extract
using a HI 221 pH Meter (Hanna Instruments, USAjtofxicity testing by MTT assay
was also conducted on diluted extract concentrat(orl, 10, 50 and 100 vol%) obtained
from the degradation of 0.2\RCM composites after 24 and 96 hours in CDMEM Hase
on the method previously performed in section 31

After the MTT assay, biocompatible composite camfegions were then to be evaluated
by a direct contact cell culture and Live/D&astaining (section 5.2.10.4) following the
flow chart shown in Figure 5.2.3 at a 1.4°cml™. This SA:V ratio was selected so that a

better correlation between the MTT and Live/D®athining could be achieved.

Note: Although a 1.25 cfrml™ SA:V ratio was intended for the composite MTT gsaad
Live/Dead staining (section 5.2.10.3), significant lag ire thipette guns at the time of
testing resulted in a 1.4 éml™* SA:V ratio being used. To allow for comparisonsaEen
future results and across samples, a 1.4 it was consequently used in all future

composite biocompatibility testing.
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7.3 Results

7.3.1 Pre-Preg Orientation
The primary orientation and coherency in the compwjenerated control images as
determined by the Imag&Xksoftware is shown in Table 7.3.1 and compared i

average results for each fibre mat pre-preg arctuoite.

Table 7.3.1. Comparison of fibre anisotropy in Uila&RCM fibre pre-pregs as defined by
the primary orientation and coherency of their raignt using MATLAB control images

and Imaged software.

Sample Primary Orientation (°) Coherency (%)
Parallel aligned control image 90 100
Random control image 48 3
Aligned pre-preg 872 83+3
Random pre-preg 18+9 303

7.3.2 Mechanical Properties

Comparative stress-strain plots from a tensileete€orGlae$ Pure 107 fibre (filler) as
well as that obtained from the three point bendirtgsof a NatureWork® 3001D PLA
polymer control sample (matrix) and a 0;2RCM composite are shown in Figure 7.3.1
with the respective failure stresses/d) and strainset/ey,) overlaid. The flexural stress
and elastic moduli of composites with increasingangside a PLA control is shown in
Figure 7.3.2 with a complete description of eacm@as mechanical properties listed in
Table A.1. of Appendix A. The elastic moduli of #gecomposites is also compared with

those predicted using the rule of mixtures moddéligure 7.3.3.

A comparison between the stress-strain plots obtiairom the mechanical testing of 02V

RCM and 0.2Y[0/90]ss composite architectures is shown in Figure 7.3.4.
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Stress-Strain Plot Comparison
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S
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Figure 7.3.1. Stress-strain plots of CorGfaBsire 107 fibre (filler), NatureWorRs3001LC
PLA polymer (matrix) and 0.2VRCM composite with the ultimate stress/¢m,) anc

strain at failure g/, of each precursor phase indicated.

Elastic Modulus vs Flexural Strength

12
. 30.2Vf [0/90]3S
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) m0.2Vf RCM
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s b T | m0.05Vf RCM
L 4 i
@ o) ®0.01Vf RCM
o 2
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Flexural Strength (MPa)

Figure 7.3.2. Variation in flexural strength and elastic modulus wG@e§ Pure 10
fibre-PLA composites with increasing fibre volume fractior>@2V;) and differentfibre
architectures (RCM and [0/94) alongside a PLA control.
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Elastic Modulus vs Fibre Vol. Fraction

=
o

m Experimental

= Rules of Mixture

Elastic Modulus (GPa)
O FRL N WMo N 0 O

PLA 0.01vfRCM 0.05VfRCM  0.1VfRCM  0.2Vf RCM 0.2Vf [0/9]3S

Composite Sample

Figure 7.3.3. Comparison of experimental composite primary elasigtulus (&) with
that predicted by the rule of mixtures model over different comgpdgire volume
fractions (8-0.2V;) and architectures (RCM, [0/9@].

Stress-Strain Comparison of Composite Fibre Architectures
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Figure 7.3.4. Comparison between stress-strairs @6t0.2¥ RCM and 0.2V [0/90}s
composites obtained from three point bend testoogring to BS EN ISO 14125:1998.
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7.3.3 Degradation

7.3.3.1 Weight Loss and Mechanical Properties

The changes in wet and dry weight along with thelimeH during degradation of the
0.2V; RCM and 0.2Y [0/90ss composites as well as a PLA control are shownigure
7.3.5 and Figure 7.3.6 respectively.

a Wet Weight vs Immersion Period
Immersion Period (hours)
10%
0%
o -10%
9\?’ 0
= -20%
T -30%
5 -
=
= -40%
= 50%
-60%
—0—PLA —=—0.2Vf RCM ——0.2Vf [0/90]3S
b Dry Weight vs Immersion Period
Immersion Period (hours)
10%
0%:L O o o o o o)
) 168 336 504 672 840 1008
S -10%
S \
£ -20%
L -30% T
=
> -40%
&)
-50%
-60%
—0—PLA —=—0.2Vi RCM ——0.2Vf [0/90]3S

Figure 7.3.5. Degradation of 0.2RCM and 0.2Y[0/90)zscomposites in distilled watex
37°C along with a PLA control over 1008 hours (sieks) showing a) &t weight and |
Dry weight losses.
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Media pH vs Immersion Period
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Figure 7.3.6. Media pH during 1008 hour (six weg&yradation of 0.2VRCM and 0.2Y
[0/90]ss composites along with a PLA control in distillecter at 37°C.

The flexural strength and elastic modulus of theresponding samples after degradation
in distilled water is shown in Figure 7.3.7 ove8ltour increments with SEM images of
0.2ViRCM and PLA controls after the mechanical testimgve in Figure 7.3.8.
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a Flexural Strength vs Immersion Period
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b Elastic Modulus vs Immersion Period
—~ 12
&
) 10
g e EEN
>
g 6
(&]
g N . —
= —
© 2 __ e I

0

0 168 336 504 672 840 1008
Immersion Period (hours)
—0—PLA —=—0.2Vf RCM ——0.2Vf [0/90]3S

Figure 7.3.7. Comparison of a) Flexural strengttd &) Elastic modulusduring
degradation of 0.2¥RCM and 0.2Y[0/90]ss composites as well asRLA control ove
1008 hours (six weeks) in distilled water at 37°C.
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s€2 100X 4Feb2013
WD = 11.7mm _ Fie Neme = PLAComp_O1a_228¢ 152659
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SE2 200K X 4 Feb 2013
WD:}?)M File Name = PLAComp_01a_02 8 143560 WO = 11.7 mm File Name = PLAComp_01a_05 8 144339

1000kv SE2 200K X 1000V se2 100 X 4 Feb 2013
— WD =122mm  File Name = PLAComp_01a_09.8f 145601 [ WO 82mm  File Name = PLA_O1a_208¢ 16312¢

Figure 7.3.8. a) Fracture surfaces of degraded (ROM CorGIae(g Pure 107 composi
samples after gold coating, SEM images of b) QRZM composite after 168 hours
degradation [scale bar = 100um] c) O, RCM composite showing breakdown of fibre-
matrix interface due to fibre dissolution after 168 hours [scale-d&uum] d) 0.2YRCM
composite after 336 hours of immersion [scale bar = 100um] e) ®REW composit

after 504 hours of immersion [scale bar = 10um] f) PLA contraitére surfaces af

1008 hours of degradation [scale bar =]
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7.3.3.2 lon Release
The daily and accumulative ionic concentrationghefimmersion media over the first 168
hours of 0.2¥ RCM composite degradation are shown in Figured7.3.

a Daily lonic Concentration vs Immersion Period
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Figure 7.3.9. a) Daily ionic concentrations andr'bjal accumulative ionic concentratic
from 0.2\t RCM composites over initial 168 hours of degraatatin distilled waterat
37°C.
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7.3.4 DMEM Degradation

7.3.4.1 Weight Loss and Mechanical Properties

A comparison between the wet and dry weight dutimg degradation of 0.2VRCM
composites in distilled water and acellular DMEM 3°C is shown in Figure 7.3.10.
Further comparisons between the media pH as welhadlexural strength and elastic
moduli of the composites across the same degradagoiod are also shown in Figure
7.3.11 and Figure 7.3.12 respectively.

a Wet Weight vs Immersion Period
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Figure 7.3.10. Comparison of a) Wet weight and by @eight during degradation
0.2V; RCM composites in distilled water and DMEM ovef&hours (six weeks) at 37°C.
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Figure 7.3.11. Comparison of media pH during Q.RCM composite degradatioin
distilled water and DMEM at 37°C over 1008 hourtarislard deviation in DMEM +

0.06).
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Flexural Strength vs Immersion Period
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Figure 7.3.12. Comparison of a) 02YRCM composite flexural strength (stanc
deviation in DMEM< = 4 MPa) and b) 0.2VRCM composite elastic modulus during
sample degradation in distilled waterdaDMEM over 1008 hours of degradation (stan
deviation in DMEM< % 0.8 GPa).
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7.3.4.2 lon Release

The daily and accumulative ionic concentrationshi@ DMEM media during 0.2\MRCM
composite degradation is shown in Figure 7.3.1% Jddium (N3 ionic concentration is
shown separately from these results due to theifisigntly higher values that were
observed which remained a6000 mg T over the majority of the 168 hours (Figure
7.3.14).

Note: the DMEM ionic concentrations were not notised with respect to its initial ionic

constituents.
a Daily lon Concentration vs Immersion Period [DMEM]
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Figure 7.3.13. a) Daily ion release from 0;2RCM composite during degradation
DMEM and b) Accumulative ion release from 0;RCM composite during degradat
in DMEM over initial 168 hours.
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Daily Sodium Concentration vs Immersion Period
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Figure 7.3.14. Daily sodium ionic concentrationDMEM during degradation of 0.2V

RCM composite degradation over 168 hours.

During degradation of the 0.2 YRCM composite in DMEM it was observed that a white
precipitate formed rapidly over the sample surfdeigure 7.3.15a) with larger fragments
accumulating at the bottom of the vials. SEM analyfigure 7.3.15b-d) of fractured
composites after DMEM degradation and mechanicing also showed this precipitate
to have formed within the pore voids created bydissolution of the CorGla&$ure 107
fibres. Analysis of this precipitate by FTIR and isubsequent comparison with the
CorGlae$§ Pure 107 glass composition and CorGlaBare 107 fibres after 336 hours of
immersion in ¢c-SBF is shown in Figure 7.3.16. AnXRace of this precipitate is also

shown in Figure 7.3.17.
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Figure 7.3.15. a) Surface image of the Q.RCM composite after 366 hours
degradation in DMEM [scale bar = 5mm] and b-d) SEM images of;(RB3M composit
fracture sitesafter 336 hours of degradation in DMEM showing the formatio
precipitants within the voids created by fibre dissolution [sbales = 30um, 10pumnd
5um].

Analysis of the FTIR spectra revealed that the ipietes formed possessed a structure
similar to the deposits analysed during the previbioactivity testing of the CorGldes
Pure 107 fibres (section 6.3.7). This was evidgnthle appearance of a broad peak across
1200-1000cnt as well as across the 546-470tmavenumber range (Figure 7.3.16). The
lack of any crystalline structure in the XRD traadso indicated that the precipitated phase
possessed an amorphous structure with a broad hedakcentred at@®~ 30° (Figure
7.3.17).
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FTIR Spectra of Different Samples
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Figure 7.3.16 Comparison of FTIR spectra obtained from the precipitate forueihc
degradation of the 0.2Vf RCM composite in DMEM with the CorGlaPsire 10
composition and that obtained during bioactivity testing of Cor&IRese 107 fibres aft
336 hours of immersion in c-SBF.
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Figure 7.3.17. XRD trace of surface precipitate formed after 336shafuf.2\f RCM
composite degradation in DMEM showing an amorphous structure and héle 802
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7.3.5 Bioactivity

Images of 15x15x2mm 0.2\RCM composite samples after each immersion penac
SBF is shown in Figure 7.3.18. The correspondingweght and c-SBF pH compared to
that previously recorded during 0.2RCM composite degradation in distilled water and
DMEM are shown in Figure 7.3.19 and Figure 7.3&5pectively.
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Figure 7.3.18. Images of 15x15x2mm 0;2RCM composite samples over vari
immersion periods in c-SBF showing the formation of a surface precipiititeovolonget
duration in c-SBF [scale bar = 10mm].
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Figure 7.3.19. Comparison of 0.2RRCM composite wet weight during dededion ir
distilled water (SA:V = 0.21 chml™?), DMEM (SA:V = 0.21 crA mI™*) and cSBF (SA:V
=0.1 cnf mlY).
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Media pH vs Immersion Period
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Figure 7.3.20. Comparison of media pH during degtiad of 0.2V RCM composite i
distilled water (SA:V = 0.21 cfrml™), DMEM (SA:V = 0.21 criml™) and cSBF (SA:\
= 0.1 cnf ml™).

The FTIR spectra of composite planar surfaces @t eamersion period in c-SBF across
the complete (4000-400¢th and 1400-400cth region of the spectra is shown in Figure
7.3.21. Compared with the initial composite surfe@éR spectrum, the results showed the
formation of new peaks at 896¢mand ~512cm’ after 24 hours whilst continued
immersion showed the gradual suppression in thengiy of peaks ranging from 1720-
990cni'. The shifting in peaks was also observed witheéasing immersion time as the
broad peak centred at 512¢nafter 24 hours changed to 474tmfter 336 hours of
immersion. FTIR spectra of the composite crossimestwere found to be identical to

those collected from the planar faces.



252

a FTIR of 0.2V RCM Composite Surface vs Immersion Period
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Figure 7.3.21. FTIR spectra of composite planaegaafter immersion in 8BF for up t
336 hours over a) 4000-400¢rand b) 1400-400cthwavenumber ranges.



7.3.6 Biocompatibility
The MTT assay of MG63 cell viability using extradiom RCM composites with
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increasing fibre volume fraction and a PLA polyntemtrol after 24 and 96 hours of

degradation is shown in Figure 7.3.22 with the @lating media pH shown in Figure
7.3.23. Similarly, the MTT assay of degraded extgrdoom a 0.2Y RCM composite at

various concentrations (0.1, 10, 50, 100 vol%)ra®4 and 96 hours of degradation in

CDMEM is shown in Figure 7.3.24. Analysis of thiatal found a statistically significant

difference between the fibre volume fractions (©.85) (Figure 7.3.22) as well as the

0.2V} extract concentrations on the cell viability comgzhto the positive controls (Figure

7.3.24) (p < 0.05).

Due to the observed cytotoxicity found in the MT&sults, no direct contact cell culture

and Live/Deaf staining was performed.
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Figure 7.3.22. Comparison of degradation mediatoytoity from NatureWork8 3001C
PLA and CorGla€sPure 107 fibre-PLAcomposites with increasing fibre volume frac
(0—0.2Vf) on MG63 cell viability using MTT assay.
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Figure 7.3.23. Mediaxtract pH from composite samples and positiverotafter 24 ar
96 hours of degradation used in MTT assay.
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Figure 7.3.24. Degradation extract concentratiamfi0.2 RCM CorGlae8 Pure 10
composite on MG63 cell viability using MTT assateaf24 and 96 hours of degradation.
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7.4 Discussion

Analysis of the OrientatioffJresults (Table 7.3.1) obtained from unidirectiotdD) and
random continuous fibre mat (RCM) pre-pregs showeéuigh degree of coherency (83%)
in the orientation of the UD fibre mats that wasse to those obtained from the aligned
control images (100%). However the RCM pre-prege ahowed a degree of coherency
(30%) in their primary orientation that was substdly higher than the idealised random
control image (3%). This was attributed to the naraxpansion method employed when
manipulating the CorGla8sPure 107 fibres into randomly orientated mats &mel
attenuation around the hand driven mandrill thatthee results have shown, appeared to

impart some preferential orientation in the RCM-preg mats.

Mechanical testing of the CorGl&eBure 107 fibre composites at different fibre votum
fractions and architectures showed the expectedase in elastic modulus with increasing
fibre volume fraction (¥) compared to the PLA control (Ahmed et al., 200@hammadi

et al., 2012). The tensile fractures observedeabtitermost layer of the composites during
mechanical testing and absence of delamination ialdicated that successful bonding
between the composite lamina had occurred duringpamanufacturing. The increased
strain to failure and plastic deformation of the APlcontrol €, compared to the
CorGlae§ Pure 107 fibreg) was also expected with the use of a polymer méi > &)
(Figure 7.3.1). However despite the increase in uhw] a reduction in the flexural
strength was found in all composite samples belosvrteat PLA control (Figure 7.3.2).
This could be attributed to several factors suchhasinclusion of flaws into the matrix
through fibre introduction, localised deviationsthe composite ¥ fibre handling and
subsequent fibre damage during composite manufagtas well as the quality of fibre-
matrix interface. This is related to the infiltiati of the polymer resin into the reinforcing

fibres (since solvent casting was not performedfod\i and 0.05Y samples)®® 2%

A comparison between the 0.2YRCM and 0.2V [0/90ks samples showed a distinct
contrast in their mechanical properties and failoehaviour (Figure 7.3.4). This was
evident by the increased flexural strength andtiglaeformation found in the 0.2\RCM
composites that was attributed to the differencibire architecture between samples. The
area under the respective stress-strain plotsslewed that the energy absorbed by the
RCM composite configuration was greater than th®(JRs architecture, but remained
below the PLA control (Table 7.4.1).
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Table 7.4.1. Comparison of average sample toughmessd on the area under the stress-

strain plots recorded for each type of composite @mtrol sample shown in Figure 7.3.4.

Sample Toughness (Jn
PLA Control 2.48 +0.06
0.2V RCM 1.01+0.01
0.2V; [0/90ks 0.69+0.11

Accordingly, the increased flexural strength wadiebed to be due to the improved
polymer infiltration of the RCM mats and subsequenprovement to the fibre-matrix
interface compared to the aligned pre-preg lamiaanwhile the increased plastic
deformation and toughness of the G.RCM samples was attributed to their random,
interlocking 2D architectures that were expectegdssess localised areas of overlapping
fibre intersections similar to those encounteredoiaided or woven fibre mats. These
features are considered by Karbhari & Strassle@{2@ be capable of locally entrapping
microcracks and serve as crack arrestors duringoosite fracture, but would also have
likely had an effect on the frictional slippage votng during fibre-pull out (section
3.2.3.1). The ability of these fibre intersectidadistribute external stresses over a larger
substrate area is also believed to result in areased strain energy absorption which
would correlate with the results shown in Table.Z.4n contrast, the parallel aligned
fibres of the [0/90)s lamina can allow unconstrained microcracking aplittexg of the
matrix to occur between fibres if they are not radig perfectly parallel to the loading
direction (Karbhari & Strassler, 2007). This wotieén corroborate with the observed fibre
wrinkling/waviness and the imperfect fibre alignme(83%) identified from the
OrientationJ results for the aligned CorGfagsire 107 pre-pregs that was incurred from

the hand lay-up method employed in composite maturfimg 219 337 33!

These experimental values also appeared to carelidg those predicted by the rule of
mixtures model for the different fibre volume friacts and architectures in the
manufactured composites (Figure 7.3.3). The inecasdastic moduli values obtained
experimentally for the RCM composites was attridut® the unwanted degree of
coherency found in the RCM architecture (TableIj.d8s well as the potential extrusion of
materials from the mould (Figure 7.4.1). The extmsof small quantities of polymer

matrix during composite manufacturing would havésagquently raised the volume
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fraction of the composite above the predetermined Nowever this increase was
considered to be marginal given that the extrusib0.07-1.66g of polymer matrix was
calculated to only increase the composite voluraetion from the target 0.2¥o 0.21V.

WD« 78mm File Name = PHEVComp_01a_14 1 124251

Figure 7.4.1. SEM of a degraded O; RCM composite with the riverlines created fi
fibre degradation illustrating the shift in fibrasgdersion due to the extrusion of

polymer matrix from the mould during manufactur[sgale bar = 100m].

Based on this, the increased experimental valuesvrsifor all RCM composites was
believed to be due to the degree of anisotropyhen RCM composite architecture that
could have been unexpectedly preferentially aligpadillel to the primary loading axis.
This would have then conflicted with the correctfantor f,) used in the rule of mixtures
model (Eqn 7.2.6) that assumed a perfectly evenrandomised distribution of 2D fibre
orientations throughout each composite lamina. Woslld subsequently be in line with
the increased experimental data observed by Ahmeal. 2011) where instances of
unwanted preferential orientation in composite daswere unable to be accounted for by
the fibre orientation correction factony) ***. Meanwhile the decrease in experimental
elastic modulus for the 0.2\J0/90);s composites compared to the predicted values was
attributed to the idealisations applied in the miienixtures which would not hold true in
practical samples. These included the uniformrfillistribution, absence of voids, perfect
fibre-matrix interface and that both phases ac imearly elastic manner (Ahmed et al.
2011)29,

Additionally, comparisons also showed that both €2V RCM and 0.2Vf [0/90]s

composite samples possessed mechanical properiibs ihe lower range of those
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reported for the parietal bones by Motherway e{2009). However given its improved
toughness and increased flexural strength, the:0ROM composite was deemed more
suitable for the target application as part of anmplasty plate implant device (Figure
7.4 2)[339, 340]

Comparison of Elastic Modulus vs Flexural Strength
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Figure 7.4.2. Comparison of 0.2¥nd 0.2V [0/90}ss composite mechanical proper
with the composite precursor materials, cortical/parietal wome HAPEX [Data from
Motherway et al., 2009; Ratner, 2012; Tjong, 2012].

A comparison with the alternate phosphate glasee fibmposites investigated in the
literature (Figure 7.4.3) showed that the mechamiczperties of the 0.2\CorGlae§ Pure

107 composites were within the expected valuesngttie variation in fibre architecture,
matrix/filler properties and fibre volume fractiona the comparative data. This is
demonstrated by the general trend of increasinghamecal properties with increasing
fibore volume fraction as well increasing propertibetween different composite

architectures (chopped < orientated < unidireclidibaes) as discussed in section 3.2.3
[215, 219, 222, 223, 341]
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Figure 7.4.3. Comparison of PGF composites mechbpioperties with 0.2VRCM and 0.2y [0/90ks CorGlae& Pure 107 compositesatranged b
increasing Y[Data from Ahmed et al., 2008; Khan et al., 204Bmed et al., 2011; Felfel et al., 2012; Han et2013].
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Degradation of the 0.2VRCM composites and PLA control showed an initiereéase in
the wet weight£0.2%) after 4 hours of immersion (Figure 7.4.4)isMias associated with
the diffusion of degradation media into the PLA ypoér matrix and was in line with

previous results as reported by Onal et al. (2@6@@)Ahmed et al. (20113 3%°!

Wet Weight vs Immersion Period
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Figure 7.4.4. Comparison of 0.2\RCM compaite and PLA control wet weight o\
initial 24 hours of degradation showing equal ratemedia uptake in both samples aft

hours of degradation.

However after 4 hours, the 0.2ZYRCM composite showed a steady decrease in its wet
weight that was attributed to the dissolution oé tBorGlae® Pure 107 fibres when
compared to the PLA control which continued to dlowicrease. The reduction in
composite wet weight continued until it appearedlEmteau at approximately -20% to -
25% after 168 hours of degradation (Figure 7.3H)is plateau was interpreted as
signalling the near complete dissolution of the Gae§ Pure 107 fibres and was
contrasted by the PLA control that appeared to imecsaturated after 72 to 96 hours at an
increased wet weight of0.7%. Such time scales of polymer saturation arude fi
dissolution were found to be in line with previosisidies such as those conducted by
Ahmed et al. (2011), Felfel et al. (2012) and Haale(2013). The correlating dry weight
of all composite samples mirrored this trend bubvedd a greater dry weight loss
compared to the equivalent wet weight (Figure 7.4L&is was accounted for by the voids

generated in the composite from fibre dissolutiigyre 7.3.8b-e) that could act as
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reservoirs for the immersion media during sampleglatemeasurements prior to drying as
discussed by Ahmed et al. (2068 219 222 23]

0.2V; RCM Composite Wet vs Dry Weight
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Figure 7.4.5. Comparison of 0.2ZRCM composite wet and dry weight over 1008 hou

immersion in distilled water at 37°C.

As anticipated, the dry weight of the PLA contr@mained constant throughout the
degradation period due to the relative time framthe study and correlated with previous
results reported by Ahmed et al. (2011). Howeveshibuld also be recognised that the
increased SA:V created by the internal porositthencomposite PLA matrix (due to fibre

dissolution) may have increased hydrolytic polyndegradation in the composites

compared to the PLA control (Ahmed et al. 2068) %22 223

The dissolution of the reinforcing CorGl&eBure 107 fibres was coupled with a reduction
in pH that was attributed to the formation of phumc acid (HPO,). This was due to the
rapid dissolution of the composite reinforcing &brand was found to agree with the acidic
pH reported by Ahmed et al. (2008, 2009, 2011) &fah et al. (2013) during the
degradation of similar PGF composite configuratiohise dissolution of these fibres is
considered by Han et al. (2013) to occur via theesanechanisms as those reported for
isolated fibres or bulk monolith samples and woalgbear to correlate with the low pH
found during the previous dissolution testing oblased CorGlaés Pure 107 fibres
(section 6.3.6).
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The accumulation of the fibres dissolution specmssequently led to a drop in media pH
over the initial 24 hours te2.5 despite frequent media replacement over tts¢ 168
hours of degradatiof®® ?*®! As the degradation continued, the results shawisdpH to
gradually return to its initial values after 672840 hours (4-5 weeks) and indicated that
complete dissolution of any small fibre remnantd becurred. It should also be mentioned
that it is unknown how significant an impact thereunding phosphoric acid would have
had on the rate of polymer matrix degradation duets catalytic effect on the PLA
degradation rate (section 3.2.2.3) (Ahmed et all120In contrast the pH of the PLA
control media remained close to neutrdb.b) throughout the entire degradation period
with the initial decrease in pH attributed to atpiosric influences and the generation of

carbonic acid as discussed in section 5.327118 219 2231

The weight loss stemming from the rapid dissolutasrthe CorGlaes Pure 107 fibres
over the first 168 hours also correlated with tgida release of ions into the media (Figure
7.4.6). This was demonstrated by the daily ioniccemtrations measured from the 6.2V
RCM composite over this period that echoed simmgaults reported by Mohammadi et al.
(2012)1269,
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Figure 7.4.6. Correlation between the daily ionic concentrations afateadatiormedi:
and the 0.2¥YRCM composite wet weight over the initial 168 hours of immerstwowing
reductions in the ions released from the composite as the majbttig CorGlaes Pure
107 fibres degraded.
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The 0.2V RCM data (Figure 7.4.6) shows that the initialigthrate of ion release quickly

slowed after 48 to 72 hours as a result of theede=eng fibre content remaining within the
composite. The near complete dissolution of theGlaes Pure 107 fibres over this 168

hour period was also reflected by the non-lineaves seen in the accumulative ionic
concentrations of the degradation media which bégaateau after 96-120 hours (Figure
7.3.9b)109],

Mechanical testing of all composite samples shothatl a rapid decrease in the flexural
strength (-46% RCM, -58% [0/94) and modulus (-62% RCM, -80% [0/9¢] had
occurred after 168 hours of degradation which BElow those of the PLA control
samples. This was attributed to the break-dowmeffibre-matrix interface via the ingress
of moisture and dissolution of the reinforcing &br(Ahmed et al. 2011). The rate at which
this deterioration occurred was attributed to #rgé SA:V at the fibre matrix interface and
the autocatalysis effects generated by the higltigdi@ media (Han et al. 2013) as
previously seen during the dissolution of isolat@drGlae§ Pure 107 fibres (section
6.3.6). The fibre-matrix interface was also expeédtehave been severely disrupted by the
capillary action of moisture along the interface.(wicking) (Figure 7.4.7). However other
factors such as the hydrophilicity of the PLA matand catalysis of the PLA hydrolysis
reactions from the surrounding phosphoric acid vedse expected to have influenced the
interface breakdown and the resulting mechaniagpgnties of the composites (Ahmed et
al. 2008)[215, 218, 229_]

Breakdown of interface

CorGlae€ Pure 107 filament
(@=220m)

_— .
100pum 3001D PLA 100_pm Wicking Direction

Figure 7.4.7. Optical microscope images of a ~@220um CorGRese 107 filamel
bonded to a glass coverslip with 3001D PLA and immersed in distilbdr at 37°(
showing a) Fibre-matrix interface at @&nd b) Breakdown of the fibm&atrix interfac
after 336 hours of immersion due to the wicking of moisture along tredfiatrix
interface [scale bar = 10f].
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The mechanical properties of the PLA were also deenhange over the degradation
period with fluctuations in the flexural strengtmdaan increase in elastic modulus
observed during degradation. The variation in tbkgrper flexural strength was attributed
to the presence of defects within the sample tlmatldvhave accounted for the irregularity
seen between samples in Figure 7.3.7. The obsemeedase in elastic modulus of the
PLA control however was believed to be due to thighdr degradation rate of the
amorphous phase in the semi-crystalline PLA polyriibe expected increase in polymer
crystallinity over the degradation period would nthaccount for the increase in elastic
modulus from 3.21 + 0.34 GPa to 4.67 + 0.12 GPawas observed after 336 hours of
immersion and is recognised to occur in semi-chyséabioresorbable polymers. Such
results would correlate with those reported by étedt al. (2010) where an increase from
26% to 44% in polymer crystallinity was measure@@B00 hours during the degradation
of NatureWork§ 3251-D PLA samples in distilled water. A slightadge in the

opagueness of the 3001D PLA control was also obdeduring sample degradation and
was believed to have been due to the recrystatizadf the preferentially degraded

amorphous phas&® 342

After 1008 hours of degradation it was found tet average flexural strength and elastic
modulus of the 0.2M0-90}ss composites were lower (12.17 + 0.56 MPa, 2.3361 GPa
respectively) than the equivalent O:RCM architecture (21.51 £ 9.38 MPa, 3.23 £ 0.17
GPa respectively). Furthermore compared to thevatgnt PLA control, both degraded
composites showed increased plastic deformatiomngluesting (Figure 7.4.8). These
differences in composite mechanical properties farldre modes were likely due to the
difference in porous architectures created during3ae$ Pure 107 fibre dissolution and
their relative ability to impede crack propagatioompared to the PLA control. The
tailoring of porous architectures via fibre dissmo in such composites has previously
been discussed by Ahmed et al. (2008) with regaraseeting specific clinical needs. Yet
the architecture has also been demonstrated herdat®@ important mechanical
considerations after complete fibre dissolution besurred given that the resulting pore
diameters ¥20um) were below those deemed acceptable for lsetlelar ingrowth
(>300um). Stress-strain plots of the PLA contr@oashowed a reduced strain at failure
after 1008 hours compared to the initiab][Values and correlated with the increased

crystallinity of the polymer during its degradatias previously discuss&d® 342 343!
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Figure 7.4.8. Comparison of stress-strain plotefioitial (Tp) compositezontrol sample
and after 1008 hours (six weeks) of degradatiaistilled water at 37°C.

However despite the difference in initial compositechanical properties between the two
fibre architectures, the immersion of samples wstikkd water revealed similar rates of
fibre dissolution and subsequent loss of compasiehanical properties. This indicated
that the RCM fibre architecture offered no advaatagth regards to increasing composite
durability. This was likely due to the continuouature of both reinforcing phases when
compared to the reduced dissolution rates fourahapped fibre composites by Ahmed et
al. (2011) via the inhibitory effect of a discontous fibre phase on the wicking of
moisture along the fibre-matrix interface (secthd.8). The increased rate at which the
media pH returned to its initial values in the [@A& composite (Figure 7.3.6) could also
be reflective of the media’s increased mobilityitthe composite interior with this type of
fibre architecture. This increased mobility may é@amplicationsin vivo with regards to
drug release or cell ingrowth and nutrient transpgmtween such architectures should
suitable pore sizes (>300um) be produced. As dtyabe arrays of alternating parallel
fibres would appear to have completely degradedsdightly faster rate than those used in
the 0.2¥ RCM composite. This may then explain the diffeeeno flexural strength
between the two composite samples after 168 ton®86s of degradation (Figure 7.3.7).
However despite these considerations, the mecHamtésting of degraded samples
highlighted that the current rate of CorGfadzure 107 fibre dissolution rendered these
composites unable to match the targeted designfigpdion of retaining at least 80% of
their flexural strength and elastic modulus afté0& hours (six weeks) of degradation
(section 3.2.3.2)* This was evident by the degradation data thatveHoa severe
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reduction in the mechanical properties of both cosites after the first 168 hours of

degradation (Figure 7.4.9).

Composite Elastic Modulus vs Immersion Period

Elastic Modulus (GPa)

0 168 336 504 672 840 100§

Immersion Period (hours)

| —8—0.2ViRCM —&—0.2Vf[0/90]3S - ® - Desired rate of elastic modulus retentipn

Figure 7.4.9. Comparison of 0.2¥omposite degradation with the targeted degrac

rate of the composite elastic modulus.

It should be noted that the mechanical testing ryf shmples may produce different
mechanical properties compared to the testing df saenples which is considered by
Felfel et al. (2012) to be a better representatbimn vivo performance. However the
testing of dry samples was selected in this aralgae to the uncertain availability of the

testing equipment with regards to specific sampimeérsion period$>2,

Despite the reductions in CorGl&eBure 107 fibre dissolution rates previously obsdrv
in DMEM (section 6.3.6), the DMEM degradation 02%; RCM composite samples failed
to show any increase in mechanical durability. Mis evident by the near identical rate
of dry weight loss (-28%) and reduction in the cosite modulus (-59%) observed after
168 hours of degradation despite the pH of the DMEppearing to be substantially
buffered. However, the localised yellow discoloimatof the DMEM in the immediate
vicinity of the composites indicated that highlg&tised pH effects were occurring (Figure
7.4.10). This would have been due to the rapidotliion of the CorGlaés Pure 107
fibres that, based on the composite weight loss, dgipeared to occur at the same rate as
that experienced during composite degradation stilieid water. The rapid dissolution of
the reinforcing fibres despite the presence of abpHer highlighted the influence of the

high SA:V ratio at the fibre-matrix interface onngposite degradation.
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2 Samfue

0.2V RCM Localised yellow Localised yellow

Composite discolouration discolouration

Figure 7.4.10. Degradation of a 15x15x2 mm Q.RZM composite samples in 0.1 vc
sodium azide-DMEM (SA:V = 0.21 ¢ml™?) with the localised yellow discolouration
the media after 48 hours of degradation signalling eidia environment surrounding t

sample.

Further comparisons between the degradation of ositgs in DMEM and distilled water
showed the same initial trend in media uptake au@dlymer absorption prior to the
decrease in wet weight from dissolution of the fiaiting fibres. However the overall
decrease and plateau in wet weight was signifigam@tiuced (-12%) compared to that
recorded in distilled water (-20%) after 168 houfkis was believed to be due to the
formation of a visible whitish precipitate acro$® tcomposite sample surface that was
apparent after 24 hours of immersion. These pratgs continued to form over the first
week (168 hours) of immersion with SEM images o ttegraded composites fracture
faces (after mechanical testing) also showing thatprecipitate had formed sporadically
within the pores generated by fibre dissolutiorg(ife 7.3.15). However the majority of
these surface deposits separated from the compssitace during sample drying and
consequently led to similar dry weight measureméeisg obtained when compared to
those previously recorded in distilled water.

As with the samples degraded in distilled watergpid deterioration in the composite
mechanical properties was observed after 168 hofudegradation that was attributed to
fibre dissolution as previously discussed. Howeawechanical testing of the composites
also showed that despite possessing a near equivahkestic moduli to that found after
degradation in distilled water, the flexural stréngnd failure mechanisms varied between
the different media. Consequently when degrade®MEM, the samples appeared to
display a brittle failure mode compared to the mduetile failure previously observed
from 0.2V RCM composites over the equivalent immersion peiiodistilled water
(Figure 7.4.11).
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Figure 7.4.11. Comparison of stress-strain plots0f@V; RCM compositesafter 100:

hours of degradation in distilled water and DMEM.

Work by P&a et al. (2006) has shown that polymers such aswCldegrade at a faster
rate in DMEM compared to PBS and that the influen€enedia with high molecular
concentrations such as DMEM must be considered whatuating material degradation.
Furthermore P& et al. (2006) also states that few studies hgaammed such effects with
regards to material degradation in fluids more @lpsresembling biological media.
Inspection of the stress-strain data obtained dui@orGlae8 Pure 107 composite
degradation indicated that the transition to atlbriailure mode appeared to occur within
the first 168 hours of degradation. This would thewply that the observed failure
behaviour of the remaining porous PLA matrix wa®rggly related to the interactions
occurring between the dissolution of the CorGtaBare 107 fibres and the DMEM. The
rapid nature of this transition was also within aam smaller time frame than the 18 month
study conducted by Ra et al. (2006). However due to restrictions ona¥alable volume
of DMEM no PLA controls were degraded for compamiséurther analysis is also
restricted by the lack of comparative results ia titerature examining the mechanical
degradation of PGF composites in DME¥f,

Analysis of the precipitate formed during 0;RCM composite degradation in DMEM by
FTIR and XRD (after drying the composite at 60°C I& hours) showed the material to
possess an amorphous structure. Furthermore the Bféctrum of the precipitate was
found to closely match that previously obtainedimtybioactivity testing of the CorGla®s

Pure 107 fibres in c-SBF. This appeared to indidhtd the rapid dissolution of the

composite reinforcing fibres and saturation of IMEM had resulted in the precipitation
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of various pyrophosphate salts as previously foundection 6.3.7. The precipitation of
these salts was likely due to the similar ionicstidnents/concentrations (Table 6.2.2) and
media pH between the DMEM and c-SBF. A comparisetwben the accumulated ionic
concentrations in the DMEM and distilled water dgrD.2\ RCM composite degradation
also showed the DMEM to possess a significantlyelosoncentration of Mg and zi*
ions (Figure 7.4.12). This is despite the composiggght data indicating similar rates of

fibre dissolution in both media.

Total lonic Concentration vs Immersion Period
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Figure 7.4.12. Comparison of €aMg™ and ZA* accumulativeionic concentratior
during the degradation of the 0.2YRCM composiés in DMEM and distilled wat
(DMEM normalised with respect to its initial ionic camtrations before compos
degradation i.e. g.

Combined with the XRD trace, the comparison betwienionic concentrations of each
respective media (Figure 7.4.12) reinforces theppsed formation and deposition of
amorphous pyrophosphate salts relevant to the @e&5Pure 107 composition (section
6.4). Such results would also correlate with theegal low solubility product constants
(ksp) Of magnesium phosphatey(l 1x10** at 25°C) and zinc phosphatek 9x10> at
25°C) saltd** **®! The significantly higher Naionic concentrations found in the DMEM
results (Figure 7.3.14) could not be accounted ot were believed to be due to
interference from the DMEM during the analysistod tnedia.

Bioactivity testing of the 0.2VRCM samples showed the fibre dissolution to oaiua

similar rate as that recorded during composite atdagion in distilled water. This was
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apparent by the near identical rate of decreasiag weight when compared over the
equivalent degradation period (Figure 7.3.19). Hmven contrast to the distilled water,
the pH of the c-SBF during composite degradatios slzown to be sustainably buffered
and remained above 6.4 for the entire immersiorogeihis deviation in pH despite the
similar rates of fibre dissolution could be accashfor however when considering the
local and bulk SA:V ratios as well as the initiakdia ionic constituents/concentrations
between the two experimental methods. Consequéméyidentically high SA:V at the
fibre-matrix interface in both samples would acdotar the similar rates of rapid fibre
dissolution. However the difference in bulk SA:\fiodbetween the mechanically degraded
(0.21 cnf mI™) and bioactivity tested (0.1 éml™) conditions along with the pH buffering
and or precipitation of phosphate groups out oltswmh would then account for the

deviation in bulk media pH for each respective imsi@ media

The immersion of composite samples was also coupléd the formation of a white
precipitate on the planar and cross-sectional sesfaof the composite after 24 hours
(Figure 7.3.18). As the immersion time increasedas observed that this surface layer
gradually continued to be deposited. These visbakrations were found to correlate
well with the FTIR spectra obtained from the samplehis data showed the formation of
new peaks after 24 hours of immersion whilst th#ainpeak wavenumbers at 1745¢m
and 1250-1050cth(corresponding to the C=0, C-O and C-O-C stretchiibgations of
the PLA polymer matrix) were gradually supressediese were subsequently replaced by
the formation of broad amorphous peaks from theipitate that appeared to be similar to
the spectra encountered during 0.2ZWEM degradation and after the immersion of
CorGlae$ Pure 107 fibres in c-SBF (Figure 7.4.13§!,

Consequently the obtained FTIR spectra after ORRYM bioactivity testing was attributed
to the similar deposition of pyrophosphate saltemsountered in previous testing due to
the rapid dissolution of the CorGl&eBure 107 fibres (section 6.3.7). Previous bioétgtiv
studies on 0.18VPGF composites by Mohammadi et al. (2012) hadbksted the
precipitation of brushite (CaHRQH,0) across the composite surface after 336 hours (tw
weeks) of immersion. This stemmed from the acidicgpeated by the fibre dissolution in
SBF with Mohammadi et al. (2012) discussing how thte of fibre dissolution and

corresponding ion release rates had a signifidéetteon apatite precipitatiof®.
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Figure 7.4.13. Comparison of FTIR speattdained from precipitates during immersio
composites in c-SBF and DMEM as well as CorGldesre 107 fibres in c-SBF.

Accordingly, the higher SA:V ratio at the fibre-matinterface would be expected to
produce an increased rate of fibre dissolution canexb to that encountered during isolated
CorGlae$ Pure 107 fibre bioactivity testing (section 6.3@pmbined with the difference
in bulk SA:V ratios between the c-SBF studies @t ml™) and mechanical degradation
of the 0.2V¥ RCM composites in DMEM (0.21 ¢nml™) such factors may then explain the
deviation in FTIR spectra between the different glas and testing regimes. This is
further reflected by the data shown in Figure B4with a low intensity broad peak at
~1256cm’ appearing more prominently in precipitates obtineiring PGF composite
immersion and could indicate a difference in thegghcomposition or structure of the
precipitate based on the rate of fibre dissolutfid¥. However, further investigation via
annealing and deconvolution of the FTIR spectrald/be required to further expand upon
this due to the ambiguous nature of their amorplstugture and likely band overlapping

in the spectra as previously discussed in sectibn 6

Furthermore, the inspection of both planar and ssestional faces was aimed at
identifying any HCA formation at the exposed filmm@ss-sections of the composite given
the “halo” regions of HCA deposition that can foim the surrounding areas of the
composites exposed fibres when immersed in SBFrdiopto Vallittu et al. (20155
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Degradation of PLA and 0.0130.2V; RCM composites in CDMEM for the MTT assay
found that visible precipitates were formed in thedia during 0.1Vand 0.2V composite
degradation due to the ionic saturation of the wmedis previously discussed.
Biocompatibility testing of the sample extractsMy T assay on MG63 cells subsequently
showed that all composite viability results weréohethe 70% threshold stated by BS EN
10993-5:2009 and that a trend of increasing cyiotiyxwas observed with increasing
composite fibre volume fraction. This was attriltut®d the rapid dissolution of the
CorGlae$ Pure 107 fibres and the associated changes ek pH as well as the ionic
concentrations in the CDMEM with different fibrelume fractions. The cytotoxicity from
media extracts where pH levels were within thertddee limits for MG63 cells (i.e. pH
>7.4) was believed to be due to the release andradation of Zi* ions as previously
discussed in section 5.4. The variation in fibrdumte fraction and subsequent®Zn
concentration in the CDMEM extracts would then artdor the increasing cell viability
with decreasing ¥ Furthermore the time dependant accumulation &f Zations would
also corroborate with the decreasing cell viabgifier prolonged degradation times (i.e. 96
hours) in the 0.01Vand 0.05Y samples (as previously observed during the LivatDe
staining of CorGlaésPure 107 disks). In contrast, the high cell viapibf MG63 cells
cultured in the extracts obtained during 3001D Pldégradation confirmed its
biocompatibility and that the cytotoxic responset® composites was directly related to
the CorGlae$ Pure 107 fibre§®?,

The MTT assay of the diluted extracts collectecgtra4 and 96 hours of 0.2\RCM
composite degradation showed the media extradbe toighly cytotoxic to MG63 cells at
10, 50 and 100 vol% concentrations. As with thesiones results, the poor viability of the
MG63 cells was attributed to the acidic pH of tHeMEM at high extract concentrations
or the accumulation of Zfiions towards cytotoxic levels. The variation in KGEM pH
was apparent by the phenol red pH indicator in @2MEM that caused a visible
transition in the media from yellow to red as thieitebn increased and the pH was raised

towards neutral (Figure 7.4.14).
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Figure 7.4.14. Variation in 0.2VRCM CorGlaes Pure 107 composite CDM
degradation media extract after 96 hours at different concentrétiolfs) with the yellov

discolouration indicating a highly acidic media.

However it was also observed in Figure 7.3.24 thedpite being below the viability
threshold, an increase in cell viability was obserwith increasing extract concentration
that contradicted the observed trends and propitssaties of the previous results (i.e. V
decreases, cell viability increases). A repeathef MTT assay procedure with acellular
CDMEM using the same extract dilutions (i.e.-8.100 vol%) revealed that the composite
degradation by-products or possible precipitatey b& interfering with the MTT assay
due to the presence of false positives being gesterahis was apparent by the increase in
cell viability recorded with increasing extract centration despite the absence of any
cells in the media (Figure 7.4.15). However thecig® mechanisms regarding this
interference effect were not explored and wouldinegfurther dedicated investigations.

MTT of 0.2V; RCM Composite - Acellular Media

100%
90%
80% m 24 Hour
70% m 96 Hour

60%
50%
40%
30%

20% T T
10% . T H:
0% T T

0.1 vol% 10 vol% 50 vol% 100 vol%

Cell Viability (%)

0.2V; RCM Composite Extract Concentration (vol%)

Figure 7.4.15. Effect of 0.2VRCM composite extract on the MTT results collecie
acellular media showing false positive readingsegated by possible influences from
dissolution of the reinforcing fibres.
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7.5 Conclusions

The introduction of CorGla&sPure 107 fibres into a PLA polymer matrix showke t
expected increase in elastic modulus with an irstngafibre volume fraction that closely
matched the values predicted by the rule of mistufarthermore the flexural strength
(ccomp and elastic modulus {&,p of 0.2y RCM compositesdcomp = 82.39 + 4.46 MPa,
Ecomp= 7.57 + 1.20 GPa) were found to be within thegeareported by Motherway et al.
(2009) for parietal bone. This random fibre arattitee (RCM) showed an increase in
flexural strength and energy absorption comparetthéd0/90}s laminate design that was
also investigated. However despite showing injiaimise, the current 0.2\CorGlae$
Pure 107-PLA composite configurations were unablestistain an adequate flexural
strength or elastic modulus over the required seekvdegradation period to meet the
design parameters outlined in section 2.1. This dugsto the susceptibility of these fibres
to autocatalysis effects and the large SA:V ragiosountered at the fibre-matrix interface
of the CorGlae® Pure 107 fibre composites. Degradation of the DREM composites
within media typically used durinigp vitro cell culture (DMEM) revealed that a similarly
rapid rate of composite fibre dissolution had ocedrdespite the previous results found in
section 6.3.6. This was again attributed to theppsed autocatalytic effects which were
believed to be highly localised to the compositaglas given the ability of the DMEM to
buffer the bulk media pH during 0.2RRCM degradation compared to distilled wat8r

This high fibre dissolution rate also resultedha tleposition of pyrophosphate salts across
the surface of the composite when immersed in c-&88mpreviously found during the
CorGlae$ Pure 107 fibre bioactivity experiments. Unfortueigtthe rapid dissolution of
the composite fibres also rendered the current ositgpconfigurations cytotoxic to MG63
cells across all the tested fibre volume fractigp®1\Vt—0.2Vs). This was due to the
related pH changes at high {.e. 0.2\) or rapid release rate of ions (specifically*Zn
into the culture media (0.03¥0.1V;) towards cytotoxic levels<g mg ).
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8 Modified CorGlaes® Pure 107 Fibre Composite

8.1 Outline

The previous characterisation of a 0:/RCM CorGlae& Pure 107 composite (chapter 7)
demonstrated that this material configuration wagable of achieving flexural strengths
and elastic moduli similar to those reported fa parietal bones of the skifft. However
the immersion of these samples in distilled wateD®MEM showed that they were unable
to meet the design criteria of retaining at led*80f their mechanical properties after 6
weeks of degradation. This result was attributethéorapid dissolution of the reinforcing
fibores and the breakdown of the fibre-matrix irded due to the low pH acidic
environment and resulting autocatalysis effect$ wWexe initiated after immersion of the
composite samples. The rapid dissolution of theeflband the associated pH changes as
well as the high ion release rates were also resplenfor the observed composite

cytotoxicity 3,

The silane treatment of silica and phosphate bgkes fibres has been shown in previous
studies to improve the initial mechanical properip the resulting composites as well as
its mechanical integrity during degradation (Kharle 2011, Hasan et al., 20X &gction
3.4.9)1?2 228 Gijven the previous reduction in dissolution regeorded for CorGla&s
Pure 107 fibres after silane treatment (section6p.3APS treated CorGlag$ure 107
fibres were investigated as a composite reinforaggnt with regards to improving its
mechanical properties during prolonged periodsegfrddation.

Yet previous studies such as those by Agrawal &aA#siou (1997) as well as Schiller &
Epple (2003) have also shown how different calcpimosphate salts have been able to
buffer the media pH and retard autocatalytic effecturing PLA-PGA polymer
degradation. Such neutralising buffers have alsenhavestigated by Kobayashi et al.
(2010) where the addition of a calcium carbona@JQ) filler was shown to successfully
buffer the media pH during the degradation of amaphosphate glass fibre composite.
Such hybrid composite configurations (i.e. joifr&-particle filler phases) could be easily
manufactured through the existing compression moglgrocesses via modifications to
the pre-preg or matrix sheet precursor stages ($heal. 2009). Based on this, it was
believed that the incorporation of a secondaryigaicphosphate particulate filler phase
into a CorGlaed Pure 107 composite configuration might successfabbunteract the
acidic by-products of the CorGldesPure 107 fibre dissolution and neutralise the

detrimental autocatalytic effects — increasing cosife mechanical durabilif§?®: 34735
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8.2 Materials and Methods

8.2.1 Silane Treated CorGlae$ Pure 107 Composites

The initial and degenerative properties of a .RCM composite using CorGlde®ure
107 fibres treated with a 3-aminopropyl-triethoP§S) sizing agent was conducted based
on the silane treatment protocol described in sect.2.6. Subsequent composite
manufacturing, mechanical testing and degradatidheoAPS composites was performed
using the methods outlined in section 7.2.3, 7&hd 7.2.5 respectively that had been
previously used to produce and characterise corgsamples. However no fibre pre-preg
stage was used during the manufacturing of thedé RCM-APS composites in order to
prevent the APS surface treatment from potentiadiyng affected.

8.2.2 CorGlaes® Pure 107 Fibre-Particle Hybrid Composites

Due to the availability and its widespread appiaain biomaterials, hydroxyapatite (HA)
was selected as the calcium phosphate particulée phase for hybrid composite
development. Given its pH dependant solubility {pk,t) the HA filler was anticipated
to provide a self-regulating method of buffering tihedia pH (Kolarik & Priestley, 2006)

following the relationship described in Figure 8828354

CorGlae®
Pure 107
fibre
dissolution

Increased Decreased

media pH media pH

Increased
HA
solubility

(Ksph)

Figure 8.2.1. Cyclic relationship between the Caesl Pure 107 fibre dissolution and
HA buffering effect on the surrounding media pH.

Hybrid composites of different fibre (/and HA (Mya) volume fractions were created by

incorporating a secondary HA filler phase of simgrgrade, 4um hydroxyapatite particles
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(P218R, Plasma Biotol, UK) into the pre-preg andrixarecursors of a CorGlaé$ure
107 fibre-PLA composite. The manufacturing of theamples was based on the laminate
compression moulding method previously outlinedsection 7.2.2 and 7.2.3 with the
respective weight and volume fractions of each amsitp phase calculated based on Egn
8.2.1 and Eqn 8.2.2.

Wha

Woer s =
ha WHA+Wf+Wm

We= Wha + Wr + Wi,
Egn 8.2.1

where Wya = composite HA weight fractionywya = composite HA weight (g)w; =

composite fibre weight (gyvm = composite matrix weight (g)y. = composite weight (g)

_ (Wha/pua)
Wya/pua) + (Wf/pf) + (Wn/pm)

VH A

Eqgn 8.2.2

whereVya = composite HA volume fractioW\: = composite fibre weight fractiomy, =
composite matrix weight fractioma = HA density (g crif) [3.156 g crif], p; = fibre
density (g crif) [2.65 g cnT], pm= matrix density (g cff) [1.25 g cnT].

8.2.3 Hybrid Composite Precursors

8.2.3.1 Fibre Pre-Pregs

Modified CorGlae§ Pure 107 fibre-pregs with a secondary HA phasgafy were
manufactured through the inclusion of HA partidie® a 3 w/v % PLA solution that used
chloroform (VWR, USA) as the polymer solvent. TheA-RLA slurry was then
magnetically stirred for 60 minutes before beingcpd in an Ultra 8000 ultrasonic bath
(James Products Limited, UK) for three minutes. @ae$ Pure 107 fibres were then
solvent cast with the HA-PLA slurry based on thdhnd described in section 7.2.3.
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8.2.3.2 Matrix Sheets

The manufacture of homogenously distributed 0.3r@4thick HA-PLA matrix sheets
was performed through a solvent casting methodguairlO w/v % PLA solution with
chloroform as the polymer solvent. Slurries of HBAPwere created by adding HA
particles to the polymer solution {(¥m) which was then magnetically stirred for 120
minutes before being placed in an Ultra 8000 utinés bath (James Products Limited,
UK) and ultrasonicated for three minutes. The gluvas then magnetically stirred for an
additional 15 minutes before being returned tout@sonic bath for a final three minutes
of ultrasonication. After the mixing stages, therst was poured into @150mm glass petri
dishes (40ml per dish) inside a fume cabinet afidde 24 hours to allow the chloroform
solvent to completely evaporate (Figure 8.2.2). ¢&st HA-PLA sheets were then cut into

rectangular sections to make 180x30mm matrix sheets

Figure 8.2.2. Image of a solvent cast @150mm Q.2PLA matrix sheet obtained fron
10 w/v % solution of a HARLA slurry after 24 hours of solvent evaporating in a 1

cabinet [scale bar = 10mm].

8.2.4 Hybrid Composite Manufacturing

Using the modified fibre pre-pregs and HA-PLA matsheets, hybrid composite samples
were manufactured following the hand lay-up filnacking and compression moulding
process described in section 7.2.3.

Where necessary, HA-PLA composite samples were faetwied to act as controls by
compression moulding HA-PLA matrix sheets inside #30x80mm stainless steel cavity
mould at 200°C for a ten minute curing period. Theuld was then cooled to room

temperature under 4 MPa pressure.
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Characterisation of different hybrid composite égmfations was conducted following a

mechanical and biocompatible optimisation pathwagescribed by the flow chart shown

in Figure 8.2.3.

Optimisation of Biocompatible Hybrid

Composite (low Y)
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Composites
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Degradation (0.15¢)
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Composite Mechanical
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Composite Mechanical
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> lon Chromatography

|

Composite Bioactivity

of degradation in distilled water at 37°C.

*Mechanically durable classified as samples thatessfully retained

at least 80% of their mechanical properties af@€8lhours (six weeks

Figure 8.2.3. Process flow chart for developmen€ofGlae$ Pure 107 fibre HA fille

hybrid composites.

Characterisation
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The analysis of direct contact cultures after sagdells on composite and control samples
was assessed by Coomassie Brilliant Blue staining 8EM imaging due to the

autofluorescence of the PLA that prevented Liveestaining from being performed.

8.2.5.1 Optimisation of Hybrid Composite Degradation

Based on the data obtained from previous compssiteples (chapter 7),:¥na hybrid
composites with increasing volume fractions of HA{) were manufactured. To examine
the effects of HA distribution on the pH bufferirammd sample mechanical properties,
composites with a homogenous distribution of HA{Mp ~ Vua-m) Were compared with
an equivalent hybrid where the HA was primarilytdlmited within the fibre pre-pregs

(i.e. non-homogenous distributionyMpp> Viam).

Additionally the commercial manufacturing of HA \paecipitation techniques can lead to
calcium oxide (CaO) becoming entrapped within the &hd as a result these particles
typically undergo an annealing stage to removeranyaining CaO contaminants. This is
due to the highly alkaline (and consequently cyimpcalcium hydroxide (Ca(OH) that
can form when the CaO reacts with water as desthlgeEqn 8.2.8°% 353

Ca0 + H,0 - Ca(OH),

Egn 8.2.3

However it was proposed that the inclusion of a Ca€ctive HA particulate filler should
also be investigated within a hybrid composite gpmhtion. This was due to the highly
basic nature of the Ca(OHjeaction products that could help neutralise thesphoric
acid (HPOy) created by CorGla8sPure 107 fibre dissolution. Based on the reaction
shown in Eqn 8.2.4, the application of a CaO defecHA could also lead to the

precipitation and deposition of HA on the composiseit neutralised the phosphoric acid
[354]

10Ca(0OH), + 6H3(PO,) — Cayo(P0,)s(0H), L +18H,0

Egn 8.2.4
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Consequently a request was made to Plasma Bio&b{Bhire, UK) that a specialised

batch of HA be supplied without the final post-pgssing annealing stage. This resulted in
the shipment of 4um sintering grade I massCaO defective HA particles (Plasma

Biotal, UK) that was used to generate CorGlad2ure 107 fibre Hfsao) hybrid

composites.

Due to the difficulty in maintaining hybrid comptes at a 0.2Vas the volume fraction of
HA increased (Ma), hybrid composites were manufactured at a reddited volume
fraction (0.15V). This alteration was deemed acceptable for thepgaes of sample
comparison with the previous 0.2RCM data and was acknowledged when analysing the
results. The specifications for each constituergsghof the respective hybrid composite
configurations and a 0.2)¥ fibre-free PLA composite control is shown belowTiable
8.2.1 and Table 8.2.2. Such quantities were scapetbr the manufacturing of multiple

specimens as required for sample characterisation.

Table 8.2.1. Specifications for precursor materiaded in the manufacture of CorGlaes

Pure 107 hybrid composites with HA filler.

Fibre Pre-Pregn(= 1) (pp) Matrix sheetn(= 1)
40ml 3 wiv % PLA 40mi 10 wiv %
# Composite Vi-pp-VHApp PLA VHAm
Fibre (g) HA (g) HA (9)

®0.15V-0.1ViaNHD) 2.5 1.25 0.41-0.17 1.1 0.1
0.15W.-0.2Vya 2.5 1.25 0.41-0.17 2.6 0.2
P 0.15M4-0.2VHanNHD) 25 3 0.33-0.33 0.8 0.07
° 0.15M-0.2VHa(ca0) 2.5 3 0.33-0.33 0.8 0.07

0.2Vha 0 0 0 2.6 0.2

aSample names designdle accumulative volume fractions of fibres)(®¥nd HA (M) in the composite.

b Designates samples where a non-homogenous digbnbiNHD) of HA (Via-pp # Via-m) iS present.
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Table 8.2.2. Specifications for pre-preg and mafpixases of CorGlaBsPure 107
composites with HA filler.

Fibre Pre-Preg HA-PLA Matrix Sheet
@ Composite Weight (g) Pre-Preg ( Weight (g) Matrix )
® 0.15V-0.1VianHb) ~4.4 5 =5 6
0.15W.-0.2Vya ~4.4 5 =5 6
®0.15V4-0.2VianNHD) ~6.5 5 ~4.5 6
®0.15\-0.2Vhacao) ~6.5 5 ~4.5 6
0.2Vha 0 0 =5 9

aSample names designdle accumulative volume fractions of fibres)(®¥nd HA (M) in the composite.

b Designates samples where a non-homogenous dignbiNHD) of HA (Via.pp # Via-m) iS present.
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8.2.5.2 Optimisation of Biocompatible Hybrid Composites

Based on the MTT results found in section 7.3.619; and 0.05Y RCM CorGlae$ Pure
107 fibre PLA hybrid composites were assessed usmgposite samples with an
increasing volume fraction of HA @4) homogenously distributed throughout the matrix

phase (Via-m) along with a 0.2\{a control.

To compare the effect of calcium phosphate fildubility on composite biocompatibility,
a 0.05V hybrid composite was manufactured uspa@CP as the secondary filler phase.
This was due to the increased solubility3eTCP (Ksp = 10°°° at 25°C) compared to HA
(Ksp= 10™%at 25°C) (Figure 8.2.4) and its widespread appéoan biomaterials. These
samples were manufactured following the methodsrdes] in section 8.2.3.1, 8.2.3.2 and
8.2.4 using 4pun8-TCP particles (P228S, Plasma Biotal, UKY.

102

102

Ca(mol/l)

104

10¢

Figure 8.2.4 Variation in different calcium phosphate compound solubility witk
(solubility expressed as Ca concentration) [Reproduced from Dorozhkin (&)

Setting Calcium Orthophosphate Cements].

The manufacturing specifications along with the gheiand volume fractions of all

precursor and composite samples is described beloliable 8.2.3 and Table 8.2.4. As
specified in section 7.2.3, the low ®f the composites prevented any solvent castieg pr
preg stage due to the damage incurred when attegnfii remove the samples from the

foil trays.

Unfortunately the 130x80mm mould used in the martuféang of previous composites
was damaged and whilst being repaired a substitix@0mm three-piece cavity mould

was used to manufacture the samples outlined ifeT&aB.3 and Table 8.2.4.
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Table 8.2.3. Specifications for fibre pre-pregs amatrix precursor materials used for the

manufacturing of CorGla&Pure 107 hybrid composites.

Matrix sheetif=1)
Fibre Pre-Pregn(= 1) (pp)
Composite 40ml 10 w/v % PLA
_ Viam
Fibre (g)| HA (@) | VippViiapp HA ()

0.01Vv 0.04 0 1-0 0 0
0.01V+-0.1Vya 0.04 0 1-0 11 0.1
0.01\:.-0.2Vya 0.04 0 1-0 2.6 0.2

0.05V 0.15 0 1-0 0 0
0.05V+-0.1Vua 0.15 0 1-0 1.1 0.1
0.05V4-0.2Via 0.15 0 1-0 2.6 0.2
0.2Vua 0 0 0 2.6 0.2
0.05\4-0.2Vrcp 0.15 0 1-0 2.6 0.2

Table 8.2.4. Weight and number of precursor shesgs in the manufacture of CorGl3es

Pure 107 composites.

CorGlae$ Pure 107 Fibre Matrix Sheets
Composite

Weight (g) Pre-Pregn Weight (g) Matrix 6)

0.01M 0.04 5 1.2 6

0.01\%-0.1Vua 0.04 4 14 5

0.01M.-0.2Vya 0.04 4 14 5

0.05V 0.15 5 1.2 6

0.05V-0.1Vya 0.15 4 1.2 5

0.054%-0.2Vua 0.15 4 1.2 5

0.2Vha 0 0 1.2 9

0.05M4-0.2Vrcp 0.15 4 1.2 5
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8.2.6 Mechanical Testing and Degradation

The mechanical testing and degradation of CorGl&se 107 hybrid composites (Figure
8.2.5) and control samples was conducted followiregprocedure outlined in section 7.2.4
and 7.2.5 respectively.

. )

<2 4)

Figure 8.2.5. Image of a 60x15x2mm 0;2RCM composite (left) and 0.1%0.2Vya
hybrid composite (right) showing the change in colour of the hybmtbkadue to tF

inclusion of hydroxyapatite (HA) particles into the pre-preg and matrix phases

8.2.7 Biocompatibility of CorGlaes® Pure 107 Hybrid Composites

The procedures for cytotoxicity testing and prepguprecursor solutions for cell culture
were conducted following the instructions and resiat the Centre for Cell Engineering
(CCE), University of Glasgow.

Prior to biocompatibility testing, then vitro cell culture and seeding of samples was
performed following the method described in sec6dh10.2.

8.2.7.1 Cell Culture Precursor Solutions

Cell culture fixative

A fixative solution for cells after cell culture waprepared following the recipe and
chemical agents listed in Table 8.2.5. This sotuti@s intended to preserve the dead cells

in a condition as close as possible to their ligtage for visual analysis.
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Table 8.2.5. Reagent chemicals involved in preparatf CCE cell fixative solution.

Reagent Quantity
Phosphate buffered saline (PBS) (section 5.2.10.1) 90ml
Formaldehyde (Sigma-Aldrich, USA) 10ml
Sucrose (Sigma-Aldrich, USA) 29

Fixative for SEM inspection

For SEM imaging, cultured cells were fixed with @lutsion containing 1.5%
glutaraldehyde and 0.1M sodium cacodylate. This evaated by mixing 1.2ml of a 25%
glutaraldehyde solution with a 18.8ml sodium cadaidybuffer.

8.2.7.2 MTT Assay

The biocompatibility of the CorGla@sure 107 hybrid composites and control materials
was assessed by MTT assay using MG63 cells folipwhe procedure outlined in section
7.2.8 for extracts obtained after 24 and 96 hotidegradation.

8.2.7.3 Coomassie Brilliant Blue

The Coomassie Brilliant Blue staining method isiaexpensive and easily processable
technique for visualising proteins by binding thewith a triphenylmethane dye. Two
distinct classifications of the Coomassie BrillidBlue dye are available and are based
upon a methanol (G-250) or methanol-water (R-253)eld recipe to produce blue-violet
stains with either a reddish (R-250) or greenish(ts-250)3%: 3!

Coomassie Brilliant Blue dye

The Coomassie dye (R-250) used iiorvitro testing was prepared following the recipe
outlined in Table 8.2.6. The stain was then pagbedugh filter paper and stored at

ambient temperature.
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Table 8.2.6. Reagent chemicals used in the preparat the Coomassie stain

Reagent Quantity
Methanol 225ml
Acetic Acid 50ml
Coomassie Brilliant Blue R-250 1.25
Deionised Water 225ml

Coomassie Brilliant Blue protocol

Protein staining of cells cultured on CorGfaeBure 107 composite samples was
performed using a Coomassie Brilliant Blue dye @2on 10x10x2mm composite
samples cultured with MG63 cells over 24, 96 anfl h6urs of incubation in a 24-well
plate. To correlate with the MTT assay results, posite samples were seeded at a cell
density of 1x10 cells mi* at a 1.4 crhml™ SA:V with ThermanoX coverslips (Thermo
Fisher Scientific, USA) used as positive controls alongside addiicuitable sample
controls. Samples were cultured in 5% £ 37°C inside an incubator with the CDMEM
media replaced after 96 hours. Coomassie stainingamples was then performed in
triplicate (» = 3) for each culture period following the stepslioed in Table 8.2.7.

Table 8.2.7. Procedure for Coomassie staining b$ celtured on CorGla&sPure 107

composite samples.

Step Description
The culture plates were removed from the incubaital the CDMEM aspirated
1 before samples were immersed in the fixative sotuiTable 8.2.5) for fifteen
minutes.

2 The fixative was removed and the samples washee times with sterile PBS.

The Coomassie staining solution was then addedltsamples for fifteen
3 minutes before samples were washed five times stéhle PBS. Images were
then captured using an Eclipse ME600 optical mmwpe (Nikon, Japan).
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8.2.7.4 SEM Imaging

Visual examination of MG63 cells cultured on compmand control samples by SEM was
performed using a Sigma VP SEM (Carl Zeiss, Germ&@iM at 10kV accelerating
voltage at the School of Geographical and Eartlergas, University of Glasgow. The
inspection of cultured cells was performed aftexdsgg samples in triplicaten & 3) at a
cell density of 1x1bcells mi* at a 1.4 criml™ SA:V ratio and changing the CDMEM
after 96 hours. Samples when then inspected afiei9@ and 168 hours of incubation
following the preparation steps outlined below withages captured using the Zeiss
SmartSEM software package. Images were capturédpiicate ( = 3) for each sample

across the different culture periods at x800 ar@D®Imagnifications.

SEM sample cell fixation

At each corresponding incubation period (24, 963 ®urs) the culture plates were
removed from the incubator and washed twice widnilst PBS before the SEM fixative
was added to each sample inside a laminar flow foaénet. Plates were then wrapped in
Parafilm M® (Sigma-Aldrich, USA) and placed inside a fridge4a€ for one hour after
which the fixative was removed and the samples weashed three times with a 0.1M
sodium cacodylate buffer rinse. Sample plates wexe wrapped in tin foil and returned to

the fridge until SEM preparation.

SEM sample preparation

For SEM analysis, cell cultured samples were pexpary being removed from the fridge
and washed with osmium tetroxide for one hour imsadfume hood before being rinsed
three times with deionised water for ten minutesrpese. Samples were then stained with
0.5% uranyl acetate, wrapped in foil and left fereohour. Following these steps the
samples were sequentially dehydrated by being im@defor ten minutes with increasing
concentrations of ethanol (30%%0%—70%—90%). Samples were then rinsed four times
with absolute ethanol for five minute periods befobeing washed twice in
hexamethyldisilazane (HDMS) for five minute perioglach. The samples were finally
mounted onto aluminium stubs and sputter coatetl gatld (Agar Scientific, UK) for
SEM imaging.
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8.2.8 lon Release

Analysis of the C&, Mg®*, Zn** and N4 cations as well as the (2® anion released from
biocompatible CorGla&sPure 107 hybrid composites and suitable controés the first
168 hours of sample degradation (see section 8if.@)istilled water was conducted

following the procedure described in section 52.8.

8.2.9 Hybrid Composite Bioactivity

The bioactivity of biocompatible CorGlde$ure 107 hybrid composites was conducted
following the procedure outlined in section 7.2This was performed alongside a 0,2V
control and an equivalent HA-free CorGl3eBure 107 fibre composite (with thes V

matching that of the biocompatible hybrid compgsite



8.3 Results

8.3.1 Silane Treated CorGlae$ Pure 107 Composites

8.3.1.1 Mechanical Properties

290

A comparison between the typical stress strainsptditained from the previous 0.2V
RCM and a silane treated 0.28CM composite (0.2VRCM-APS) is displayed in Figure

8.3.1 with the flexural strength and elastic modolinpared in Figure 8.3%).
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Figure 8.3.1. Typical stress-strain plots obtaifiexdn the mechanical testing of 0.2V
RCM and 0.2YRCM-APS silane treated composites
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Figure 8.3.2. Comparison of 0.2RRCM-APS composite mechanical properties with

previous 0.2YRCM samples and parietal bone [Data from Motherataal. (2009)]
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8.3.1.2 Degradation

The wet/dry weight changes along with the mediaduking the degradation of 0.2V
RCM-APS composites is compared with the previo@¥0RCM results over 1008 hours
of immersion in Figure 8.3.3 and Figure 8.3.4. Téention of 0.2Y RCM-APS sample

mechanical properties over this degradation pasalso compared in Figure 8.3.5.

a Wet Weight vs Immersion Period
Immersion Period (hours)
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(4]
% -30%
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= _40%
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-60%
b Dry Weight vs Immersion Period
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f
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Figure 8.3.3. Comparison of silane treated @ RZM-APS composites a) Wet weight
b) Dry weight with previous 0.2\MRCM data over 1008 hours (six weeks) of degrad
in distilled water at 37°C.
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Media pH vs Immersion Period
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Figure 8.3.4. Media pH during degradation of silane treated; RBM-APS composit

and 0.2 RCM samples for up to 1008 hours of immersion in distilled water at 37°C.
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a Flexural Strength vs Immersion Period
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Figure 8.3.5. Comparison of silane treated @ RCZM-APS and 0.2VRCM composite ¢
Flexural strength and b) Elastic modulus duringrdégtion in distilled water at 37°C
up to 1008 hours (six weeks).
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8.3.2 Optimisation of Hybrid Composite Degradation

8.3.2.1 Mechanical Properties
The stress-strain plots recorded during the mechatesting of 0.15Vhybrid composites
are compared with a 0.2\ control composite and previous 0;2RCM data in Figure

8.3.6. The mechanical properties of these sampéescampared in Figure 8.3.7.

Stress vs Strain : CorGl&eBure 107 Hybrid Composites
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Figure 8.3.6. Comparison of stress-strain plots obtained from; R samples ar
0.15\%-Vua hybrid composites as well as a 02\ontrol.
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Figure 8.3.7 Comparison of flexural strength and elastic modulus of the ditfdrgoric
composite configurations shown in Figure 8.3.6 and control materialslbasngarietal
bone [Data from Motherway et al. (2009)].
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A complete description of the hybrid composites aodtrol sample mechanical properties
are listed in Table A.2. of Appendix A.

Inspection of the fracture site after mechanicadting of a 0.15%0.1Vya hybrid
composite sample is shown in Figure 8.38is was conducted using Hitachi S9000
SEM (Hitachi, Japan) at a 10kV accerlating voltadter coating the fracture faces with
gold (Agar Scientific, UK) and was performed at tleenmes Watt Nanofabrication Centre
(JWNC), University of Glasgow.

AL

10.0kV 11.8mm x500 SE(V)

oot

cac S =
 E LU D R I I B B )

10.0kV 12.1mm x2.00k SE(V) 20.0um

Figure 8.3.8. SEM images of mechanically tested®\d:-D.1VianHpy composite fractul
faces prior to degradation [i.eg]Twith HA particles and the pull out of HA partie
during mechanical testing shown by arrow 1 andspeetively [scale bar = 100um, 50}
20pm, 10um].
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8.3.2.2 Degradation

A comparison of the different hybrid and controhgmosites during their degradation in
distilled water over 1008 hours is shown in Fig8rg.9 as well as Figure 8.3.10 for the
wet/dry weights and media pH respectively. Theulak strength and elastic modulus over
this period is shown in Figure 8.3.11.
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Figure 8.3.9 Comparison of a) Wet weight and b) Dry weight during the degoadal
different hybrid composite configurationand control samples over 1008 hours

immersion in distilled water at 37°C.
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Media pH vs Immersion Period
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Figure 8.3.10 Comparison of media pH during degradation of hybrid composite
control samples over 1008 hours of immersion in distilled water at 37°C.
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Figure 8.3.11. Comparison of hybrahd control composite samples a) Flexural stre
and b) Elastic modulus during degradation in detiwater at 37°C over 1008 hours.
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8.3.3 Optimisation of Biocompatible Hybrid Composites

8.3.3.1 MTT Assay

The MTT results from the extracts of different C&&® Pure 107 hybrid composite
configurations after 24 and 96 hours of degradagienshown in Figure 8.3.12. The data
shows a generalised trend of increasing cell vitgbwith increasing HA volume fraction
in both 0.01V and 0.05Y hybrid samples. Furthermore a statistically sigaift difference
was found between the use of an HABerCP filler on MG63 cell viability in the 0.05V
hybrid composites (p < 0.05). The results also gtbwhat the 0.2\ control sample
displayed cell viabilities comparable to the CDMEdntrol. The pH of the media

corresponding to these results is shown in FiguBel8.

Composite Configuration vs MTT Assay Cytocompatibility
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Figure 8.3.12 MTT assay of MG63 cell viability from the degréida extracts c
composite materials containing 0.018nd 0.05Y with 0Vya—0.1Vya—0.2Vya filler
volume fractions as well as a 0.05¥2Vrcpsample after 24 and 96 hours of degradation.
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Media pH vs MTT Degradation Extract

9 ! m 24 Hour m 96 Hour I_

Figure 8.3.13 Comparison of media pH after 24 and 96 hours ifferent hybric
composite sample degradation in DMEM (standardat®ns < + 0.04).

8.3.3.2 Coomassie Brilliant Blue

Given the biocompatibility of the 0.0130.2Vya samples found by MTT assay (Figure
8.3.12), this composite configuration was subsetiyénvestigated by direct contact cell
culturing in accordance with the flow chart shownFigure 8.2.3. This was conducted
alongside the culture of MG63 cells on Thermaherverslips, neat PLA as well as
0.2Vya and 0.01Ycomposites to act as the further controls.

The Coomassie staining of the MG63 cells cultured®1M4-0.2Vya hybrid composites
along with the other samples listed after 24, 96 468 hours of incubation is shown in
Figure 8.3.14, Figure 8.3.15 and Figure 8.3.16aetsgely.
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Figure 8.3.14. Coomassie staining of MG63 cells cultured after 24 Hourgs<)
ThermanoX coverslips, d-f) PLA, g-i) 0.2Ma, j-I) 0.01V; and m-0) 0.01-0.2¥x sample
at x5, x10 and x20 magnifications [scale bars = 500pm, 250pm and 100um].
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Figure 8.3.15. Coomassie staining of MG63 cells cultured after 96 hwursc)
ThermanoX coverslips, d-f) PLA, g-i) 0.2¥, j-I) 0.01V and m-0) 0.01-0.2¥x sample
at x5, x10 and x20 magnifications [scale bars = 500pm, 250pm and 100pm].
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Figure 8.3.16. Coomassie staining of MG63 cells cultured after 168 loourac)
ThermanoX coverslips, d-f) PLA, g-i) 0.2V, j-I) 0.01V; and m-0) 0.01-0.2¥x sample
at x5, x10 and x20 magnifications [scale bars = 500pum, 250pm and 100pm].
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8.3.3.3 SEM Characterisation

Based on the Coomassie Brilliant Blue images ofucetl MG63 cells (section 8.3.3.2),
the seeding and culture of MG63 cells on neat PRALV; and 0.01¥-0.2Vya samples
was analysed using SEM images. These were capaifted?4, 96 and 168 hours of direct
contact culture and are shown in Figure 8.3.17,uf€g8.3.18 and Figure 8.3.19
respectively at x800 and x1500 magnifications. Aparison between these samples after
168 hours of culture is also shown at x300 magaiida in Figure 8.3.20.
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Figure 8.3.17. SEM images obtained after 24 hours of MG63 cells cutinréa] d, g) PLA, (b, e, h) 0.01¥nd (c, f, i) 0.01¥0.2Vya samples at x8(

and x1500 magnification [scale bars = 10pum].
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Figure 8.3.18. SEM images obtained after 96 hotid@&63 cells cultured on (a, d, g) PLA, (b, e, lDV; and (c, f, i) 0.01¥0.2Vya samples at x8(

and x1500 magnification [scale bars = 10um].
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Figure 8.3.19. SEM images obtained after 168 hotiMG63 cells cultured on (a, d, g) PLA, (b, e 001\t and (c, f, i) 0.01¥0.2Vya samples at x8(
and x1500 magnificatic [scale bars = 10un
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Figure 8.3.20. Comparison of MG63 cells cultured (ard) PLA, (b,e) 0.01vand (c,f) 0.01¥0.2Vya after 168 hours of immersion at x:
magnification [scale bars = 100um].
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8.3.3.4 Mechanical Properties

The stress-strain plots as well as the resultinghaweical properties of the biocompatible
0.01V+-0.2Vua hybrid composite are compared with 0.9 Bvid 0.2\,a samples in Figure
8.3.21 and Figure 8.3.22 respectively.

Stress vs. Strain
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Figure 8.3.21. Stress-strain plots obtained from ttiree point bend testing of 0.01V
0.2Vua hybrid samples as well as 0.01and 0.2\4a control samples.

Elastic Modulus vs Flexural Strength
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Figure 8.3.22. Comparison of flexural strength atastic modulus of 0.01M.2Vua
hybrid composite with 0.01\and 0.2\4a control samples as well as those recorded fc

parietal bone [Data from Motherway et al. (2009)].
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8.3.3.5 Degradation

The wet and dry weights during the degradation.01%-0.2Vya hybrid composites was
subsequently compared with degradation data olutdien 0.01V and 0.2\4a composite
samples in Figure 8.3.23. Further comparisons lerivtlee media pH, flexural strength as
well as the elastic modulus are shown in Figure28.and Figure 8.3.25 respectively.

a Wet Weight vs Immersion Period
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Figure 8.3.23. Comparison of a) Wet weight and by) Weight of 0.01\-0.2Vya , 0.01\4
and 0.2V;a samples during 1008 hours of degradation in thstivater at 37°C.
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Media pH vs Immersion Period
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Figure 8.3.24. Comparison of media pH during thgraeation of 0.01%0.2Vya, 0.01\4
and 0.2\;a samples after 1008 hours of immersion in distilkeder at 37°C.
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Flexural Strength vs Immersion Period
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Figure 8.3.25. Comparison of a) Flexural strengtid &) Elastic modulus of 0.01V
0.2Vua, 0.01V; and 0.2V;a samples during 1008 hours of degradation in destilvater ¢
37°C.



313

8.3.3.6 lon Release
The daily and accumulative ion release from thel\%;0and 0.01¥-0.2Vya composite
samples is shown below in Figure 8.3.26 and Figu827 over the initial 168 hours of

degradation.
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Figure 8.3.26. Comparison of daily ionic concemtwrag from a) 0.01¥Vand b) 0.01¥
0.2Vua samples during the first 168 hours of degradatadistilled water.
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a Accumulative lonic Concentration vs Immersion Period [0,D1V
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Figure 8.3.27. Comparison of the accumulative ionedia concentrations from a) 0.01V
and b) 0.01¥0.2Vya composites over the initial 168 hours of degradaii distillec
water.
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8.3.3.7 Bioactivity

The FTIR spectra obtained from the 0.9Bvid 0.01¥-0.2Vya composite planar surfaces
are compared with that recorded from the 4um hyhpatite (HA) particles (P218R,
Plasma Biotal, UK) in Figure 8.3.28. The resultevgld that the HA filler was exposed on
the hybrid composite surface by the presence ofpaa962cnt, 633cnt', 604cnit and
562cm’ that corresponded to the vibrational modes of thesphate and hydroxyl groups
in the HA. This observation was in line with prewsoresults such as those described by
Danoux et al. (2014) with overlapping of phosphatel polymer vibrational groups
observed in the 0.03\0.2Vi4 hybrid composite spectrufit”.

FTIR Spectra of Composite Samples
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Figure 8.3.28. FTIR spectra obtained from the planafaces of a 0.0k¢omposite, 4|1
hydroxyapatite particles and a 0.Q10/2Via hybrid composite over the 1400-400tm
wavenumberrange showing the overlapping of HA and PLA bandsthe hybric

composite spectrum.
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The subsequent FTIR spectra after the immersiof.2¥ya, 0.01\4 and0.01V;-0.2Vya
samples in ¢c-SBF for up to 336 hours (2 weeksh@awv in Figure 8.3.29, Figure 8.3.30
and Figure 8.3.31 respectively.

The results showed that during the immersion o¥Qa2samples (Figure 8.3.29), the peak
intensities of the HA bands at 562¢mnd 604crit varied between spectra with a general
decrease at 168 and 336 hours of immersion. Thesgra also appeared to show a peak
shift from 1030crt to 1044cnit after 120 hours of immersion with the suppressiopeak
intensities at 1264cthand 800cnt seen after 24 hours. Meanwhile spectra obtainad fr
the immersion of 0.01Momposites (Figure 8.3.30) showed a change i126dcm’ and
800cni' wavenumber peak intensities that appeared toadseri spectra obtained after 24
hours but then decrease with further immersion tidewever, no other shift in peak

wavenumber or intensity was observed from the 0;045ults.

The immersion of 0.01M0.2Vya samples in ¢c-SBF (Figure 8.3.31) showed the saa& p
shifting (1030crit to 1044crit) as observed with the 0.2¥ sample in spectra obtained
after 72, 96 and 168 hours of immersion. The saam&tion in peak intensity at 604¢m
and 562crit was also observed with reduced intensities intspebtained after 72, 120
and 168 hours. Meanwhile a visual examination ef gamples found that small deposits
had formed on the cross-sections of one of the\Q-012Vya samples after 336 hours of

immersion.
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Figure 8.3.29. Comparison of FTIR spectra obtaiaé@r the immersion of 0.2\
composites in ¢c-SBF for 24, 72, 120, 168 and 33@hover the a) 4000-400¢hand b
1400-400crit wavenumber ranges.
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a 0.01V; FTIR vs Immersion Period
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Figure 8.3.30. Comparison of FTIR spectra obtaiadigr the immersion of 0.0%V
composites in c-SBF for 24, 72, 120, 168 and 33@hover the a) 4000-400¢hand b

1400-400crit wavenumber ranges.
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Figure 8.3.31. Comparison of FTIR spectra obtamiger the immersion of 0.01Vf-0.2)
composites in ¢-SBF for 24, 72, 120, 168 and 33@hover the a) 4000-400¢mand b

1400-400crit wavenumber ranges.
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8.4 Discussion

Mechanical testing of the 0.2\RCM-APS samples showed that the silane treatment o
CorGlae§ Pure 107 fibres produced composites with an ise@aaverage flexural
strength (+39.7%), elastic modulus (+7.9 %) andgbhmess (+41.2%) compared to the
non-treated 0.2¥VRCM samples. This result was reflected in the canafive stress-strain
plots (Figure 8.3.1) with the improved flexural estgth indicative of an improved
interfacial shear bond strengti)(between the fibre and matrix (section 3.4.9) tigtothe

use of an APS sizing agent.

These results were in line with those reported InarkKet al. (2011) who attributed the

improved interfacial adhesion at the fibre-matnerface to the reactions between the
amine silane network on the APS treated fibre sedaand the PLA matrix. Yet the

improved composite mechanical properties may aésattyibuted to the partial healing of

defects in the fibre surfaces by the APS treatmentieported by Zinck et al. (2001) and
Feih et al. (2005). Such mechanisms occur via éposition, penetration and crosslinking
of the sizing agent within the fibre surface dedgétigure 8.4.1). This can lead to the total
removal or reduction in the severity of flaws tlcauld have been introduced during the
fibre handling stages of composite manufactffe??® 317 35!

Sized fibre surfac

Un-Sized fibre surfac

x -
0.1 pm g \/ |

0.5 um ‘ 0.5 pm

0.3 um 0.3 um

Crosslinking /
density gradient v/
densiy gradient| ¥

Highly crosslinked
regions

Figure 8.4.1 Comparison between a) Unsized and b) Sized dilass surfaces showit
the reduction in flaw size severity through the usfe a silane surfacdreatmer
[Reproduced from Zinck et al. (2001)].

Yet despite the improved initial §f mechanical properties, the APS silane treatment

provided no improvement to the composite integ(ity. mechanical property retention)



321

during sample degradation (Figure 8.3.5). This exdslent by the rapid decrease in the
wet and dry weight of the 0.2\RCM-APS samples that followed the same trends as
previously observed during 0.2V\RCM composite degradation (section 7.3.3.1) and
contradicted previous results reported by Khanlet(2011) and Hasan et al. (2013).
However these differences could be accounted fahéyolyphosphate composition (< 50
mol% ROs) used in these studies. Such glass formulationgdyarobably have possessed
reduced dissolution rates that would also have niagi® less susceptible to autocatalytic
effects compared to the CorGl&eBure 107 fibres (55 mol%,0s) (due to their reduced
P,Os content). Consequently despite the polysiloxanaeficoating and increased
interfacial hydrophobicity in the 0.2\RCM-APS samples, the CorGl&eBure 107 fibres
remained highly susceptible to autocatalysis with iedia pH decreasing+@.9 after 24
hours of degradation. As expected from the rapatedese in wet and dry weights (due to
fibre dissolution), a large reduction in the flexustrength (-79%) and elastic modulus (-
73%) of the 0.2YRCM-APS samples was observed after 168 hoursgridationf??* 228

Analysis of the stress-strain plots obtained fréma mechanical testing of the CorGf3es
Pure 107 fibre hybrid composites showed the faihebaviour of these samples shifted
from an initial fibrous, ductile failure to a mobeittle fracture mode with a reduced strain
to failure (Figure 8.3.6). This transition was ind with previous results reported by
Friedrich et al. (2005) as well as Kobayashi et(2010) and was attributed to the high

modulus filler particles restricting the plasticfafenation of the matrix (Liang, 20087°
359-361]

Mechanical testing of hybrid samples also showed the inclusion of a secondary HA
filler phase (Miapp, VHa-m) led to changes in the elastic modulugefg which did not
always correlate with the generally accepted irsgaa material stiffness expected from
the inclusion of a secondary particulate fillera@lass fibre polymer composité” 3!
This was coupled with a reduction in flexural sggncompared to the 0.2YRCM sample
(Figure 8.3.7) with the resulting variations in ttmechanical properties considered to be
reflective of the different volume fractions ) and distributions of HA (Ma-pp, VHa-m)

utilised in the hybrid composite configurations lf¥a8.2.1).

From the results it was found that the greatestemse in elastic modulus (+22%)
compared to the initial 0.2VRCM composite was achieved by the 0.EBMVyanrp)

hybrid configuration (10.01 + 1.33 GPa). This részdntradicted the expected trend of
increasing elastic moduli as the HA volume fractimas increased and/or a more

homogenous distribution of HA (M.pp~ VHa-m) Was employed in the other samples. Such
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results were attributed to the agglomeration of pbiticles as the ya was increased that
could have introduced areas of localised stressazgrators in the 0.15\0.2Vya samples
compared to the 0.15\0.1Vhannpy composites. Such behaviour has been previously
observed in the development of carbon fibre-HA Id/lsomposites as studied by Shen et
al. (2009) where a decrease in elastic modulusfewasd to occur after the inclusion of 20
Wt.% HA that was attributed to the poor dispersibthe HA particleg**: 360 362

The distribution/agglomeration of HA particles walso believed to have accounted for the
lower elastic modulus of the 0.160.2Viannp) (6.74 + 0.45 GPa) compositempared

to the 0.15¥-0.2Vhya (9.34 £ 0.49 GPa) samples despite both possessqal
accumulative volume fractions of HA (). Consequently the reduced elastic modulus in
the 0.15V¥-0.2Vuannp) Samples was attributed to the primary distributminthe HA
throughout the CorGla&sPure 107 fibre pre-pregs (0.33\p) compared to the 0.1%V
0.2Vha samples (0.17Va-pp). Based on the work of Shen et al. (2009), thédnda-pp
was thought to have formed localised stress coratemns and increased the probability of
defects being introduced into the samples. The prghpreg volume fraction of HA in the
0.15\-0.2Vuannpy hybrid samples was also believed to have compramike fibre-
matrix interface by reducing the available surfacea for fibre-matrix adhesion (Figure
8.4.2). This would then account for the reductiorflexural strength seen in the 0.15V

0.2Vhannp) Samples compared to the 0.38/1Viannp) composited®*’ 361

Section of 0.15Vf-0.2Mannp) COMposite 4pum HA particle 0.07Vi,s matrix sheet

R—
Interface
I 2

0.33Vipp-0.33Vhiapp pre-preg
with compromised interface
CorGlae® Pure 107 fibre CorGlae® Pure 107 fibr due to reduced available
fibre surface area as well as
particle agglomeration.

Figure 8.4.2. lllustration of the compromised fionatrix interface in the 0.15V
0.2VhanHp) samples due to the high HA pre-preg volume frac{id33\fia.pp) [Modified
from Cech et al. (2013)].
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The reduced flexural strength observed in the 0 I6¥\ya composites was consequently
attributed to the reduced melt flow index (MFI)toe HA-PLA matrix sheets (0.2)-m)
compared to the 0.15\0.1Vya samples (0.1¥a-m) (Bregg et al. 2006). The reduced MFI
would have likely affected the quality of the fibmatrix interface during the
manufacturing of the 0.15\0.2Vya samples due to its restriction on polymer inftiva
into the reinforcing fibres (following Darcy’s Law section 3.2.3). Along with the factors
discussed for the 0.1%0.2VuanHp) Samples, these concepts would then be in agreement
with the observed results where all O.Q\hybrid samples were found to display similar
flexural strengths to those exhibited by the fifree 0.2\(;4 control. This subsequently
highlighted the poor fibre-matrix interface thatsvmgenerated as they) was increased
and/or the distribution of HA was altered (Bregget2006)>>% 3%

However based on points discussed by Bregg e@D9) and Shen et al. (2009), the
reduction in flexural strength found in all hybs@mples (compared to the 0;2RCM
composite) could also have been influenced by teegmce of cavities and microvoids at
the HA-PLA interface. Such voids could have beamired from the high specific surface
area (13.3 mg?) and subsequently reduced wetting of the non+sidtédA particles
employed here compared to the their sintered etgrivéspecific surface area = 1.16 g

1) as reported by Joseph et al. (2002) as well angt& Tanner (2008). Yet given the
intention of the HA filler to act as a pH bufferiagent, the increased specific surface area
of the non-sintered HA used here was deemed mgn@ppate. Furthermore according to
Wang et al. (2011), a weak interface could alscelfavmed due to the contrast between
the hydrophobic PLA matrix and hydrophilic HA fitl €47 360 364-36€]

As expected, the mechanical testing of the HA-Pbfposites (0.2Mx) showed that the
incorporation of HA particles increased the elastiodulus (+67.3 %) and reduced the
flexural strength (-63.8 %) compared to the neaf\PThis was coupled with a reduced
strain at failure that was in line with the expecteends for microparticle reinforced
composites where a weak interface is encounteneedfich et al., 2005; Fu et al., 2008).
The reduced modulus of the 0.2Vparticle composite (5.37 + 0.83 GPa) comparedhé¢o t
hybrid samples also highlighted the contributiorttef CorGlae Pure 107 fibres towards
the hybrid composite elastic modulus despite therface and agglomeration issues

previously discussed® 3¢7]

Degradation of the hybrid composites subsequehtbyved that a reduction followed by a
plateau in the wet and dry weights occurred af&8 tb 336 hours of degradation in all
hybrid configurations. As previously discussedegt®n 7.4, the discrepancy between the
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composite wet and dry weights was due to the isgoésnedia within the pores and voids
generated from fibre dissolution. Additionally, tla@parent reduction in wet and dry
weight loss compared to the 02RCM composite was due to the reduced volumg (V
and weight fraction (W of the CorGla€®$ Pure 107 fibresp(= 2.65 g cri?) in the hybrid
composites due to the secondary HA filler phase=(3.156 g cri). Based on the
percentage wet and dry weights of the 32'8amples, the decrease in hybrid composite
weight was primarily due to CorGldeBure 107 fibre dissolution. However, it is unknown
what contribution to the weight loss that the digson of the secondary HA filler phase
may have had on this data due to the absence atidic environment during 0.2%¢

sample degradation (Figure 8.3.10).

A comparison between the different hybrid configioras found that the HA volume
fraction (Mya) or HA phase distribution had no significant etfen the rate of weight loss
(which was considered to represent fibre dissah)tiG-urthermore the degradation data
also revealed that the inclusion of a 1% CaO defedtA filler had no effect on the
mechanical integrity of the composite samples caethto the chemically pure HA. This
may be due to the distribution of the CaO withia tton-sintered particles that is believed
to be less homogenous than its sintered equivglatsonal Communication — Paul
Steverson, Plasma Biotal, UK). Consequently if emiated at the centre of the
precipitated HA particles, the CaO may not havenkaade to efficiently interact with the
acidic degradation media. However it may also e the concentration of CaO was

inadequate to sufficiently counteract the acidicaid reduce the rate of fibre dissolution.

Compared to the 0.3 samples, the decrease in hybrid sample weightceasasted by
the recorded increase in wet weight of the @2¥omposites that was higher than that
previously recorded from neat PLA samples (Figude3}. The increased water absorption
observed in the 0.2\A composites was the result of several factors tioty the
absorption of media by the HA patrticles (due to e hydroxyl groups affinity towards
water). This increase in wet weight was also aited to the incursion of media within the
voids at the HA-PLA interface as previously repdrby Tham et al. (2010) and Sultana et
al. (2013)1°% 38 However the increase in 0.3V sample dry weight (Figure 8.3.9) could

not be accounted for and was believed to be dusemsurement error.
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Wet Weight vs Immersion Period
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Figure 8.4.3. Wet weight of PLA and 0.2¥ composite over initial 168 hours
immersion in distilled water at 37°C showing in@ead water absorption due to
presence of HA (standard deviation of PEA 0.03%).

Although possessing a reduceg the inclusion of HA into the composite configuoat
appeared to buffer and counteract the severitgidi@pH created by the dissolution of the
CorGlae$§ Pure 107 fibres compared to the data recordechgievious 0.2V RCM
sample degradation (section 7.3). This was appaoser the initial 24 hours of
degradation (Figure 8.4.4) with the degree of plfdouing also found to be influenced by
the variation in Va, phase distribution and HA structure (i.e. 1% Ca@gr the initial 6
hours of immersion. Accordingly during this perithe results showed that the greatest pH
buffering was found in the 0.1%¥0.2Vya hybrid composite configuration. However, after
24 hours, all hybrid samples appeared to reachaasipH 4.1) but remained above the
values previously recorded during 0;2RCM sample degradatiorZ.9). This buffering
effect of the HA filler was in line with the litetare where calcium carbonate (CaffO
fillers had been shown by Kobayashi et al. (20b03uccessfully buffer the pH of a short
ultraphosphate glass fibre methacrylate-modifietjatdctide hybrid compositd®®.
However the respective fibre volume fraction)(9f this composite was not specified and
only samples containing 20 wt.% Cagfiler were investigated as they degraded in Tris

buffer solution in contrast to the distilled wagenployed here.
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Media pH vs Immersion Period
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Figure 8.4.4.Comparison of media pH during the degradation of different com

configurationsover the initial 24 hours of immersion in distilled water at 3-

Comparisons over the entire degradation periodatedethat the 0.15%0.2Vya hybrid
composites also appeared to accelerate the rateictt the pH returned to neutral (i.e) T
compared to the other hybrid composite configureti¢Figure 8.3.10). This was believed
to be due to its high HA volume fraction and homumges distribution of the particles
throughout the samples. Degradation of the Q28amples also showed the HA to buffer
the drop in pH previously observed from the formatof carbonic acid in the media when

compared to the PLA control (Figure 8.4.5).

Media pH vs Immersion Period
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Figure 8.4.5. Comparison of media pH between Q.28Nd 3001D PLA samples over
hours of degradation in distilled water at 37°C.
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As expected, the continued rapid rate of CorGldasre 107 fibre dissolution was coupled
with a decrease, followed by an approximate plat@aboth the flexural strength and
elastic moduli of the hybrid composite samples rafté8 hours of degradation. As
previously observed with the 0.2RCM composite, the drop in mechanical propertias w
attributed to the dissolution of the CorGf3eBure 107 fibres. A comparison with the
hybrid samples also showed that the average flestmength appeared to have decreased
at an accelerated rate compared to the previok RZM samples. This may have been
due to the partial dissolution of the HA particksd breakdown of the HA-PLA interface
as they buffered the degradation media along wiéhlrittle failure mode of the hybrid

samples.

Comparisons between the elastic moduli of diffefeytirid samples over the immersion
period also showed the composites to have retadiffdrent post fibre dissolution
mechanical properties depending on the hybrid gondition. Consequently, the generally
highest post-fibre dissolution elastic modulus vi@snd with the 0.15%0.2Vya hybrid
composite that was believed to be due to its hommge HA particle distribution (Bregg et
al. 2006). This was particularly evident by thefetiénce in elastic moduli found between
the 0.15V-0.2Vya samples (4.33 = 0.32 GPa) compared to the Q:03¥nacao)
compositeq2.70 + 0.1 GPa) after 336 hours of immersion (winear complete fibre
dissolution was expected to have occurred). Unfately, a lack of comparative data on
the degradation of similar PGF hybrid compositeanals restricts further analysis with
no mechanical degradation data given by Kobayasdi €010) during their immersion of
PGF-CaC@ hybrid composites in Tris buffer solutiA®.

Degradation of 0.2\a composites showed a gradual decrease in compfiekeral
strength whilst the elastic modulus of the samplegeared relatively unchanged until a
rapid decrease after 840 hours (5 weeks) of dejomdal’ he gradual decrease in sample
flexural strength was in line with results found Ryssias et al. (2006) who tested 70-80
wt.% HA-PLA of composites. However due to the resthddA content in the samples
tested here this reduction in flexural strength wat as severe that as that recorded by
Russias et al. (2006%°. Based on this, the decrease in flexural strength attributed to
the weakening of the filamentous structures thankahe HA particles to the PLA matrix.
This degradation mechanism at the HA-PLA interfacaild also have been expected to
contribute to the continued decrease in the hybomposites flexural strength that could
be seen after 504 hours (3 weeks) of degradatiepitdethe data indicating that near

complete fibre dissolution had occurred afte¥68 hours (Figure 8.3.11). The large
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reduction in elastic modulus of the 0,2 composite samples observed at 1008 hours
could not be accounted for given that the resulélagtic modulus was significantly lower
than the 0.15%0.2Vua hybrid composite samples after the equivalent aldsjion period
(when taking fibre dissolution into account). Thisosequently ruled out any mechanisms
relating to the further breakdown of the HA-PLAdrface in the 0.2ya composites after
1008 hours of immersion given the data obtainenhftioe 0.15¥-0.2Vya samples.

However despite the beneficial pH effects from sbkeondary HA filler phase and ability
of the DMEM solution to provide further pH buffegrduringin vitro degradation (section
7.3.4.1), no biocompatibility testing was performexh these hybrid composite
configurations. This was due to the high dissolutiate of the CorGla&sPure 107 fibres,
similar to that previously recorded from 0.22RCM samples. Consequently despite the
observed pH buffering, a high release rate of' Zons to cytotoxic levels was expected
from the different hybrid composite configurationased on previous MTT data (section
Figure 7.3.6).

From the MTT assay, the low volume fraction Cor@fadPure 107 fibre hybrid
composites showed a trend of increasing cell \ighéls the HA volume fraction (M)
increased for both 0.0%\and 0.05Y hybrid configurations. However this trend was fdun
to be independent of the CDMEM pH that was maimdiabove the 7.4 viability threshold
for MG63 cells in nearly all samples. The irregyb&t of 7.05 recorded from the 0.0V
0.1Vua degradation extract after 96 hours (Figure 8.3cbB)d not be accounted for given
the higher pH of the HA-free 0.05Womposites at an equivalent degradation period
(Figure 7.3.23, Figure 8.3.13). As a result, theading was subsequently attributed to

measurement error due to the low volume of medadahle.

Given the suitability of the media pH, the increascell viability was believed to be due
to the reduction in ion release rates (specificily Zrf* ion) from the composites due to
the decreased rate of fibre dissolution. This wagbated to the localised pH buffering by
the HA patrticles at the fibre-matrix interface. Bunechanisms would then correlate with
the observed trends seen in Figure 8.3.12 whemeasmg HA volume fraction and
subsequent decreases in fibre dissolution rate fkAamanipulation at the fibre-matrix
interface) lead to greater cell viability in sampberacts. However of the different hybrid
configurations investigated, only the 0.040/2Vya composite samples were found to
possess an average cell viability above the 70% &fter 24 and 96 hours of degradation.
This sample configuration was found to produce atisically significant difference
compared to the 0.0k8amples (p < 0.05) and was comparable with thergadbtained
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from the CDMEM controls (p > 0.05). The resultsoaghowed that despite a statistically
significant difference (p < 0.05) in MG63 cell vility between the use of an HA aifid
TCP filler, neither could produce biocompatible D/ hybrid samples (i.e. >70%
viability) after 24 and 96 hours of degradatibf.

The analysis of direct contact cultures by Coongastiining on the biocompatible 0.01V
0.2Vua hybrid composite (identified by MTT assay) alonghwsuitable controls showed
that a degree of cell spreading occurred on alerras except the 0.0k¢omposites after
24 hours of culture. Such results would appeargtee with the proposed suppression of
ion release rates (via a reduced fibre dissolutada) from the hybrid samples with cells
cultured on the 0.01\composites maintaining rounded cell morphologiter &6 and 168
hours. This result consequently highlighted theesigy of the CorGlaés Pure 107 fibre
cytotoxicity even at low composite fibre volumedtians and the deleterious cell response

that can be evoked from the presence of zinc walghass compaosition.

After 168 hours it was also apparent that a redeedidoopulation was present on both the
0.01V; composite and the 0.01¥ybrid material compared to the fibre-free corgrdihis
indicated that some degree of cytotoxicity in thyrid composites may still be present
despite the inclusion of the HA filler. As expectdde PLA and 0.2\» composites
alongside the ThermanBxontrol displayed a high degree of cell spreadivag ruled out

any alternative cytotoxic influences in the compmsbnfigurations.

The repetition and further analysis of this expemtiusing SEM images on 0.04%nd
0.01V+-0.2Vya hybrid samples alongside neat PLA was found teagrth the Coomassie
staining and help verify the accuracy of the prasigesults. This was evident by the
polygonal shaped cell spreading and filopodial esiens observed on the PLA controls as
well as the 0.01¥0.2Vya hybrid composites that were in contrast to thentgaiounded
cell morphology seen on the 0.018bmposites after 24 hours of culture (Figure §38.1
Continued cell spreading was observed after 96 shourthe PLA samples but this cell
population was also observed to be significantiyhbr than both the 0.01\&nd 0.01\
0.2Vua composites. However a comparison between the CestRure 107 composite
samples did show that an increased degree of medhding was present in cells cultured
on the 0.01¥0.2Vya hybrid samples (Figure 8.3.18c.f,i). In agreemevith the
Coomassie staining results, this difference in pekphology was believed to be due to
the difference in fibre dissolution rates and esfatoncentration of Z within the media.
The development of a multi-layered cell matrix whaen seen to form over the PLA
samples after 168 hours of culture whilst a higbrde of cell spreading was also evident
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on the 0.01¥0.2Vya hybrids. This was contrasted by the 0.91d6mposites that
maintained a rounded cell morphology (Figure 8.8,&% and Figure 8.3.20b,e,h).

Additionally, the SEM images of the hybrid samplefaces after 168 hours of culture
(Figure 8.3.19c,f,i and Figure 8.3.20c,f) showed fbrmation of surface damage that
appeared to increase as the culture period pragte&ased on comments by Speidel &
Iggowitzer (1998), this change in surface morphglags attributed to the accumulation
of media within the pores and voids surrounding ilgdroxyapatite particles. This can
subsequently lead to the rupture and surface @idor of the sample when these patrticles
are in close proximity to the surface. This woultert appear to correlate with the
observations and material configurations employedhie current study where surface
damage was only observed in the hybrid compositepks due to the presence of
hydroxyapatite particle§®. This would also seem to be in line with the poewsiy
discussed mechanisms regarding the breakdown dPltheHA interface during sample
degradation.

SEM images also identified smalD.5-4um spherical particles after 168 hours ofurelt
at the periphery and within the surface cavity’srfed during cell culture on the 0.0V
0.2Vua samples. However their presence or morphology coatdbe accounted for from
the existing data (Figure 8.4.6). Given their aloseinom the 0.01Vor PLA samples and
lack of correlating literature, it was assumed ttieg formation of these particles was
related to the interactions between the HA, CDMEM ¢he CorGlaésPure 107 fibres -

however further investigation is required to fullgcount for these features.
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Figure 8.4.6. SEM images after 168 hours MG63 cell culture on 8@2Vya hybrid

composites with a) The appearance of surface damage and dpparicdes labelle

[scale bar = 10um] and b) Magnified section of isolated areaisdwollow/damage

nature of selected particle [scale bar = 2um].

Mechanical testing of the biocompatible 0.¢DV2Vua hybrid composite configuration
showed the expected decrease in flexural strengtrease in elastic modulus and
transition to a brittle failure mode through thelusion of the 0.2Mx filler compared to
the 0.01V composite. However in contrast to the earlier ltesthe inclusion of CorGla&s

Pure 107 fibres produced hybrid composites witleduced flexural strength and elastic
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modulus compared to the 0.g2¢composites. This behaviour was attributed to theeace
of a fibre pre-preg solvent casting stage duringposite manufacturing and the resulting
poor polymer infiltration into the CorGla®sPure 107 fibres (due to the previously
discussed changes to the polymer MFI at Q.2Y). As a result, the quality of the fibre-
matrix interface may have been compromised andenteffaws or voids throughout the
material. Furthermore the increased handling requio isolate the low quantity of fibres
required for each composite lamina (due to theafiske smaller 70x30mm mould) would
also have likely contributed to the poor mechanipgedperties of the 0.03M0.2Vya
samples given the likely increase in fibre damageiired.

The degradation of 0.0%\and 0.01¥-0.2Vya samples was compared with the previously
obtained 0.2\ degradation data. The results showed that a reduict both the wet and
dry weights occurred in the 0.048nd 0.01\0.2Vya composites due to the dissolution of
the CorGlae® Pure 107 fibres. It was also observed that theusimn of the HA filler
phase in the 0.01M0.2Vya hybrid composites resulted in the wet weight clesingm fibre
dissolution being significantly masked. This wag doi the large difference between the V
and \ya content and the associated water absorption flemmptesence of HA particles

over the first 168 hours of immersion (Figure 8)4s previously discussed.

Wet Weight vs Immersion Period
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Figure 8.4.7Comparison between sample wet weight over first i6&s of degradatic
between 0.01}V 0.01\4-0.2Vya and 0.2Vja samples with the inclusion of HA in i

hybrid composite samples obscuring the decreasetinveight through fibre dissolution.
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Accordingly, no comment can be made on the effeftthe HA filler on the rate of
CorGlae$ Pure 107 fibre dissolution rates using the weghedata due to the absorption
of moisture and small volume of fibres used. Theeavariation in composite wet/dry
weights was observed (due to water ingress thraugihe pores created by the degraded
fibres as well as media absorption) and was inwrh the previous results. The low fibre
volume of these samples was also responsible rsignificantly reduced weight loss

compared to the previous 0.2RCM or 0.15V hybrid samples.

Analysis of the dry weight data showed the expedettease due to CorGl&eBure 107
fibre dissolution over the first 168-336 hours mimersion. This weight loss was then seen
to plateau at3.5% and~2% for the 0.01Yand 0.01\-0.2Vya samples respectively with
the offset attributed to the reduced weight fract{d;) of the fibres due to the secondary
HA filler phase. As before, no estimation as to ¢ixéent of HA dissolution in the hybrid
composites during this degradation period couldssessed from the current data that may
have also contributed to the weight loss resultse PH data obtained during sample
degradation also showed the expected reductionHnfrpm the dissolution of the
CorGlaeS Pure 107 fibres. However due to the decreasee filmlume fraction and
associated reduction in phosphate species releagsethe media, the acidic pH did not
reach the same severity in the 0.9Xdmposites~4.0) as previously recorded during
0.2V; RCM sample degradatior-4.5). Similar to the previous data, the inclusidrHaé
was seen to raise the pH of the media during G012, sample degradation-%.0) but
due to the difference ins\Vthe pH was buffered to a greater extent comptardise 0.15\
0.2Vya hybrid composite configuratior4.0).

The immersion of 0.01Vsamples also saw a gradual decrease in the avleageal
strength of the composites that appeared to plasdtan three weeks (504 hours) of
degradation with a reduction and plateau in thsetielanodulus occurring after 168 hours
(1 week). Based on the previous data, the decieasechanical properties was attributed
to the dissolution of the CorGld&e®ure 107 fibres. The reduced fibre volume fraction
these composites also caused the overall decredkxural strength (-8.6 %) and elastic
modulus (-21.5%) to be significantly lower than thhe@\y RCM samples when compared
after 168 hours of degradation. This was due tad¢kdeced reinforcement provided by the
CorGlae$ Pure 107 fibres at 0.01\¢ompared to 0.2\(section 3.2.3.1). Additionally, the
increased variability in both the flexural strengthd elastic modulus of the 0.01V
composites during degradation was considered teftective of the increased difficulty in

establishing a uniform distribution of fibres thgiwut the matrix. This was due to the low
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quantity of CorGlaésPure 107 fibres in each lamina of the 0.ptdmposite compared to
the 0.2¥ RCM samples.

The variation in 0.01M0.2V4a sample mechanical properties over the 1008 hour
degradation period was believed to be due to ttheced dependency of the composites on
the CorGlae$ Pure 107 fibres for mechanical reinforcement (thu¢he large difference
between the Vand \ja). As a result, the dissolution of these fibresesgwpd to have a
negligible effect on the sample mechanical propsrivith the variation in mechanical
properties seen between samples attributed tornth@nted non-homogenous distribution
of the HA particles. However this variation may calekave been influenced by the
dissolution of the HA during pH buffering of thegtadation media. Consequently these
hybrid composites failed to display the same cl@acline and plateau in mechanical

properties as previously recorded for the 0.A%)brid samples.

Furthermore, the inclusion of HA appeared to mamnthe elastic modulus of the hybrid
composite above that of the 0.018ample throughout the entire immersion periodviag
below that of the 0.2\ control. This was likely due to the internal potp€reated from
fibre dissolution as well as the previously mengidrbreakdown of the HA-PLA interface
via buffering of the media pH. However it was atved that that the elastic modulus of
the 0.01V and 0.01\0.2Vya samples was superior to that of the Q;2\¢ontrol when
compared after 1008 hours of immersion. This sulbsetly cast further doubt on the
accuracy of this result (i.e. the sudden drop astt modulus for the 0.2} sample at

1008 hours) as discussed earlier.

A comparison between the ionic release rates duhiagnitial 168 hours of 0.0%\and
0.01\+-0.2Vya sample degradation revealed a marked differencethen daily and
accumulative ionic concentrations (Figure 8.3.2@ Bigure 8.3.27). This was apparent by
the increased concentrations of ¢POand C&" ions in the 0.01M0.2Via degradation
media compared to the 0.018amples (Figure 8.4.8). The increased concentrafithese
ions was to be expected given the*Cand (PQ)* products that occur from HA
dissolution (Vallittu, 2012)*"®. This would then correlate with the dissolutiohtioe
secondary HA phase as a result of the phosphoitcgamerated during fibre dissolution
and the subsequent pH buffering that was recordedngl 0.01¥-0.2Vya sample
degradation (Figure 8.3.24). Inspection of the audative ionic concentrations from both
samples also revealed that similar concentratidridas™ (<6 mg ') and N4 ions &11
mg ) were released from the fibres into the mediar a8 hours (Figure 8.3.27). This
would then imply that similar fibre volume fract®@as well as fibre dissolution rates were
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present in each composite type despite the inalusioHA into the hybrid composite
configuration. This then challenges the notion thatduced fibre dissolution rate was
responsible for the previously found increase imcbmpatibility of the hybrid composite
samples (Figure 8.3.12).

Accumulative lon Release of Selected lons vs Immersion Period
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Figure 8.4.8. Comparison between the accumulatwerélease from 0.0%\and 0.01V-
0.2Vxa composites over the initial 168 hours of degradeasibowing a marked decreas
the total concentration of Zhand increase in (P9 and C&" ions release from t
0.01V+-0.2Vya hybrid composite.

However these results could be accounted for whesidering the difference in Zhions
accumulated after 168 hours between the 0:¢18.3 mg 1) and 0.01y:0.2Via (8.6 mg
Ity samples (Figure 8.4.8). Since it has already les¢ablished that excess?Zii1~8 mg
Iy and a low pH (< 7.4) can be cytotoxic to MG63Igethe inclusion of HA was
subsequently expected to limit these factors byfeomig the pH and limiting the
autocatalysis effects. As discussed in section624dissolution studies by Khor et al.
(2011) have highlighted the preferential leachirigZo®* ions when PG samples were
degraded in low pH, acidic conditions. Based ondbiéected data, it is proposed that an
elevation in pH at the fibre-matrix interface wangrated by the inclusion of a secondary
HA filler phase that consequently limited the prefgial leaching of Zfi ions from the
CorGlae$§ Pure 107 fibres compared to the 0.9Bdmples (Figure 8.4.9). This would
have then have restricted the rate at which th& Zoms could accumulate towards

cytotoxic levels within the 0.01M0.2Via sample degradation medf&”.
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Accumulative ZA* lonic Concentration/Media pH vs Immersion Period
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Figure 8.4.9. Comparison of Znaccumulative ionic release and megid against th
immersion period for 0.01\and 0.01¥-0.2Vya samples

This concept would then correlate with the MTT alwebct contact culture results where
only the 0.01Y samples appeared to be cytotoxic despite iongeldata implying that the
CorGlae$ Pure 107 fibres in both samples were degradirsjnaitar rates. Consequently
this difference in Zfi release and rates at which this ion could accumuta cytotoxic
levels would explain the difference in cell popidaimorphology between the 0.01%nd
0.01V+-0.2Vya composites as well as when compared to the PLA@offrigure 8.3.20).

To elaborate, during thi vitro culture of samples it was likely that the rate Zof*
release from the 0.0%8amples (via fibre dissolution) exceeded the M@@8toxic limits
before the media was replaced after 96 hours. ddnsequently produced the rounded cell
morphology and declining cell population that waserved in both Coomassie and SEM
images. In contrast, the reduced rate of'Zon release from the 0.0330.2Vya hybrids in
conjunction with the replacement of the media ath@firs prevented such a severe
reduction in cell viability. Based on the SEM andoBassie staining images, this would
then account for the reduced cell population angechimorphology (i.e. round/spread)
seen in cells after 96 hours of culture (FigureXB3on the 0.01%0.2Vya Samples as the

Zn** ions began to reach cytotoxic levels before tHeirimedia was replaced.

Furthermore, since earlier results had indicated the DMEM media had no retarding
effects on the CorGla8sPure 107 fibre dissolution rate when utilised asomposite

reinforcing agent (section 7.3.4), the evidencelits concept based on the ion release data
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during sample degradation in distilled water wasnded valid. However it should also be
noted that the biocompatibility testing (i.e. MTdirect contact culture) was performed at a
higher SA:V ratio (1.4 cfqml™) than that employed during mechanical degradgfioil
cn? miY). As a result, the ionic concentrations shown igufe 8.3.26 and Figure 8.3.27
are expected to be lower than those encounterethgduhe in vitro cell culture
experiments. Yet this does not affect the geneiatiple regarding the selective Zrion

release as proposed here.

Analysis of the FTIR spectra (section 8.3.3.7) oi&d from the planar sample surfaces
after immersion in c-SBF showed variations andtshif the peak wavenumber/intensities
of the 0.2\ia composites (Figure 8.3.29) with the band~a030cm' (To) shifting to
1044cn. It was also apparent that the intensity of thakpeat 604cm and 562crit
varied between spectra which, due to the 0.5-5unetpation depth of the FTIR-ATR
equipment, was attributed to the exposure of HAiglas on the hybrid composite surface
as discussed by Persson et al. (20*#) As a result, areas with a low concentration of HA
particles exposed or in reduced proximity to thenposite surface had a reduced HA
signal intensity and a decrease in peak band grg. This then made the 1044¢m
peak (PLA, C=CHvibration) more prominent and would then accoumttfe apparent
peak shifting (i.e. 1030cm(To) < 1044cm’) observed between the spectra obtained from
the 0.2\(;a samples across the immersion period. These rdsglighted the variation in
HA distribution across the sample surfaces withshmmple areas chosen at random by the
user. This would also seem to correlate with the-moiform distributions and particle
agglomeration effects that were previously discdssduring the mechanical
characterisation of the hybrid composites. Suchatians in HA surface exposure were
also believed to have accounted for the similak geansitions observed in the 0.0V
0.2Vua hybridcomposite (Figure 8.3.31) spectra. Meanwhile theeabe of HA accounted
for the lack of any similar shifts being observedtie 0.01Y spectra (Figure 8.3.36)*.

It was also observed that peaks at 1264amd 800ctit on the 0.2Yia and 0.01Ysamples
showed a marked decrease after 24-72 hours (F&8r29 and Figure 8.3.30). Based on
the FTIR analysis of polymer degradation by Par@nPantani (2007), any changes in
these peak intensities through hydrolytic degradatiere ruled out’?. Consequently this
observation was believed to be due to the PTFEidabt applied during composite
manufacturing or other contaminant (e.g. from th#icg stages of specimen preparation)
that had not been completely removed prior to c-8Bfersion. This would then account

for the early decline in the intensity of these kseahortly after immersion and why such
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strong peaks were not detected on all samples. Bxagprevious results it was also seen
that the same peak variations were observed dOr2\g RCM bioactivity testing (Figure

7.3.21). However further investigation is requiteaonfirm.

The FTIR analysis of minute surface deposits remddvem the 0.01¥0.2Vya sample
cross-sections (collected after 336 hours of immejsound these to match the previous
pyrophosphate salts found during 0; RCM composite bioactivity testing (Figure 8.4.10).
Yet the visible formation of these salts was neblegand were only found on a single
sample from the three analysed by FTIR after 33rsrcompared to the rapid formation
found on all 0.2YRCM samples. The small quantity of these compouwvadsattributed to
the significantly lower Y of CorGlae§ Pure 107 fibres in the hybrid composite
configuration and thus reduced concentrations 0§ ieleased into the media as a result.
The appearance of this precipitate at the sampulssesection was also in line with the
cross-sectional “halo” regions of bioactive PGF posite materials as discussed by
Vallittu et al. (2015f!. The inconsistent formation of these compounds vedigved to be
due to an unwanted/localised increase in the filoteme fraction within specific samples.
This would then account for the absence of anylampyrophosphate salt precipitates

found during the FTIR analysis of the 0.QXddmposite cross-sections after immersion.

Comparison of c-SBF Precipitate by FTIR

0.2vf RCM T168Hour A Il\\

AW
0.01Vf-0.2VHA T336Hour \
/ v //\\

A

T 7

V
\/~’
e———?] \\ j\/\\‘

4000 3600 3200 2800 2400 2000 1600 1200 800 400

Relative Absorbance

Wavenumber (crf)

Figure 8.4.10. Comparison of precipitates from 0£0¥Vya and 0.2Y RCM composite

after immersion in c-SBF over the 4000-400twavenumber range.
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8.5 Conclusions

Modifications to the previous 0.2\RCM CorGlae® Pure 107 composite configuration
showed that the use of silane treatments or a deacyfiller phase had different influences
on the composites mechanical behaviour. This wadert by the increase in initial
flexural strength (+39.7%), elastic modulus (+7.98bhd toughness (+41.2%) observed
when the CorGla&sPure 107 fibres were treated with an APS sizingnaglue to the
improved interfacial bonding at the fibre-matrixarface. However the application of this
surface treatment provided no improvement to comgadurability as a result of the
severe autocatalysis effects caused by the fili@tic pH dissolution by-products.

The investigation into different 0.1%5WGF hybrid composite configurations revealed that
the inclusion of a hydroxyapatite (HA) particleldil phase was capable of producing
materials with an increased elastic modulus contperéhe previous 0.2\RCM samples.
Furthermore the inclusion of HA caused the failorede of these composites to change
from a ductile to brittle fracture mode. The configtion of the hybrid composites was
also found to influence the initial mechanical prdfes with the greatest increase in elastic
modulus (+22%) compared to the 0; RCM samples found from the inclusion of a non-
homogenously distributed Ovblume fraction of HA. However mechanical testirfgtloe
investigated hybrid composite configurations alewealed that particle agglomeration at
higher HA volume fractions compromised the mechamecoperties of the hybrid samples.

The subsequent degradation of these samples fdwatddespite the media pH being
buffered (compared to the 0.2ZRCM samples) that the apparent rate of fibre disiem
remained unchanged. Therefore, it was anticipdtatidue to the high ion release rates all
hybrid composite samples would continue to be oyictdue to the high concentrations of
Zn** ions that would have been released into the nadiagin vitro testing.

Alternatively, the focus on developing biocompaildhybrid composites through the
incorporation of HA into low Y samples found that the addition of 0,2vnto a 0.01VY
sample produced biocompatible materials when asddssMTT assay. Such results were
subsequently confirmed through the analysis of MGélts by Coomassie Brilliant Blue
staining and SEM after direct contact culturing @mposite samples. Although this
behaviour was initially attributed to a reducedrdildlissolution rate, degradation of the
corresponding sample configurations and controtécated that the buffered media pH
(via the addition of HA) had influenced the seleetieaching of the Zi. However due to
the smaller fibre volume fraction, the CorGfadzure 107 fibres had a reduced impact on
the initial and degenerative mechanical properiesng sample degradation in distilled
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water. The low VY of the samples did produce sporadic deposits obghosphate salt
deposition during c-SBF bioactivity testing but fhEIR spectra also revealed the presence

of HA on the composite surface from the existingoselary filler phase.

Consequently based on the accumulated hybrid catepdeta, the specific application of
the CorGlae$ Pure 107 fibres appears to be confined to possitilyiding advantageous
stimulatory effectsn vivo (via ion release) rather than as the primary cggihg agent of a
biodegradable composite. The results have alscateti the potential for the development

of novel hybrid composite designs to be investidate
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9 Discussion

Despite the extensive range of possible phospHass gompositions, their application in
biomedical devices is limited by the need to achiglass artefacts (i.e. monoliths, fibres
etc.) with suitable dissolution rates, mechanigalpprties and potential bioactivity whilst
being composed of metabolically acceptable corestiti Consequently review articles of
biomedical phosphate glasses (e.g. Knowles, 2003puANeel et al., 2009) have
demonstrated the balance between achieving medtignénd biologically advantageous
glass systems whilst maintaining good processgdiif' 22! As observed in section
3.4.6.1 and 3.4.6.2, the development of these ggdsas typically been conducted through
a cross-compositional analysis where a selectedifilmodxide concentration has been
varied (e.g. 6210 mol%) in order to assess its effect on a glgasiperties. Consequently
the characterisation is performed using a comparatnalysis across these variations.
However, given that this project was restrictedht® CorGlae$ Pure 107 glass and that
limited compositional data was available, the cbtm@sation performed here was based on
a broad examination of the relevant literature.sTimay have subsequently affected the
accuracy and depth of the CorGl&eBure 107 glass analysis. Yet by following this
method to characterise its bulk and fibre formatdroad review (not been previously

reported) of different biomedical PG properties hasn produced.

Based on the available literature, it is believédttno previous investigations have
examined a quinternary glass composition similarCarGlae§ Pure 107. Given the
relevance of its constituency ions to the physimiaigroles in bone growth (i.e. (RO,
ca&*, Mg?" and ZA" - Table 3.4.3) the CorGla&®ure 107 composition was believed to be
a suitable candidate for potential bone tissue meggive applications. However
characterisation of the CorGl&eBure 107 disks (chapter 5) revealed that its dleodiral
strength, elastic modulus (comparable to that ofjBis§ 45S5) and high thermal stability
(PW) were offset by its poor biocompatibility. Coméd with the previous data reported
by Abou Neel et al. (2008), the CorGl8eBure 107 results highlighted concerns over
localised acidity as well as the suitability of zinn biomedical phosphate glass
compositions. This is despite its advantages asodifier oxide (i.e. its charge-to-size
ratio) and potential stimulatory effecis vivo ™*°. However, this basis must also be
considered with regards to the@2 concentration which made the CorGfadzure 107
glass inherently prone to autocatalysis effect$ tii@mately influenced the ion release
rates from the samples (i.e. composites). The efiepH is further emphasised in these
results when considering the selective leachingrst ions from PGs in acidic media as
reported by Khor et al. (2011). This subsequentiypsrts the development of low®
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polyphosphate glass compositions (i.e. < 50 mol%sP such as those recently
investigated by Sharmin et al. (2014) whergOB was substituted into the glass
formulation™®” 221 The results presented here have also providédefuinsight into the
applicability of glass compositions that utilisexed ion effects to achieve enhanced
properties outside the expected trends as evidettidoPW recorded for the CoreGl3es
Pure 107 glass.

The production and characterisation of CorGlaPsire 107 fibres (chapter 6) has also
highlighted the sensitivity of these materials woface flaw type/size that can be produced
during the necessary handling stages. Based on tties comparison of fibre tensile
properties are subsequently susceptible to vangtioased on the handling of fibres
between different studies. Yet this can also becé#d by fluctuations in the fibre diameter
that could occur during PGF manufacturing. Meangtiie novel study on the influence of
different media on the CorGldé®ure 107 fibres has demonstrated the variabiiitijtire
dissolution rates across different interdiscipinggchniques (e.g. cell culture, bioactivity
and mechanical degradation). Consequently theséigeaise considerations when relating
mechanical properties or dissolution rategtwitro data and is particularly relevant when
intending to use PGFs as a single implant consifiuet implants composed purely of
fibres) such as the cell delivery vehicles previpistudied by Ahmed et al. (2004) and
Bitar et al. (20058 %4

When used as a composite reinforcing agent, thelinesults (chapter 7) showed the
benefits of a random continuous mat (RCM) CorGldesre 107 fibre architecture which,
based on the available literature, had not beewiqusly investigated for PGF composite
biomaterials. These advantages were due to thernamsemprovements in material

toughness found in the laminate RCM compositesraswat of fibre pull-out mechanisms
and improved polymer infiltration into the RCM férconstructs. The RCM architecture
may then be more favourable in specific composipplieations compared to the
unidirectional (UD), [0/90] cross-plys or randomogiped fibre filler phases previously
investigated (e.g. Ahmed et al., 2009; Ahmed et28111)*'® 219 Based on the results by
Han et al. (2013), this RCM architecture may alsoniore favourable compared to UD
fibres for composite implant devices where intr&m@pive screw holes are required prior
to implantation’?®. This is due to the increased damage that UD csitgsocan incur

compared to random chopped fibre mats when scrdeshare introduced via drilling

techniques.
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Mechanical testing of the 0.2YRCM composites also found that the flexural sttesgnd
elastic moduli of these CorGlde$ure 107 composite configurations were within the
range of those reported for parietal bone. Thisltesnplied that degradable PGF-
composites have potential for the proposed craasipl applications as discussed in
chapter 2. Additionally, the elastic moduli of teesamples were also seen to correlate with
those predicted by the rule of mixtures (ROM) fattbfibre architectures investigated.
However these properties could potentially be frtimcreased through modifications to
the manufacturing method aimed at improving polymgsregnation into the fibres (such
as vacuum forming techniques). Unfortunately dueatwocatalysis effects, the 0.2V
CorGlae$§ Pure 107 composites failed to retain at least 8%heir initial mechanical
properties over the six week degradation periodeasout by the initial design criteria in

section 2.1.

These autocatalytic effects have been observethar ® GF-composite materials (Ahmed
et al., 2009, 2011; Han et al., 2013) and highédhthe balance between achieving glass
fibres with good processability whilst possessilogvsdissolution rates. This is particularly
relevant to the s content which at high concentrations allows forH8Go be easily
produced but is hampered by their resultant susnhfytto autocatalysis effects due to the
increased amount of phosphate species releasedhiatmedia. Alternatively low s
glasses (e.g. polyphosphate glasses) are less fwrautocatalysis but are typically harder
to manufacture into fibres and are more likely tgstallise. Such features consequently
reinforce earlier sentiments that the wide rangpaténtial PG compositions is ultimately
restricted by their practicality. Furthermore, thentinued use of PLA as a matrix
component in the development of PGF composites dveeém disadvantageous given its
acidic degradation by-products and importance effithre-matrix interface to maintaining

adequate composite mechanical propefiés?*® 223!

Continuing from the previous CorGl&eBure 107 fibre dissolution data in section 6.3.6,
the translation between mechanical and cell culam@ronments on composite samples
was also investigated due to the absence of ani imfluences during composite

degradation in distilled water. The correlation adidcrepancies between composite
degradation behaviour in each media (i.e. weighks,lanedia pH) showed how the high
surface area-to-volume ratios (SA:V) at the fibratmx interface can be detrimental to the
reinforcing fibres dissolution rate. As a resutie relevance of a PGF’s dissolution rate is
obscured when it is to be applied in a composistesy given the increased influence of its

dissolution by-products. This high rate of fibresgblution was also responsible for the
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cytotoxicity found across all fibre volume fract®n(V;) investigated. Such results
consequently reinforced the importance of consmethe pH changes and ion release
rates (i.e. cytotoxicity limits) but also showedwhthese factors can interact with each

other.

The development of PGF polymer composite matehals typically examined different
glass compositions in a two phase, matrix-fillesige (e.g. Ahmed et al., 2008; Brauer et
al., 2008; Parsons et al., 2009; Khan et al., 2@t0ned et al., 20112 215 217. 228y gt
the versatility in available glass compositions banrestricted by the design requirements
of biomedical glasses as well as the radical, somest detrimental, changes to the
properties of a glass that can be caused from stoaipositional variations (Hench, 2013)
[8] ' Furthermore given that no single bioactive matds considered by Hench (2013) to
be optimal for all applications, there is a needd&velop a range of different glass
compositions. Such sentiments are also in line wighneed for application specific glass
dissolution rates as discussed by Hasan et al2j281. Consequently the investigation of
different hybrid PGF composite configurations basedhis concept was intended to allow
for further design versatility in composite propest without relying on compositional

changes to the reinforcing PGFs.

Given the limitation to using only the CorGl&eBure 107 glass, the hybrid composites
developed in this study were intended to improwerttechanical integrity of the composite
material during its degradation by counteracting fitbre’s autocatalytic effects. The
investigation of different hybrid composite desigmas also aimed at establishing an
optimised hybrid configuration based on the abibfycalcium phosphates to buffer an
acidic pH. Given the absence of design variationwali as a lack of data on the
mechanical degradation or vitro cell culture results in previous work it was beéd that
the results collected here could be utilised fourfer hybrid composite desighé®.

The characterisation of different hybrid samplekafiter 8) subsequently showed that
despite variations in the initial mechanical pragsr and apparent pH buffering of the
degradation media, no significant improvementsampgosite mechanical durability were
achieved in any of the mechanically optimised hybsample configurations. These
samples are expected to have remained cytotoxidaltiee rate of Zfi ion release with
further increases to the HA volume fractionsgY restricted by the HA particles effects on
the polymer melt flow and subsequent polymer irdtlon into the fibres. The transition of

the composites initial (i.e. HA-free) fibrous, diketfailure behaviour to a brittle facture
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mode would also cast doubt on the suitability dbrdiparticle hybrid composite

configurations for cranioplasty plate applicati¢Bsauer et al. 200857,

Alternatively the increasing biocompatibility founth low V:; hybrid composites
(0.01\/0.05V%) with increasing HA volume fraction () demonstrated the severity of
the acidic pH and inability of the HA to adequatblyffer the degradation media in higher
V; composites (i.e. 0.15)Y However, it was shown that hybrid composite giesicould be
used to render previously cytotoxic low Sbmposites as biocompatible. Although due to
the low V required to achieve hybrid biocompatibility, therGlae§ Pure 107 fibres were
ultimately reduced to providing an vivo stimulus as oppose to their intended function as

a reinforcing agent.

With these results the CorGl&eBure 107 fibres would appear to be unsuitabletter
proposed cranioplasty plate material. However teeetbpment of PGF-composites with
suitable mechanical properties (prior to degradataid prove the initial viability of the

concept.

In line with comments by Hasan et al. (2012) anddte(2013), it would appear that the
functionality of a PGF-composite cranioplasty plebelld not be fulfilled by a single PGF
composition alond™® 2*% This is due to the conflicting design requirenseit PGF
composites where high fibre dissolution rates (assbciated ion release rates) would be
advantageous for supressing bacterial infectionsvels as eliciting early bioactive or
osteoinductive responsem vivo (section 3.4.5). However this would also likely
compromise the mechanical durability of the dewafier implantation (due to the rapid
dissolution of the mechanically reinforcing fibore€pnsequently hybrid composite designs
may allow for such dual functionality to be achigvéhrough the use of different
constituent components (i.e. multiple PGF compmss). Based on the data obtained from
the CorGlae$ Pure 107 hybrid composites, a dual fibre system fabt
(bioactive/antimicrobial) and slow (mechanicallynfercing) dissolution rate PGFs would
appear to be the preferable option. This is prilpatie to the increased brittleness found
in fibre-particle hybrid systems that could jeopsedthe ability of the implant to
adequately protect the underlying cerebral tisf\gea result, the inclusion of bioactive
particles (such as HA or alternate bioactive gamapositions) would be less favourable.
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10 Conclusions

Structural analysis of the CorGl&esPure 107 composition confirmed its
amorphous, ultraphosphate structure whilst itsniaérproperties (i.e. large PW)

made it highly suitable for fibre manufacturing.

The CorGlae$ Pure 107 glass exhibited a superior flexural sfiterand similar
elastic moduli to that reported for Bioglds45S5 with the density, hardness and

fracture toughness within the expected range f@&.PG

The CorGlae® Pure 107 annealed disks possessed a dissolut®ofrax10®* mg

cm? hrt,

Despite dissolution extracts being biocompatiblee tglass composition was

cytotoxic to MG63 cells during direct contact caliiture.

Mechanical testing of €20um CorGla€s Pure 107 fibres showed the tensile
strength (462 = 143 MPa) and tensile modulus (6520.8 GPa) to be similar to

those reported for other PGF systems.

As an isolated element, the fibre dissolution rases affected by the different

media typically used in biomaterial characterigatio

The immersion of fibres in c-SBF resulted in thepaition of different

pyrophosphate salts relative to the CorGlaeare 107 composition.

The incorporation of CorGla8sPure 107 fibres into a PLA matrix showed the
expected increase in elastic moduli that closelyched those predicted by the rule

of mixtures.

0.2V CorGlae§ Pure 107 fibre composite configurations of RCM 46(90Ls
fibre architectures possessed mechanical propewidsn the range of those

reported for the parietal bones of the skull.

RCM fibre mat architectures were found to be adyg@bus for developing
cranioplasty plates due to their improved toughraeskflexural strength compared

to [0/90ks cross-ply composite configurations.

0.2V; RCM and 0.2Y [0/90s composites failed to retain at least 80% of their
mechanical properties during six weeks of degradan distilled water or DMEM

- where pyrophosphate salt deposition was alsorebde
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Pyrophosphate salt deposition was also recordemhgltine immersion of 0.2V

RCM composites in c-SBF.

A cytotoxic response from composite degradationragxs was found across
0.01V4;, 0.05V, 0.1Vt and 0.2V samples after 24 and 96 hours of degradation with
MGG63 cells when assessed by MTT assay.

Silane treatment of CorGla&®ure 107 fibres produced composites with increased
mechanical properties but this failed to sufficignetard the loss of mechanical

properties during sample degradation.

The distribution and volume fraction of hydroxyapat(HA) in 0.154 RCM
hybrid composites had a strong influence on com@osiechanical properties
where the maximum increase in elastic modulus wesrded after the introduction

of 0.1Vya that was non-homogenously distributed throughlogitsample.

All hybrid composite variations buffered the degton media pH but failed to
adequately reduce the fibre dissolution rates aodseguently the loss in
mechanical properties during sample degradatiahsiiled water at 37°C.

The cell viability from composite degradation egtseashowed an increasing degree
of biocompatibility as the HA volume fraction inaseed (0V,a—0.1Vya—0.2Vya)

in 0.01Vt and 0.05Y composite samples when assessed by MTT assay.

Despite the statistically significant difference the MTT assay results, the
increased solubility of @-TCP filler phase (compared to HA) was unable to
produce biocompatible 0.05¥omposites.

Only a 0.01V¥-0.2Vya composite configuration was found to be bioconipatibut
the resulting mechanical properties were considgredgduced compared to the
0.2V; RCM samples and below those of the parietal bones.

CorGlae$ Pure 107 fibres are unsuitable as a compositéoreing agent but PGF

composites show potential as part of a cranioplalstie material.

Hybrid PGF-composites using multiple glass fibrenpositions are an attractive
option for future implant designs that require ammediatein vivo response and

long term mechanical properties.
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11 Future Work

Although the fundamental application of PGF comigssias part of a cranioplasty plate

material has been proven mechanically, the contindevelopment of these materials

should focus on:

a)

b)

d)

f)

The evolution of glass compositions tailored towgamtanioplasty composite
applications with reduced dissolution rates tha able to maintain a neutral
media pH during their dissolution despite the rsghface area-to-volume ratios at

the fibre-matrix interface.

Manufacturing of fibre pre-pregs using vacuum forgntechniques for potentially
improving composite mechanical properties (due he improved polymer

infiltration into the fibres).

The development of continuous fibre spools from Rhufacturing techniques
that would allow these materials to be incorporated fibre pre-impregnation
equipment. This would eliminate the manual handlstgges of composite
production that can compromise fibre integrity amould allow for composites
with increased mechanical properties due to theowgd packing density of the

fibres and consequently increased V

The development of woven PGF constructs (as ardabile with conventional
glass fibres) that would allow for the developmehtcomposite materials with

more adaptable mechanical properties.

Impact testing of PGF composite configurations mprio and after sample

degradation to further assesses their suitab#ity aranioplasty plate component.

Investigation into the potential of phosphate glpksdelets as a reinforcing agent
in general fracture fixation plates due to theighhiaspect ratios compared to
particles. This could potentially allow for the nudacturing of composites with
improved mechanical properties (compared to padjcivhilst the discontinuous
nature of the reinforcing phase would decreaseateeof fluid wicking throughout

the interface.
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However, the concept of hybrid PGF composites shaldo be developed and includes:

a)

b)

Hybrid composites incorporating different PGF cosipons that could contain
low dissolution rate, high modulus fibres (as thainm reinforcing agent) with a
secondary phase of high dissolution rate fibregndéd to generate a rapid
bioactive/osteoinductive response or a controlletease of ions aimed at

infectious prevention (e.g. silver, Ag

Laminated hybrid composites utilising PGF and deégbée magnesium fibres
where high mechanical properties and long termlliyaare required alongside a

physiological stimulus provided by tle vivo dissolution of the PGFs.
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Appendix A

Table A.1. Mechanical properties of the differenomposite configurations

manufactured in chapter 7.

Sample Flexural Strength (MPa Elastic Modulus (GRa
NatureWork§ 3001D PLA 98.04 + 1.06 3.21+0.34
0.01 RCM 82.50 + 3.77 3.97 £0.35
0.05t RCM 57.64 £ 15.55 5.00+041
0.1V RCM 27.12 +5.62 5.49 +£0.05
0.2V; RCM 82.39 +4.46 7.57 +1.20
0.2V; RCM [0/90}s 62.35 + 10.14 8.19 + 0.64

Table A.2. Mechanical properties of the differendbdified composite configurations

manufactured in chapter 8.

Sample Flexural Strength (MPa Elastic Modulus (GRa
0.2V; RCM-APS 115.15+2.65 8.17 +1.90
0.2Vha 35.49+£5.94 5.37+£0.83
0.15V-0.1VuaNHD) 67.00 £ 8.55 10.01 +1.33
0.154%-0.2Vua 36.41 + 3.53 9.34 +0.49
0.15W-0.2Viantb) 37.61+1.23 6.74 £ 0.45
0.01M4-0.2Vua 25.36 £ 7.00 485+04
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INTRODUCTION

Phosphate based glass fibre (PGF)
composites have advantages as
potential degradable implant materials
for treatment of bone defects. However
the retention of mechanical properties
when immersed in aqueous media
remains an issue due to the break-
down of the fibre/matrix interface.

Polyhydroxybutyrate-co-valerate-12%
(Goodfellow® PHBV-12%) presents a
promising composite matrix material
with beneficial properties that include
its  natural origin,  hydrophobic/
piezoelectric nature and applicability
with  conventional manufacturing
methods®. Thus PHBV-12% could
allow  for  advantageous PGF
composites with improved retention
mechanisms by retarding the break-
down of the fibre/matrix interface given
its increased hydrophobicity compared

to polylactic acid (NatureWorks®
3001D PLA).
MATERIALS/METHODS

Glass _composition Giltech®
CorGlaes® Pure 107. PGF diameter
@ = 20pum manufactured by gravity
melt spin method were manipulated to
form random continuous fibre mats.

Matrix _sheets made by compressing
8g of PLA or PHBV-12% granules
under 1 MPa at 190°C for 30 seconds.

Composites of 0.2 fibre volume fraction
(Vi) produced by film stacking method
by alternatively stacking fibre mats with
matrix sheets inside a cavity mould.
The mould was heated to 195°C (PLA)
or 175°C (PHBV-12%) for 15 minutes
at 4MPa and cooled under pressure.

Degradation properties evaluated by
immersing 60 x 15 x 2mm samples
stored individually within 100ml of de-
ionised water. Samples subsequently
weighed (wet/dry) and mechanically
tested periodically across 6 weeks in
accordance with BS EN ISO
14125:1998+A1:2011. Samples of non-
filled polymer were used as controls.
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Figure 1 (Left): A) Sample media pH comparison over immersion period
C) Retention of Bend Strength over immersion period
SEM image of bulk porosity generated throughout matrix of composite
SEM image demonstrating successful impregnation of fibres with polymer matrix indicated by pore-to-pore separation
C) SEM image highlighting reduction in fibre cross-section through dissolution in relation to breakdown of fibre/matrix interface

Figure 2 (Right): A)
B)

« CorGlaes® Pure 107 PHBV-12% composites displayed reduced initial [To] mechanical properties compared
to a PLA matrix - attributed to the reduced elastic modulus of PHBV-12% (E = 0.5 GPa) in relation to
alternative NatureWorks® 3001D PLA matrix (E = 3.5 GPa).

« Large deviations observed in initial mechanical properties [To] due to continuous random fibre architecture
used in the composites design.

« All composite samples showed a rapid mass loss over first week of immersion [To—T] (Figure 1.A) that
correlated with pH drop in immersion media (Figure 1.B) and reduction in mechanical properties
(Figure 1. C/D) below those of the control samples. SEM analysis confirmed fibre dissolution over immersion
period and generation of porous matrix throughout composite (Figure 2).

« Rate of reduction in bend strength appeared reduced in PLA composites reaching plateau after three weeks
of immersion [To — T3] compared to first week of immersion [To —T4] with PHBV-12% matrix composites.

« Minimal discrepancy observed in rates of reduction of elastic modulus between PHBV-12% and PLA
composites - 64% and 73% reduction in modulus (E) over To —T4 for PLA and PHBV-12% respectively.

« Influence of CorGlaes® Pure 107 fibre dissolution, formation of phosphoric acid (H;PO,4) and resulting auto-
catalysis effect attributed to observed rapid mass loss and sharp drop in pH (related to glass composition).

CONCLUSIONS

« PHBV-12% offers a potential alternative candidate matrix material for PGF composites however mechanical
testing indicates that current PGF-PHBV-12% composites would not be suitable for load bearing applica-
tions.

« Increased hydrophobicity of PHBV-12% matrix failed to improve retention of composite mechanical proper-
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RESULTS AND
DISCUSSION

INTRODUCTION

PGF DISSOLUTION

Phosphate glass fibres (PGF) have potential as bio-
active reinforcement agent in degradable composites!
for bone tissue regenerative applications such as!
fracture fixation pins and plates. A key factor in the!
success of these materials is the gradual transfer of]
mechanical loading from the implant to the native
bone tissue during fracture healing (8-12 weeks) and
is dependant on the PGF dissolution rate (D;) "

All PGF D; were greater than those measured for annealed bulk disks (4x10° mg cm?hour) due to high surface|
area:volume ratios (SA:V) with fibres and autocatalysis effects (Figure 1. - 2.).

Decreased D, was observed with increasing ionic conductivity of different immersion media (Figure 2.).

DMEM contradicted the trend - showing significantly higher pH buffering and reduced D, compared to the ionic|
conductivity of distilled water, PBS and SBF.

Observed results were attributed to solution saturation with the least soluble ion relevant to the PGF
composition. DMEM showed the greatest saturation rates.

However no significant difference in initial ionic concentrations between DMEM and SBF (except for (HCOs|
ion) to account for solution saturation theory of DMEM (Table 1.).

Ultraphosphate glasses (>50 mol% P.0s) are a
compositional group highly suitable for fibre formation!
but are ptil to autocatalysis effects that|
accelerate PGF D, due to their acidic dissolution by-!

PGF daschtion pH sfer 24 PGF Dr Vs Media lonic TABLE 1. lonic concentrations
ours ductivity (M) of DMEM and SBF media

0030 ION | DMEM | SBF

products (HsPO,). This can alter the mechanicall ot . '« D Water N | 15456 | 14138
property retention of a PGF-composites , its bioactivity 0015 = +PBS K’ 5.37 50
and cytotoxicity due to the associated reductions in pH 0010 5 «SBF ca” 1.82 25
and accelerated release of ions from PGF @, i 00 Mg 08 15
I I I 0.000 + DVMEM HCO; | 440 22

However it has been observed that the D, of PGF can| Dk (8. G50 IEER Jonic conductiviy (m/om) H:c'hz e
be influenced by the ionic strength of the soaking soF | o8 o5

FIGURE 1. Media pH after 24 FIGURE 2. PGF Dr with different
media due an ionic buffering effect. Thus given the
interdisciplinary nature of characterising these
materials it is important to consider how their} PGF-PLA COMPOSITE DEGRADATION
degradation profile’s translate across the different|
media employed during testing. The degradation
properties of a PGF composition and PGF-PLA!
composite were d during a mechanical
degradation procedure as well as conditions replicat-|
ing those experienced in vitro.

« Rapid decreases in composite dry weight and flexural modulus were observed — attributed to PGF dissolution
over first week of immersion (To-T) despite significant differences between media pH (Figure 3. A/B/C)

« PGF dissolution confirmed by SEM analysis (Figure.5 A) with the formation of a porous PLA matrix.

« Rapid dissolution attributed to high SA:V ratio at the fibre-matrix interface that superseded potential buffering

effect of DMEM media as observed in fibres.

« Surface precipitate formed over the surface of DMEM degraded composite and within vacated fibre pores of}
degraded composite (Figure. 5.B-6).

e FTIR (Figure. 3.D) and XRD data (not shown) indicates the formation of possible amorphous calcium phos-

phate (ACP) [Cas(PO4),-3H,0] due to saturation of DMEM with Ca?* and PO,* ions from glass dissolution I,

« Consumption of ions from solution to form ACP precipitate may have aided the rapid dissolution by preventing

complete solution saturation and thus retardation of PGF dissolution rate.

MATERIALS
AND
METHODS

Dry Weight - D.Water Vs. C.  ElasticModulus - DWater Vs [5. FTIR ol CorGlaes® Pure 107
Ef E DME " and DMEM Composite Surface

PGF: Giltech® CorGlaes® Pure 107 PGF (@ = 20pm),
manufactured by melt spin method. Fibres were ma-
nipulated to form random continuous fibre mats

2 4

Elastic Modulus (Gpa)
( =
Absorbance

PGF-PLA Composites: 0.2 fibre volume fraction (Vi)
produced by compression molding (200°C, 4MPa, 15
minutes) using a film stacking method with Nature-
Works® 3001D PLA matrix .

1400 1200 1000 800 600 400

2 4 6
Immersion Period (Weeks) Wavenumber (Cm-1)
FIGURE.3: Composite degradation D.Water Vis. DMEM A) Degradation media pH over 6 week period B) Dry weight over 6 week degradation
period C) Elastic modulus over 6 week immersion period D) FTIR of PGF and DMEM degraded composite precipitate

—CorGlaes® Pure 107 PGF
—DMEM composite precipitate

PGF_Dissolution: 20mm fibres degraded over 24
hours in static distilled water (D.water), simulated

2

and protein free, acellular Dulbecco's Modified Eagles

Medium (DMEM) at 15 cm®ml. Initial media ionic b = Phosphate based
strength and mass loss were recorded and D FIGURE. 5 SEM of D.Water and DMEM degraded composites 3 composite precipitate
Calculated showing porous PLA and precipitate deposition in pores >

Composite Degradation: 60 x 15 x 2mm samples|
were statically immersed in distilled water and DMEM
at 37°C (0.21 cm®ml). Sample weight (wet/dry) as
\well as media pH measured across 6 week (To-Ts) in-|
cubation period. Media was change every 3-4 days.
Samples were tested by a three point bend
technique following BS EN ISO 14125:1998+A1:2011.

FIGURE. 6 Surface deposition on DMEM degraded composite

PGF D; data will vary across testing media and thus different dissolution behaviour can be
expected between mechanical degradation and during in vitro cell culture (i.e. ion release
and weight loss).

Evidence that better representation of in vivo degradation is attained when degrading PGF
in DMEM media.

Equal rate of mechanical property depreciation and mass loss for PGF-PLA composites in
D.water and DMEM signal that mechanical data of PGF composites is reflective of in vitro
dissolution behaviour.

Presence of osteoinductive ACP advantageous for bone regenerative applications Bl
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