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Abstract
The aim of this project was to develop three-dimensional (3-D) constructs of phosphatebased glass fibres (PGF) incorporated dense collagen matrices for biomedical and tissue
engineering applications. For this, a novel method of “plastic compression” (PC) was
used which rapidly removes fluid from hyper-hydrated collagen gels through the
application of unconfined compressive load.
The project objectives were: the
understanding of structure-property relationship of PGF; the understanding of the
mechanisms of PC to produce dense collagenous matrices, and the application of PC to
produce cellular 3-D constructs of PGF reinforced collagen matrices.
PGF are unique glasses as they are degradable and biocompatible, and their degradation
can be controlled through their chemistry. Two different quaternary glass systems
incorporating CuO and Fe2C>3 into the ternary glass system (in molar percentage) 50 P2O530 CaO-20 Na2 0 were developed for either antibacterial or tissue engineering
applications. These additional oxides were incorporated into the glass structure by
partially substituting Na 2 0 . The rate of degradation was significantly decreased by the
incorporation of both oxides possibly due to increased cross-link density, which correlated
with an increase in the density and glass transition temperature. There was a further
decrease in degradation with increasing fibre diameter. The amount of Cu2+ release
increased with increasing CuO content, and 10 mol % was the most effective in killing
Staphylococcus epidermidis. Fe2 0 3 had a much more significant effect on rate of
degradation, and the rate of Fe3+ release decreased with increasing Fe203 content. From
the compositions and fibre diameters investigated, fibres containing 3-5 mol % Fe2 0 3 with
a diameter of ~ 30 pm were more durable, and therefore suitable for use as scaffolds.
Furthermore, upon long term degradation, the iron containing glass systems showed the
potential for tube formation.
PC depends mainly on the ability of collagen to undergo creep deformation and no
recovery upon load removal. Using this principle, a dense collagen matrix with improved
mechanical properties was produced. PC was also successful in producing PGF-PC
collagen constructs with different compositions. It was anticipated that PGF would
initially further enhance the mechanical properties of the constructs. Moreover, PGF also
provided the intriguing possibility of capillary-like channels within the collagen for cell
and nutrient transportations.
The effect of PGF incorporation was assessed
morphologically, mechanically, and biologically using live/dead staining. Increasing the
proportion of PGF yielded significantly stiffer, stronger constructs while compromising
their compliance. At greatest, only 20 % cell death due to either PC or PGF incorporation
occurred, however, a significant increase in cell viability after 24 hours was observed.
The findings suggested that PC is effective for engineering composite, biomimetic
collagen matrices with controllable properties.
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Chapter 1
Introduction
Tissue loss resulting from congenital abnormalities, traumatic injury, or disease is a major
health care problem worldwide. When this occurs in the craniofacial region, it can also be
highly emotive with serious physiological and psychological consequences. In the United
States, for example, about 7 %, or 227,500 of the children bom each year are affected by
birth defects o f the head and face.

According to the American Society of Plastic

Surgeons, in 2001, 37,732 surgeries were performed to repair these defects, an increase of
2 % over those recorded in 2000. Traumatic injuries to the craniofacial region can include
blunt trauma, lacerations, and bums. According to the American Bum Institute, there are
1.1

million bum injuries each year that are serious enough to require medical treatment.

In 2001, 16,879 adults needed plastic surgery to repair bum injuries, while 24,298
required maxillofacial surgery for injuries. Cancers of the head and neck on the other
hand, including the skin of the face, the esophagus, the larynx, the mouth, and the nasal
passages, also affect about 55,000 Americans each year*.

Current methods of restoring tissues include transplantation or surgical transfer of relevant
tissue from healthy parts of the same patient (autogenic transplantation) or from a donor
(allogenic transplantation).

Autogenic transplantation is considered the gold standard

demonstrating the best clinical outcome. However, there are several drawbacks of this
approach including donor site infection, morbidity, pain, and additional cost of operation.
On the other hand, allogenic transplantation is severely limited by the availability of donor
* Encyclopedia o f surgery: A guide for patients and Caregivers. http://www.surgervencvclopedia.com/CeFi/Craniofacial-Reconstruction.html. 2005-Thomson Gale.
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supply, and many patients may die before the transplanted organs become available.
Furthermore, even when the organ is available, immunological rejection of the transplant
due to imperfect match can be a common problem, and lifelong immunosuppression in the
recipient will cause additional morbidity and mortality (Marler et al., 1998).

The most widely used alternative for transplantation involves replacing sophisticated
tissues and organs with biomaterials which can be mechanical devices or artificial
prosthesis such as prosthetic valves, and joints. A biomaterial has been defined as “any
material, natural or man-made, that should comprise whole or part of a living structure or
a biomedical device which performs, augments, or replaces a natural function” (Enderle et
al, 2000).

Such materials will be in contact with the living biological systems for a

significant period of time. An interaction between the material and host will take place,
which must not have any undesirable effect on both the host and the biomaterials
(Williams, 1987). Although many of these devices have a positive impact by replacing
the function that has been lost through disease or injury, they will not restore the defective
part to the biological function of the living structure. Upon long-term implantation, these
devices may undergo failure due to wear, and the wear debris could induce an
inflammatory response in the host tissues. In order to deal with these problems, within the
last two decades, a new field in healthcare technology known as “tissue engineering” has
emerged to offer a biological substitute to the lost tissue or organ.

The first use of the term “tissue engineering” was to refer to the observation of an
organization of endothelium-like structure on the surface of poly (methyl methacrylates)
ophthalmic prosthesis (Wolter and Meyer, 1984). More recently, tissue engineering has
been defined as “the application of the principles and methods of engineering and the life
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sciences toward the fundamental understanding of the structure-function relationships in
normal and pathologic mammalian tissues and the development of biological substitutes
that restore, maintain, or improve tissue functions” (Chapekar, 2000, Walgenbach et al.,
2001). It has also been defined as “the application of scientific principles to the design,
construction, modification and growth of living tissues using biomaterials, cells, and
factors, alone or in combination” (Rose et al., 2002).

Research interest in the tissue engineering field has grown tremendously since its
beginning, with approximately over 5000 articles with “tissue engineering” as a keyword
having been published since the year 2000. The potential applications have become more
widespread to now include most of the body tissues.

At the beginning, attempts to

engineer skin for severely burned patients (Minuth et al., 1997) and cartilage for repair of
joint disease such as osteoarthritis (Yu et al., 1997a, Hutmacher, 2000, Ochi et al., 2001,
Hardingham et al., 2002) were made.

Recently, biological substitutes have been

developed to include oral tissues (Saadeh et al., 2001, Ueda et al., 2001, Young et al.,
2002, Schmelzeisen et al., 2003), liver (Harimoto et al., 2002, Dvir-Ginzberg et al., 2003),
kidney (Steer and Nigam, 2004), cardiovascular tissues as heart valves (Shinoka, 2002)
and blood vessels (Berglund et al., 2003, Nasseri et al., 2003, Berglund et al., 2004),
nerve (Itoh et al., 2002a), bone (Shin et al., 2004, Zhang and Ma, 2004), and urinary
bladder (Gabouev et al., 2003, Chung et al., 2005).

Currently there are two main approaches to tissue engineering which are substitutive and
histoconductive, or histoinductive approaches.

The former approach involves in vitro

construction of living tissue or organ that is transplanted into the body, while the latter
approach involves in vivo construction of the living tissue or organ by optimizing the
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structure and composition of the matrix, selection of appropriate cells for optimal
proliferation, and use of highly specific growth factors or gene therapy transfection for
such cytokines. This second approach is practically useful for many connective tissues, as
it is advantageous to engineer these tissues in vivo rather than in vitro (Walgenbach et al.,
2001). Each approach depends mainly on seeding appropriate cells into or onto a scaffold
required to support the cells during their growth.

Generally, materials used as scaffolds fall into three categories: ceramics or polymers or
composites. Ceramic materials such as porous hydroxyapatite, Bioglass®, and calcium
phosphate are bioactive, but they have low biodegradability which is often associated with
inflammation and immunological reaction. Synthetic polymers such as the Food and Drug
Administration (FDA) approved a-hydroxy-polyesters e.g. polyglycolic acid (PGA),
polylactic acid (PLA), and polycaprolactone (PCL) have controllable degradation and
mechanical properties. However, one of the major limitations with these polymers is lack
of biological components that will enhance cell behaviour. Natural polymers such as
collagen, alginate, and agarose can be processed at mild conditions that allow for
incorporation of cells and sensitive agents or drugs. However, the lack of mechanical
properties is an important issue to be considered. Recently, polymer/ceramic composite
scaffolds have been used to combine the properties of the phases for bone tissue
engineering applications (Kikuchi et al., 2001, Yamauchi et al., 2004, Kikuchi et al.,
2004). However, scaffolds should provide both biomimetic architecture and mechanical
support for cells.

This project developed and characterised phosphate-based glass fibres (PGF) for potential
biomedical applications, and three dimensional constructs of PGF-incorporated dense
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collagen matrices for tissue engineering applications. Collagen is the major protein in
connective tissues, and is one of the most widely used natural polymers. However, the
weakness of mechanical properties of in vitro reconstituted collagen gels makes their
handling very difficult. For this, a novel method of “Plastic Compression” (PC) was used
which rapidly removes fluid from the hyper-hydrated reconstituted collagen gels through
the application of unconfined compressive load to develop either acellular or cellular
scaffolds (Brown et al., 2005). Common methods of improving the mechanical properties
of collagen include the use of cells and cross-linking. However, cell seeding is quite a
lengthy and expensive procedure often requiring culture in tissue bioreactors, and the
cross-linking could compromise the collagen biocompatibility.

Phosphate glasses are a unique class of materials that are degradable and biocompatible,
and their degradation can be controlled by changing the glass chemistry. The main idea of
introducing phosphate glass fibres was to develop a degradable matrix with enhanced
mechanical properties required to support cell growth without compromising the
biological properties of collagen.

Phosphate glasses contain elements that are natural

constituents of the human body. Moreover, these fibres were also anticipated to have the
potential for providing an intriguing possibility of capillary-like channels (Knowles, 2003)
within the collagen for cell and nutrient transportations. Initially, a study was performed
by doping the highly degradable ternary glass based on 50 P2O 5 -30 CaO-20 Na2 0 with
modifying metal oxides such as copper oxides and iron oxides, by partially substituting
sodium oxide. The 50 mol % P 2O5 ternary glass composition was chosen as it has been
demonstrated to easily form fibres. Copper oxide was also incorporated for its potential
antibacterial effect (Mulligan et al., 2003a) which was anticipated for wound healing
applications.

On the other hand, iron oxide was incorporated as it has demonstrated
5
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biocompatibility with a number of cell types including myoblasts (Ahmed et al., 2004c),
and osteoblasts (Bitar et al., 2005).

This thesis is divided into a further six chapters. Chapter 2 gives a literature review of the
different tissue engineering strategies, phosphate-based glasses, their potential medical
applications, a review on collagen and its biomedical applications, and the approaches for
enhancing its mechanical properties. In Chapter 3, the development and experimental
methods used for characterisation of antibacterial copper containing glass fibres are
described.

Chapter 4 details the development and experimental methods for

characterisation of PGF with different iron oxide contents.

Chapter 5 focuses on the

understanding of the mechanics behind the unconfined plastic compression that was used
for preparation of tissue analogous implants based on collagen.

This chapter also

highlights the methods used for characterisation of collagen produced through plastic
compression.

Chapter

6

reports on the utilisation of plastic compression for the

development of 3-D unidirectional-fibre incorporated collagen constructs with different
compositions. Characterisation of these scaffolds in terms of morphological, mechanical
properties, and biological assessment of the effect of PC and PGF content on primary
human oral fibroblasts (HOF) viability up to 24 h is also included. Chapter 7 summarises
the main findings of this work, and suggests further study to be considered in this area.
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Chapter 2
Literature Review
2.1

Strategies of Tissue Engineering

Tissue engineering is a field that draws the attention of researchers from a variety of
backgrounds including biologists, biochemists, materials scientists, genetic engineers, and
clinicians.

Tissue engineering focuses on biological substitutes of the damaged or

diseased tissues. Generally, there are three strategies that have been adopted or evolved
for the creation of new tissue which include the following:

2.1.1.

Cell Therapy

Cell therapy or otherwise known as cell substitutes have been adopted in order to avoid
the complications of surgery, and allow replacement of only those cells that supply the
required function. This concept assumed that the cells are inherently intelligent. Langer
(2000) named the strategy of cells transplantation as ‘neomorphogenesis’. When isolated
cells are injected randomly in vivo, they generally do not form tissues, but when they are
placed close enough together; they tend to form a tissue-like structure. For example,
isolated mammary epithelial cells form structures that make milk when placed close
together even outside the body; whereas endothelial cells form capillary tubes when in
close proximity to each other in vitro. However, the limitations with this approach are
either immunological rejection or the cells may not be able to maintain their phenotype for
long periods in vivo (Langer, 1997, Bonassar and Vacanti, 1998).

To avoid the

immunological rejection, cells can be isolated from the body by a membrane, which
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prevents the direct contact of cell transplants with the immune cells or antibodies, but
allows the transport of nutrients and waste products (Langer, 1997). This approach is
called “cell encapsulation”, and is used to treat most of the enzymes and hormonal
deficiencies by sustained and controlled release of cells that express the deficient
substance such as pancreatic islets, hepatocytes, adrenal cortical cells, and cells
transfected to secrete specific enzymes. It also allows for transplantation of mammalian
cells, genetically engineered or xenogenic cells without immunosuppression.

This

strategy can also be used as an alternative to conventional drug delivery (Drury and
Mooney, 2003) since the release of cells would be in a manner that is responsive to the
need of the body. The cells could also have an unlimited supply of the therapeutic agents
without the expense and problem of protein or drug purification (Vallbacka et al., 2001).
These secretory cells are commonly encapsulated within hydrogel matrices such as
alginates. The cells can be easily mixed with alginate before gelling, and its gelling under
mild conditions will not affect the cells.

2.1.2.

Drug/Gene Therapy

The success of this approach depends mainly on the discovery, purification, and largescale production of appropriate signaling molecules, such as growth factors which induce
cell migration, proliferation and differentiation. However, the development of appropriate
carriers to deliver these molecules to their targets together with the problem and the
expense of purification limit the scope of this approach (Langer, 1997). These problems
could be obviated by gene therapy (Walgenbach, et al., 2001) which offers the possibility
of genetic modification of isolated and expanded cells to produce populations of
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progenitor cells over expressing selected signalling molecules or growth factors (Rose and
Oreffo, 2002).

2.1.3.

Cells Placed on or within Matrices

This is the most widely used strategy where the specific cells are isolated from a biopsy
specimen from the patient, expanded in culture until a sufficient number of cells have been
reached for the intended application.

The cells are then combined with a porous

biodegradable synthetic or natural scaffold, which can be formed in the shape of the defect
to be replaced as in Figure 2.1. The cells should adhere to the scaffold, proliferate, and
over time form a new tissue. This new tissue can be grown in vitro in the scaffold,
eventually reaching an “organoid” stage where it is suitable for implantation into the
patient to replace the damaged or diseased tissue or to be allowed to grow in situ within
the defect.

A scaffold should carry out a number of functions such as (a) provide

structural integrity and define a potential space for the engineered tissue, (b) act as a
template for the three dimensional organisation of the new tissue, (c) maintain spaces for
the diffusion of gas, nutrients and possibly for in-growth of blood vessels from the host
tissue bed, and (d) transmit tissue-specific mechanical forces to cue the behaviour of cells
within it (Marler et al., 1998).

As previously mentioned, the concept of tissue engineering is based on the repair and
regeneration of biological tissues and can be guided by application and control of three
important elements: cells, materials, and/or chemically active proteins (cytokines)
(Bonassar and Vacanti, 1998). These three elements are called the tissue engineering
triad, and they will be considered in more details.
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scaffold

Bioroactor
culture

Scaffold

Figure 2.1: Diagrammatic representation of cell-matrix tissue engineering strategy
(Rose and Oreffo, 2002).

For cell manipulations, three essential factors should be considered which include cell
source, cell seeding, and culture conditions. Determination of the cell source is crucial for
tissue engineering. Initially an animal source was used, but the problem of immunological
rejection made the human source more favourable. Human cells can be either primary or
cell lines. Primary cells may be autogenic, from the same individual; allogenic, from a
different individual of the same species; xenogenic, from genetically different species; or
syngenic, from a genetically identically individual. Both xenogenic and allogenic cells are
not preferable due to the possibility of immunological rejection (Bonassar and Vacanti,
1998).

Cell lines are genetically modified cells designed to proliferate indefinitely; they

rapidly expand in culture, and they are most commonly used in gene therapy. However,
the possibility of stimulating the immune response, or their tendency to lose differentiated
function, and/or neoplastic transformation limit the use of these cells (Marler et al., 1998).
Some approaches have been attempted to make universal cell lines or immortal cells by
removing or masking the protein on the cell surfaces that normally identify the cells as
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“nonself’.

This strategy was also used to make types of pig cells acceptable for

transplantation to a human being.
Currently, there is increasing interest in using human stem cells which can give a wide
variety of tissues; these cells may be adult or embryonic stem cells. Adult stem cells such
as mesenchymal, haematopoietic, neural and hepatic stem cells provide an unlimited
supply of cells; however, understanding the factors involved in differentiation and
regulation of lineage formation is critical for engineering a new tissue. These cells are
usually present in bone marrow and in other tissues of the body even in fat removed from
liposuction (Hardingham et al., 2002). Embryonic stem cells are attractive as they have
the potential to divide and form all tissue of the body in early embryonic development;
however, they are still not easy to manipulate in culture medium in order to produce fully
differentiated cells used to create or regenerate specific organs (Chapekar, 2000, Griffith
and Naughton, 2002, Hardingham et al., 2002).

The seeding of cells onto a scaffold can either be in a static form by the direct application
of a cell suspension to a scaffold material, or by a dynamic form by the application of cell
suspension to the scaffold under agitated conditions such as stirring, spinning flask, or
rotating in two or three dimensions. Successful seeding of a thin polymer scaffold (<2
mm thick) can be achieved with static method, while thicker

(> 2

mm thick) scaffolds

require a dynamic technique for optimal and uniform cell distribution (Marler et al.,
1998). A bioreactor is a more advanced procedure for growing cells in large quantities. It
is a growth chamber that contains stirrers and sensors to regulate the diffusion of gas and
nutrient to the scaffold as well as the waste product out of the scaffold.

In a bioreactor,

the new tissues remodel or change their shape in response to being mechanically loaded as
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they are subjected to variation in fluid forces and this in turn produces an improvement in
their mechanical properties (Nasseri et al., 2003).

Growth factors are cytokines that are secreted by many cell types and function as
signalling molecules. They may be added to the matrix as a simple addition or can be
bound to the polymers, and the matrix itself can serve as a drug delivery vehicle.

They

modulate the cell behaviour by promotion or inhibition of cellular migration, proliferation,
differentiation, adhesion and gene expression by up-regulating or down-regulating the
synthesis of proteins, growth factors and receptors. An example of the growth factors are
bone morphogenic proteins (BMPs) which are essential in bone morphogenesis (Rose and
Oreffo, 2002).

2.2.

Scaffolds for Tissue Engineering

The ideal scaffold should be (a) biocompatible, non-toxic, non-carcinogenic, and
sterilizable, (b) three-dimensional and highly porous with interconnected pore network for
cell growth and flow transport of nutrients and metabolic waste (Hutmacher, 2000), (c) of
a suitable surface chemistry for cell attachment i.e. preferably contain binding sites for
cells such as fibronectin or therapeutic molecules, including genes (Walgenbach et al.,
2 0 0 1 ),

(d) biodegradable with a controllable degradation rate to match tissue growth in

vitro and/or in vivo, (e) mechanically comparable with the tissue being replaced (Bonassar
and Vacanti, 1998), (f) of high surface area to volume ratio to get the desired cell density
(Langer, 2000), and

(g) of low weight to volume ratio so that small amounts of

degradation products will minimally affect the tissue.
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Generally, materials used as scaffolds fall into three categories: ceramic or polymeric or
composite. Ceramic materials such as porous hydroxyapatite, bioactive glasses such as
Bioglass®’ calcium phosphate are most commonly used in bone tissue engineering as they
form chemical bonds with the surrounding tissues. However, in vivo, these materials can
resorb relatively slowly (e.g. of the order of years in the case of hydroxyapatite). This low
biodegradability can be associated with inflammation and immunological reaction.

Polymeric materials can be synthetic or naturally based. The most widely used synthetic
polymers include poly (a-hydroxy acids) of aliphatic polyesters such as polyglycolic acid
(PGA), polylactic acid (PLA), or copolymers of PLGA, polycaprolactone (PCL), and
polyethylene glycol (PEG). With these polymers, the mechanical properties (e.g. strength,
stiffness and ductility), degradation rate, microstructure, and permeability can be easily
controlled during their manufactures.

Moreover, these polymers are FDA approved.

However, one of the major limitations with these polymers is the lack of biological
components that will enhance cell behaviour.

Alternate scaffold materials are natural polymers such as collagen, alginate, agarose,
hyaluronic acid, chitosan, fibrin, fibronectin, and glycosaminoglycan. These polymers can
be processed at mild conditions that allow for the incorporation of cells, sensitive agents,
and drugs; they can be delivered in a minimally invasive manner, since they are usually
injectable materials (Drury and Mooney, 2003). Being natural, they contain amino acid
sequences which may facilitate cell attachment and differentiation (Langer, 1997).
However the lack of mechanical properties of the materials and limitations in controlling
their structure are important issues to be considered.
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Recently, a strategy of combining natural and synthetic polymers to optimize the
biomaterials for promoting specific cell-biomaterials interactions has evolved.

For

example, there has been a growing interest to generate a new class of synthetic
biodegradable polymers containing integrin polypeptide sequence (RGD) region, which is
a part of the extracellular protein fibronectin, to provide a more natural environment for
growing cells i.e. to confer specific biological properties (Langer 1997, Bonassar and
Vacanti 1998, Langer, 2000, Rose and Oreffo 2002). RGD is an abbreviation of the
amino acid sequence in fibronectin; arginine, glycine, and aspargines respectively. These
polymers are synthesized with the RGD either in the backbone, the branches, or
constructed entirely o f polypeptide sequences. This can be important for the tissues in
load bearing areas as it allows for the physical stimuli to be sensed by cells in the new
tissue in a more physiological manner. These polymers can then be bioactive polymers, as
they play an active role in guiding tissue development (Langer 1997).

Composite scaffolds have also been attempted, which are a combination of two or more
physically distinct and mechanically separable phases usually a matrix and filler.
Polymer/ceramic composites are the most commonly used as scaffold materials especially
for bone tissue engineering (Kikuchi et al., 2001, Rother et al., 2002, Blaker et al, 2003
Boccaccini et al., 2003, Yamauchi et al., 2004, and Kikuchi et al., 2004).

2.3.

Glasses for Biomedical Applications

The word glass is derived from a late-Latin term glaesum used to refer to a lustrous and
transparent substance. Also, the word vitreous originating from the Latin word vitrum
often was used to describe glassy substances. Glazed stone beads appeared as far back as
12,000 BC in Egypt and several of the artefacts unearthed from the tombs of pharaohs
14

TfiT) Thesis

X. JT T-S JAfiou NeeC

exhibit excellent glass inlay work in various colours.

Purely glass objects appeared

around 4000 BC, but were merely decorative (Varshnya, 1994). However, it was around
1500 BC when there were significant developments in both the art and the technology of
glasses, and this was followed by further developments in glass science by Faraday, Zeiss,
Abbe and Scott. The primary interest of these scientists was in glasses for optical use.
Nowadays, glasses are widely used both for everyday applications; the idea of using a
soluble glass as a biomaterial is a relatively new (Franks, 2000).

Glasses are either described as supercooled liquids from the chemistry point of view or as
solids from the theory o f elasticity. They are amorphous inorganic polymers where the
atoms are arranged in an extended three dimensional network as in a crystal, but without
periodicity and symmetry; however, the network is not entirely random.

Lack of

periodicity is responsible for the gradual breakdown of the glass network on heating, and
the lack of symmetry is responsible for the isotropic properties of the glass (Zachariasen,
1932).

The trend in biomaterials is to develop and employ materials that undergo reactions in
living tissue without compromising the natural biological process.
include glasses and glass-ceramics, and are called bioactive materials.

These materials
Hench (1993)

defined a bioactive material as “a material that elicits a specific biological response at the
interface of the material, which results in the formation of a bond between the tissues and
the material.” For a given material to be bioactive with bone, for example, it should be
able to form a biologically active apatite layer on its surface in the presence of
physiological environment. This layer resembles the mineral part of bone tissue in its
composition. Therefore, it preferentially attracts the surrounding osteoblasts to attach,
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proliferate, differentiate, and lay down a new matrix of collagen fibrils and the mineral
component of bone that will directly be bonded to original bone tissue (Kokubo et al.,
2004). The interaction between the material and its surrounding environment involves
several processes such as partial dissolution of the material surface, ion exchange, changes
in the surrounding pH, and ion re-precipitation (Ferraz et al, 2000).

Silica-based glasses are an interesting class of bioactive materials developed by Hench et
al. (1971) for biomedical applications (Saravanapavan et al., 2003, Gough et al., 2004a &
b, Day and Boccaccini 2005, Bosetti and Cannas 2005, Cerruti et al., 2005). They are
commercially available under the name of Bioglass®.

They are based on 45S5

composition that corresponds to (in weight %) 45 SiC>2-24.5 CaO-24.5 Na2 0 - 6 P2O5, and
the (Si0 4 )4' tetrahedra are the basic building block.

These glasses have shown great

success in many clinical applications in both dental and orthopaedic fields, but still some
questions has been raised related to the long term effect of silica (Salih et al., 2000),
mostly because these glasses are essentially non-biodegradable.

2.4.

Phosphate-Based Glasses

Phosphate compositions exhibit a pronounced tendency to form glasses upon the cooling
of their melts.

The first reported phosphate glass composition was a binary glass

composed of Na2 0 -P2 0 s, which was discovered over a century ago under the name of
Graham’s salt or sodium hexametaphosphate.

This glass found potential use in

widespread industrial applications due to its ability to form complexes with either alkali or
alkali earth metals and exhibiting a colloidal activity in solutions (Van Wazer, 1950 a and
b).

In recent decades, numerous phosphate-based glass formulations ranging among

binary, ternary and quaternary compositions have been developed.
16
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2.4.1.

Chemistry of Phosphate-Based Glasses

In studying the phosphate glass structure, three important elements that should be
considered are glass formers, glass modifiers, intermediate oxides and the interaction
between them.

Glass or network formers can be either primary or conditional glass formers. Primary
network formers include SiC>2,

and P2O5 and are able to form glasses by themselves.

Conditional glass formers however, are not able to form glasses under normal conditions,
but under certain circumstances they can replace the network forming oxides. These
oxides include GeC>2, Bi2 0 3 , AS2O3, Sb2C>3, Te0 2 , AI2O3, Ga2C>3 and V 2O5 (Knowles et al.,
2003).

Glass modifiers are not part of the glass network, but they act to balance the glass
network. They are generally alkali and alkali earth metal oxides such as Na2 0 , K2O,
MgO, CaO (Zachariasen, 1932, Greaves et al., 1997, Knowles et al., 2003). For example,
pure phosphate (P2O 5) glass is chemically unstable due to its hygroscopic nature, and the
addition of metal oxides improves its stability (Lockyer et al., 1995, Sales et al., 2000).
The interaction between the network former and modifier affects the organization of the
glass network and therefore its properties (Schneider et al., 2005). Before studying the
interaction between the network former and modifier, the structure of phosphate glass
should be considered in more detail.

Intermediate oxides are oxides such as AI2O3, Fe2 0 3 , MgO, and BeO, which can not form
glasses under their own, but to some extent they can substitute for the network former.
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These oxides when they incorporated into the glass, they produce changes in colour and
conductivity.

Generally, phosphate glasses are inorganic polymers composed entirely of (P O 4 )"
tetrahedra that is regarded as the backbone of the glass as shown in Figure 2.2. Each
tetrahedron composed of one phosphorus ion (P ) that is charge balanced with four O '
ions. For charge compensation, one oxygen atom will share its two electrons with P5+,
and it is called terminal double bonded oxygen (DBO). The other three oxygens share
only one of their two electrons; they are still free to combine with other P5+, in this case
they can form bridging oxygens (BO)* or with metal ions, where they can form non
bridging oxygen (NBO). The bridging oxygen is covalently bonded to two glass former
atoms while the non-bridging oxygens are ionically bonded only on one side; therefore,
the binding energy of a BO is higher than that of a NBO (Khattak et al., 2004).

The structure of the tetrahedra is classified according to the number of BO per tetrahedra,
and denoted by Q1 terminology, where Q refers to the phosphorus atom bonded to four
oxygen atoms forming tetrahedra, and i refers to the number of bridging oxygens per
tetrahedron starting from zero to a maximum of three atoms. For example, Q3 tetrahedra
(PO4) posses three covalent bridging oxygen bonds to the neighbouring tetrahedra as in

vitreous P2O5; accordingly, it is a neutral unit, and is known as a branching unit. Q2
tetrahedra (PO4)' possess two covalent bridging oxygen bonds with the neighbouring
tetrahedra; therefore, it carries one negative charge, and is known as a middle unit. Q 1
tetrahedra (PO4) ‘ unit possess one covalent bridging oxygen bond with the neighbouring

* Bridging oxygens: are oxygen ions taking part in P-O-P bonds (by which the P tetrahedra join to other
tetrahedra) while the non-bridging oxygens are that assigned to -P = 0 or M-O-P bonds (where M is cation).
Marasinghe et al., 2000.
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tetrahedra, and it carries two negative charges, and is known as an end unit. Q° (PO4)3' is
an isolated tetrahedron unit with no bridging oxygen to the neighbouring tetrahedron;
therefore, it carries three negative charges and known as an orthophosphate unit
(Kirkpatrick and Brow, 1995, Brow 2000, Walter et al., 2001, Cacaina and Simon, 2003).
The number of negative charges each unit carries depends on the number of NBO it has as
in Figure 2.2.
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Q3 tetrahedron (ultraphosphate)

Q2 tetrahedron (metaphosphate)

Q1tetrahedron (pyrophosphate)

Q(l tetrahedron (orthophosphate)

Figure 2.2: Nomenclature and representation of PO 4 tetrahedra with different
polymerizations (adapted from Kirkpatrick and Brow, 1995).

One model that was proposed for the interaction between the glass network and the
modifying oxides is a depolymerisation model. According to this model, the addition of
modifying oxides leads to the cleavage of P-O-P links i.e. depolymerisation of the glass
network, which starts from vitreous P2O5, with the creation of negatively charged NBO at
the expense of BO.

The negatively charged NBO will coordinate with the modifier

cations, for optimisation of the coordination number of metal ions (Hoppe, 1996, Walter et
al., 1997, Brow 2000 & Hoppe et al., 2000). The depolymerisation scheme according to
Kirkpatrick and Brow (1995) passes from Q3 —> Q2 —►
Q1- » Q° as the amount of modifier
oxide (e.g. monovalent metal oxides) increases as follow:
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2 Q3 + R20 —<• 2 Q2
2 Q2 + R2O —* 2 Q 1
2 Q 1 + R20 ->■ 2 Q°
Accordingly, the amount of metal oxides in the glass (x) and hence the oxygen to
phosphorus ratio sets the number of linkage of each tetrahedron via bridging oxygen to
other tetrahedra. In the ultraphosphate region, where 0 < x < 0.5, the glass network will be
'y

'y

dominated by Q and Q units. In metaphosphate region, where x = 0.5, the glass network
will be based on Q2 units that form indefinitely long chains and/or rings.

In the

polyphosphate region, where x > 0.5, the glass network will be based on Q units
terminated by Q 1 units. In the polyphosphate region two possibilities can occur; firstly, at
x = 0.67 the network is based on phosphate dimer, two Q 1 tetrahedra units linked by one
bridging oxygen, and is called a pyrophosphate unit; secondly, at x = 0.75, the network is
based on isolated Q° unit (Brow 2000 & Walter et al., 2001).

Another proposed model that was considered for the interaction between modifying oxides
and the glass network is repolymerisation (Hoppe, 1996). This model is applied for the
glass in the ultraphosphate region, and is used to explain the packing density and M -0
coordination number, where M refers to metal. In this model, it was assumed that all
terminal oxygen atoms including not only NBO in Q2 middle unit but also DBO in Q3
branching units tend to coordinate with the metal oxides. This coordination leads to
reorganisation of the network structure so that each PO4 unit is finally connected to four
phosphorus or metal atoms with the metal atoms included in M-O-P bridges. At the point
where all terminal oxygen atoms are involved in M-O-P bridges the structure is stabilised.
For this model, it was supposed that the double bonded oxygens (DBOs) carry a slightly
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negative charge that should be compensated by the opposite charge of P atoms. While the
P atoms are not the first inter-tetrahedral neighbour of DBO, because the direction of P=0
bonds tend to approach the centre of adjacent rings in P4O 10 or P2O5; therefore, a defect in
the glass structure will result.

This defect is eliminated by the presence of a real

neighbour o f modifying oxides. Hoppe (1996) concluded that depolymerisation is the
predominating model affecting phosphate glass structure.

2.4.2.

Properties of Phosphate-Based Glasses

Phosphate-based glasses are characterised by low melting and transition temperatures, and
high coefficient of thermal expansion that extend their applications in technological fields
(Kirkpatrick and Brow, 1995, Shih et al., 1998 & 1999).

They alsohave a unique

property of degradation which can be readily and predictably manipulated by changing
glass composition (Knowles, 1994 and 2003, Cartmell et al., 1998a & b, Salih et al., 2000,
Franks et al., 2000, 2001, 2002, Knowles et al., 2001, Mulligan et al., 2003a & b, Ahmed
et al., 2004a, b & c, Parsons et al., 2004a, Gao et al., 2004a and Alam et al., 2005). The
glass composition can be adjusted to obtain degradation times ranging from hours to
several months (Clement et al., 1999a).

The degradation can be reduced by the

incorporation of cations with high electrostatic field strength (Zn2+, Pb2+) to increase the
covalency of M-O-P bonds, or cations with high valence (Al3+ and Fe3+), or substitution of
some of the oxygen atoms by nitrogen (Delahaye et al., 1998).
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2.4.3.

General Applications of Phosphate-Based Glasses

2.4.3.1.

T echnological Applications

Phosphate-based glasses have been used in a wide range of technological applications
such as sensors, solid-state batteries, laser devices, and air tight seals for metals with high
coefficient of thermal expansion (Schneider et al., 2005).

These glasses were also

developed for achromatic optical elements due to their low dispersion and relatively high
refractive indices. However, the poor chemical durability of these glasses compared to
silicate or borosilicate glasses can limit their applications.

2.4.3.2.

Nuclear Waste Hosts

Iron phosphate glasses have found uses as matrices for vitrifying nuclear waste products
(Marasinghe et al, 2000, Mesko and Day 1999, Fang et al., 2000) due to their high waste
loading ability, low processing temperature, and high chemical durability which are
comparable to most silicate and borosilicate glasses. They can also maintain their high
chemical durability even after devitrification of wasteforms (Ray et ah, 1999).

2.4.3.3.

Controlled Release Glasses

Controlled release glasses are a class of materials that completely dissolve in water,
leaving no solid residue. Their degradation is an erosion controlled process that follows
zero order release over the life of the material (Gao et al., 2004a). They can be produced
in different forms such as powder, granules, fibre, cloth, tubes, and cast blocks of various
shapes (Gilchrist et al., 1991).

22

ThD Thesis

T. JA. T-S JABou NeeC

Polyphosphate glass provides a source of phosphate that support the growth of
recombinant Escherichia Coli to a density 40 % higher than that obtained with typical
fermentation media. The high solubility of polyphosphate together with the absence of
precipitate formation when mixed with the fermentation media supports its use for this
purpose (Curless et al., 1996).

Soluble glasses containing trace elements such as copper, cobalt, and selenium were
manufactured under the trade name of Cosecure®.

They were designed for oral

administration in form of a rumen bolus to ruminant animals for the treatment of trace
element deficiencies (Telfer et al., 1985).

Copper releasing phosphate glasses were also used as molluscicides to control the snail
hosts of schistosomiasis. The glass composition and the physical form can be changed in
a reproducible manner to suit the chemistry of the water body being treated. Moreover,
most of the released Cu is in non-toxic or weakly toxic form as copper polyphosphate
complex that acts as secondary releasing complexes (O’Sullivan et al., 1991).

Silver releasing phosphate glasses were used clinically to control long term infection in
indwelling catheters. A cartridge with silver containing glass was inserted in line between
the catheter and urine collection bag. When it is in position, this insert bathed with urine
as it flowed from the bladder into the collection bag. The silver ions released inhibit
bacterial proliferation (Gilchrist et al., 1991).

Also they can be potentially used for

treatment of vesicoureteral flux and urinary incontinence (Cartmell et al., 1998b).
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Reinforcing Agents

Phosphate-based glasses have been used as reinforcing agents for many degradable
polymers such as tyrosine based polymers (Choueka et al., 1995), acrylic acid based drug
delivery systems (Fernandez et al., 2002), polycaprolactone (PCL) (Corden et al., 2000,
Prabhakar et al., 2005), and polylactic acid (PLA) (Navarro et al., 2004) for potential
biomedical application in hard tissue repair and reconstruction. The rationale for using
such a combination is to produce a completely degradable composite with improved
mechanical properties, and to improve the biological response of the material by
incorporation of these bioactive glasses that release ions which are favourable for cell
attachment and proliferation. By developing a totally degradable composite, the problems
associated with the conventional metallic implants of stress shielding, the need for
secondary surgical intervention for implant removal and the long term foreign body
reaction should then be eliminated.

Phosphate-based glasses have also been used for the reinforcement of hydroxyapatite
(HA) to improve its mechanical properties to be used as bone implant materials in load
bearing applications or as coatings to metallic implant materials for orthopaedic and dental
applications (Lopes et al., 2000, Knowles et al., 1993, Ferraz et al., 1999a & b, 2000).
The glass acts as a sintering aid by providing a phase that can be easily sintered without
grain coarsening as occurs with small particles of HA. The observed improvement in
mechanical properties was attributed to the development of this secondary phase together
with the reduction in the solid state reaction, which occurs at the grain boundaries. For
this application, phosphate glass was incorporated in small amounts (2 to 5 weight %)
which are sufficient for sintering purposes.
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Potential Biomedical Applications of PhosphateBased Glasses

Phosphate-based glasses have shown to have potential applications as soft, hard tissue
implant materials. Gough et al. (2002 and 2003) demonstrated that sodium phosphate
glasses have been shown to have a minimal level of macrophage activation evident from
low amounts of peroxide and interleukin-lp release. Moreover, early primary craniofacial
osteoblasts attachment and spreading was also obtained. Upon long term culture up to 28
days, the craniofacial osteoblasts exhibited cytoskeletal characteristics and the level of
collagen synthesis similar to those of the positive control. It has also been shown that the
biocompatibility was related to the glass degradation and the ions released, as it was
difficult for cells to attach to a labile surface, and to form a physical anchorage. Low
cytotoxicity (Uo et al., 1998), and high number of adherent and viable cells, indicated by
DNA content and maintenance of cellular function (Bitar et al., 2004) were obtained for
glasses with lower degradation rates.

2.5.1.

Phosphate-Based Glass Monoliths

A number of glass systems have been developed, which may be either ternary or
quaternary, for potential use as hard tissue substitutes or antimicrobial delivery systems.
All these systems have a common feature of containing P2O5 > 45 mol %.
Comprehensive studies have been carried out to give an overview of the physical
properties of the glass such as thermal properties, degradation, ion release, and the basic
glass structure and their biocompatibility.
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2.5.1.1.

Ternary Glass Systems

Franks et al. (2000) developed a ternary glass system based on the composition of 45
P2O5-X CaO-(55-x) Na2 0 , where x was between

8

and 40 mol %. Initial work investigated

the dissolution and ion release of these glasses.

It was observed that as an inverse

relationship between calcium oxide (CaO) content and the degradation rate existed.
Moreover, this relationship was linear over time for glasses containing up to 20 mol %
CaO. However, at 20 mol % CaO, a slight exponential degradation behaviour appeared,
which became prominent at 32 mol % CaO.

The linearity of the degradation was

explained by an ion exchange process, where sodium ion (Na+) is exchanged with
hydroxonium ion (HsO+). This ion exchange was more severe at low CaO content, and
this was correlated with the sharp increase in pH of the medium. The calcium ion (Ca2+)
release data correlated better with the degradation process than Na+ This indicated that
9 -4-

•

•

Ca and its interaction with the glass network were suggested to be the dominant factors
on glass degradation. Two processes were suggested to be responsible for the degradation
of high CaO glasses; an ion exchange process, followed by a gradual breakdown of the
glass network.

A thermal and structural study on the same glass system was also carried out by Franks et
al. (2001) using differential thermal analysis (DTA) and x-ray diffraction analysis (XRD).
The results showed that only one crystallisation and melting peak was obtained at both
low (less than 20 mol %) and high CaO content (32 mol %). However, in the middle
compositional region (20 mol %CaO), two crystalline and two melting peaks were
detected.
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The biological response to this glass system was analysed by Salih et al. (2000) to assess
their potential application for bone regeneration. Two human osteoblast cell lines, MG63
and HOS (TE85) were incubated in the glass extracts with different concentrations (neat,
1:4, 1:16, 1:64 dilution) for two and five days. The MTT assay was used to study cell
growth, and the ELISA assay was used to measure the expression of antigens such as bone
sialoprotein, osteonectin, and fibronectin which play a vital role in bone metabolism and
integrity. The results showed that low soluble glasses enhanced bone cell growth and
antigen expression at all tested dilutions. On the other hand, the highly soluble glasses
significantly reduced cell proliferation, and down-regulated antigen expression especially
with neat and 1:4 dilutions at five days. The authors suggested that these results were
related to ions released from the glass during degradation and the resultant pH changes.
I

They suggested that with low dissolution rate glass, greater amounts of Ca

is released

that is known to have an essential role in cell activation mechanisms affecting both cell
growth and function. However, with highly soluble glasses, a sharp increase in pH
associated with high release rates of Na+ and phosphorus ions (PO4)2' may have a
deleterious effect on cells.

Due to the higher degradation and unfavourable cellular response associated with high
sodium content, Franks (2000) also developed another ternary system by complete
replacement of Na2 0 in the above mentioned system with potassium oxide (K2O). This
new system was based on 45 P2O 5- x CaO-(55-x) K2O composition, where x was between
16 and 32 mol %. Glass with CaO outside the above mentioned range was difficult to
prepare due to its crystallisation on casting. It was observed that the P2 0 s-Ca0 -K2 0
system dissolved at higher rate than P2 0 5 -Ca0 -Na2 0 system.
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Ternary glass systems based on (45, 50 & 55) P2Os-(30, 35 & 40) Ca0 -Na2 0 was
developed by Ahmed et al. (2004a). A linear increase in glass transition temperature (Tg)
and crystallisation temperature (Tc) was obtained with increasing CaO. A similar increase
was observed with increasing P2O5 from 45 to 50 mol %; however, at 55 mol % a decrease
in both properties was obtained.
degradation behaviour.

The same trend was also observed for the glass

For understanding the effect of composition on physical and

chemical properties, a structural study was also carried out using XRD and nuclear
magnetic resonance (31P NMR). NMR revealed the presence of Q 1 and Q2 species at 45
mol % P2 O5 ; however, only Q2 species was detected for 50 and 55 mol % P2 O5 . The
nonlinearity in Tg and degradation that was obtained with varying P2 O5 was explained by
the presence of Q 1 species at 45 mol % P2 O5 that may have an effect on packing density*
that accounted for such behaviour.

2.5.1.2.

Quaternary Glass Systems

Moving from ternary to quaternary glass, Franks et al. (2002) developed a quaternary
system based on 45 P2C>5-(32-x) CaO-23 Na 2 0 -x MgO, where x was between 0 and 22 mol
%. This system was formed by the partial substitution of Ca2+ in the ternary glass with
9 -4-

magnesium ion (Mg ) that has the same valence, but a different ionic radius. This study
looked at the overall degradation characteristics and the effect of released ions on cell
proliferation. The results showed that the trend of the degradation process lost its
exponential nature and became more linear with time with decreasing CaO content. This
emphasised the influential role of CaO on the degradation process.

Generally, the

degradation rate was decreased by substitution of CaO with MgO although Mg2+ has the

* Packing density is related to the mass density and gives the fraction of the space which is filled by spheres
o f ionic radii Hoppe, 1996.
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same valence as Ca2+. The MTT assay was used to asses the effect of glass extracts at
different dilutions as mentioned previously on proliferation of human osteoblasts cell line
(MG63) for two and five days. The results were normalised to the control cells incubated
in normal medium. The result showed that glasses with little or no MgO showed a slight
decrease in cell proliferation only after two days; however, after five days all tested glass
compositions showed equal or greater cell proliferation than control cells.

Another quaternary glass system based on 45 P2O5-(2 0 , 24, 28 & 32) CaO-(35-x) Na 2 0 -x
K2O system, where x was between 0 and 25 mol %, was developed by Knowles et al.
(2001). This system was synthesised by the partial substitution of K2O for Na2 0 to study
the effect of substitution o f a monovalent ion with another of different ionic radius. The
degradation of this system was affected by CaO as well as K2O content. It was observed
that at 20 mol % CaO, K2O initially reduced the degradation which then increased with
further addition of K2O. The same trend was also observed at 24 and 28 mol % CaO with
the degradation reaching the same value for the ternary glass (P2 0 5 -K2 0 -Ca0 ) at
maximum substitution of Na 2 0 . At 32 mol % CaO, an anomaly in degradation was
observed, where weight gain was observed prior to weight loss.

The degradation

behaviour at 24 and 28 mol % was explained by the mixed alkali effect that occurs when
one alkali ion is gradually replaced with another alkali ion while maintaining the total
alkali content. This effect is responsible for some anomalies in the glass, as it affects the
linearity of some of the physical properties, especially those associated with the diffusion
of ions such as electrical conductivity, dielectric relaxation, and internal friction
(Chakradhar et al., 2003). It was prominent in this quaternary system for two reasons:
firstly, the larger ionic radius of potassium ion (K+) than Na+ was expected to produce
more disruption to the glass network, and to slow down the diffusion of K+ in and out of
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the glass; secondly, the K+ is heavier than Na+; therefore, the total weight loss associated
with complete leaching of K+is larger than that withNa+. The MTT assay showed that the
K+ had a positive effect on cell proliferation only at high amounts of 20 mol % K2O
regardless o f the associated increase in degradation.

Fluoride containing quaternary glass system based on P2 0 s-Ca0 -Na2 0 -CaF2 composition
was also developed by Franks (2000). It was thought that fluoride may play an active role
in stabilising the apatite layer, which can be essential for bone applications.

It was

observed that the incorporation of fluoride ions (F‘) into glass was difficult in the presence
of high level of hydrogen ions (H+) that easily reacted with F‘ at the melting of the glass
leading to the formation o f highly volatile hydrofluoric acid (HF). This high level of H+ is
possible when using P2O5 and sodium dihydrogen orthophosphate (NaF^PC^) as
precursors due to the hygroscopic nature of the first and the decomposition of the second
precursor giving rise to H 2O, which acts as a source of H+ ions. This was avoided by
using Na(PC>3)x precursor that did not decompose. The author reported that this glass
system was a promising material for biomedical applications because it was possible to
produce a high calcium/phosphorus (Ca/P) ratio close to 1.67 as with hydroxyapatite
(HA).

However, this high Ca/P ratio was difficult to obtain with a ternary glass, where

the CaO content can not be increased over 40 mol %.

Antimicrobial quaternary glass systems incorporating either Cu

or Ag ions were

successfully developed for potential application in treatment of oral infections (Mulligan
et al. 2003 a and b). These glasses could be placed at the site of infection, for example, in
periodontal pockets to treat the infection with ions being released as the glass degrades.
They had common features of containing a P2O5 fixed at 45 mol %, and the two
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antibacterial ions, Cu2+ or Ag+, fixed at 0, 1,5, 10 and 15 mol %. For each glass system,
the calcium to sodium oxide (Ca/Na2 0 ) ratio was varied to normalise the degradation over
compositions to give nominally the same release profile for the starting materials.
Consequently, the overall effect on bacteria would be reflected by the presence or absence
of antibacterial ions and their amounts. The effect of both glass systems on the viability of
a Streptococcus Sanguis biofilm* using constant depth film fermenter (CDFF) was
evaluated under simulated oral environment and compared to antimicrobial ions free glass
and HA discs as controls. It was observed that by 24 h, there was a significant reduction
in viable counts compared to the controls which was attributed to the release of
antimicrobial ions, and the reduction was high for glasses containing more antimicrobial
ions. However, a recovery o f the cell counts was observed by 48 h which were still
significantly lower than that of the controls and remained relatively constant between 48 h
and eight days. The recovery was attributed to two reasons: firstly, the formation of a
sacrificial layer formed by the dead bacterial cells that acted as a barrier against further
penetration of antimicrobial ions into the biofilm; secondly, the differentiation of bacteria
into another phenotype that was resistant. The results also showed that Ag+ are more
potent antimicrobial ions than Cu2+ ions.

Iron oxide (Fe2C>3) has also been incorporated to provide more flexibility in degradation
rate by partial substitution o f Na 2 0 , and this leads to the evolution of 50 P2Os-(30, 40 &
45) Ca0 -Na2 0 -x Fe2C>3 system, where x was between 1 and 5 mol % (Ahmed et al.,
2004c). Addition of Fe2C>3 up to 5 mol % produced a decrease in degradation rate by one
order of magnitude together with an increase in Tg as measured through DTA.

* Biofilm (dental plaque) can be described as a diverse microbial community attached to the tooth surface
and encased in a matrix comprising o f bacterial and host products (Mulligan et al., 2003).
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Phosphate-Based Glass Fibres

Fibres have potential applications in the engineering of soft tissue such as muscle and
ligament due to their chemistry and the fibre morphology which could mimic the fibrous
form of these tissues (Knowles 2003). It has been suggested that the glass fibres can
orient the muscle cells along their long axis to grow and form myotubes (Ahmed et al.,
2005, Shah et al., 2005) particularly, the three dimensional mesh arrangements that
provided the best configuration supporting cell attachment and proliferation. Generally,
glass fibrous meshes with open mesh morphology allow for diffusion of nutrient and
waste products in and out of the scaffolds, and would allow for ingrowth of vasculatures
and hence the tissue. They would also provide the necessary structural support without
compromising the porosity (Mooney et al., 1996, De Diego et al., 2000, Domingues et al.,
2001, Mahmood, et al., 2001, Orefice et al., 2001, Hatcher et al., 2003, Clupper et al.,
2003 & 2004, Li et al., 2005). Recently, it was also suggested that the fibres could also
act as a nerve conduit, since they act as contact guidance for cell to orient, proliferate and
grow (Lee et al., 1999a, Hatcher et al., 2003).

Phosphate glasses within certain compositions, i.e. those with more than 45 mol % P2O 5,
can be easily drawn into fibres due to their polymeric nature. The fibre drawing ability or
spinnability is related to the ability o f the longer chains to entangle with other chains.
Entanglements of these chains allow for continuous filaments to be formed instead of
clusters or droplets. Milberg and Daly (1963) assumed that the metaphosphate chains are
composed of long chain molecules with the chain axes having a preference to be parallel
to the long axis of the fibre, and that all chains have a random orientation around their
respective axes. In perfectly oriented fibres, all chain axes are parallel to the fibre axis,
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and the rotational disorder of the chains around their axes corresponds to the cylindrical
symmetry of the fibre.

Other authors have suggested that the drawing operation

preferentially selects the strong bonds to be pulled because they are able to withstand the
pulling stress.

The continuity of fibres is related to the ability of these bonds to be

aligned along the long axis of the fibre. Whereas, weak bonds can be extended for a short
distance along the strong bonds, and are not able to form continuous fibres (Murgatroyd,
1948).
It has been reported that the glass fibres have higher strength properties and higher
reactivity than the bulk glass.

Choueka et al. (1995) attributed this improvement in

mechanical properties to inherent stresses developed during fibre production and rapid
cooling, which forces some bonds to be frozen at angles and lengths in a non-equilibrium
position and some other bonds to be broken. However, De Diego et al. (2000) revealed
the high strength properties of fibres to be due to the enhancement of the chemical
bonding at the surface, and to the decreased possibility of phase separation during fibre
production.

High heat was the conventional route used for fibre drawing where fragments of the
starting glass are remelted, and fibres are drawn onto a rotating collection drum (Lin et al.,
1994, Choueka et al., 1995, Marcolongo et al., 1997& 1998, De-Diego et al., 2000,
Clupper et al., 2003 and 2004).

Adjustment of the melt temperature is necessary for

obtaining a suitable viscosity for fibre drawing, as it was not feasible for glass with low
melt viscosity to be drawn into fibres (Ahmed et al., 2004a).

Additionally, this

temperature should be above the glass crystallisation temperature; otherwise, the fibre

33

TfcD Thesis

X. JA. X-S JABou NeeC

drawing will be difficult (Clupper et al., 2003), or the bioactivity will be reduced (Orifice
et al.,

2 0 0 1 ).

2.5.2.1.

Ternary Glass Systems

Iron containing phosphate glass fibres [(56-73) P2 0 s-Ca0 -(5 -2 2 .5 wt %) Fe2 0 s] were used
as reinforcing agents for the potential development of bioabsorbable composites for
potential orthopaedic applications.

A cortical plug method was used to test the

biocompatibility; the results showed that no inflammation was observed up to five weeks.
Also, incorporation of iron oxide into the fibres enhanced their tensile strength (Lin et al.,
1994). Glass fibres with 62.9 P2O5-2 I .9 AI2O3-I 5 .2 ZnO supported proliferation and
differentiation of human masseter muscle derived cells (Shah, 2005).

2.5.2.2.

Quaternary Glass Systems

Glass fibres with 50 P2O5-3 O CaO-(20-x) Na2 0 -x Fe2C>3, where x was between 1 and 5
mol % were produced.

A dramatic improvement in immortal muscle precursor cell line

attachment with the highest cell density was observed for fibres with 4 and 5 mol % Fe2C>3
(Ahmed et al., 2004c). Also, it was observed that glass fibres with 3 mol % Fe2C>3 have
demonstrated significant biocompatibility with both primary human osteoblasts and
fibroblasts, supporting a clear proliferation pattern, and permitting a well spread
morphology (Bitar et al., 2005).

2.6.

Biomedical Applications of Collagen

The biomedical use of collagen has dated back to 3750 BC when the Egyptian surgeons
used it as catgut sutures (O’Grady and Bordon, 2003).

Currently, collagen-based
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biomaterials have found many therapeutic uses such as; a haemostatic agent, drug and
gene delivery, soft tissue and hard tissue repair. Collagen based biomaterials have been
shown to be biodegradable and biocompatible where the degradation can be controlled by
cross-linking, easily purified from living organisms and have been manufactured into
many formulations including sponges, membranes, fibres, and gels.

Some of these

biomaterials are commercially available as medical devices as given in Table 2.1.

Table 2.1: Commercially available collagen-based medical devices (Pachence, 1996).
Medical speciality
General surgery
Dermatology
Dentistry
Ophthalmology
Cardiovascular
Plastic and reconstructive surgery
Orthopaedics
Urology
Drug delivery

2.6.1.

Application
Haemostasis
Soft tissue augmentation
Oral wounds
Periodontal ligament attachment
Comeal shields
Anti-infectious catheter cuffs
Arterial puncture repair
Wound dressings
Artificial skin
Bone repair
Bulking agent for incontinence
Cancer therapeutic; growth factors

Delivery Vehicle

Systemic routs via oral or parental administration have been the conventional way for
delivery of a drug into the body.

However, due to the possible enzymatic degradation

and the non-specific uptake of the drug, large doses are required to produce the desired
local effect. The non-specific release of the drugs could be beneficial to some tissues, but
toxic to the others. The use of a vehicle for controlled and sustained release of the drug to
the specific tissue can be an alternative route (Drury and Mooney, 2003).

Being

biodegradable, collagen was tried for delivery of a wide variety of therapeutic agents such
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as antibiotics (Ruszczak and Friess, 2003), carcinostatics (Lee et al., 2001a), bone
morphogenic protein (Geiger et al., 2003), proteins (Fujioka et al., 1998, Sano et al.,
2003) and chlorhexidine for the treatment of deep periodontal pockets (Vinholis et al.,
2001). The release of drug is affected by the gel concentration, preparation method, and
the degree of cross-linking of the matrix.
Biodegradable collagen/PLGA microparticles for parenteral application were developed
by Schlapp and Friess (2003) for the release of gentamicin. The microparticles provided a
fast initial burst of antibiotic followed by a sustained controlled release for approximately
10 days. Collagen modified hyaluronan microparticles were also developed for potential
delivery of sulfadiazine (Lee, et al., 2001b).
Collagen has also been used in gene therapy to treat congenital or acquired diseases
caused by the presence of abnormal protein produced from incorrect sequence of nucleic
acid bases present in the nuclei o f cells. A solution of collagen, gene vector and plasmid
DNA, used to introduce the therapeutic gene into the nucleus of the host cells, can be
formed into different formulations such as beads, sponges, membranes, and minipellets
without heat processing or using solvent that may cause the deactivation of the gene
vectors. After implantation into the body, the collagen solution becomes fibrous, and then
a solid matrix that retains the gene vector and the plasmid DNA from immunological
reaction and enzymatic degradation. This can provide a sustained release of gene vector
as shown in Figure 2.3 (Sano et al., 2003).
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Figure 2.3: Conception of collagen-mediated gene delivery (Sano et al., 2003).

2.6.2.

S oft T issu e R e p a ir

Collagen based biomaterials have found an increasing interest in tissue engineering
applications for soft tissue repairs such as skin, cartilage, nerve, ligament, and vascular
constructs.

2.6.2.I.

Skin or Mucosal Substitute

Collagen has been widely used as an injectable material for cosmetic purposes to treat
dermal defects (Ho et al., 2003).

A collagen-glycosaminoglycan sponge which is dense

and mechanically strong was used as a dermal substitute, and it was commercially
produced under the name of Integra™ (Sethi et al., 2002, O’brien et al., 2005). Integra™
is an acellular bilayer skin substitute; it consists of a porous lattice of collagenglycosaminoglycan sponge, which constitutes the dermal layer and a superficial silicone
polymer as pseudo-epidermis. The dermal layer serves as a biodegradable template to
induce reorganization and formation of neodermis while the pseudo-epidermis acts as a
barrier against mechanical action and infection during healing; therefore it requires to be
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removed by surgery and replaced with epidermal autograft as a second step (Ruszczak,
2003).
Apligraft® is another example of a commercially available cellular bilayer skin substitute.
The dermal portion consists of collagen matrix, prepared from purified bovine type I
collagen, cultured with dermal fibroblasts, separated from normally discarded infant
foreskin, and left for several days until a 30 fold reduction in its volume occurs, providing
a dense collagen matrix that serve as a dermis. In the second step, this condensed collagen
matrix is seeded with human dermal keratinocytes forming epidermal-like structure
(Ruszczak, 2003).

Collagen sponges reinforced with polyglycolic acid (PGA) fibres (20 pm in diameter) was
used by Itoch et al. (2004) as scaffolds for hair reconstitution assay to overcome the
ectopic hair growth commonly associated with the silicon chamber frequently used for this
purpose.

This assay is a useful system to study cell-cell and epithelial-mesenchymal

interactions involved in reconstruction of hair appendages such as hair follicles, sweat and
sebaceous glands.

The results showed that conventional collagen sponges disturbed

normal hair growth, and was commonly associated with the development of the epidermal
cysts and ectopic hairs. Nevertheless, PGA fibre reinforced collagen sponge supported
proper restructuring of skin and hair follicles that was maintained for

6

months. The

authors explained these findings by the role of PGA in reducing collagen sponge
shrinkage, maintaining the pore size, hence accepting and maintaining high cell density,
and finally limiting the leaking of cells which resulted in ectopic hair growth.

The

inclusion of PGA fibres also provided greater resistance to deformation, so it could be
modified into various shapes suitable to fill an irregular defect. The authors recommended
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the usefulness of the PGA reinforced collagen sponges for hair reconstitution in research
and in clinical applications.
Imaizumi et al (2004) developed a collagen membrane as a matrix for either keratinocytes
(monolayer cultured sheet) or for both keratinocytes and fibroblasts (double-layered
cultured sheet) for potential application in mucosal defect in the oral cavity. The findings
suggested that the double-layered cultured mucosal sheet could facilitate epithelial healing
and prevent wound contraction.

2.6.2.2.

Cartilage Repair

Isolated chondral lesions are a disease of young individuals who commonly subjected to
traumatic injuries, and it has been known that chondral lesions have limited capacity for
self repair due to the limited blood supply and lack of cells capable of entering the defect.
Several different methods are currently in clinical use to replace the diseased cartilage,
such as bone drilling and microfracturing, osteochondroplasty, and autologous
chondrocyte transplantation.

Drilling and microfracturing uses bone marrow or

periosteum-derived mesenchymal progenitor cells to fill the chondral defect; however, the
repair tissue formed as a result o f this method is always fibrous not cartilagenous tissue.
In osteochondroplasty, cylindrical osteochondral plugs mostly derived from non load
bearing areas in the knee are used to fill the chondral defects. This method is considered
the gold standard; however, the lack of suitable donor tissue and donor site morbidity, and
the imperfect filling of the defect limit the scope of this approach (Ochi et al, 2001,
Aigner and Stove, 2003). Transplantation of autologous expanded cells in suspension has
also been attempted. The defect is sutured closed with a periosteal flap to prevent cells
from escaping. However, the possibility that the chondrocytes lose their phenotype due to
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their dedifferentiation when they are cultured for long periods in a monolayer culture for
expansion, and leakage of chondrocytes out of the defect under joint movement are the
common limitations with this approach.
A new approach depends on the immobilization and transplantation of chondrocytes in a
carrier scaffold which has been evolved to avoid the previous limitations. These cells can
either be seeded directly onto scaffolds or be proliferated in vitro prior to their seeding; the
latter case being practical due to the limited number of chondrocytes that can be harvested
from tissue biopsies. Ochi et al, 2001 cultivated the chondrocytes for 3 weeks in type I
collagen before transplantation, and good clinical results suggested that this technique was
promising for the management o f chondral defect. Collagen was also used for cartilage
repair by Hunter et al. (2002) and Veilleux et al (2004). PLGA-collagen hybrid sponges
had been used for in vivo and in vitro culture of chondrocytes. The PLGA sponge formed
the external framework with the collagen micro-sponges occupying its porosity. This
hybrid combined the good wettability of collagen allowing for easy seeding of
chondrocytes with the high mechanical properties of PLGA sponge (Chen et al., 2004).
Moreover, Lee et al. (2003) developed collagen-glycosaminoglycan matrices for potential
application for cartilage repair.

2.6.2.3.

Other Soft Tissue Applications

Collagen was used as haemostatic agents in oral surgery, splenic repair, gynaecology and
laparoscopy. The inherent ability of platelets to bind to collagen, and to stimulate the
clotting cascade, together with the ability of collagen sponge to be sutured to the
surrounding tissues, and to act as a template for new tissue ingrowth facilitate its success
in this application (Pachence, 1996).
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Collagen inserts as a shield was used to promote the wound healing after corneal
transplantation. After being degraded it leaves a collagen solution that acts as a lubricant
against the rubbing action of the eyelids (Friess, 1998).

A bioresorbable composite prepared by Dunn et al. (1997) by embedding collagen fibres
within a matrix o f PLA was developed as a scaffold for potential use in anterior cruciate
ligament reconstruction.

O’Connor et al. (2001) used collagen gel to provide a three dimensional environment for
the growth and extension of neurons from dissociated or damaged nerve and suppress
apoptosis.

While Berglund et al. (2003) prepared a blood vessel-like construct that

consisted of an inner acellular supporting sleeve of cross-linked type I collagen to provide
a temporary support during the cell mediated remodeling of the construct, and a second
layer of endothelial cells incorporated uncross-linked collagen.

2.6.3.

Hard Tissue Repair

A Bio-Gide® Collagen membrane has been used as a guided bone regeneration membrane
for the treatment of periodontal disease, pre-implant dehiscence, and bone defects of
numerous origins (Schlegel, 1997). Bio-Gide® is a bilayer membrane, consists of an outer
compact smooth layer that is covered by a particularly dense film designed to prevent the
invasion of soft tissue in a membrane protected defect, but allow for the cells to attach to
the membrane. The inner layer is a rough porous side which is placed towards the bone
defect in order to make bone ingrowth possible. Therefore, this membrane allows for
preferential invasion of slow growing osseo-progenitor cells to migrate to, and hence
reossify the bone defect, while preventing the invasion of fibroblasts. This membrane has
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6

months by enzymatic degradation via collagenases,

gelatinases and proteinases (Schlegel et al., 1997, Hillmann et al., 2002).
Collagraft® was approved by the FDA as an alternative to autologous implant for bone
tissue substitute. It is a porous collagen-calcium phosphate ceramic strip that is blended
with patient’s bone marrow before implantation (Geiger and Friess, 2003).

2.7.

Sequential and Higher Structure of Type I Collagen

Collagen is the structural building block of the body; it forms the three dimensional matrix
of all tissues that surround the cells and gives each tissue its characteristic structure,
texture and shape.

In the tendon, it confers the high strength; in the cornea, it is

transparent; in the heart valve, it is fatigue resistant; and in the renal glomeruli, it is an
excellent filtration system (O’ Grady and Bordon, 2003).

The term ‘collagen’ is a

common name for proteins forming a characteristic triple helix structure of three
polypeptide chains, and all members of the collagen family form this superstructure in
extracellular matrix. There are 25 identified collagen types which differ in size, function,
and distribution within tissues (Gelse, 2003).

According to the structure and

supramolecular organisation, collagens can be categorised into the different groups
presented in Table 2.2.

The most abundant and widespread family of collagens with

approximately 90 % of the total collagen is represented by the fibril forming type. It is
characterised by self assembly to form staggered fibrils that are strengthened by natural
interchain cross-links. Non fibrillar collagen is thought to be associated with the surface
of the fibrils which may be important in controlling their diameter (Sittinger et al., 1996).
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Table 2.2: Various collagen types and the major collagen families (adapted from
Gelse et al., 2003).
Collagen

Type

Fibril-forming collagens

I, II, III, V, XI

Fibril-associated collagens (FACIT)

IX, XII, XIV, XIX, XX, XXI.

Network forming collagens

VIII, X.

Anchoring fibrils

VII

Transmembrane collagens

XIII, XVII

Basement membrane collagens

IV.

Mutiplexins

XV, XVI, XVIII.

Type I collagen is the major fibrillar collagen and the most abundant among the different
types. It accounts for 25 % of the dry protein in mammals; constituting more than 90 %
(by weight) of the organic matrix of bone, and is also the major collagen component of
tendons, skin, ligaments, cornea and many other interstitial tissues (Fujioka et al., 1998,
Gelse et al., 2003, Friess, 1998).

Type I collagen molecules are composed of three

different polypeptide chains (heterotrimer), 2 identical a l (I)-chains and one distinct a 2
(I)-chain. Each chain is made up of 1300-1700 free amino acid residues. These amino
acids are formed by the ribosome of rough endoplasmic reticulum inside cells, mostly
fibroblasts and osteoblasts. They are arranged in (G-X-Y) triplet where collagen type I
consists of 388 triplets (Ho et al., 2002, Friess, 1998, Gage and Francis, 1989). G is a
glycine that occupies about 33 % of amino acid positions, while X and Y are often
occupied by proline and 4-hydroxyproline respectively, which together occupy about 35
% of the amino acid positions in the chain. 4-hydroxyproline produced by the enzymatic
post-translational hydroxylation of proline, catalyzed by propyl 3-hydroxylase and propyl
4-hydroxylase enzymes, and it occupies 10 % of amino acid position in collagen.
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Collagen also contains an unusual amino acid hydroxylysine which is also produced by
the post-translational modification of lysine via lysyl hydroxylase enzyme. Hydroxylysine
allows for the attachment of sugar components, which are essential for formation of triple
helix structure. This level of collagen structure is called the “primary structure” which is
unique for type I collagen as shown in Figure 2.4 (a).
The presence o f glycine representing the smallest amino acid in every third position in the
triplet is essential for the triple helix formation. It forces each a chain to be assembled
into left handed helical structure around a central axis with all glycine residues located in
the core of the helix; however, the other amino acids (X-Y) are located on the outer
positions. This level of ordering represents the “secondary structure”. Then the three left
handed helices are twined together to form right handed triple helix structure similar to a
triple-stranded rope called “tertiary structure” as shown in Figure 2.4 (b). In each chain,
the majority the amino acids, more than

1000,

are organised into a central triple helix

configuration called a “triple helix” or “collagenous domain”.

This triple helix

representing the major part in fibril forming collagen is at the order of 300 nm long and
1.5 nm diameter. It is also surrounded by non-helical or non collagenous domains called
“telopeptides” which contain 9-26 amino acids, and are involved in the covalent crosslinking between collagen molecules, as well as with other molecules of the surrounding
matrix (Gelse et al., 2003).

The carboxyl (C-terminal) is thought to be essential for

initiation of the triple helix formation, whilst the N-terminal is thought to be involved in
primary fibril diameter regulation. At the junction of the triple helix and the N-terminal,
there is a short triplet sequence. The non triplet sequence contains high levels of acidic
and hydrophobic residues while the triple helix is basic (Gage and Francis, 1989). The
triple helix structures are packaged in Golgi apparatus into secretory vesicles and released
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into the extracellular spaces (Friess, 1998, Gelse et al, 2003). In extracellular space, this
soluble precursor of collagen, called “procollagen”, is modified by specific peptidase
(procollagen N-proteinase and procollagen C-proteinase) for the cleavage of N-terminal
and C-terminal respectively. On the fourth level of order, “quaternary structure”, the
triple helix molecules stagger longitudinally and bilaterally into fibrils with a
characteristic 70 nm periodicity with an additional gap of 40 nm between the adjacent
molecules, each microfibrilis formed by quarter-staggered assemblies of 4-5 molecules as
shown in Figure 2.4 (c).

This process of self assembling of collagen molecules into

microfibrilis called fibrilogenesis.

Fibrilogenesis forms fibrils with diameters ranging between 10 and 500 nm depending on
the type and stage of development of the tissue; collected fibrils form a fibre, and
intertwined fibres form a fibre bundle.

Electrostatic and hydrophobic interactions of

collagen molecules are involved in the quarter-staggered arrangement. It was suggested
that the hydrophobic forces contribute to the stability more than the electrostatic
interactions since there are 268 positive sites but only 249 negative charges available for
bonding. Electrostatic attractive forces occur between pairs of oppositely charged amino
acids; however, repulsive forces are formed between pairs of amino acids having the same
charge (Rosenblatt et al., 1994). Self assembly of collagen and its enzymatic cleavage are
responsible for collagen insolubility (Usha and Ramasami, 1999, Ho et al., 2002, Gelse et
al., 2003, O’Grady and Bordon 2003).
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Figure 2.4: Supramolecular structure of type I collagen (a) primary amino acid
sequence (a chain) (Friess, 1998), (b) secondary and tertiary structure, and (c)
quaternary structure (Gelse et al., 2003).

Type I collagen fibrils oriented differently in a variety of forms such as parallel aligned
fibrillar structure in tissues such as tendon, ligament, dura mater and pericardium; aligned
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networks in skin, blood vessels, and intestinal wall; and as combinations of the above
networks as in intervertebral discs (Silver et al., 1979).

Proline and lysine residues undergo post-translational enzymatic degradation; which is
essential for the formation of intramolecular hydrogen bonds that contribute to the
stability of the triple helix.

Packing of the triple helix structure provides collagen fibres

with strength and resiliency; additional mechanical stability of collagen comes from both
interamolecular and intermolecular cross-links.

The degree of cross-linking increased

with age and stress, the condition that produces a continuous change in collagen
properties. The natural cross-link density is responsible for the difficulty encountered in
solubilising collagen under mild conditions (Friess, 1998).

2.8.

Mechanical Properties of Reconstituted Collagen
Gels

The mechanical properties o f gels are particularly important when proposed as
biomaterials (Gu et al., 2003), as they should have sufficient strength to withstand forces
and motions exerted by the host tissues (Lee et al., 2001a). Type I collagen fibrils can be
reconstituted in vitro by neutralisation of collagen solution.

At the physiological

conditions of pH and temperature, the monomers initially pack into small fibrillar
segments with weak interactions which are subsequently enhanced by covalent crosslinking.

Then these small segments grow by end to end fusion to form a highly

interconnected random network of long continuous fibrils. The fact that this fibrillar
assembly is highly hydrated with huge excess of fluids greater than 99 % occupying the
interstitial spaces accounted for the inherent weakness together with the difficulty in
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manipulation of these gels (Chandran and Barocas, 2004). This high fluid content is a
result of the casting rather than any inherent property of the collagen gels, and the
mechanical properties o f collagen gels depend mainly on the integrity of its fibrillar
structure and the fluid in-between.

2.8.1.

Methods

to

Improve

the Mechanical

Properties

of

Reconstituted Collagen Gels
There are several approaches for improving the mechanical properties of collagen gels in
vitro such as: cell seeding, chemical cross-linking, preloading or mechanical conditioning
of the construct, and plastic compression.

2.8.1.1.

Cell Seeding

The most widely used approach for producing collagen gels with improved mechanical
properties is by entrapping cells within pre-set collagen solutions. After neutralisation and
formation of the hydrated gel network, a mutual interaction between cells and the gel
network takes place. The improved mechanical properties have been suggested to be due
to gel compaction, and fibril orientation that the cells produce (Tuan et al., 1996,
Moriyama et al., 2001, Seliketar et al., 2003, Shi and Vesely, 2003, Garvin et al., 2003).
Gel compaction occurs mainly due to the cell contractile forces, which are able to expel
the interstitial fluid and to generate a dense network structure. The fibril orientation or
alignment results from the anisotropic strain developed when the network becomes
mechanically strained by the cell traction forces (Sawhney and Howard, 2002, Girton et
al., 2002). In turn, these aligned collagen fibrils act as contact guidance for cells to align
themselves, move, and finally exert further tractional forces that are parallel to the aligned
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fibrils producing additional compaction (Girton et al., 2002) or induce a change in the
nuclear morphology influencing the cell synthetic activity (Awad et al., 2000). It has been
shown that cell incorporating collagen gels resulted in higher strength and stiffness than
acellular gels (Awed et al., 2003, Feng et al., 2003a). This improvement in mechanical
properties depends on several factors such as: cell type (Feng et al., 2003a, Moriyama et
al., 2001, Garvin et al., 2003, and Shi and Vesely, 2003), cell density (Awad et al., 2000,
and Feng et al., 2003 b), passage number (Veilleux et al., 2004), collagen concentration,
and the concentration o f serum in the culture medium (Cacou et al, 2000, Shi and Vesely,
2003). Gel compaction differs according to the type of cells, for example, chondrocytes
produced lower contraction compared to human dermal fibroblasts under identical
conditions (Hunter et al., 2002). However, cardiomyocytes are stronger in their action
compared to fibroblasts (Feng et al., 2003b). Furthermore, the higher the cell density, the
faster the contraction (Shi and Vesely, 2003), but it has been suggested that there may be a
threshold limit beyond which the compaction will be independent on cell density (Awad et
al., 2000). Also, Shi and Vesely (2003) showed that there was no compaction observed
over

8

weeks in the absence of serum, and the initial collagen concentration had an effect

on the initial not the magnitude o f the final contraction. A summary of the mechanical
properties reported in the literature for cell seeded collagen gels is given in Table 2.3.
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Table 2.3: Summary of mechanical properties of cell seeded collagen constructs as reported in the literature.

Collagen Source
(Type)
Rat tail (I)

Rat tail (I)

-

Rat tail (I)

(I)
Porcine (I)

Collagen
Concentration
(mg/ml)

Cell
Type

Density
(Cells/ml)

Culture
Time
(Days)

Modulus
(MN.m2)

Tensile
Strength
(MN.m2)

2

RASM*
HASM+
HDF+
RASM
HASM
HDF
HDF
RASM
HDF
RASM
NHDF*
NRASM a
ATIFs*
HF

1 x 106

4
4
4
8
8
8
8
8
23
23
14
56
7
14
28
70

0.04
0.02
0.03
0.07
0.01
0.03
<0.01
<0.01
<0.01
<0.01
0.4 ±0.1
5.3 ± 0.4
0.49 ± 0.24
0.8
0.9
0.7

0.01
0.005
0.007
0.02
0.003
0.01
0.015
0.03
0.02
0.028
0.1 ± 0.02
1.1 ± 0 .2
0.1 ±0.01
0.22
0.23
0.16

2

2
2
-

1.67

* Rat aortic smooth muscle cells
^Neonatal rat aortic smooth muscle cells

0.5 x 106
1 x 106
1.2 x 106
2.5 x 106

^Human aortic smooth muscle cells
AAvian tendon internal fibroblasts

+ Human dermal fibroblasts
* Rat fibroblasts

Breaking
Strain

Authors

(%)
Seliktar et al., 2003
-

0.7 ± 0.1
9.3 ± 2.6
-

Berglund et al., 2004

Neidert et al., 2004
Shi and Vessely, 2003
Garvin et al, 2003
Feng et al., 2003a

Neonatal human dermal fibroblasts
*Rat cardiomyocytes
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Chemical Cross-Linking

The second approach for improving the mechanical properties of collagen gels is crosslinking (Charulatha and Rajaram, 2001, Koob et al., 2001a & b, Lee et al., 2001c,
Yamauchi et al., 2001, Itoh, 2002a, Koob and Hernandez 2002, Park et al., 2002,
Berglund et al., 2004). As mentioned above in Section 2.9.1., collagen solution is able to
form fibres at neutral pH and 37 °C, but the natural cross-links are absent in vitro, and the
collagen fibres are not able to withstand force. Chemical cross-linking agents such as;
glutraldehyde and carbodiimide are commonly used to form covalent cross links between
the amino acid groups in the neighbouring proteins to improve the mechanical properties
of collagen. However, the chemical reaction involved in cross-linking and the reaction
products have an important effect on the biodegradation and biocompatibility of the
resultant gels. Both cross-linking agents do not prevent the proteolytic degradation, but
glutraldehyde significantly slows down the degradation. Moreover, the possibility of
cytotoxicity associated with either the unreacted material or the reaction products can be
another limitation of this method. Di-catechol nordihydroguaiaretic acid (NDGA) derived
from plants has also been used as an alternative cross-linking agent. It has been shown
NDGA was more effective in enhancing the tensile strength and stiffness than both
glutraldehyde and carbodiimide (Koob et al., 200 la& b, Koob and Hernandez, 2002).
Another mild cross-linking agent has been also attempted was 4-butyrothilactone forming
disulfide bonds, which avoids the complications associated with glutraldehyde and
carbodiimide (Yamauchi et al., 2001).
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2.8.1.3.

Dynamic Mechanical Conditioning

The third approach used to improve the mechanical properties of collagen gels is dynamic
mechanical conditioning or preloading the collagen constructs. As mentioned previously,
collagen gels consist of randomly oriented network that can resist forces in all direction
i.e. mechanical isotropy (Newman et al., 1997). The preloading of collagen with either a
compression or tensile load produce fibril orientation normal or parallel to the direction of
the applied load respectively (Girton et al., 2002). This orientation induced mechanical
anisotropy i.e. improved mechanical properties in the direction of induced orientation.

2.8.1.4.

Plastic Compression

Plastic compression (PC) of native collagen gels is a novel method developed by Brown et
al. (2005) for the production of tissue analogous implants.

It achieved most of the

demands for cell-independent tissue engineering. The key to this was the management of
the fluid component of this hyper-hydrated gel for controlling matrix density and
mechanical properties. The fluid was expelled by application of unconfmed compressive
load giving strictly plastic compaction i.e. the gels did not return to their original
dimension after compression.
shrinkage of more than

100

The fluid expulsion was associated with huge scale

fold which provided the ability to controllably produce nano

and microscale biomimetic structures. The compression process also produced mesoscale
lamellar structure (less than

10

pm dimension) parallel to the fluid leaving surfaces with

microlayering and embossed interface topography. This form of tissue fabrication was
used for producing cellular constructs incorporating human dermal fibroblasts (HDF)
since PC did not significantly reduce the cell viability, and the cells could withstand a
relatively high level of fluid shear. HDF appeared normal, active, spreading throughout
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the construct within three hours. The cell viability of was only reduced by 20 % after
compression, and the cells tended to align with the lamellae.

Spiralling of this PC

produced structure around the short edge was also attempted for easy handling. It was
observed that the cells retained normal morphology and remained distributed throughout
the constructs including the core for 5 weeks. This spirally assembled constructs was used
as a ligament models after incorporation of hydroxyapatite granules at either end of the
spiral. This method was rapid in producing matrix with tissue-like characteristics within
minutes, and highly reproducible in providing a matrix with controllable functional
mechanical properties which could be implanted directly or after a short culture.

2.9.

Collagen/Inorganic

Hybrids

or

Composites

as

Biomaterials
Composites of collagen and inorganic biomaterials, commonly hydroxyapatite and
calcium phosphate, have been developed for potential application in bone regeneration.
The incorporation of the inorganic phase was to induce bioactivity and improve the
mechanical properties. Hydroxyapatite/collagen composites were synthesised to be used
as bone graft materials (Kikuchi et al., 2001,, Itoh et al., 2002 b, Rodrigues et al., 2003,
Kikuchi et al., 2004 ) or as delivery devices for rhBMP-2 (Itoh et al., 2001a) or P (NGF p)
nerve growth factor (Letic-Gavrilovic et al., 2003).

The authors showed that these

composites, having a nanostructure similar to natural bone, were biocompatible and
suitable as bone substitutes.

Collagen-brushite and collagen octa-calcium phosphate were also developed by
Jayaraman and Subramanian (2002), and the mineral counterparts were grown onto
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collagen by crystal growth to produce a composite for potential application as a bone
substitute.

Pederson et al. (2003) combined thermally triggered liposome mineralization with a
collagen gel formation in an attempt to develop a novel injectable mineral/collagen
biomaterial.

This used the self assembly principle of collagen at physiological

temperatures.

Also, these liposomes encapsulated aqueous solute of Ca2+ and P that

released at the lipid melting transition which was adjusted between 24 and 37 °C. The
released Ca2+ and P reacted together to form poorly crystalline calcium phosphate
minerals; see Figure 2.5.

Collagen monomer

Collagen fibril network

Liposomes

Calcium phosphate mineral

Figure 2.5: Schematic illustration of collagen/mineral composite formation resulting
from thermally triggered

self assembly of collagen fibrils and liposomal

mineralization (Pederson et a/., 2003).
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The formed mineral phases were highly pH dependant, for example, acidic pH favoured
brushite formation; whilst neutral or basic pH favoured the formation of poorly crystalline
hydroxyapatite. Collagen was used as a template for liposomal mineralisation, and the
authors adjusted collagen concentration so that gelation of collagen occurred before
mineral formation. The results suggested that in situ liposomal mineralisation of collagen
gels may provide a route for formation of mineral/collagen composite biomaterials with
significant interactions between the mineral and collagen phases.

Yamauchi et al., 2004 developed a multilayer composite sheet consisting of alternate
layers of both collagen and calcium phosphates on the micrometer scale (6 -8 pm each
layer thickness) was prepared by an enzymatic mineralisation process. In this method,
collagen sheets were loaded with the alkaline phosphatase enzyme and allowed to be in
contact with an aqueous solution of a phosphate ester in the presence of Ca2+ ions. The
use of an enzyme was to support the presence of (PC^)3’ ions to form calcium phosphate
9+
with Ca ions. The authors found that most of the mineralised phase was HA with some
amorphous calcium phosphate; see Figure 2.6. This composite provided an improvement
in the tensile strength and also supported fibroblast cell growth especially when the
mineralised layer is at the top of the multilayer sheet.
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in
Collagen material

Glycerol 1-phosphate ♦

C«3*
►

Collagen /
Calcium phosphate
Composite

Water soluble phosphate ester/calcium ion
Collagen sheet

Calcified areas

Alkaline phosphatase
Calcified areas
Calcified areas
Calcified areas
Collagen
Collagen

Figure 2.6: Alkaline phosphatase catalyzed mineralization onto a collagen material
(Yamauchi et al., 2004).

The aim of this project was to develop three-dimensional (3-D) constructs of phosphatebased glass fibres (PGF) incorporated dense collagen matrices for biomedical and tissue
engineering applications.

For this, a novel method of “plastic compression” (PC) was

used which rapidly removes fluid from hyper-hydrated collagen gels through the
application of unconfined compressive load.

The project objectives were: the

understanding of structure-property relationship of PGF; the understanding of the
mechanisms of PC to produce dense collagenous matrices, and the application of PC to
produce cellular 3-D constructs o f PGF reinforced collagen matrices.
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Chapter 3
Copper Containing Phosphate Glass Fibres
3.1.

Introduction

Ternary phosphate-based glass fibres (PGF) of the general formula 50 P2O5-3 O CaO-20
Na2 0 are degradable in aqueous environments, and can function as antibacterial delivery
systems via the inclusion o f ions such as copper.

As a result copper oxide (CuO)

containing PGF were developed for their potential use in wound healing applications. The
glass system developed was a quaternary 50 P2O5-3 O CaO-(20-x) Na2 0 -x CuO glass
system where x is either 1, 5 or 10 mol % as given in Table 3.1.

Table 3.1: Glass codes and composition of glasses investigated.
P2 O5 content

CaO content Na2 0 content CuO content

(mol %)

(mol %)

(mol %)

(mol %)

0 mol % CuO

50

30

20

0

1 mol % CuO

50

30

19

1

5 mol % CuO

50

30

15

5

10 mol % CuO 50

30

10

10

Glass code

These glasses were produced by partial substitution of sodium oxide (Na2 0 ) in the ternary
system with CuO. This substitution was carried out on a molar % basis rather than on
weight % to study the effect of substituting one network modifying oxide with another
(Wallace et al., 1999). The effects of adding CuO on the thermal, structural, degradation
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and antibacterial properties of PGF were investigated in this chapter. In addition, the fibre
diameters were also varied in order to assess the effect of fibre size on the above
mentioned properties.

3.2.

Experimental

3.2.1.

Materials

3.2.1.1.

Raw Materials

3.2.1.1.L

Chemical Equations and Compositional Calculations

The precursors used in the preparation of this glass system are given in Table 3.2.

Table 3.2: Raw materials used in glass preparation.
Raw materials
Sodium

di-hydrogen

Supplier
orthophosphate BDH, UK

anhydrous (NaFUPC^)
Calcium carbonate (CaCOs)

BDH, UK

Di-phosphorus pentoxide (P2O 5)

BDH, UK

Copper sulphate (CUSO4)

BDH, UK

The amounts of precursors required for the compositions investigated were calculated as
follows:
Using NaH2PC>4 to give Na 2 0
2

NaFUPCU

Molecular weight (g.m of1)
Relative molecular weight (g.m of1)

240

—> Na2 0 +

P2O5 +

2H20

62

142

36

0.258

0.592

0.150

58

T. JA. T-S J\6ou NeeC

ThT) 'Thesis

To obtain a glass composition containing 0.20 Na 2 0 , the required amount of NaH 2P 0 4
would be

' 0 .2 0 x 6 2 '
, 0.258 ,

= 48 g. However, the breakdown of NaH 2P 0 4 also produces P2O 5 as

one o f its breakdown products. So to account for this, (48 x 0.592)= 28.42 g of P2O 5
would also be present. This amount of P 2O 5 would then be subtracted from the required
amount o f P2O 5. If the glass composition contained 0.50 P2O 5, the required amount of
P2O 5 would equal to (0.50 x 142) = 71 g. Then, the amount of P2O 5 to be added would be
(71 - 28.42) = 42.58 g. Therefore, determination of the amount of P2O 5 required should
be considered after having calculated the amount of NaH 2P 0 4 required.
Using CaCC>3 as a precursor to obtain CaO:
CaCC>3
Molecular weight (g.m of1)
Relative molecular weight (g.m of1)

100

—► CaO +

CO 2

56

44

0.56

0.44

To obtain a 0.30 CaO composition, the required amount of CaC 0 3 would be 30 g; this was
due to CaC 0 3 having a molecular weight of 100. The mole fraction of CaO was kept
constant for all the glass compositions investigated; therefore the amount of CaC 0 3 used
was the same.

Using CuS 0 4 to give CuO:
It was unclear to predict the valence state of copper after it has been subjected to very high
temperatures, i.e. whether it would be cuprous oxide (CU2O) or cupric oxide (CuO) or
mixture of the two oxides (Mulligan, 2003). However, it is more likely that the copper
would be present at the higher oxidation state due to having melted the glass at high
temperature. The calculation for the CuO mol % was considered as follows:
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C uS 0 4
Molecular weight (g.mol-1)

159.55

Relative molecular weight (g.mol-1)

-►

CuO

+

S03

80

80

0.5

0.5

To obtain a 0.05 CuO composition, the required amount of CUSO4 would be would be

[—0 10 5 x 80^ = 8 g.

When the calculation was carried out for the amount of Cu in CUSO4

0.5
to avoid the different possibilities o f the valence state of copper at high temperature, the
following was considered:
The molecular weight o f Cu is 63.55 g.mol-1, and the relative molecular weight of Cu is
(

64 N= 0.4 g.mol- . Therefore, if the required glass contains 0.05 Cu, the required
159.55

amount o f CUSO4 would be

( 0 05x64^
—--------V 0.4 )

=8

g. From these calculations, it was observed

the same amount of CUSO4 will be required to provide the same mol % of either Cu or
CuO.

3.2.1.2.

Methods of Preparation

3.2.I.2.I.

Bulk Glass Preparation

The precursors used for the preparation of these phosphate-based glasses were weighed
and thoroughly mixed, after which they were placed into a platinum/10 % rhodium (Pt/10
% Rh) crucible (Type 71040, Johnson Matthey, UK). The crucible was placed into a
preheated furnace (Carbolite, model RHF 1500, UK) at 300 °C to allow for the removal of
H 20 , CO 2, and SO 3 evolution, and to avoid excessive foaming of the glass melt. The glass
was left at this temperature for 1 h, and then the temperature was increased by 200 °C.h-1,
until it reached the melting temperature of 1100 °C, and left for a further 1 h. Upon
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removal of the crucible from the furnace, the melted glass was poured onto a stainless
steel plate and left to cool to room temperature. Once cooled, the glass was placed into a
sealed plastic bag and stored in a desiccator at room temperature.

3.2.1.2.2.

Glass Fibre Production
*

Glass fibres were produced using a fibre drawing method from a custom built fibre-rig.
The fibre-rig consisted o f a top loading furnace (Lenton Furnace, UK) with a Pt/10 % Rh
crucible containing a 15 mm long tip with a 1 mm diameter hole. Below the furnace, there
was a pick up wheel (drum) connected to a servo motor which controlled the speed of
fibre pulling as shown in Figure 3.1.

Figure 3.1: Fibre drawing machine (a) Lenton furnace, (b) drum and (c) motor.

The furnace temperature was adjusted to 1250 °C at a heating rate of 30 °C.min'1. Once
this temperature was reached, the glass was placed into the furnace crucible and left for 15
min to melt and homogenise. Once a meniscus of glass appeared at the bushing tip, the
temperature was lowered to achieve a suitable viscosity from which the fibre could be
drawn. The pulling temperatures were originally established by trial and error until the
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glass fibres were obtained; see Table 3.3. An alumina rod was used to capture the melted
glass and draw it onto the drum, which proceeded to pull the glass into a single continuous
fibre at room temperature in an open air environment. The drum speed was changed to
produce fibres with different diameters. The fibres were pulled at four different speeds of
400, 800, 1200 and 1600 m.min'1 for each glass composition. Once pulled, the fibre
bundles were stored in sealed plastic bags, and placed into a desiccator at room
temperature.

Table 3.3: Melt temperatures used for pulling fibres for different copper containing
glass compositions.
Glass composition

Melt temperature (°C)

0 mol % CuO

960

1 mol % CuO

980

5 mol % CuO

1010

10 mol % CuO

1020

3.2.2.

Methods of Characterisation

3.2.2.I.

Bulk Glass

3.2.2.L1.

Density Measurements

Density measurements were conducted on triplicate samples using Archimedes’ Principle,
on an analytical balance (Mettler Toledo, UK) with an attached density kit. Due to the
soluble nature o f the glass compositions investigated, ethanol was used as the submersion
liquid for these measurements. The density kit was assembled onto the balance, and the
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weight measurements of the samples in air, and submerged in ethanol were taken to
calculate the density ( p )using equation (3.1).

f

m
LyLdry

^

XPlWd

Where:

(3' ^

and M ^, are the masses of sample in air and liquid respectively, and p Uquid

is density of ethanol at room temperature.

3.2.2.1.2.

X-Ray Diffraction Analysis

This study was conducted in collaboration with Dr. I. Ahmed (Biomaterials and Tissue
Engineering Division, UCL Eastman Dental Institute) to identify the crystalline phases
present in the glass.

The glass compositions were crystallised at the crystallisation

temperatures obtained through the differential thermal analysis (section 3.2.2.2.2). The
data was collected on a Phillips PW1780 Powder Diffractometer (Phillips, Holland) in flat
plate geometry, using Ni filtered Cu Ka radiation. Data was collected from 10 to 100° 2 0
with a step size of 0.02° and a count time of 12 s. The phases were identified using the
Crystallographica Search-Match (CSM) software (Oxford Cryosystems, UK) and the
International Centre for Diffraction Data (ICDD) database (vols. 1-42).

3.2.2.2.

Glass Fibres

3.2.2.2.I.

Fibre Diameter Measurements

These measurements were carried out to identify the relationship between the drum
pulling speed and fibre diameter. A bundle of fibres from each pulling speed was placed
into a polytetrafluroethylene (PTFE) mould and embedded in an epoxy resin (Struers,
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UK). The resin was left at room temperature to polymerise for 24 h, and the samples were
removed from the mould. The samples were then subjected to a series of grinding and
polishing steps using a Struers Rotopol-11 (Struers, UK). The polished samples were then
observed under a light microscope that was attached to a Cool Snap Digital Image
Analysis system (ISS Group Ltd, UK). The mean diameter of the fibres was calculated
from measurements on 50 fibres. Image analysis software (Image Pro-Plus) was used to
measure the diameter.

3.2.2.2.2.

Determination o f Thermal Properties

Differential scanning calorimetry (DSC) and differential thermal analysis (DTA) were
used to obtain information about the thermal properties including glass transition (Tg),
melting temperature (Tm), and crystallisation temperature (Tc) of glass fibres and bulk
glass as a control.

a)

Differential Scanning Calorimetry

I.

Technique

The DSC was used for detection of Tg. It measures heat flow into or from a sample as it is
heated, cooled or held under isothermal conditions to keep the specimen temperature
exactly the same as the reference material. The temperatures of the sample and reference
are controlled independently using separate, identical furnaces, and they are made
identical by varying the power input to the two furnaces. The energy required to do this is
a measure of the enthalpy or heat capacity changes in the sample relative to the reference;
see Figure 3.2.
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Figure 3.2: Diagrammatic representation of differential scanning calorimetry.

DSC is typically used in a full cycle of heating and cooling to ensure the validity of the
results. This ensures that most events can be confirmed by their inverse signatures i.e., if
the event is exothermic during heating, it should be endothermic on cooling, as the reverse
process occurs unless they crystallise. DSC measures the true heat flow rather than a
temperature differential which allows for more accurate calorimetric determinations. It
uses platinum resistance thermometers rather than thermocouples that provides the most
accurate and precise measurement of the sample temperature. Moreover, with DSC a
small sample size can be applied to get information about the material properties
mentioned above.

Tg is the main characteristic transformation temperature of the amorphous phase in non
crystalline or semi-crystalline materials. Glass transition events occur when a hard, solid,
amorphous material or component undergoes transformation to a soft, rubbery, liquid
phase during their heating. The reverse transformation also occurs during their cooling.
The classic T%is observed as an endothermic stepwise change in the DSC heat flow or
heat capacity as shown in Figure 3.3.
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Figure 3.3: Diagrammatic representation of Tg obtained from DSC.

J a is the

equivalent value to T0 on the liquid side of the transition, and Tinf is the point of
inflection. (Richardson, 1976).

T0 can be used to represent

it is normal to use the temperature at which evidence o f the

transition first appears (i.e. onset temperature, T0), taken as the intersection between the
extrapolated sloping portion and the baseline (Beckett, 1976) or by the temperature at
which half the heat capacity increment is reached, T •/, ACp which provides a reasonable and
accurate representation o f Tg (Richardson, 1976), but there is no reasonable agreement to
the correct method.
r g represents an upper (for a glass) or lower (for a rubber) end use temperature
(Richardson, 1976) since it is a measure of the bulk properties; however, other thermal
parameters such as Tc and Tm are temperatures for specific phases that may appears out of
solutions. Tg is also a useful parameter during the glass fibre annealing process, which
may be required to release inherent stresses developed during fibre production.

This

annealing is sometimes required to decrease the reactivity of the fibres without
compromising their strength properties.

Therefore, this treatment must be carried out

below, and not close to the Tg otherwise a reduction in strength properties giving values
close to that of the bulk glass (Choueka et al., 1995).
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II.

Method

Pyris Diamond Differential Scanning Calorimeter, DSC (Perkin-Elmer Instruments,
USA), was used to investigate the Tg of glass fibres andcompared tothat of the bulk,
which was used as a control. The instrument wascalibrated using themanufacturer’s
instructions, with indium (Tm = 156.60 °C and AHf= 28.45 J.g'1) and zinc (Tm = 419.47 °C
, and AHf = 108.37 J.g'1) as standards.

The following program was established for

measuring Tg according to an initial study, which was carried out, and will be described in
detail in section 4.2.2.2.2. Samples (n = 3) of 3 mg were heated, cooled and reheated at
100 °C.min'1 from 25 to 550 °C. The effect of the modifying oxide content and fibre
pulling speed on Tgwas investigated. All tests were carried out under nitrogen purge.

b)

Differential Thermal Analysis

Differential thermal analysis (DTA) was used as a complementary approach to confirm Tg
and to provide a more comprehensive thermal analysis in determining Tc, and Tm since
DSC provided a narrow temperature range for glasses, from -50 to 600 °C.

I.

Technique

The DTA is a technique based on measuring the temperature difference (AT) between
sample and reference, heated under identical conditions in a controlled environment, as a
function of time or temperature. This measurement is performed via a thermocouple fitted
under the crucible containing the sample i.e., near the sample; see Figure 3.4.

The

thermocouples are not in direct contact with the sample to avoid contamination and
degradation. The sample is contained in a small crucible designed with an indentation on
the base to ensure a snug fit over the thermocouple. The main difference between DSC
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and DTA is that DSC always keeps the specimen and reference at exactly the same
temperature, while DTA always uses the same heat input rate to the two items and
measures their temperature difference. DTA is also used to detect phase transitions during
heating only and usually at a slow heating rate compared to DSC.

Reference

Sample
Heating Coil

f

"

Gas

/
Thermocouples

Figure 3.4: Diagrammatic representation of DTA.

Three types of transformations can be distinguished from a DTA data; Tg, endothermic
transformation such as melting, and exothermic transformation such as crystallisation. Tg
is obtained via the intersection of the curve and the centre line between the two base lines.
While the melting and crystallisation temperatures are measured at the onset temperature
for pure crystalline substances; however, for semi-crystalline substances such as polymers,
it is measured at the peak top as shown in Figure 3.5.

Exoj 1
Heat
Flow

Heat
Flow

Heat
Flow

Endo

Endo
Temperature

Endo
Temperature

Temperature

Figure 3.5: Diagrammatic representation of Tg, exothermic, and endothermic peaks
as measured by DTA.
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Method

Setaram Differential Thermal Analyser, DTA (Setaram, France) was used to determine
Tc, and Tm. A heating rate of 20 °C.min'1 from 20 to 1000 °C was carried out under
nitrogen purge. Two repeats of powdered samples (58 ± 2 mg) were used for each test.
Both bulk glass and glass fibres were ground into powder form in an agate vibratory mill
(Analysette 3, Spartan) for 15 min. A baseline run was carried out with an empty crucible
and this was used to correct any data obtained.

3.2.2.23.
a)

Determination o f Fibre Degradation

Long Term Degradation Study

The fibre degradation rates in deionised water at 37 ± 1 °C were obtained using a weight
loss method. A glass fibre bundle of approximately 300 mg, with a length of 35 mm were
placed into 13 ml of deionised water. The measurement was carried out in triplicate. At
various time points, the medium was removed and the glass bottles were placed in an
incubator at 37 °C for 24 h to dry before the final weight was recorded. The weight loss
was plotted as percentage weight loss against time.

The % weight loss (% wt,) was

calculated using equation (3.2).

(3.2)

Where: w t0 is the original weight, and wtf is the final weight.
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a)

Short Term Degradation Study

A degradation study up to 6 h was conducted on three repeats of two of the glass fibres
pulled at two speeds, 400 and 1200 m.min'1. The degradation rate, expressed in % weight
loss.h'1, was taken from slope of % weight loss against time.

3.2.2.2.4.

Determination o f Surface Area to Volume Ratio of the Glass Fibres

The total surface area (SA) of the fibres, assuming that a fibre is a perfect cylinder, was
calculated from equation (3.3).

(3.3)

where: (2 nr2 +2nrl) was the surface area of a single fibre, r was the radius of a fibre, /
was the length of a fibre used in the experiment (35 mm), Wt is the weight used in the
experiment (300 mg), W t/w 2lp gave the number of fibres in a bundle, and p was the
density of the glass. The total volume of fibres (V) was then calculated from Wt/p.

3.2.2.2.S.
a)

Ion Chromatography

Technique

Ion Chromatography (IC) performs ion analysis using either isocratic or gradient analysis.
It consists of a liquid eluent, a high pressure pump, a sample injector, a separator column,
a chemical suppressor, and a measurement cell.

Before running a sample, the IC is

calibrated with a standard solution. By comparing the data obtained from a sample to that
obtained from the standard, sample ions can be identified and quantified. The basis of IC
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analysis depends on four steps: eluent delivery, separation, detection, and data analysis as
shown in Figure 3.6.

The eluent is a liquid that helps to separate the sample ions, and carries the sample through
the ion chromatography system. The sample liquid is injected into the eluent stream by an
auto-sampler injector. A pump forces both the eluent and sample through a separator
column, which is a chemically inert tube packed with an active polymeric resin, where the
sample ions are separated; the mode of separation is called ion exchange.

4. Data Analysis

3. Detection

CM

1. Eluent
Delivery

2. Separation

Figure 3.6: Schematic diagram of ion chromatography (from IC manual).

After the eluent and the sample ions leave the column, they flow to the detection cell
which could be either conductivity or colorimetric cell. With the conductivity cells, the
eluent and sample ions will flow through a suppressor which suppresses the conductivity
of the eluent before it enters the detection cell to reduce the background signal and
enhance the analyte signal. The detection cell measures either the conductivity or UV
absorbance of the sample, and produces a signal based on the chemical and physical
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property of the analyte. The detection cell then transmits the signal to the chromatography
software (Chromeleon®) that analyses the data by comparing the data obtained from a
sample to that of the standard. The sample ions can be identified by its retention time and
is quantified by integrating the peak area, for example, for quantification of (PO4)3’, the
peak area was considered as shown in Figure 3.7.
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Figure 3.7: Example of a chromatogram obtained for anion release (Ahmed et al
2005).

b)

Method

The post degradation medium after being diluted for fibres pulled at 400 and 1200 m.min'1
for all compositions was simultaneously analysed for cations, anions and transition metal
as copper, released during the degradation studies, through ion chromatography.
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Cation Release

The analysis o f Na+ and Ca2+ release was carried out using a Dionex ICS-1000 ion
chromatography system (Dionex, UK), consisting of a 25-pl sample loop. The separation
was performed using a 20 mM MSA (Methanesulfonic acid, BDH, UK) eluent, and a
4x250 mm Ion Pac® CS12A separator column. The solution was first filtered through an
‘OnGuard II A ’ cartridge (Dionex, UK) for removal of anionic species that caused a shift
in the calcium peak experienced during analysis. These cartridges contained an anion
exchange resin that binds to the anionic species present in the solution. Before running a
sample, the IC was calibrated against a 4-point calibration curve using the predefined
calibration routine.

The Chromeleon® software package was used for data analysis.

Standard solutions were prepared using sodium chloride (NaCl, Sigma, UK), and calcium
chloride (CaCh.

2 H2O,

BDH, UK) as reagents. A 1000 ppm (parts per million) mixed

(sodium and calcium) stock solution was made, from which serially diluted 50, 20, 10 and
1 ppm standard solutions were prepared.

The following calculations were carried out for preparation of a stock solution of 1000
ppm, taking into account that the relative atomic mass (RAM) of Na = 22.99, Ca = 40.08,
and Cl = 35.45 g.mol'1. The required mass of NaCl = relative molecular mass (RMM) of
NaCl/RAM of Na =

58.44
^22.99,

2.54 g.

The required amount of CaCl2.2H20 was

calculated in the same way taking into consideration that RMM of CaCl2.2H20 = 1 4 7
g.mol*1. Then the required amounts of the two standards were dissolved in 1000 ml of
deionised water in a volumetric flask to give 1000 ppm stock solution.

A series of

dilutions were carried out to obtain the required ppm standard solutions. For example, to
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obtain a 50 ppm standard solution, 5 ml of the stock solution was accurately diluted with
deionised water up to 100 ml in a volumetric flask.

II.

Copper Ion Release

Transition metals

ion release was conducted using a Dionex ICS-2500

ion

chromatography system (Dionex, UK), consisting of a 25-pl sample loop. The separation
was performed using an Ion Pac® CS5A cation-exchange column with attached CG5A
guard column. The MetPac PDCA (Dionex, UK) eluent is readily used as the eluent
concentrate to detect transition metals and lanthanide metals. The MetPac PDCA eluent
uses pyridine-2, 6-dicarboxylic acid as a strong complexing agent that separates metal
complexes via anion exchange, as most complexing agents are anionic and thus the
resulting metal complex will have a negative charge. The metals are then detected by
measuring the absorbance at 530 nm of the complex formed with the Postcolumn PAR
reagent diluent. The MetPac PAR Postcolumn Reagent Diluent (Dionex, UK) uses 4 - 2 pyridylazo resorcinol (PAR) to form a light-absorbing complex, and is added through a
mixing tee. The PAR diluent has a controlled pH and reacts with a wide range of metals,
and offers detection limits in the low pg/L (ppb) range. The sample run time was set for
10 min. Prior to running the samples, the ICS-2500 was calibrated using cuprous chloride
(CuCl, Sigma Aldrich, UK) and cupric chloride (CuCl2, Sigma Aldrich, UK) as standards.
A 1000 ppm stock solution incorporating both CuCl and CuC^ was prepared, from which
serially diluted 50, 20, 10 and 1 ppm standard solutions were made. The calculations for
the amount of CuCl and CuCl2 standards for the preparation of the stock solution of 1000
ppm were performed after considering that the RAM of Cu = 63.55, Cl = 35.45 g.mol'1,
and the RMM of CuCl andCuCk are 99 and 134.45 g.mol'1respectively.
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III.

Anion Release

The phosphate anion measurements were undertaken using a Dionex ICS-2500 ion
chromatography system (Dionex, UK), consisting of a gradient pump with a 25-pl sample
loop. In this method, polyphosphates were eluted using a 4x250 mm Ion Pac® AS 16
anion-exchange column. A Dionex Anion Self-Regenerating Suppressor (ASRS®) was
used at 223 mA. The Dionex EG40 eluent generator equipped with a potassium hydroxide
(KOH) cartridge was used in conjunction with the ASRS®. The newly developed EG40
eluent generator system electrolytically produces high-purity KOH eluent using deionised
water as the carrier stream at the point of use. The use of the EG40 hydroxide eluent
generator gave negligible baseline shifts during the hydroxide gradients, along with
greater retention time reproducibility. The sample run time was set for 20 min where the
gradient program initiated from 30 mM KOH for 10 min, then increased from 30 to 60
mM KOH over 5 min, followed by remaining at 60 mM KOH for 3 min, and finally the
KOH returned to 30 mM for 2 min. The Chromeleon® software package was used for
data analysis.
(Na3P0 4),

Standard solutions were prepared using sodium phosphate tribasic

trisodium

trimetaphosphate

(NasPsO^,

pentasodium

tripolyphosphate

(NasPsOio) (Sigma-Aldrich, UK) and tetrasodium pyrophosphate (Na4P2O7.10H2O) (BDH,
UK). A 1000 ppm working solution containing all of the above 4 reagents was prepared,
from which serially diluted 50, 20, 10 and 1 ppm standard solutions were prepared. The
structures of the different anionic species investigated using ion chromatography are
presented in Figure 3.8.

The following calculations were performed for preparation of stock solution of 1000 ppm,
taking into account that the RAM of Na = 22.99, P = 30.97, O = 15.99, and H = 1.01
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(163 90 >
g.mol'1. The required amount of Na3PC>4 = RMM of Na3PC>4/RAM of PO4 = \ ^ ^
=
1.73 g.

The calculations for NaaPsO^ NasPaOio, and Na4P2O7.10H2O standards were

carried in the same way taking into accounts that the RMM of them are 305.79, 367.76,
445.93 g.mol'1respectively, and the RMA of P309 , P3 0 io,andP 2 0 7 are 236.82, 252.81, and
173.87 g.mol'1respectively.
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Figure 3.8: Different anion species detected by ion chromatography (Ahmed et al
2005).

3.2.2.2.6.

Antibacterial Assessment

Antibacterial assessment was carried out on the copper containing glass fibres in
collaboration with J. Pratten, Division of Microbial Diseases at UCL Eastman Dental
Institute, to assess the effect o f CuO content and fibre diameter on the number of bacteria
adhered to glass fibres or present in the culture solution in which the fibres were placed.

Fibre bundles were produced from pulling speeds of 400 and 1200 m.min'1 for all the
compositions investigated. Fibres of 30 mm in length and approximately 26 mg in weight
were fixed to the lid o f a sterile bijou bottle (Sarstedt Ltd, UK) using Araldite (Vantico
Ltd, UK). An overnight culture of 5 ml o f Staphylococcus epidermidis NCTC 11047 was
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diluted to 1/1000 in phosphate buffered saline (PBS) (Oxoid, UK) and added to the bottle.
In order to ensure the fibres were immersed in the culture solution, the bottle was inverted
before being incubated at 37 °C for 3 h. After this time the lid with the attached fibres
was removed and placed into a fresh bijou containing 5 ml of PBS and inserted for 5 min.
Subsequently, fibres were placed into a third bijou bottle containing 1 ml of PBS and 3
glass beads of 2 mm diameter (Sigma, UK). This was then vortexed for 1 min to disrupt
any adhered organisms and colony forming units (CFU) determined on tryptone soya agar
plates (Oxoid, UK). Additionally, viable counts were determined for the overnight culture,
in which the fibres were originally placed. This experimental procedure was carried out in
triplicate for each of the parameters tested.

3.2.2.2.7.

Statistical Analysis

One way analysis of variance (ANOVA) was carried out to assess the effect of pulling
speeds on the different fibre diameters obtained. The Student’s t-test was used to study
the effect of both copper oxide and fibre diameter on antimicrobial properties.
Significance was detected at a 0.05 level, and all statistical analysis was carried out using
the SPSS system for Windows (SPSS 12.0.1).

3.3.

Results

3.3.1.

Bulk Glass

3.3.1.1.

Density Measurements

Figure 3.9 shows the density of bulk glass against CuO content. It was observed that the
bulk glass density increased linearly with increasing CuO content. The density increased
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form 2.58 to 2.71 g.cm'3 by incorporation of 10 mol % CuO into the ternary glass
formulation.
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Figure 3.9: Bulk density as a function of copper oxide content.

3.3.1.2.

X-Ray Diffraction Analysis

Results from the X-Ray diffraction analysis (XRD) showed that for the 0 mol % CuO
glass, a NaCa(P0 3)3 phase (ICDD no. 23-669) was identified using the Search Match
software, along with the ICDD database. For the composition with 1 mol % CuO, the
same NaCa(P 03)3 phase was also identified. However, there was also evidence for the
presence of a small amount o f a secondary phase, but it was not possible to identify this.
For the composition containing 5 mol % CuO, two phases were identified, which were
NaCa(P03)3 (ICDD no. 23-669) and NaCu(P04) (ICDD no. 32-1075). For the 10 mol %
CuO glass, no direct match could be obtained from the database. Further investigation
using Treor, showed a potential tetragonal phase and ICDD, and CSM indicated that this
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phase could be isostructural or analogous with an ammonium calcium phosphate phase,
NH4 Ca (P 03)3.

3.3.2.

G lass F ib re s

3.3.2.I.

Fibre Diameter Measurements

Fibres were pulled from each of the compositions investigated at the four different speeds
of 400, 800, 1200, and 1600 m.min'1. As expected, it was seen that the fibre diameter
decreased with increasing pulling speed as can be seen from Figure 3.10 which shows the
light microscope images of glass fibres pulled at 400 and 1600 m.min’1as an example.

Figure 3.10: Light microscope images of glass fibres embedded in resin and pulled at
(a) 400 and (b) 1600 m.min'1.

Figure 3.11 shows the variation of the average fibre diameter as a function of the fibre
pulling speed for the glass compositions investigated.

As can be seen, there was a

significant decrease (p < 0.05) in fibre diameter with an increase in drum pulling speed.
The average fibre diameter for fibres pulled at 400 m.min'1 was 32.0 ± 6.0 pm. However,
an average of 12.1 ± 1.1 pm was observed for fibres pulled at 1600 m.min'1.
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Figure 3.11: Fibre diameter as a function of pulling speed for copper containing
compositions.

3.3.2.2.

Thermal Properties

3.3.2.2.1.

Differential Scanning Calorimetry

Figure 3.12 shows the effect o f CuO content on Tg as measured by DSC. It was observed
that the Tg of the glass containing 1 mol % CuO, was not significantly different as
compared to the ternary (0 mol % CuO) composition. However, with the further addition
of CuO to 5 and 10 mol %, the Tg values obtained increased significantly. It was also seen
that the fibres pulled at different speeds from the same composition showed no difference
in the Tg as given in Table 3.4, also the Tg of fibres were not different from that of the bulk
glass that was used as a control.
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Figure 3.12: DSC trace of glass fibres pulled at 400 m.min'1 for the different CuO
compositions.

Table 3.4: Tg (°C) of copper containing glasses as measured by DSC.
Pulling speed (m .m in 1)

0 m ol % C uO

1 mol % CuO

5 mol % CuO

10 mol % C uO

Control (bulk glass)

398 ± 1.1

391 ± 0.9

408 ± 1.5

418 ± 1.3

Fibres pulled at 400

399 ± 0.5

401 ± 0.9

407 ± 0.3

423 ± 1.4

Fibres pulled at 800

402 ± 0.6

402 ± 0.7

411 ± 2.7

424 ± 0.7

Fibres pulled at 1200

399 ± 1.9

403 ± 1.5

411 ± 1.0

424 ± 1.2

Fibres pulled at 1600

400 ± 1.5

407 ± 1.1

412 ± 2.6

425 ± 1.5

3.3.2.2.2.

Differential Thermal Analysis

DTA was used to study the effect of both CuO content and fibres diameter on Tg, Tc, and
Tm. From the DTA graphs obtained, the first observed shift in the base line defines the
glass transition temperature, and the upward peaks are exothermic with the downward
shifts or peaks being endothermic.

The exothermic peaks are attributed to the
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crystallisation temperatures,

whilst

the

endothermic peaks define the melting

temperatures.

Figure 3.13 shows the DTA graph of the 0 mol % CuO for both bulk glass and glass
fibres.

A single sharp crystalline peak and two melting peaks were identified for both

bulk glass and glass fibres. The glass fibres showed Tc which were slightly lower than
that of the bulk by approximately 15 °C. Also, there was no significant difference in Tc
and Tm between glass fibres pulled at different speeds.

Fibres pulled at 1600 m .m in' j

}

Tc

,

r

Fibres pulled at 1200 m .m in’1^*

J:

oX

Fibres pulled at 800 m.min"' T g

X f.

Ui
|

Fibres pulled at 400 m .m in'1? ^

C

Bulk glass

■s
-§
(5

X

-----

X

i------------------------- 1-------------------------1-------------------------1-----------------------1-------------------------1------------------------1------------------------1----------------------- 1

200

300

400

500

600

700

800

900

1000

Temperature (°C)

Figure 3.13: DTA graphs of 0 mol % CuO bulk glass and fibres pulled at different
speeds.

The addition of CuO to the ternary composition resulted in a change in both the
crystallisation peaks and melting peaks. The addition of 1 mol % CuO, shown in Figure
3.14, revealed the presence o f a sharp Tc peak with a small shoulder region, and at higher
temperatures, two Tm peaks were observed. The same was also observed, but with a small
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shoulder appearing first followed by a sharp Tc peak with the addition of 5 mol % CuO
composition as in Figure 3.15.
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Figure 3.14: DTA graphs for 1 mol % CuO bulk glass and fibres pulled at different
speeds.
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Figure 3.15: DTA graphs for 5 mol % CuO bulk glass and fibres pulled at different
speeds.
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A single sharp Tc peak was seen for the 10 mol % CuO composition, which was followed
by two separate melting peaks as in Figure 3.16. Within each glass composition, similar
thermal parameters were observed for the fibres obtained from the different pulling
speeds.
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Figure 3.16: DTA graphs for 10 mol % CuO bulk glass and fibres pulled at different
speeds.

3.3.2.3.

Fibre Degradation

3.3.2.3.1.

Long Term Degradation Study

Figure 3.17 shows the effect of both CuO content and fibre pulling speeds on the
degradation rate which was presented as % weight loss.h'1. It was apparent that the %
weight loss.h'1 decreased with increasing CuO content, and with decreasing the pulling
speed. Using this method (i.e. changing the drum speed), the lowest degradation rates
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were observed for fibres pulled at 400 m.min*1 whilst the highest dissolution rates were
observed for fibres pulled at 1600 m.min’1.
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Figure 3.17: Percentage weight loss.h"1 as a function of both CuO content and fibre
pulling speeds.

It was observed that this glass fibre system was highly degradable, and each glass
composition degraded at a different time. For example, the ternary glass with 0 mol %
CuO completely degraded within 6 h; however the glass composition with 10 mol % CuO
completely degraded within 24 h. Therefore, another short term degradation study was
carried out as outlined below to investigate the differences between the compositions and
fibre diameter sizes.

33.2,3,2.

Short Term Degradation Study

Figures 3.18 and 3.19 show the % weight loss against time for fibres pulled at 400 and
1200 m.min*1respectively.
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Figure 3.18: Percentage weight loss versus time for fibres pulled at 400 m.min' 1 for
copper containing glass compositions.
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Figure 3.19: Percentage weight loss versus time for fibres pulled at 1200 m.min' 1 for
copper containing glass compositions.

As can be observed the degradation was linear over this time period, and the rate of
degradation , calculated from the slope of the % weight loss against time, decreased with
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increasing amounts of CuO with the lowest rate obtained for the composition containing
10 mol % CuO. However, 1 mol % CuO showed similar or slightly higher degradation
rates than the 0 mol % CuO glass. Also, there was an increase in the rate of degradation
with fibres pulled at 1200 m.min'1 compared to the fibres pulled at 400 m.min'1as given in
Table 3.5.

3.3.2.4.

Determination of Surface Area to Volume Ratio of the Glass Fibres

A calculation of fibre surface area to volume ratio was carried out to determine if there
was a relationship between this and the high degradation rate obtained for fibres pulled at
1200 m.min'1 compared to fibres pulled at 400 m.min'1. These values obtained are given
in Table 3.5. It was apparent that fibres pulled at 1200 m.min'1 showed a surface area to
volume ratio that was approximately two fold higher than those for fibres pulled at 400
m.min'1.
Table 3.5: Fibre diameters, surface area to volume ratio, and degradation rate of
fibres pulled at 400 and 1200 m.min' 1 for copper containing glass compositions.
Composition

Fibre diameter (pm)

(mol %)

Total

surface

area/

total volume

Degradation rate
(% h'1)

(x 10* m'1)

400

1200

400

1200

400

1200

m.m in'1

m.m in'1

m.min'1

m.min'1

m.min'1

m .m in 1

0 mol % CuO

2 3.4 ± 0 .9

17.1 ± 1.7

1.71

2.34

12.31

16.74

1 mol % CuO

32.6 ± 3 .0

16.7 ± 1.6

1.23

2.40

11.96

18.30

5 mol % CuO

34.8 ± 4 .7

15.3 ± 1.4

1.15

2.61

7.83

14.75

10 mol % CuO

37.2 ± 4 .0

18.2 ± 1.7

1.08

2.19

4.54

9.10
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Ion Chromatography

3.3.2.5.I.

Cation Release
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Figures 3.20 and 3.21 show Na+ release data, and Figures 3.22 and 3.23 show Ca2+ release
data for glass fibres pulled at 400 and 1200 m.min'1 respectively. As it can be seen, the
cation release rate, calculated from the slope of the linear fit, showed a similar trend as
observed for the degradation rate data. However, the Ca2+ release profile showed an
identical trend with the weight loss data, where the rate of release for 1 mol % CuO
showed a higher release rate than 0 mol % CuO for fibre pulled at 1200 m.min'1. Also,
both Na and Ca released at nearly the same level for both fibre formulations as given in
Table 3.6.
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Figure 3.20: Na+ release for fibres pulled at 400 m.min*1 for copper containing glass
compositions.
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Figure 3.21: Na+ release for fibres pulled at 1200 m.min' 1 for copper containing glass
compositions.
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Figure 3.22: Ca2+ release for fibres pulled at 400 m.min' 1 for copper containing glass
compositions.
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Figure 3.23: Ca
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release for fibres pulled at 1200 m.min' for copper containing glass

compositions.
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Table 3.6: Cation release data (ppm.mg' 1 h 1) of copper containing glass fibres pulled
at 400 and 1200 m.min'1.
--------

--

-

1

---------- —

CuO Content

Fibre pulled at 400 m.min'

( mol% )

Na+

Ca2+

Cu2+

Na+

Ca2+

Cu2+

0 mol % CuO

0.85

0.72

0

1.15

0.91

0

1 mol % CuO

0.77

0.75

0.06

1.05

1.10

0.12

5 mol % CuO

0.41

0.50

0.17

0.77

0.75

0.31

10 mol % CuO

0.16

0.43

0.22

0.34

0.58

0.44

3.3.2.5.2.
Cu

2+

Fibre pulled at 1200 m.min' 1

Copper Ion Release

release data was obtained via ion chromatography and presented in (Figure 3.24 and

3.25) for both the fibre formulations investigated. As can be seen over the first six hours
there was zero order release observed of the Cu2+ for all compositions containing CuO, as
the release was linear with time.

The amount of the Cu2+ released increased with

increasing CuO content, and the rate of release increased with a reduction in fibre
diameter as given in Table 3.6. Consequently, the glass fibres containing 10 mol % CuO
had the lowest degradation rate, but released the highest levels of Cu2+ compared to the
other compositions, and those pulled at 1200 m.min'1 showed higher release than those
pulled at 400 m.min'1.
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Figure 3.24: Cu2+ release for fibres pulled at 400 m.min' 1 for copper containing glass
compositions.
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Figure 3.25: Cu2+ release for fibres pulled at 1200 m.min' 1 for copper containing
glass compositions.
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Anion Release

Four different anionic species were investigated in the post degradation solution which
were; orthophosphate (PO4)3' (Figures 3.26 and 3.27), pyrophosphate (P2O7)4' (Figures
3.28 and 3.29), cyclic trimetaphosphate (P3O9)3' (Figures 3.30 and 3.31), and the linear
tripolyphosphate (P3O10)5' (Figures 3.32 and 3.33). The anion release curves showed
similar trends to the degradation data where the release rate was higher for fibres pulled at
1200 m .m in1 than those pulled at 400 m.min*1 for all the anionic species investigated, and
both fibre formulations showed identical trends for each anionic species. However, while
the (P2O7)4", (P3O9)3' and (P3O10)5" release decreased with increasing CuO content, there
was no definite relationship with the amount of (PO4)3' released. It was also seen that the
cyclic metaphosphate (P3O9)3' species released the highest anionic levels in solution
compared with the other anionic species. The release rate for ^ O g ) 3*compared well with
the degradation rate data, where 1 mol % CuO released higher (P3O9)3' than 0 mol % CuO
for fibres pulled at 1200 m.min*1. The pyrophosphate (P2O7)4* species was the lowest
released anion from the species investiagted. The results showing the release rate of the
different anion species, calculated from the slope of the linear fit, are given in Table 3.7.
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Figure 3.26: (P O 4 ) ' release from fibres pulled at 400 m.min' for copper containing
glass compositions.
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Figure 3.27: (PO4)3" release from fibres pulled at 1200 m.min' 1 for copper containing
glass compositions.
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Figure 3.28: (P2O7)4" release from fibres pulled at 400 m.min' 1 for copper containing
glass compositions.
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Figure 3.29: (P2O7)4' release from fibres pulled at 1200 m.min' 1 for copper containing
glass compositions.
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Figure 3.30: (P3 O9 )3' release from fibres pulled at 400 m.min 1 for copper containing
glass compositions.
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Figure 3.31: (P3 O 9 )3"release from fibres pulled at 1200 m.min' 1 for copper containing
glass compositions.
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Figure 3.32: (P3O10)5’ release from fibres pulled at 400 m.min' 1 for copper containing
glass compositions.
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Figure 3.33: (P3O10)5' release from fibres pulled at 1200 m.min 1 for copper
containing glass compositions.
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Table 3.7: Anion release data (ppm.mg 1 h'1) of copper containing glass fibres pulled
at 400 and 1200 m.min'1.
CuO Content

Fibre pulled at 400 m.min-l

( moI%)

(P04f

(P2o 7f

(P3o 9)3 (P3O10f

(P04f

(PlOyf

(P3o 9f

(P3O10f

0 mol % CuO

0.19

0.07

2.5

0.17

0.29

0.14

2.68

0.31

1 mol % CuO

0.15

0.06

0.64

0.16

0.58

0.08

3.45

0.22

5 mol % CuO

0.13

0.03

0.77

0.08

0.27

0.12

1.25

0.20

10 mol % CuO

0.30

0.05

0.95

0.08

0.31

0.04

1.40

0.12

3.3.2.6.

Fibre pulled at 1200 m.min' 1

Antibacterial Assessment

Viable counts were determined in order to assess the number of CFU adhered to the Cucontaining glass fibres as shown in Figure 3.34. A significantly higher (p < 0.05) number
of S. epidermidis were attached to the control fibres (0 mol % CuO) which had been
generated from a pulling speed of 1200 m.min 1 compared to 400 m .m in1. However, this
trend was not seen with any of the Cu-releasing fibres where there were no significant
differences (p> 0.05) between the numbers of S. epidermidis attached to fibres pulled at
400 and 1200 m.min*1. The attachment study showed that fibres containing 1 and 5 mol %
CuO achieved greater than a 1 logio CFU reduction, whilst fibres containing 10 mol %
CuO reduced the number of bacteria attached by over 2 logio CFU.

An average of 7.5 x 105 CFU per ml remained in the control inoculum after the removal of
the fibres at 3 h as shown in Figure 3.35. There was no significant difference between the
fibre diameters (p > 0 .05) for a given composition.
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Figure 3.34: Number of attached S. epidermidis to glass fibres pulled at 400 and 1200
m.min'1 for control and copper containing glass compositions. Error bars represent
standard deviations, data normalised to weight of fibres.
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Figure 3.35: Number of viable S. epidermidis in solution after contact with control
and copper containing glass fibres pulled at 400 and 1200 m.min'1. Error bars
represent standard deviations, data normalised to weight of fibres.
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There was a reduction in the number of CFU of greater than 1 logio in the solutions that
contained both the 1 and 5 mol % CuO containing fibres. There was no significant
difference between the solutions which contained either 1 or 5 mol % CuO fibres (p >
0.05); however, there was a significant reduction between these and the solution which
contained 10 mol % Cu fibres (p < 0.05), where there was over a 3 logio CFU reduction
compared to the controls.

3.4.

Discussion

In this chapter, CuO containing PGF were developed for potential uses in wound healing
applications. These were produced with different diameters and characterised in terms of
their structural and antibacterial properties. The effect of CuO and fibre pulling speed on
the glass properties were investigated using differential scanning calorimetry, differential
thermal analysis and X-ray diffraction.

The effect of two fibre diameters was

microbiologically assessed by investigating the attachment and killing against
Staphylococcus epidermidis. These findings were related to their rate of degradation and
copper ion release.

The effect of both the CuO content and the drum-pulling speeds on the Tg of the glass
were investigated using both DSC and DTA.

As previously discussed in Section

3.2.2.2.2., the Tg was calculated from the onset in an upward shift in the resultant
thermogram during high speed calorimetry using DSC, while it was taken as the midpoint
in the downward shift in the DTA graph. As it can be seen, both techniques showed
similar trends in Tg values between 0 and 1 mol % CuO, and there was a significant
increase in Tg for the compositions of 5 and 10 mol % CuO (p < 0.05) compared to 0 mol
% CuO. However, there was no definite trend observed between the Tg of fibres obtained
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from the different pulling speeds within each composition as shown in Figure 3.36. It was
also observed that the T%values obtained through DSC compared well to conventional
DTA, therefore DSC offered a rapid and accurate technique in measuring the Tg of these
glass formulations. Along with reducing the experimental time, DSC also offered the
advantage of requiring a much smaller sample weight than that used for DTA (3 mg used
for DSC while 58 mg when used for DTA), therefore rapid DSC was useful in assessing
the Tg of the utilised small sample sizes. DTA, on the other hand, proved more useful
when analysing the thermal properties at above 600 °C due to the temperature range
limitation imposed by the DSC.
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Figure 3.36: Effect of CuO content and pulling speed on glass transition temperature
measured through DSC and DTA.

The observed increase in Tg with 5 and 10 mol % CuO could be explained by the findings
of Shih et al. (1998, 1999) who previously investigated the ternary (40-70) P205-(0-60)
Na20-(0-50) CuO glass system and revealed that with increasing CuO content, there was
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an increase in Tg accompanied by an increase in hardness and chemical durability of the
glasses. The authors also found that in the ultra and metaphosphate glass compositions,
Cu-O-P bonds formed at the expense of the Na-O-P bonds while maintaining the P-O-P
bond fraction.

However, in polyphosphate glasses, the newly formed Cu-O-P bond

substituted both Na-O-P and P-O-P bonds. They also stated that a copper cation with high
electronegativity would substitute the sodium cation with lower electronegativity.

As

expected the Cu-O-P bonds increased the cross-link density between the phosphate chains
resulting in an increase in the Tg. An increase in density and Tg was also observed for
binary copper phosphate glasses in the ultraphosphate composition with increasing CuO
content, and this was attributed to the simultaneous increase in the covalent characteristics
of short P-O-P bonds with the increase in the ionic connectivity associated with the
formation of Cu-O-P bonds (Metwalli et al.t 2004).

In this study, the observed increase in Tg was also associated with an increasing density of
the bulk glass from 2.58 to 2.71 g.cm' with increasing CuO content that may further
support this finding. Chahine et al. (2004) also found that substitution of CuO for Na20 in
40 P2O5-(50-x) Na20 -x CuO-1 Bi20 3 glass system produced an increase in the density and

a decrease in molar volume of the glass.

The increased density was due to the

replacement of the low density Na element (0.79 g.cm'3) by the high density copper
element (8.92 g.cm'3). However, the reduction in molar volume was due to the fact that
the Cu2+had a lower relative ionic radius (0.073 nm) than the sum of two Na+radii (0.102
nm); therefore, the molar volume of Cu2+ (1.63 xlO'3 nm3) was lower than that of two Na+
(8.89 x 10'3 nm 3).

102

T. JA. T-S JABou N eeC

Tfi'D 'Thesis

The DTA data obtained for the 0 mol % CuO composition showed a single sharp
crystalline peak. The presence of a single Tc peak indicated the presence of a single
crystalline phase. XRD data obtained confirmed that a single phase, NaCa(P03)3 (ICDD
no. 23-669), was present for this composition. A similar phase was also identified by
Ahmed et al. (2004 a, b and c). For the 1 mol % CuO, a sharp Tc peak was seen with an
attached small peak present as a small shoulder on the initial peak. However, only a
single phase, NaCa(P 0 3 )3 (ICDD no. 23-669), was identified from XRD analysis. The
appearance of a shoulder suggested the presence of a second crystalline phase; however, if
present, it could not be identified from XRD analysis. Consequently, there was no copper
containing phase identified for this composition which may explain why there was no
change in T%with an addition of 1 mol % CuO. Another possible explanation is that 1 mol
% CuO may not be sufficient for producing a cross-linked structure that would account for
an increase in T%.

For the composition with 5 mol % CuO content, a single sharp Tc peak was identified
from the DTA graph. This peak also had a small shoulder protruding from it. Again, this
was suggestive of the presence of two phases. XRD analysis verified this, and the two
phases identified were NaCa(P 0 3 )3 (ICDD no. 23-669) and NaCu(P0 4 ) (ICDD no. 321075).

For the 10 mol % CuO composition a single sharp Tc peak was seen along with two
separate and very distinct melting peaks. However, no match from the ICDD database
was found for this composition. It is highly likely that this phase has not been commonly
identified. A search of the Chemical Database Service (CDS) using Cu, Na, P and O as
limiters gave 8 potential compounds, and a search using Cu, Ca, P and O only gave 5
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compounds, none of which matched. However, using Treor to determine the crystalline
phase, it was indicated that it could potentially be a tetragonal phase, and using this along
with other search limiters, some evidence for the phase being isostructural with an
ammonium calcium phosphate was shown.

The chemical durability of the glass fibres was assessed from their rate of degradation in
deionised water.

The results presented here suggested that there was no difference

between the degradation rate of 0 and 1 mol % CuO for fibres pulled at 400 m.min'1.
However, there was an increase in the degradation rate of 1 mol % CuO relative to the 0
mol % CuO for fibres pulled at 1200 m.min'1. This was consistent with the results
obtained from thermal analysis, where there was no significant difference in Tg between
both compositions. This can be further explained by the structural analysis employed
using XRD, where similar phases were identified for both compositions suggesting
similarity in properties.

On the other hand, the addition of CuO at 5 and 10 mol %

significantly reduced the rate of degradation (p < 0.05). An increase in the cross-link
density would account for the observed decrease in degradation rates, since the Cu-0
bonds are more covalent in nature than the Na-0 bonds. Therefore the Cu-O-P bonds
were more ionic in nature than Na-O-P bonds. It was more likely that the Cu2+ acted as
network modifiers with their strengthening effect on the glass structure (Shih et al., 1998,
1999, Chahine et al., 2004).

Copper is one of the transition metals that can be present in more than one oxidation state
in the glass structure (Bae and Weinberg, 1991, Cozar and Ardelean, 2003). It can also be
present in three different valence states such as; metallic copper (Cu°), cuprous (Cu+) or
cupric (Cu2+).

Each state has its own electronic configuration and coordination number;
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therefore each would affect the glass structure in different ways. Cu does not commonly
exist in a glass melt in air. Cu2+ has a smaller ionic radius and greater field strength than
Cu+. Thus, it produces a glass structure with smaller P-O-P bond angles and greater CuO-P bond strength than Cu+. Moreover, it produces a strong and dense glass structure
(Shih and Chin, 1999).

Khattak et al. (2004) measured the relative amounts of the

different Cu valence state in telluride glass by using temperature-dependant magnetic
susceptibility measurements combined with inductively coupled plasma spectroscopy.
I

^ |

The results indicated the presence of Cu ions in the two valence states (Cu , Cu ) with
Cu2+ predominating in the glass structure. Additionally, the ratio of non-bridging oxygen
to the total oxygen (NBO/TO) increased with increasing CuO content that enter the glass
network as a glass modifier suggesting the stronger effect of Cu2+ on depolymerising the
glass structure.

Shih et al, (1998) proposed a structural model for substitution of Na+ in metaphosphate
glass either partly by Cu2+ to form ternary P2 0 s-Na2 0 -Cu0 glass or completely to form a
binary P2O5-CUO glass as shown in Figure 3.37. The authors concluded that in binary 50
P2O5-5 O Na2 0 , the ratio of BO/NBO was equals to 0.5.
I

With partial or complete

^ j

substitution of Na with Cu , Cu-O-P bonds formed and replaced either partly or totally
Na-O-P bonds without affecting P-O-P bonds.

The degradation rate was observed to be higher for fibres pulled at 1200 m.min' 1 than
those pulled at 400 m.min'1. This was attributed to the significant increase in surface area
to volume ratio of these fibres. Percentage weight loss.h' 1 followed an inverse linear
relationship against CuO content, and fibres pulled at 1200 m.min' 1 showed a higher
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degradation rate (Figure 3.38), but if % weight loss.h'1 is normalised to the surface area,
the opposite was observed indicating that the degradation was a complex process.
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Figure 3.37: Schematic structure of sodium-copper mctaphosphatc glasses, (a)
binary sodium metaphosphate (50 P 2O 5-5 O Na20) linear chain structure, (b) Na+ are
partially replaced by Cu2+, and (c) binary copper metaphosphate (50 P 2O 5-5 O CuO)
as all Na+ in (a) are replaced by Cu2+ (Shih et al., 1998).
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Figure 3.38: Percentage weight loss.h1 against CuO content.
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Ion release data mirrored the degradation profiles with the Ca

release showing an

identical trend with the weight loss data which indicated the role of Ca2+ in the
degradation process; however, the amount of Na+ and Ca2+ released was nearly the same.
Regarding the anionic species released, the (P3O9) ' was released at the highest levels
which suggested that this anionic species constituted a significant proportion of the
original glass structure and dominated the degradation process since it showed the same
degradation trend to Ca

‘j ,

and the degradation profiles. This was confirmed with the

identification of the NaCa(PC>3)3 phase from XRD analysis. However, (P2O7)4' in solution
I

^ |

was present in very small amounts. This suggested that the amount of Na , Ca , and
(P3O9) ' dominated the degradation process. This may also indicate the presence of these
species in sufficient amounts in the original glass structure. This finding correlated well
with XRD data, which showed that NaCa(P03)3 was the main phase identified from all
the glass compositions studied.

Cu

release correlated with the amount of copper

incorporated into the glass; therefore, it is suggested that it was possible to tailor the
composition to obtain a slow rate of Cu release over a long period of time.

Ion release results mirrored the degradation results where there was an increase in both the
rate and amount of Cu2+ release with both CuO content and decrease in fibre diameter.
These findings were confirmed by the results of the antibacterial testing against S.
epidermidis. The addition o f CuO into the glass fibres was effective in reducing the
number of bacteria attached to the fibres, which was seen to be dose dependent. This
effect may be due to the reduction of bacteria in the inoculum causing reduction in the
viable bacteria attached to the fibres or antibacterial effect once in contact with the fibres,
or a combination of both. The antibacterial effect of copper containing phosphate-based
glasses against Streptococcus Sanguis was demonstrated by Mulligan et al., 2003a who
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carried out the antibacterial study on glass discs with 45 mol % P2O5 using a Constant
Depth Film Fermenter (CDFF). Copper is a metal ion known with its antibacterial activity
(Mulligan et al., 2003a, Barbucci et al., 2002, and Wang et al., 2005).

The precise

mechanism responsible for the antibacterial activity of copper has not been fully
understood yet, but it is believed to be due to blockage of the enzyme system involved in
bacterial respiration (Hassen et al., 1998) or disruption of the cell envelope (Wang et al.,
2005). There was no significant effect between fibre diameters in all CuO containing
formulations in contrast to the controls. Therefore the dominant effect was due to the
incorporation of CuO. However, fibres with 10 mol % CuO proved to be most effective in
delivering sufficient amounts of antibacterial Cu2+ to prevent colonisation and reduce the
number of viable bacteria in the local environment.

Many biomaterial-associated infections are composed of just a few species and nearly 80
% of the bacteria involved are S. epidermidis. This organism is an ever-present resident of
human skin and mucous membranes that rarely causes infections in normal hosts. But as
an opportunistic pathogen gains access through the skin via wounds and implants (Gotz,
2002). Copper incorporated phosphate-based glass fibres, particularly those with 10 mol
% CuO, could be prepared in a mesh form to be potentially used a wound dressing for the
treatment of sever bums, leg ulcers, pressure sores, and infected surgical wounds
providing both protection against ingress of micro organisms and when they dissolve they
release copper ions which could help to combat the infection. The highly degradable
nature of these fibres is beneficial for copper release, and these meshes would be used on
temporary bases.
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Copper incorporated phosphate glass fibres could also be potentially used as sutures which
are probably the largest group of devices implanted in humans.

Regardless of the

composition, a suture is a foreign body to human tissue which may elicit a foreign body
reaction to some degree. Being degradable, phosphate glass fibres will release copper as
they degrade. The brittle nature of these materials, however, may be a potential problem
and considering coating them with either synthetic or natural polymer may have an affect
the copper ion release.

The incorporation of copper containing phosphate glass fibres into bone cement used for
fixation of orthopaedic devices such as hip replacement devices could also be considered.
The antibacterial ions released from the bone cement into the surrounding tissue around
the replacement device help to reduce the number of bacteria left in the operative wound.
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Chapter 4
Iron Containing Phosphate Glass Fibres
4.1.

Introduction

In this chapter, fibres of the quaternary glass system based on 50 P2O5-3 O CaO-(20-x)
Na2 0 -x Fe2C>3 where x is either 1, 2, 3, 4, or 5 mol % as given in Table 4.1 were
produced and characterised for potential tissue engineering applications. The thermal,
degradation properties, pH change, ion release (cationic and anionic species), and the
morphological changes of the degrading fibres were investigated to give an overall
view of the relationship between Fe2C>3 content, fibre diameter and these properties.
Table 4.1: Glass codes and composition of glasses investigated.
Glass code

P 2O5 content CaO content Na2 0 content Fe2(>3 content
(mol %)

(mol %)

(mol %)

(mol %)

0

mol % Fe2C>3 50

30

20

0

1

mol % Fe2C>3 50

30

19

1

2

mol % Fe2C>3 50

30

18

2

3 mol % Fe2C>3 50

30

17

3

4 mol % Fe2C>3 50

30

16

4

5 mol % Fe2C>3 50

30

15

5

4.2.

Experimental

4.2.1.

Materials

4.2.1.1.

Raw Materials

4.2.1.1.L

Chemical Equations and Compositional Calculations

The precursors used in the preparation of this glass system are given in Table 4.2.
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Table 4.2: Raw materials used in glass preparation.
Raw materials
Sodium

di-hydrogen

Supplier
orthophosphate

BDH, UK

anhydrous (NaF^PO^
Calcium carbonate (CaCOs)

BDH, UK

Di-phosphorus pentoxide (P2O5)

BDH, UK

Iron III oxide (ferric oxide) (Fe203)

BDH, UK

The amounts of precursor materials were calculated using the same equations for
copper containing quaternary glasses described in Section 3.2.1.1.1. For calculation of
the required amount of Fe2C>3, the molecular weight of Fe2C>3 is 159.69 g.mol'1. If the
required glass composition contains 0.03 Fe203 , the amount of Fe2C>3 should
be (0.03 x 159.69) = 4.78 g. In general for all precursors used, only half of the weights
calculated were used in order to avoid foaming of the glass over the crucible edge
during melting.
4.2.1.2.

Methods of Preparation

4.2.1.2.1.

Bulk Glass Preparation

Preparation of iron containing bulk glasses was similar to copper containing glasses
except that the melting started at 700 °C for half an hour to allow for the removal of
H2O and CO2 evolution, and to avoid foaming of the glass melt. This was followed by
melting at 1100 °C for 1 h. Upon removal of the crucible from the furnace, the melted
glass was poured onto a stainless steel plate and left to cool to room temperature.
Once cooled, the glass was placed into a sealed plastic bag and stored in a desiccator at
room temperature.

X. J4. T-S JABou NeeC

4.2.1.2.2.

Tfi'D Thesis

Glass Fibre Production

The method used for the production of the glass fibres has been previously described
in Section 3.2.1.2.2. The temperatures used for pulling the iron containing glass fibres
are given in Table 4.3.
Table 4.3: Melt temperatures used for pulling fibres for different iron containing
glass compositions.
Glass composition

Melt temperature (°C)

0 mol % Fe2C>3

960

1 mol % Fe2C>3

980

2 mol % Fe2C>3

1010

3 mol % Fe2C>3

1020

4 mol % Fe2C>3

1025

5 mol % Fe2(>3

1040

4.2.2.

Methods of Characterisation

4.2.2.1.

Bulk Glass

4.2.2.1.1.

Density Measurements

Density measurements were carried out on three repeat specimens as previously
described in Section 3.2.2.1.1.
4.2.2.2.

Glass Fibres

4.2.2.2.1.

Fibre Diameter Measurements

The mean fibre diameters were obtained from an average of 50 fibres of bundles
embedded in resin using a digital image analysis system as described previously in
Section 3.2.2.2.I.
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Determination of Thermal Properties

Differential Scanning Calorimetry

An initial study was conducted on 3 mol % Fe2C>3 and pulled at 1600 m.min'1 to
determine a suitable heating rate and Tg measure that would be used for further studies.
The samples were heated, cooled, and reheated from 25 °C to 550 °C at various
heating rates of 10, 20, 50, 100, 150, 200 and 300 °C.min'1. It was observed the
baseline shift indicated the presence of Tgwas clearly seen using a heating rate of 100
°C.min'1. This heating rate was selected to calculate the Tg for the different glass
compositions.
As previously stated in Section 3.2.2.2.2., Tg can be extrapolated either by the onset of
the baseline shift or by the Vi ACP. When the Vi ACP and the onset of the baseline shift
were plotted against the heating rate as shown in Figure 4.1, a straight line was
observed from which the slope was calculated. By comparing the two slopes, the onset
of the baseline shift showed a lower slope than Vi ACP, which meant that the onset of
the baseline was little affected by the changing of the heating rate, as compared to the
lA ACP. Therefore, the onset of change in the endothermic direction (upwards) of the
heat flow of the first heating run was used to calculate Tg.
The samples were heated/cooled/heated at 100 °C.min'1 between 25 and 550 °C. The
effect of Fe2C>3 content and the pulling speeds on Tg was conducted on three repeat
specimens.
b)

Differential Thermal Analysis

The effect of Fe2C>3 content and the pulling speeds on Tg TCiand Tmwas conducted on
two repeat specimens as previously described in Section 3.2.2.2.2.
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Figure 4.1: Heating rate versus Tg as measured by onset and Vi ACp.

4.2.2.2.3.
a)

Determination of Fibre Degradation

Long Term Degradation Study

Initial degradation tests were carried out in deionised water on fibres produced at the
four different RPM for all compositions by ageing them up to 1 day, 1 week, 1 month
and 3 months. At these time points, the solution was removed, and the glass bottles
containing the fibres were placed in an incubator at 37 °C for 24 h to dry before the
final weight was recorded. The % weight loss (%wt, ) was calculated using equation
described in Section 3.2.2.2.3.
b)

Short Term Degradation Study

This study was carried out over 6, 24, 72 and 96 h for fibres pulled at 400 and 1600
m.min'1 for all glass compositions which were used for an in depth study. The
degradation rate, expressed in % weight loss.h'1, was taken from slope of % weight
loss against time.
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Determination of Surface Area to Volume Ratio of the Glass Fibres

The method used to determine the total surface area to volume ratio of the glass fibres
pulled at 400 and 1600 m.min'1 for all compositions was previously described in
Section 3 2 2 2 .4 .

4.2.2.2.5.

Ion Chromatography

The post-degradation medium of the glass fibres pulled at 400 and 1600 m.min'1 after
being diluted were used for ion release study.
a)

Cation Release

The method used to measure Na+ and Ca2+ ion release was carried out as previously
described in Section 3 2 2 2 .4 .
b)

Iron Ion Release

The measurement of iron release was carried out using the Dionex ICS-2500 ion
chromatography system (Dionex, UK).

Prior to running the samples, the ICS-2500

was calibrated using mixed iron (II) chloride (FeCb) and iron (III) chloride (FeCh)
(Sigma Aldrich, UK) as the reagents. 1000 ppm stock solution was made, from which
serially diluted 50, 20, 10 and 1 ppm standard solutions were prepared.

The

calculations of the amounts of both FeCh and FeCh required for the preparation of the
1000 ppm stock solution was carried out as previously described in Section 3.2.2.2.5
taking into account that the RAM of Fe = 55.85, and Cl = 35.45 g.mol'1; RMM of
FeCh and FeCk were 126.75 and 162.20 g.mol'1respectively.
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Anion Release

The method used to measure (PO4)3', (P2O7)4', (P3O9)3', and (P3O 10)5' ion release was
carried out as previously described in Section 3.2.2.2A.
4.12.2.6.

pH Change

The pH of the post degradation medium of fibres pulled at 400 and 1600 m.min’1 was
measured at each time point used in the degradation study. This measurement was
conducted using an Orion pH meter (Orion, U.K) with a glass pH electrode (BDH,
U.K.). The meter was calibrated using colourkey standard solutions (BDH, UK).
4.2.2.2.7.
a)

Scanning Electron Microscopy

Technique

The scanning electron microscope (SEM) utilises electrons to create very detailed 3dimensional images at much higher magnifications that are not possible with a light
microscope. Because the SEM illuminates the samples with electrons, the samples are
sputter coated to conduct electricity. The sample is then placed inside the microscope's
vacuum column through an air-tight door. Once a vacuum has been created in the
column, an electron gun emits a beam of high energy electrons, in the range of 0-40
kV: however, the beam diameter is too large to produce sharp images. Therefore, this
beam travels downward through a series of magnetic lenses designed to reduce the
diameter of the electron beam and focus the electrons to a very fine spot onto the
surface of the specimen. Near the bottom, a set of scanning coils move the focused
beam back and forth across the specimen, row by row. As the electron beam hits each
spot on the sample, secondary electrons are knocked loose from its surface. A detector
counts these electrons and sends the signals to an amplifier. The final image is built up
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from the number of electrons emitted from each spot on the sample. The actual
formation of the image requires a scanning system to construct the image point by
point.
b)

Method

Scanning electron microscopy was used to assess the morphological changes of the
glass fibres pulled at 400 m.min1 with 2 and 5 mol % Fe2C>3 during degradation in
deionised water compared to as produced fibres. For SEM, the air dried glass fibres
were cut with a sharp razor blade, and then mounted onto aluminium stubs with
conducting sticky tabs. The samples were sputter coated with gold palladium alloy
before being examined under the SEM (JEOL JSM-5500LV) operated at 10 kV.

4.2.2.2.8.

Statistical A nalysis

A one way analysis of variance (ANOVA) was carried out to assess the effect of
pulling speeds on the different fibre diameters obtained.

A two-way analysis of

variance (ANOVA) was used to assess the effect of composition and fibre diameter on
% weight loss, anion and cation release for all glass fibre compositions investigated.
Significance was detected at a level of 0.05 for all tests conducted. When significant
difference was found, a Dunnette t (2 sided) was carried out to set the significance of
each composition against the base line control. All statistical analysis was carried out
using the SPSS system for Windows (SPSS 12.0.1).
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4.3.

Results

4.3.1.

Bulk Glass

4.3.1.1.

Density Measurements

Figure 4.2 shows the mean density of the bulk glass as a function of composition. It
was observed that the density increased linearly with increasing Fe2C>3 content
incorporated into the glass.
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Figure 4.2: Bulk glass density as a function on iron oxide content.

4.3.2.

Glass Fibres

4.3.2.1.

Fibre Diameter Measurements

Figure 4.3 shows the fibre diameter measurements carried out for all the PGF
compositions investigated, which were pulled from speeds of 400, 800, 1200, 1600
m.min'1. A significant decrease (p < 0.05) in fibre diameters was seen with an increase
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in drum pulling speed. An average fibre diameter of 31.6 ± 6.5 pm was observed for
fibres pulled at 400 m.min'1. However, an average of 13.1 ± 1.3 pm was observed for
fibres pulled at 1600 m.min'1.
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Figure 4.3: Fibre diameter as a function of rig-pulling speed for iron containing
glass compositions.

4.3.2.2.

Thermal Properties

4.3.2.2.1.

Differential Scanning Calorimetry

Figure 4.4 shows DSC data of glass fibres pulled at 1600 m.min'1 for different glass
compositions as an example to show the effect of Fe2C>3 content on Tg. There was a
linear increase in Tg with increasing Fe2C>3 content. The recorded Tg for the ternary
glass composition (i.e. 0 mol % Fe2C>3) was approximately 400 °C, and the addition of
5 mol % Fe2C>3 increased the Tg to 450 °C. Figure 4.5 shows the DSC data of fibres
pulled at the four different speeds for 2 mol % Fe2C>3 composition as an example to
show the effect of pulling speeds on Tg. There was no obvious effect of the rig-pulling
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speeds, i.e., fibre diameters on Tg as there was no clear difference in the Tg between
the bulk glass and glass fibres and this was also confirmed for other composition as
given in Table 4.4.
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T a b le 4.4: Tg (°c) o f iron c o n ta in in g gla sses as m easured by DSC .
5 m ol %

0 m ol %

1 m ol %

2 m ol %

B ulk /fibres (m .m in' )

Fe20 3

F e20 3

F e20 3

Bulk glass

3 9 8 ± 1.1

4 1 6 ± 1.3

423 ± 1.5

433 ± 1.4

433 ± 1.4

439 ± 0 .5

Fibers pulled at 400

39 9 ± 0.5

413 ± 2 .3

426 ± 0.7

436 ± 2.7

436 ± 2 .7

444 ± 0.5

Fibers pulled at 800

40 2 ± 0.6

418 ± 3.2

423 ± 1.1

434 ± 1.4

433 ± 1.4

443 ± 0.2

Fibers pulled at 1200

399 ± 1.9

418 ± 1.5

424 ± 0.8

435 ± 3.4

435 ± 3 .4

445 ± 1.1

Fibers pulled at 1600

40 0 ± 1.5

418 ± 0.5

425 ± 1.5

436 ± 2 .6

436 ± 2 .6

434 ± 1.9

4.3.2.2.2.

3 m ol %

4 mol %
Fe2Q 3

Fe20 3

Fe20 3

D iffe re n tia l T h erm a l A n a ly sis

Figure 4.6 shows the DTA graphs of the 0 mol % Fe2 C>3 bulk glass and glass fibres
pulled at the four different speeds. These graphs were characterised by the presence of
a single sharp crystalline peak with two melting peaks. Glass fibres showed a slight
shift of the Tc peak to a high temperature by approximately 15 °C as compared to the
bulk glass.

Fibres pulled at 1600 m.min

Fibres pulled at 1200 m.min' *
u

l
I
J:

I

Fibres pulled at 800 m m m 'V

Fibres pulled at 400 m .min\ lT g
--------------------------------------

X
rA»

!c

o
^

Mr-

A
A

Tg

Bulk glass

O
*o
c
UJ

V r ml

200

300

400

500

600

700

800

900

1000

Temperature (°C)

F ig u re 4.6: D T A g ra p h s o f 0 m ol % F e 2 C>3 bulk glass and fibres pulled at different
sp eed s.
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Figure 4.7 shows the DTA graphs of 1 mol % Fe20 3 composition, the graphs showed
two crystallisation and melting peaks. The crystallisation peaks of the glass fibres
were shifted to lower temperatures than that of bulk glass. On the other hand, there
was no obvious difference between glass transitions and melting temperatures of the
bulk glass and fibres pulled at the four different speeds. Figure 4.8 shows the DTA
graphs of 2 mol % Fe20 3 composition, the graph had two crystallisation peaks and a
single broad melting peak, and upon magnification of the melting peak, it was easy to
identify a second melting peak. Figures 4.9, 4.10, and 4.11 show the DTA graphs of 3,
4 and 5 mol % Fe20 3 respectively, the DTA graphs showed two crystallisation and two
melting peaks, while a third melting peak could also be observed for the 5 mol %
Fe20 3.
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F igu re 4.7: D T A g r a p h s o f 1 m ol % F e20 3 bulk glass and fib res pulled at d ifferen t
sp eed s.
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It w as also clear from the D T A data that an increase in Tg was obtained with increasing
am ounts o f Fe20 3 incorporated into the glass; however, the crystallisation peaks
shifted to low er temperatures with increasing amounts o f iron oxide.
124

X. JA. X-S JABou NeeC

TfCD Thesis

4.3.2.3.

F ib re D eg ra d a tio n

4.3.2.3.1.

L o n g T erm D e g ra d a tio n S tu dy

Glass fibres with 0 mol % Fe2 C>3 completely degraded within several hours, while those
with 1 and 2 mol % Fe2 C>3 were completely dissolved in less than 1 week which was
not the case with the 3 to 5 mol % glass compositions. Figures 4.12, 4.13 and 4.14
show the degradation of glass fibres containing 3, 4 and 5 mol % Fe2 C>3 respectively up
to 3 months. From this study, it was observed that the % weight loss decreased with
increasing Fe2 C>3 content. Moreover, the % weight loss for the glass fibres increased
with increased pulling speeds i.e., decreasing fibre diameters. Fibres pulled at 400
m.min"1 degraded slowly compared with those pulled at 1600 m.min"1 for each of the
glass compositions.

The degradation process was not linear over time, and the

degradation levelled off after a certain % of weight loss.
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F igu re 4.12: P erc e n ta g e w e ig h t loss versu s tim e for glass fibres w ith 3 mol %
F e20

3

pulled at d iffe r e n t sp eed s.
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Figure 4.13: Percentage weight loss versus time for glass fibres with 4 mol %
Fe 2 0 3 pulled at different speeds.
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Figure 4.14: Percentage weight loss versus time for glass fibres with 5 mol %
Fe 2 C>3 pulled at different speeds.

4.3.2.3.2.

S h o rt T erm D eg ra d a tio n S tu dy

From the above experiment it was seen that each glass composition degraded at a
different rate. For this reason, another short term degradation study was carried out up
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to 96 h for fibres pulled at 400 and 1600 m.min"1 for all glass compositions. Figures
4.15 and 4.16 show the % weight loss against time for fibres pulled at 400 and 1600
m.min"1 respectively.

In general, all compositions tended to go through a rapid

degradation at the earlier time points (up to 24 h) which then decreased; therefore, over
the 96 h period the weight loss was not linear with time due to the static nature of the
environment. In order to calculate the effect of Fe2 ( > 3 content and fibre diameter on
the rate of degradation, the slopes of the weight loss up to 24 h were calculated and
presented in Table 4.5, and used as a measure of the initial degradation rate. As can be
seen, the degradation rate decreased with increasing Fe2 C>3 content for both fibre
diameters with all Fe2 ( > 3 containing glass fibres being significantly different (p < 0.05)
compared to the control ternary formulation (0 mol % Fe2 C>3 ). However, there were no
significant differences (p > 0.05) between the degradation rates of 1 and 2 mol %
compositions, and between those of 4 and 5 mol % compositions. There was a
reduction of two orders of magnitude in the rate of degradation by incorporating 5 mol
% Fe2 C>3 compared to ternary glass composition. Moreover, it was also observed that
fibres pulled at 1600 m.min'1 (giving an average diameter of 13.1 ± 1.3 pm) degraded
at a significantly (p < 0.05) greater rate than those having the same composition and
pulled at 400 m.min"1(giving an average diameter of 31.6 ± 6.5 pm), and this was also
observed from the preliminary long term experiment.
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F igu re 4.15: P e r c e n ta g e w e ig h t loss versu s tim e for glass fibres pulled at 400
m .m in ' 1 o f iron c o n ta in in g g la ss com p osition s.
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F igu re 4.16: P erc e n ta g e w e ig h t loss versu s tim e for glass fibres pulled at 1600
m .m in 1 o f iron co n ta in in g g la ss co m p o sitio n s.

4.3 .2 .4 .

D eterm in a tio n o f S u rface A rea to V olu m e R atio o f the G lass Fibres

Table 4.5 gives the calculated surface area to volume ratios for glass fibres pulled at
400 and 1600 m.min'1 for all compositions. It was clearly apparent that fibres pulled at
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1600 m.min'1 showed that the surface area to volume ratio, ranged from approximately
2 to 3 times higher than those pulled at 400 m.min'1.
Table 4.5: Fibre diameters, surface area to volume ratio, and degradation rate of
fibres pulled at 400 and 1600 m.min'1 for iron containing glass compositions.
C om position

F ibre d ia m eter (p m )

(m oi % )

T otal surface area/ total volum e

D egradation rate

(x lO^n'1)

(% h 1)

400

1600

400

1600

400

1600

m .m in'1

m .m in'1

m .m in'1

m .m in'1

m .m in'1

m.m in'1

0 mol % Fe20 3

23.4 ± 0 .9

13.14 ± 0.8

1.71

3.05

11.04

32.29

1 mol % Fe20 3

26.5 ± 1.7

12.35 ± 1.5

1.51

3.24

1.94

3.84

2 mol % Fe20 3

35.9 ± 2 .7

12.27 ± 1.7

1.12

3.26

1.41

2.73

3 mol % Fe20 3

34.2 ± 2 .8

13.47 ± 1.5

1.17

2.97

0.49

0.75

4 mol % Fe20 3

40.8 ± 2 .5

11.91 ± 1 .5

0.98

3.36

0.23

0.44

5 mol % Fe20 3

28.6 ± 2 .1

15.59 ± 1.5

1.40

2.57

0.17

0.21

4.3.2.5.

Ion C hrom atography

4.3.2.5.1.

Cation Release

Figures 4.17 and 4.18 show Na+ release, while Figures 4.19 and 4.20 show Ca2+ ion
release from glass fibres pulled at 400 and 1600 m.min'1 respectively. As it can be
seen there was an initial rapid increase in ion release, followed by a plateau or
reduction. This observed decrease in ion concentration in solution may indicate a
precipitation process taking place between 24 to 96 h within the static degradation
medium. Due to this precipitation process the slopes of the initial part up to 24 h were
used to calculate the apparent rates of ion release which are given in Table 4.6. Both
Na+ and Ca2+ were released at approximately the same levels. Glass fibres with low
Fe2C>3 released higher amounts of both cations than those with high Fe2C>3 content.
Intriguingly, however, although all glass compositions contained 30 mol % CaO, there
was a decrease in the Ca2+ ion release with an increase in Fe2C>3 content. In all
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compositions, the rate of Na+ and Ca2+ released were higher for fibres pulled at 1600
m.min'1than those pulled at 400 m.min"1.
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F igu re 4.17: N a+ relea se from fib res pulled at 400 m .m in ' 1 o f iron containing glass
com p osition s.
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F igu re 4.18: N a+ release from fib re s pulled at 1600 m .m in ' 1 o f iron containing
glass com p o sitio n s.
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F ig u re 4.19: C a2+ relea se from fib res pulled at 400 m .m in ' 1 o f iron con tain in g
g lass com p osition s.
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F igu re 4.20: C a 2+ relea se from fib res pulled at 1600 m .m in ' 1 o f iron containing
glass com p osition s.
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Table 4.6: Cation release data (ppm. mg^.h'1) of iron containing glass fibres
pulled at 400 and 1600 m.min'1.
Fe2 C>3 Content

Fibre pulled at 400 m.min' 1

Fibre pulled at 1600 m.min' 1

( mol %)

Na+

Ca2+

FeJ+

Na+

Ca2+

Fei+

0 mol % Fe203

0.74

0.81

0

1.31

1.34

0

1 mol % Fe2C>3

0.12

0.14

0.10

0.23

0.24

0.21

2 mol % Fe2C>3

0.08

0.09

0.09

0.12

0.15

0.18

3 mol % Fe2C>3

0.04

0.05

0.09

0.03

0.04

0.09

4 mol % Fe2C>3

0.01

0.02

0.08

0.04

0.05

0.04

5 mol % Fe203

0.001

0.01

0.05

0.02

0.02

0.02

4.3.2.5.2.

Iron Ion Release

Both FeCh and FeCh were used as the standard reagents for the detection of both Fe2+
and Fe3+. Interestingly, there was no Fe2+detected in the post degradation solutions for
all tested compositions; only Fe3+ was detected. Figures 4.21 and 4.22 show Fe3+
release as a function of time for phosphate glass fibres pulled at 400 and 1600 m.min'1,
respectively. The release pattern of the Fe3+ ions from these glasses proved to be more
complex than for the other ionic species investigated, with the lowest amount of Fe3+
ions released from the glass composition with the highest Fe2C>3 content.
Consequently, there was an inverse relationship between the amount of Fe3+ released
and the amount of Fe2C>3 in the glass. Fe3+ release was higher for fibres pulled at 1600
m.min'1than for those pulled at 400 m.min'1as given in Table 4.6.
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F igu re 4.21: Fe3+ release from fib res pulled at 400 m m in ' 1 o f iron containing glass
com p ositions.
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F igu re 4.22: Fe3+ release from fib res pulled at 1600 m m in ' 1 o f iron containing
g lass com p osition s.

4.3.2.5.3.

A n io n R e le a se

O nly three out o f the four anionic species investigated were identified in the post
degradation solution o f the iron glass system .

These were (P 0 4 )3' (Figure 4.23 and
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4.24), (P309)3' (Figure 4.25 and 4.26), and (P3Oi0)5’ (Figure 4.27 and 4.28) while,
(P2O7)4’ was released at only very low levels, and was not quatifiable.
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Figure 4.23: (PO 4 )3' release from fibres pulled at 400 m.min' 1 of iron containing
glass compositions.
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Figure 4.24: (PO 4 )3' release from fibres pulled at 1600 m.min' 1 of iron containing
glass compositions.
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Figure 4.25: (P3 O 9 )3' release from fibres pulled at 400 m.min' 1 of iron containing
glass compositions.
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Figure 4.26: (P3 0 c>)3‘ release from fibres pulled at 1600 m.min' 1 of iron containing
glass compositions.
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F igu re 4.27: (P 3 O 10 )5' release from fibres pulled at 400 m .m in 1 o f iron con tain in g
glass com p osition s.
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F igure 4.28: (P jO io)5- relea se from fib res pulled at 1600 m .m in ' 1 o f iron con tain in g
glass co m p osition s.

It

was seen that the release profile for the different anionic species showed the same

trends as those seen for the cations with the fibres having high surface area to volume
ratio yielding higher rates of release. The highest level of release was observed for the
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^

' anionic species. The release rate for this anion was also calculated from the

slope of the initial part up to 24 h and presented in Table 4.7.
Table 4.7: Anion release data (ppm. mg'1 h'1) for iron containing glass fibres
pulled at 400 and 1600 m.min'1.
Fe2 C>3 Content

Fibre pulled at 400 m.min' 1

(mol %)

(P04f

(P30 9) 3

(P3O10f

(PO4)3

(P30 9)3'

(P30 ,o f

0 mol % Fe2C>3

0.11

0.37

0.19

0.35

1.05

0.21

1 mol % Fe2C>3

0.12

0.37

0.03

0.18

0.57

0.07

2 mol % Fe2C>3

0.06

0.15

0.02

0.13

0.26

0.04

3 mol % Fe2C>3

0.05

1.3

0.02

0.08

0.07

0.02

4 mol % Fe2C>3

0.03

0.05

0.02

0.09

0.11

0.03

5 mol % Fe2C>3

0.03

0.02

0.01

0.05

0.04

0.024

4.3.2.6.

Fibre pulled at 1600 m.min' 1

pH Change

Figures 4.29 and 4.30 show the pH changes of the post degradation medium for fibres
pulled at 400 and 1600 m.min'1 respectively for all compositions.

In this static

deionised water environment, all glass compositions showed a gradual decrease in pH
from 5.7 (pH of deionised water) to around 3.5 to 4.5 for fibres pulled at 400 m.min'1
and 3 to 4.5 for fibres pulled at 1600 m.min1 over the 96 h period. The highest Fe2C>3
containing PGF showed the least pH changes.
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F igu re 4.29: pH c h a n g e s o f fib res pulled at 400 m m in ' 1 in deionised w ater.
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F igu re 4.30: pH ch a n g es o f fib res pulled at 1600 m .m in

4.3.2.7.

S c a n n in g E lectro n M icroscop y

4.3.2.7.1.

S h o rt T erm D e g ra d a tio n

1

in deionised w ater.

Figure 4.31 (a-c) shows the SEM of the 2 mol % Fe20 3 containing PGF before and
after incubation in deionised water. Cracks can be observed on the surface of the glass
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fibres after 6 h. However, glass fibres with 5 mol % Fe20 3 did not demonstrate any
significant morphological changes after 96 h as shown in Figure 4.31 (d-f).

(d)

(e)

F ig u r e 4.3 1 : S E M o f 2 m ol % F e 2 0

(f)

3

g la ss fib res pulled at 400 m .m in ' 1 (a) 0 d ay,

(b) a fte r b ein g in c u b a te d in d e io n ise d w a te r at 37°C for
5 m ol % F e 2 0
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h, (c) a fter 96 h, S E M o f

g la ss fib r e s p u lled at 400 m .m in '1. (d) 0 d ay, (e) after

6

h, and (f)

a fte r 96 h.

4 .3 .2 .7 .2 .

L o n g T erm D e g ra d a tio n

It was observed from the degradation data that 2 mol % Fe20 3 glass fibres pulled at
400 m.min'1, giving an average diameter of 31.6 ± 6.5 pm, completely degraded within
week. Therefore, SEM of the precipitate of completely degraded fibres showed the
presence of tube-like structures, which may have been formed out of this precipitate as
seen in Figure 4.32 (b). This precipitate was delicate to handle for SEM processing,
and some samples were left for a significant period of time to see if this structure was
maintained. After a year of incubation, another SEM was taken of the precipitate. It
can be seen that a well developed tube-like structure shown in Figure 4.32 (c, d) was
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present. Under higher magnification, formation of large aggregates can be seen on the
surface of this tube, and from these aggregates a small tube which represents a single
glass fibre can also be seen (arrows in Figure 4.32 (d).

(C )

(d )

F igure 4.32: S E M o f 2 m ol % F d O j glass fibres pulled at 400 m .m in ' 1 (a) 0 day,
(b) after b ein g in cu b a ted in d eion ised w ater for 7 days, (c) after 1 year, (d) 1 year
at high m a g n ifica tio n .

Moving from PGF containing 2 mol % Fe2 C>3 to the relatively stable composition
containing 5 mol % Fe2 C>3 , a clear difference could be observed between the two
compositions. Phosphate glass fibres with 5 mol % Fe2 C> 3 did not demonstrate any
morphological changes up to one week, when only a beginning of crack formation
could be seen. However, after three months of incubation, the fibres became hollow
and appeared as tubes [Figure 4.33(b)]. At six months and 1.5 year periods [Figure
140

T. J4. X-S JAhou WeeC

ThD Thesis

4.33(c-e)], the tube, on higher magnification, appeared to consist of several layers but a
further detailed study to determine the composition of these layers would be required.

(d)

(e)

F igu re 4.33: S E M o f 5 m ol % F e 2 0

3

glass fibres pulled at 400 m .m in ' 1 (a) 0 day,

(b) a fter bein g in cu b a ted in d eio n ised w a ter for 3 m onths, (c) after

6

m onths, (d &

e) after 1.5 yea r.

4.4.

Discussion

This chapter investigated the iron containing PGF composition developed for potential
tissue engineering application.

These were investigated to understand how the

chemistry and surface area of the fibres affect the release of ions, which in turn may
affect cell behaviour.

The thermal properties of glasses are also important, as it

provides an overview on the possible transformations through which the glass can go
at different temperatures and give valuable information on the morphological structure.
It was observed that by increasing the Fe2 C>3 content in the glass a linear increase in Tg
and density occurred. The density at room temperature increased from 2.58 to 2.72
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g.cm'3. This finding suggested that a more stable glass was produced by the addition
of Fe2 C>3 as observed by Concas et al. (1995) who found that increasing the Fe2 C>3
content in sodium phosphate glasses (1-x) NaPCV x Fe2 C>3 (x = 5, 10 and 15 mol %)
resulted in an increase in density. The authors found that the density value for glass
containing 5 mol % Fe2 0 3 was 2.76 g.cm"3, which was comparable to the 2.72 g.cm'3
obtained in this study, taking into account the difference in compositions.

The

increase in Tg with increasing Fe2 C>3 can be attributed to the formation of more crosslinked Fe-O-P chains, that limited the mobility of phosphate chains relative to each
other, and produced an increases in the density of the glass (Lin et al., 1994).
The results presented here suggested the same finding as with the copper containing
PGF where DSC and DTA techniques provided comparable Tg data as shown in Figure
4.34. Moreover, there was no observed major difference in the thermal properties
between bulk glass and fibres pulled at different speeds as confirmed by DTA. This
finding may suggest that the thermal history had no major effect on these properties.
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DTA graphs showed the presence of a single crystalline peak for the ternary glass (0
mol % Fe2C>3) along with two melting peaks as in Figure 4.6. This result suggested the
presence of a single crystalline phase within this composition. At 2 mol % Fe203 two
crystalline peaks with a single broad melting peak was identified, and upon
magnification of this broad peak, another small peak appeared as a shoulder region.
The presence of this second small peak was suggestive that a second crystalline phase
was present in small amounts.

For the 1, 3 4 and 5 mol % compositions, two

crystalline and two melting peaks could be identified which suggested the presence of
two separate crystalline phases within these compositions. However, a third melting
peak could also be seen for 5 mol % composition. This finding is in agreement with
the number of phases identified by Ahmed et al. (2004c) who carried out XRD
analysis on these glass compositions revealed the presence of three phases sodiumcalcium phosphate [NaCa(PC>3)3] (which constituted the main phase), iron sodium
phosphate [NaFeP2 0 ?] (identified for all composition except 1 mol % Fe2C>3); and a
calcium phosphate [CaP2(>6].
In this study, all tested glass compositions were metaphosphate glasses that were
composed entirely of indefinitely long chains and/or ring units i.e. Q2 species. These
species are the most susceptible species to degradation because the cross-link density
for the metaphosphate glass is zero (Walter et al., 2001). Brow (2000) claimed that the
properties of metaphosphate glasses are more affected by M-O-P (inter-chain) bonds
(M refers to metal ions) than P-O-P bonds. The role of modifying metal oxides is
different according to the coordination number or their electronic configurations.
Addition of monovalent cations such as Na+ leads to the breakage of P-O-P bonds with
the creation of non-bridging oxygens that are charge balanced with one Na+ as in
Figure 4.35 (a).
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Figure 4.35: Schematic representation of phosphate glass structure: (a) chain
structure, (b) cross link formation by Ca2+ ion (adapted from Uo et al., 1998).

However, there were different mechanisms suggested for the role of divalent cation as
Ca2+ in reducing the glass degradation. Firstly, Ca2+ with its two positive charges
could form either a cross-linked structure by forming ionic bonds with two non
bridging oxygens (NBO) in between the glass chains as in Figure 4.35 (b) (Bunker et

al., 1984, Delahaye et al., 1998, Uo et al., 1998, Hoppe et al, 2000, Franks, 2000).
Secondly, it could form a more stable and stronge structure such as a ring instead of a
chain (Kurkjian 2000). Thirdly, it could decrease the concentration of NBO sites,
hence, the reactivity of the glass with water from the leaching solution and the
diffusivity of water molecules and cations through the glass (Cacaina and Simon,
2003). Fourthly, it could slow down the formation of a hydrated layer on the glass
surface by obstructing the diffusion of water molecules into the glass (Gao et al.,
2004a). Trivalent cations such as Al3+ or Fe3+ can act as network forming oxides and
accordingly they enter the PO4 tetrahedron backbone forming Al-O-P or Fe-O-P bonds
that strengthen the glass network (Gao et al., 2004a).
In this study, trivalent Fe3+ ions replaced the monovalent Na+. Iron is one of the
transition metals that can exist in more than one electronic configuration i.e., in more
2"b

than one valence state where it can exist as Fe

3+
or Fe . The results in this study
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showed that substitution of Fe20 3 for Na20 greatly reduced the degradation of PGF.
This was also found by Yu et al. (1997b), Marasinghe et al. (1997) and Ray et al.
(1999) who explained the improvement in chemical durability of iron phosphate glass
to the formation of Fe-O-P bonds which are more strong and hydration resistant at the
expense of P-O-P bonds. However, it was unclear whether Fe existed as Fe2+ or Fe3+
since the valence state of iron in the glass would have a different effect on the glass
properties. Fe3+ was more likely to act as a network former; however, Fe2+ would
more likely act like a network modifier, and would improve the chemical durability to
a lesser extent than would Fe3+ (Yu et al., 1997b). Alternatively, Ray et al. (1999)
reported that the chemical durability is improved regardless the concentration of Fe2+
and Fe3+ in the glass.
There are several factors which would affect the iron valence in the glass. Firstly, the
iron content in the glass, where increasing the iron content leads to a decrease in Fe2+
and an improvement in the durability of the glass (Yu et al., 1997b). Secondly, the
processing temperature has a stronger effect on iron valence than time (Yu et al.,
1997b and Ray et al., 1999). There would be an increase in Fe2+ concentration with
increasing the melting temperature of glass preparation. Thirdly, the chemicals used
for glass preparation; it was observed that the valence state of iron was more sensitive
to the reducing ability of these chemicals.

For example, glasses prepared with

NH4H2P0 4 would be expected to contain considerably more Fe2+ than those prepared
with P2C>5. This was due to the release of NH3 during degradation of NH4H2PC>4 that
acts as a reducing agent (Marasinghe et al., 1997 and Yu et al., 1997b).
The valence state of iron would affect the glass structure and properties by its position
within the glass (Yu et al., 1997b, Melankovic et al., 2001). Yu et al. (1997b)

145

T. J4. X-S JA6ou NeeC

PhD Thesis

proposed a model for the Fe in the iron-phosphate glass with a pyrophosphate
composition as shown in Figure 4.36.
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Figure 4.36: Idealized structure for iron pyrophosphate glass showing the
position of Fe2+ and Fe3* ions (adapted from Yu et al., 1997b).

This model proposed that the smaller Fe3+ occupy tetrahedral or octahedral sites, or a
highly distorted octahedral position within the backbone of the glass in place of P-O-P
bonds with the exception of a P-O-P bond that was present in the P2O7 group.
However, the larger Fe2+ occupied an octahedral position between the glass chains.
From the preliminary long term degradation study, the degradation presented as %
weight loss was not linear over time, and the degradation levelled off after certain
percentage of weight loss. This could be due to the static environment in which the
study was carried out which favoured the precipitation. It was also observed that glass
fibres with 0 to 2 mol % Fe2C>3 were highly degradable compared to those with 3 to 5
mol %. Moreover, there was an inverse relationship between the fibre diameter and
the degradation with fibres pulled at 1600 m.min' 1 showed the highest degradation.
These findings were also confirmed by the short term study carried out over 96 h to
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study the effect of both composition and fibre diameter using only fibres pulled at 400
and 1600 m.min'1on the degradation rate. From this short term degradation study, the
degradation rate, calculated from the slope of the linear portion of the weight loss %
against time curve up to 24 h, decreased with increasing Fe2C>3 content for fibres pulled
at 400 and 1600 m.min'1. Compared to the control ternary composition, there was a
reduction by two orders of magnitude in the degradation rate by incorporating 5 mol %
Fe2C>3.
The calculated degradation rate based on the values given in Table 4.5 was in the range
of 2.7 x 10"6 to 4.5 x 10'8 g.cm^min'1. This rate falls in the range reported by Bunker
et al., (1984) who stated that the rate of phosphate glass degradation ranged over four
orders of magnitude from 1O'4 to 10'9 g.cm^min'1. It has also been reported that the
iron modified phosphate glass can degrade as slowly as 10'8 g.cm^ h'1 (Parsons et al.,
2004b). Conversely, the rate of degradation obtained in this study was one order of
magnitude higher than that measured by Rinehart et al. (1999), which was quoted at
10.9 x 10'9 g.cm^min'1. In Rinehart’s study, the degradation was carried out on
bundles of fibres with composition of (54 P04-27 CaO-12 ZnO- 2.5 Na3P(V4.5
Fe2C>3) in phosphate-buffered saline (PBS). A lower rate of degradation would be
expected in PBS than in deionised water due to a higher ion concentration.
Theoretically, by using the calculated rate of degradation from the slopes of the %
weight loss versus time over 24 h, it can be assumed that the fibres pulled at 400
m.min'1(giving rise to an average fibre diameter of 31.6 ± 6.5 pm) would completely
degrade within 9, 52 and 92 h for fibres with 0, 1 and 2 mol % Fe2(>3 respectively.
However, in practice, due to the static environment in which the study was carried out,
which may have lead to solution saturation followed by ion precipitation and/or
reduced rates of degradation, the fibres took a longer time to completely degraded.
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This could be due to the increase in the concentration of solution around the fibres by
the dissolved phosphate chains and cations, which could in turn decrease the
dissolution dynamic force (saturation effect) as reported previously by Reinhart et al.,
(1999). The saturation effect can also be used to explain the observed non linear
behaviour observed after 24 h. In a similar study carried out by Delahaye et al. (1998)
on metaphosphate bulk glasses in an acidic solution [pH = 3] up to 300 minutes, the
degradation was linear only up to 100 minutes, which then decreased showing non
linear behaviour. The proposed explanation was the increase in the ionic strength of
the solution leading to an increase in the electrostatic interaction in the hydrated layer,
and this was responsible for the observed decrease in degradation and the non-linear
behaviour obtained.
The fibre degradation behaviour of the iron containing glasses followed an exponential
relationship against Fe2 C>3 content as shown in Figure 4.37, which closely mirrored the
behaviour observed for the bulk glasses containing iron (Ahmed et al., 2004, Parsons
et al., 2004b).
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From Figure 4.37, the degradation rate was higher for fibres with smaller diameters
(pulled at 1600 m.min'1) than those of higher diameter (pulled at 400 m.min'1). This
can be assumed to be due to a higher surface area to volume ratio. However, if the %
weight loss.h'1 was normalised to the surface area, and then plotted against Fe2C>3
content the same exponential relationship could be obtained but in a reverse order.
Hence, the fibres pulled at 1600 m.min'1 showed lower values than that of fibres pulled
at 400 m.min'1. This suggested that the degradation process was more complex than
expected.
The ion release study is important since the ions released from a biomaterial into the
surrounding environment may affect cellular behaviour and function. Unlike silicate
glass, dissolved phosphate chain and rings are quite stable in aqueous environment and
only hydrolyse slowly, and under normal conditions, phosphates in aqueous solution
never polymerise, as a result the application of chromatographic technique is useful
(Sales et al., 2000).
As it can be observed from the release data, there was an initial rapid increase followed
by a decrease or plateau in all cation release.

This behaviour was particularly

prominent for phosphate glass fibres with 0-2 mol % Fe203 . This observed decrease in
ion concentration in solution may indicate a precipitation process taking place between
24 to 96 h within the static degradation medium. This was confirmed by the presence
of precipitates that were visually seen at the bottom of the glass vials holding the fibres
during the degradation study. The decrease of Na+ release with increasing Fe2C>3
content can be attributed to two processes; the replacement of Na2 0 with Fe2C>3 with
the associated reduction in the amount of Na+ in the glass, and the increase in
durability of the glass with increasing Fe2C>3 content. Accordingly, as can be expected,
the glass with no Fe2C>3 showed the highest levels of Na+ released. Intriguingly,
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however all glass compositions contained 30 mol % CaO, there was a decrease in Ca2+
release with an increase in Fe 2 C>3 content. This confirmed that the amount o f Ca
j I

released was affected by the degradation rate.

In the same way, the highest Fe

released was observed for the glass with the lowest Fe2 C>3 content which may suggest
that the release o f Fe3+ was dictated by the glass degradation rather than the amount o f
Fe3+ available in the glass. In all compositions, both the amount and rate o f Na+, Ca2+
and Fe3+ ions released were higher for fibres pulled at 1600 m.min' 1 than for those
pulled at 400 m.min ' 1 and this was related to the surface area to volume ratio effect as
shown in Table 4.6.

All anionic species release rates decreased with increasing Fe2 C>3 content; the highest
release was observed for the cyclic P3 O 9 3' metaphosphate anion when compared to the
orthophosphate PO4 3' and the linear P3 O 105’. This finding suggested that a relatively
significant proportion o f the P3 O 9 3' anion was present in the original glass structure as
reported for similar ternary-based phosphate glass systems (Ahmed et al., 2004c). As
was shown in the cation release, fibres with the greater surface area to volume ratio
yielded greater rates o f release.

The release o f these phosphate species into the

surrounding medium could be confirmed by the reduction in pH that was observed
over the degradation time.

Since the dissolution o f these species into the deionised

water could form phosphoric acid, and this was also be found by Reis et al. (2001).

From the above, it was clear that both Na+ and Ca2+ released at the same rates, and

P3 O9 3' was released at the highest amount compared to the other anions species. This
finding suggested that these three ions played a major part in forming the precipitate
that was seen at the bottom o f the glass vials. This could be confirmed by finding o f
Ahmed et al. (2004c) who performed an XRD study on these glass compositions, and
their results indicated that sodium calcium phosphate [NaCa(P03)3] constituted the
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main phase of all glasses tested. At the same time there was no P2 O7 4' detected in the
leached solution for iron containing glass fibres even though NaFeP2C>7 was the
dominant phase for the higher Fe2<I>3 content glass. This may be explained by the Yu
et al. (1997b) model shown in Figure 4.36 where each P2 O7 species was strongly
bonded to two Fe3+ ions that masked the release of P2 O7 .
The morphological changes due to degradation studied with SEM suggested that the
degradation process began with the formation of an outer hydrated gel layer. The
cracks seen in on the surface of the fibre may be disintegration of this gel layer during
the drying process for SEM preparation. This outer layer has also been observed by
Choueka et al., (1995) on the surface of the phosphate glass fibres.

Moreover,

Delahaye et al. (1998), Clement et al. (1999a,b), and Gao et al. (2004b) reported that
dissolution of metaphosphate glass occurred with the formation of hydrated phosphate
chains of several micrometers of thickness on the glass surface that separated in
solution without hydrolysis. This was confirmed by solid state MAS-NMR study
where the degraded glass sample maintained the same structure and composition of the
bulk glass (Delahaye et al., 1998). In literature, this layer was suggested to have a
similar network structure to the parent glass except that the alkali and alkali earth ions
had been replaced with hydrogen, plus one or more water molecule thus this structure
was referred to as a hydrogen glass. Furthermore, this hydrogen glass undergoes
localised hydrolysis and condensation over time to form a gel layer (Cacaina and
Simon, 2003). Therefore, the reduction in pH of the medium during degradation may
be accounted for by the hydrated phosphate chains dissociating into phosphoric acid.
By ageing over a longer period of time between 1 to 52 weeks, the precipitate formed
due to the completely degrading fibres with 2 mol % Fe203 showed formation of tube
like structure which was firstly observed by Knowles (2003) who found that the PGF
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were able to form polycrystalline tubes when they degraded.

However, with the

relatively slow degrading fibres containing 5 mol % Fe2C>3 showed this tube structure,
but at relatively longer time (12-78 weeks) which may further support the finding that
the fibres degradation rate inversely related to the amount of Fe2C>3 in the glass. The
mechanism of this tube formation is still not understood, and a further study will be
required to help identify this mechanism. One suggested theory for this tube formation
could be precipitation/reprecipitation process.

This theory could be explained by

separation of the hydrated layer that formed at the initial stage of degradation from the
underlying core of the glass fibre.

Eventually, the peeling of this layer into the

surrounding medium occurred when it became totally hydrated. Dissociation of this
separated layer into small species then occurred, and these small species started to
build up in the surrounding medium. At a longer time period, when the medium
became saturated with these species, their reprecipitation occurred around the core of
the degrading fibres. In such case, the degrading fibres act as template for small
species to build on. This theory could be employed for explaining the tube formation
with 2 mol % Fe2C>3 fibres.

With 5 mol % Fe2C>3 fibres, on the other hand, the

mechanism seemed to be different since the fibres have a different morphology. It is
more acceptable that the hydrated layer could not leach into the medium, but acts as a
protective layer, while the fibres degrade internally from the core under the protective
outer hydrated layer.
This iron containing phosphate glass fibres particularly those with 3 up to 5 mol %
Fe2C>3 could be potentially used as a 3-D scaffold for soft such as muscle, ligament and
tendon and hard tissue engineering application such as bone.

The glass fibres

degradation rate was a decisive factor in determining the nature of cell-glass fibre
composition interaction, and the more soluble glass fibres failed to support the
viability of cells as observed by Bitar et al., (2005). Also these glass fibres could be
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potentially used in combination with either natural or synthetic polymers to provide the
channel like structure within these polymers which may help the ingrowth of
vascularisation and the diffusion of nutrient and waste through the scaffold.

4.5.

Overall Discussion for the Phosphate-Based Glass
Fibres

The potential use of phosphate glass fibres (PGF) as biomedical materials was
investigated using two different quaternary glass systems. Two modifying oxides, CuO
and Fe2C>3 were incorporated into the highly soluble ternary glass system (in molar
fraction) 50 P2O5-3 O CaO-20 Na2 0 developed for either antimicrobial or tissue
engineering applications. These additional oxides were incorporated into the glass
structure by partially substituting Na2 0 . Fibres of different diameters were produced
for each glass system from the melt by changing the setting of a custom made in house
fibre rig. The effect of both composition and fibre diameter on thermal, structural
properties, degradation and ion release both the cationic and anionic species was
carried out.
Copper and iron are transition metals that can exist in more than one electronic
configuration. Aside from the actual valence state of each ion, partial replacement of
Na+by Cu2+ or Fe3+ produced an increase in density, thermal stability, and durability as
measured by the degradation behaviours of glass fibres. This effect may be related to
an increase in the cross-link density of the phosphate network together with the
formation of the more water resistant Cu-O-P or Fe -O-P bonds compared to P-O-P
bonds.

However, Fe3+ had a more pronounced effect than Cu2+ on the above

mentioned properties, the most striking the degradation rate of the fibres. The addition
of Fe2C>3 only up to 5 mol % produced a decrease in degradation rate by two orders of
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magnitudes compared to the ternary formulation. Additionally, glasses with different
degradation times ranging from several hours to weeks can be produced with
incorporation of different amount of Fe2C>3. As previously noted, under the given test
conditions, copper containing glass system was completely degraded within several
hours even when incorporated at 10 mol %. On the other hand, glasses with 0 and 1
mol % Fe203 completely degraded within several hours, 2 mol % Fe203 within a week,
while those with more than 3 mol % remained for several weeks. This difference in
behaviour of the two glass systems may reflect that when both Cu and Fe are
incorporated in the glass, they have different roles, since Cu act only as network
modifier while Fe can act as both network modifier and/or former. It was known the
network former has strongest effect on the glass properties, e.g. Al+3. The degradation
rate followed an inverse linear relationship against CuO content however, it followed
inverse exponential behaviour against Fe2C>3. Also, plotting the degradation rate
against density for copper containing PGF followed an inverse linear relationship as
shown in Figure 4.38; however, an inverse exponential relationship was observed for
iron containing glass fibres as given in Figure 4.39. These findings reinforced the
hypothesis that the role of both Cu and Fe is different.
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Figure 4.39: Degradation rate against bulk density of iron containing phosphate
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Not all glasses make fibres, but in this study both glass systems were effectively pulled
into fibres of different diameters within micrometer scale by controlling the drum
speed. It was observed that there is an inverse relationship between fibre diameter and
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the rig-pulling speed. The range of fibre diameters obtained in this study fell in the
range of 12-37 pm. Generally, fibres falling in 5-50 pm range were suitable for most
types of cells to orient and rapidly grow along them which could be useful in tissue
engineering applications Curtis and Riehle (2001). Both glass systems made fibres of
the same diameter although they were pulled through different temperatures. The
results also suggested that the glass fibres maintained the same thermal characteristics
of bulk glass, and the fibre diameter had no major effect on thermal properties.
However, the fibre diameter had a pronounced effect on the degradation rate and
consequently on ion release.
The ion release study showed two common features for both glass systems. Firstly,
both Na+ and Ca2+ released in the same amount for each glass compositions, also
(P3 O9 )3" was present in the highest amount for anion species in the post-degradation

medium. This finding indicates that these three species may constitute the major
components in the glass structure, and this is in agreement with the XRD study which
showed that NaCa(PC>3)3 is the main phase for these glass compositions (Ahmed et al.,
2004c). Secondly, (P2 O 7 )4' is released in little or no amount for copper and iron glass
system respectively.

This similar trend for both systems may be related to the

connection between them represented in fixed amount of both P2 O5 and CaO mol %.
It was observed that Fe3+ release is inversely related to the amount of Fe2C>3
incorporated in the glass, where the glass with the lowest Fe2C>3 content (lmol %)
released the highest amount of Fe3+ compared to glass with the highest Fe2C>3 (5 mol
%).

This was not the case with copper system, which can be considered as

advantageous for the copper system that was proposed for antibacterial delivery use.
The antibacterial susceptibility against S. epidermidis showed that the addition of CuO
into PGF was effective in reducing the number of bacteria attached to the fibres, which
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was dose dependent. However, the fibre diameter had no significant effect except for
the ternary PGF control. Therefore, the dominant effect was the composition with 10
mol % CuO were the most effective in preventing colonisation and reducing number of
viable bacteria in the local environment. PGF with 10 mol % could be a promising for
potential wound healing applications.

Nevertheless, in general this glass system

(within the range of tested compositions) is highly degradable, and further
modification by introducing a higher amount of CuO would be needed, however the
cytotoxicity issue of copper should be considered in this case.
Iron containing PGF seem to be promising substrate for potential tissue engineering
applications such as muscle, ligament, tendon, and bone, particularly those with 3 up
to 5 mol % Fe2 0 3 . PGF containing 0 to 2 mol % Fe203 did not support cell growth
more than week as observed by Bitar (2005), and this could be explained by the high
degradation nature of these compositions. Moreover, upon degradation, these PGF
form tube-like structure. In such case, they could be potentially used in combination
with either natural or synthetic polymers to help the ingrowth of vascularisation and
the diffusion of nutrient and waste through the scaffold, and also for cell
transplantation.
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Chapter 5
The Investigation of Plastic Compression of
Collagen Gels for the Production of Dense
Scaffolds
5.1.

Introduction

This chapter investigated the mechanical and viscoelastic properties of reconstituted
collagen gels under unconfined compression. This was performed by analysing the
gels through quasi-static mechanical properties, dynamic mechanical analysis, and
creep/recovery tests under different loading regimes. This was carried to investigate
the mechanism of the plastic compression (PC) technique for preparation of tissue
analogous implants based on collagen. Dense collagen scaffolds were produced by PC
through a combination of compression and blotting actions, and characterised in term
of weight loss, morphology, thermal, and tensile mechanical properties.

5.2.

Experimental

5.2.1.

M aterials

5.2.1.1

Raw Materials (listed in Table 5.1)

Table 5.1: Raw materials used in collagen gel preparation.
Materials

Supplier

Rat Tail Collagen (Type I) Solution

First Link Ltd, UK.

Dulbecco’s Modified Eagles Medium

Sigma-Aldrich Co., UK.

(xlO DMEM)
Sodium Hydroxide (5 M NaOH)

BDH, UK.
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Method of Gel Preparation

Collagen gels were prepared by neutralisation of 3 ml of sterile rate tail type I collagen
(2.1 mg.ml'1 protein in 0.6 % of acetic acid), 0.35 ml of 10 x concentration of
Dulbecco’s Modified Eagle’s Medium (DMEM) with 5 M sodium hydroxide to initiate
the temperature dependant gelation process during which the collagen solution
assembled into linear filaments, which then aggregated to form fibrils. The neutralised
collagen was left to set at 37 °C, in a 5 % CO2 incubator for 30 minutes.

5.2.2.

Methods of Characterisations

5.2.2.1.

Investigations into Unconfined Compression of Collagen Gels

This study was carried out using a Dynamic Mechanical Analyzer (DMA-7e, PerkinElmer Instruments, USA).
5.2.2.1.1.

Technique

The DMA-7e has been frequently used in materials science to characterize the
mechanical and viscoelastic behaviour of materials (Nazhat et al., 2000, 2001, 2004,
Rich et al., 2002, Bleach et al., 2002, Blaker et al., 2004). It is composed of four
functional components: motor, detector, environmental, and measuring systems as
shown in Figure 5.1.
The DMA-7e uses a linear force motor which can produce a downward force of 8500
mN and an upward force of 6500 mN. Dynamic force can be applied at frequencies
from 0.01 to 51 Hz. The force is applied to the sample through the central core rod
which is suspended in a magnetic field. The detector, a linear variable differential
transducer (LVDT), measures the vertical deflection of the sample.

The LVDT

provides high sensitivity and repeatability for accurate measurements.
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Figure 5.1: Cross section of dynamic mechanical analyzer (from DMA-7e, PerkinElmer manual).

The environmental system includes the purge gas, cooling device, and furnace, to
allow the analysis of the material during cooling as well as during heating experiments.
The measuring system holds a sample in place for testing with the DMA-7e and can
accommodate a number of sample geometries and sizes. The systems used in this
study were parallel plate and extension analysis measuring systems which are shown in
Figure 5.2 a and b.

Diameter ( d )-*

F

Height [y)

(

_L_b

Heij
Sample

(a)

Statelets Steel
Tangential Clamp

(b)

Figure 5.2: (a) The parallel plate and (b) extension analysis measuring system
(from DMA-7e, Perkin-Elmer manual).
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a)

Theory of Dynamic M echanical Analysis

Viscoelastic materialscombine

the behaviour of both solids and liquids. The

behaviour of an ideal solid ismathematically described byHooke’s Law, which states
that the strain ( s ) of the sample is directly related to the applied stress (cr), and the
proportionality constant known as Young’s modulus (E ) as given in equation (5.1).
E=—
£

(5.1)

Where a is the applied force ( F ) per unit area ( A ) as in equation (5.2).
F
A

ct = -

(5.2)

However, £ is the change in dimension per unit dimension. The ideal solids will
recover completely after the removal of the applied stress.

Deviations from this

relationship occur whenever the applied stress exceeds the elastic limit of the material
i.e. irrecoverable sample deformation has occurred.

However, for ideal liquids,

Newton proposed that the applied stress is proportional to the rate of strain

d£
, the
dt

proportionality constant being referred to as viscosity (tj) as in equation (5.3).

7 = f4 - t
d£
~dt

(5-3)

The response of an ideal liquid is time dependent to the applied stress i.e. dependant on
the strain rate, and not on the strain itself. Deviations from this relationship in liquids
occur in pseudoplastic and dilatant systems. The solid bodies store the applied energy
and use this energy to recover from the deformation induced by the applied stress;
whereas, the liquids dissipate the energy as heat and do not recover from the
deformation. Viscoelastic materials combine both solid (elastic) and liquid (viscous)
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properties, where the applied stress is proportional to the resultant strain and the strain
rate.
In dynamic mechanical analysis (DMA), a sinusoidal stress or strain is applied to the
sample and the mechanical response is measured as a function of oscillatory frequency,
temperature, or time. For a Hookean solid, the maximum strain is observed at the
same instance of the maximum stress. Conversely, a Newtonian liquid will exhibit a
90° phase lag to an applied stress. Viscoelastic materials will exhibit phase angles
between the two extremes (Jones, 1999 and Krishnan et al., 2004) as shown in Figure
5.3.

DMA measures the dynamic moduli ( E x and E") and tankas a function of time,
where E x is the elastic or storage modulus, Eu is the viscous or loss modulus, and
tan 8 is the mechanical loss tangent or phase angle.

Phase angle
8 = 90 •

P h a x angle

S_0*

0 ”<5<90®

Strain

Viscoelastic

(a)

(b)

(c)

F igu re 5.3: M a te r ia l r e sp o n se (stra in ) follow in g application o f an oscillatory
stress for (a) an id ea l so lid , (b) an ideal liquid, and (c) viscoelastic m aterials (from
J o n es, 1999).
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The storage modulus, a measure of the energy stored within the material during
deformation that will recover immediately after removal of load, reflects the solid like
component of the viscoelastic material, and is calculated from equation (5.4).
Ex = — cos S
Where:

gqis

(5.4)

the dynamic stress amplitude, sQ is the dynamic strain amplitude, and

S is the sample phase angle.
The loss modulus, a measure of the energy dissipated during deformation, reflects the
liquid-like component, and it is calculated from equation (5.5).
(5.5)
The phase angle, a measure of damping, gives an indication of state or phase of a
material, and it describes the lag in time between stress and the strain sine waves. It
also indicates relative importance of both viscous and elastic behaviours, and is
calculated from the relationship between the loss and storage modulus as in equation
(5.6).
w

tan 8 - —

(5.6)

Materials with tan S of less than one exhibit more elastic behaviour; they may have a
relatively high storage modulus and may behave like a solid. Materials with a tan£ of
more than one exhibit more viscous behaviour; they may have relatively high loss
modulus, and behave more like a liquid.
b)

Theory of Creep and Recovery Analysis

A common characteristic of viscoelastic systems is that the material continues to
deform as a function of time; this phenomenon is referred to as creep. For the creep
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and recovery test, an initial constant compressive stress is applied to the sample, and
the resulting deformation is measured as a function of time. After this creep part, the
compressive stress is removed and the recovery part commences; the response of the
sample during recovery is also recorded. In viscoelastic materials, the instantaneous
response to the applied stress corresponds to the elastic component, while the gradual
deformation that follows is due to the viscous component within the material. When
the stress is removed, the recovery response will be due to the elastic component,
while the non-recoverable portion is due to the viscous portion as shown in Figure 5.4.
Stress applied at
Stress removed at t|

Stress

Creep
Strain

Sample recovery following

removal of stress
time

F igure 5.4: T y p ica l creep resp o n se o f viscoelastic solids (from Jones, 1999).

5.2.2.1.2.

a)

M e th o d s

Q u a si-S ta tic M e c h a n ic a l A n a ly sis

This test was used to characterise the stress-dependant properties of materials.

It

applied a linearly increasing quasi-static stress to the sample, and the resultant
deformation was recorded as a function of the applied stress. The test was conducted
on ten repeat cylindrical-shaped specimens prepared by casting 700 pi of neutralized
collagen suspensions into 12 mm diameter well plates (Perkin Elmer Life Sciences,
UK), and set as previously described in Section 5.2.1.2. A DMA-7e with parallel plate
measuring system was used for this study. Before starting the run, the system was
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allowed to equilibrate at room temperature until the probe position became relatively
stable. The sample height was measured before starting the test and the top plate
diameter (10 mm) was used as the testing diameter. The effect of two loading rates on
the response of the gels was investigated. An increasing static force from 10 to 1110
mN was applied to the sample at 100 and 500 mN.min'1(1273.2 and 6366 N.m^.min'1
respectively). The stress-strain relationship was obtained, and the software (Pyris™
version 5 software, Perkin-Elmer, UK,) also calculated the corresponding modulus of
elasticity to be used as an indicator of the material stiffness or rigidity.

b)

D ynam ic M ech a n ica l A n alysis

Dynamic mechanical analysis was used to assess the time-dependant behaviour of
materials by monitoring changes in strain and phase. A static force of 100 mN,
(equivalent stress of 1273.2 N.m'2) superimposed with 50 mN (equivalent stress of
636.6 N.m'2) dynamic force at frequency of 1 Hz was applied to ten repeat cylindrical
shaped specimens as in Figure 5.5.

C o m e rtstto n

Static Force (100 m N )

D ynam ic Force (50 mN)

iso

L"

M axim um Force (150 mN)

M inim um Force (50 mN)

F igu re 5.5: D ia g r a m m a tic m od el o f the d ynam ic scan used for analysis o f the
d yn am ic p ro p erties o f co lla g e n gel. W h ere the total force is the sum o f the static
and d yn a m ic fo rce ( F t = F s+ F d ).
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Specimens were tested using parallel plate measuring system at room temperature.
The measured material properties were storage modulus ( Ex), loss modulus ( Eu), and
mechanical loss tangent (tanS) as a function of time, up to 15 minutes.

c)

C reep and R eco v ery A n a ly sis

This test was used to assess the time dependant behaviour of materials. Under a creep
part of the experiment, a fixed stress was applied instantaneously to the sample and
held constant for a given period of time, and the resultant strain was measured as a
function of time. In the recovery part of the test, the static stress was instantaneously
reduced, and the resultant strain was also measured. The design of the creep/recovery
experiment is shown in Figure 5.6. Specimens were pre stressed under 12.7 N.m'2 for
5 minutes to equilibrate. The stress was then increased to 25.5, 127.3, 636.6 and
1273.2 N.nf2 (equivalent force of 2, 10, 50, and 100 mN) for 10 minutes (creep part).
This was then followed by reducing the stress to 12.7 N.m'2 for a further 10 minutes
(recovery part).

Ten repeat cylindrical-shaped specimens were tested under each

loading stress using parallel plate measuring system at room temperature.

1400 -]

Equ ilib ratin g Perio d

C reep Period

Recovery Period

1273.2 N .n f

1200 -

1000 -

800 ■
636.6 N.m’2
600 ■

400 -

200 -

127.3 N.m'2
12.7 N.m’2

0-

■

25.5 N.m'2
■

12.7 N.m'2
. . .

10

i

i

IS

20

25

Time (min)

F igu re 5.6: S tress reg im e ap p lied d u rin g creep and recovery analysis.
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5.2.2.1.3.

Statistical Analysis

The linear regression analysis test was used to assess the effect of loading stress on
strain.

Student’s /-test was used to asses the effect loading rate on gel stiffness.

Significance was set at p < 0.05 for all comparisons using SPSS 12 package.
5.2.2.2.

Plastic Compression to Produce Dense Collagen Constructs

5.2.2.2.I.

Analysis of Plastic Compression of Collagen Gels

This test was carried out to study the changes in height of collagen gels as function of
time when exposed to two different compressive stresses on ten repeat cylindrical
shaped specimens. These specimens were compressed for 5 minutes under stresses of
0.14 and 1.4 kN.m'2 using the DMA-7e analyzer with the top plate diameter of 15 mm.
The percentage height reduction due to sample compression was related to the starting
nominal height of 6.2 mm which was calculated from equation (5.7).
V = w 2h

Where: V is the volume of collagen gel which was equal to 0.7 cm3,

(5.7)

tot1

is the surface

area, h is the height, r is the radius which was equal to 0.6 cm.
The corresponding weight change of the gels due to unconfmed compression using
parallel plate was also measured gravimetrically by weighing the gels before and after
being compressed with a four decimal places balance (Mettler Toledo). The weight
loss due to confined self compression i.e., weight loss of collagen settled in the well
plate under its own weight, was also measured by calculating the difference in weight
of the gel in between setting and after removal from the well plate for testing.
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Application of the Plastic Compression Technique

Collagen gel w as prepared as described previously in Section 5.2.1.2., and after
neutralization w ith NaOH, 2 ml of preset collagen solution was pipetted into a
rectangular mould (Delrin® of the dimensions of 33 x 13 x 4 mm). A microscope glass
slide formed the base of the mould for easy removal of collagen after setting, and was
attached on both sides to the mould by a pair of clamps.

Then the collagen solution

was allowed to set at 37 °C, in CO2 incubator for 30 minutes. Following setting and
incubation, the gels were made free by running a sharp surgical blade along the edges
o f the gels just before removal from the mould. After removal from the mould, the gel
o f a nominal height of 4.6 mm was routinely compacted by a combination of
compression and blotting using layers of meshes and paper sheets. A 165 pm thick
stainless steel m esh o f approximately 300. pm size and a layer of nylon mesh of
approximately 50 pm mesh size were placed on a double layer of absorbent paper with
the two stainless steel spacers of 300 pm thickness. The construct was placed between
the spacers on the nylon mesh, covered with a second nylon mesh. A standard plastic
compression (PC) method was used where a compressive stress of 1.4 kN.m'2 was
applied for 5 minutes at room temperature using a plate, giving a flat sheet of
approximately 50 pm protected between two nylon meshes (Brown et al., 2005). The
compressed sheet was then rolled along its short axis to give a spirally assembled PC
collagen construct as in Figure 5.7. This was used as the routine processing method
for PC collagen preparation. The sample weight was recorded with a four decimal
place balance (Mettler Toledo, UK) before and after they have been prepared into a
spirally assembled collagen to determine weight loss due to compression and blotting.
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F igu re 5.7: D ia g ra m m a tic rep resen tation o f plastic com pression technique for
p rep a rin g collagen , (a) n o n -co m p ressed gel (b) com pressed sheet, and (c) a
spira lly a ssem b led PC co lla g en (ad ap ted from B row n et al., 2005).

S.2.2.2.3.

a)

C h a ra cterisa tio n o f th e P ro p erties o f P C C ollagen

S ca n n in g E lectro n M icro sco p y

The SEM of collagen was carried out to detect the changes in the microstructure as a
result of the plastic compression processing technique. Samples for SEM were fixed
in 4 % paraformaldehyde in 0.1 M sodium cacodylate buffer overnight at room
temperature followed by washing in distilled water for 10 minutes. Afterwards, the
samples were soaked for 1 hour in 1 % tannic acid (w/v) in 0.05 M sodium cacodylate
for further fixation or stabilisation of collagen fibrils (Simionescu, and Simionescu,
1976, Wollweber et al., 1981). The samples were then dehydrated in a series of graded
ethanol of 70, 90, 96, and 100 %, respectively, and kept for half an hour in each
concentration. Dehydrated samples were immersed in hexamethyldisilazane (HMDS)
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(Nation, 1983, Cooley et al., 1994) for half an hour for further drying. The dried
samples were mounted on aluminium stubs with Acheson Electrodag 1415M (silver in
methyl isobutyl ketone) (Agar Scientific Ltd, UK) and left to air dry. The samples
were then sputter coated with gold palladium alloy before being examined under
scanning electron microscope (JEOL JSM-5500LV) with an accelerating voltage of 15
kV.
b)

Thermo-Gravimetric Analysis

I.

Technique

In thermogravimetric analysis (TGA), changes in the weight of a known amount of
material are monitored as a function of temperature or time, while it is purged with an
inert gas. TGA can provide quantitative information resulting from any processes
causing an obvious weight variation during controlled heating. For example, it was
previously used by Wang et al. (2001) to verify the amount of hydroxyapatite (HA) in
hydroxyapatite incorporated polysulfone composites. Shan et al. (2004) used TGA to
evaluate the amount of collagen in collagen-g-PMMA/In2C>3 nanocomposite, while
Chang et al. (2002) used TGA to assess the amount of hydrated water and organic
content in cross-linked HA/collagen nanocomposites. Moreover, TGA is a suitable
technique to investigate the thermal stability of a polymer (Alexy et al., 2003, Mano et
al., 2003), since the decomposition temperature represents the upper limit of the
processing temperature. It also can be used to study the stoichiometry and kinetics of
thermal decompositions helping in identification of the degradation mechanisms
(Meenan et al., 2000, Mano et al., 2003).
Generally, two types of phenomena are shown on a TGA plot and are demonstrated in
Figure 5.8. Weight loss (a), the most frequent phenomenon, is generally represented
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by a downward shift in the plot, and weight gain (b) represented by an upward shift in
the plot.

Weight
wt,
Weight Loss

Weight Gain

Wtf

Temperature (or Time)
(a)

Temperature (or Time)
(b)

Figure 5.8: Diagrammatic representation of (a) weight loss and (b) weight gain
during thermogravimetric run. Point A is the start of weight variation, B is the
end of weight variation, and C is the inflexion point, wtj is the initial while wtf is
the final weight (adapted from the DTA / TGA manual).

II.

Method of analysis

Thermo-gravimetric analysis of the spirally assembled PC collagen was conducted
using a Setaram Differential Thermal Analyser (DTA/TGA) to identify fluid content
and therefore collagen concentration in PC collagen. The loss of sample weight during
a linear increase in temperature was analysed at a uniform scanning rate of 20°C.min1.
The scanning sequence was ramped between 20 to 1000 °C. Samples of approximately
110 mg were put into a 400 pi platinum crucible. The test was carried out on five
repeat specimens under air to provide both an oxidising atmosphere for the removal of
organic component (collagen) and a flowing gas for the removal of fluid. A blank run
was carried out with an empty platinum crucible to set the base line, and this was
subtracted from the original data to correct any data obtained.
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M ech an ical P r o p e r tie s u n d er Q u asi-S tatic U niaxial T ensile T esting

This test was carried out to identify the mechanical properties of PC collagen under
tensile mode using the Perkin-Elmer DMA 7-e. The tests were carried out on the
spirally assembled PC collagen (Figure 5.7 (c)) due to the difficulties with the gripping
and dimension measurement of the thin sheet form post PC processing. The samples
were mounted on the tangential clamp extension analysis measuring system (Figure
5.2 (b)), and the measurement was conducted at room temperature.

To facilitate

gripping of the samples during testing, the samples were clamped at each end using 2
mm strip of 165 pm thick steel mesh reinforced by cyanoacrylate adhesive. The
diameter (approximately 1.75 mm) of each sample was measured with travelling
microscope (Vernier Microscope).

The initial applied load was 1 mN, and the

specimen was tested in tension until failure at loading rate of 200 mN.min'1. Constant
sample hydration by application of DMEM was maintained during the test. From the
stress-strain curve, the ultimate tensile strength, modulus of elasticity, and strain to
break were calculated from 10 repeat specimens. Figure 5.9 shows the tensile test
setup used for mechanical testing with the sample being clamped for testing.

Extension System

Rolled Collagen

F igu re 5.9: P h o to g ra p h o f th e sp ir a lly assem b led PC collagen being clam ped for
m ech an ical testin g .
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5.3.

Results

5.3.1.

Investigation into Unconfined Compression of Collagen
Gels

5.3.1.1.

Quasi-Static Mechanical Analysis

Figure 5.10 shows the unconfined compression behaviours of collagen gels, presented
in terms of stress-strain and supplemented by modulus strain data. The stress-strain
response was typical of a densification type behaviour of gels or polymers where the
strain tended to initially undergo a rapid increase with stress. At high levels of strain
greater than 90 %, the stress increases with relatively little increase in strain as the gels
became more compressed.

This was reflected in the modulus response where it

showed a rapid increase at these latter stages. Prior to that point, the modulus showed
an initial sharp increase, followed by a steady or near linear region. The results
suggested that the gels became stiffer in response to the rapid loading of 500 mN.min'1
than to slow loading of 100 mN.min'1 as reflected by the higher modulus. In the linear
region, the modulus value was approximately 6 and 8 kN.m'2 under 100 and 500
mN.min'1 loading rate respectively. Table 5.2 gives some of the results obtained for
collagen gel compressed under unconfined condition under both loading rates.
Independent Samples /-test revealed that there was a significant difference between
100 mN.min'1 and 500 mN.min'1 loading rate (p = 0.002).
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Figure 5.10: Unconfined compressive stress and modulus-strain curves for
collagen gels.

Table 5.2: Strain and modulus for collagen gel under different unconfined
compressive stresses.
Stress (kN.m'2) Strain %
100 mN.min*1
0.5
9.3 ±2.8
1.1
20.9 ±5.4
1.7
30.0 ± 6.9
2.3
40.6 ± 7.9
50.8 ±8.2
3.1

5.3.I.2.

500 mN.min' 1
6.5 ± 1.3
13.5 ±2.0
20.5 ± 2.9
30.1 ±3.9
41.3 ±4.7

Modulus (kN.m'2)
100 mN.min 1 500 mN.min' 1
6.0 ±1.9
8.1 ±1.5
5.8 ± 1.5
8.7 ±1.3
5.8 ±1.3
8.2 ±1.2
5.8 ± 1.1
7.7 ± 1.1
6.1 ±0.9
7.5 ± 0.9

Dynamic Mechanical Analysis

Figure 5.11 shows the storage, loss modulus, and tan 8 values obtained from DMA
tests carried out on the gels over a test period of 15 minutes. It can be seen that both
moduli increased with time with storage modulus being higher than loss modulus,
while tan 8 remained relatively constant at approximately 0.25. The storage modulus
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increased from 151.6 ± 10.2 up to 378.4 ± 39.7 kN.m'2, and the loss modulus increased
from 61.1 ± 7.7 up to 100.3 ± 20.8 kN.m'2 over 15 minutes. This apparent increase in
elastic and viscous components was associated with the time dependent increase in the
static strain from 5 ± 4.9 to 81.1 ± 4.7 % strain which in turn caused a decrease in the
dynamic strain from 0.2 ± 0.1 to 0.1 ± 0.1 % as shown in Figure 5.12.
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Figure 5.11: Storage modulus, loss modulus, and tan § as a function of time
obtained through unconfined compressive DMA of collagen gels.
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Figure 5.12: Static and dynamic strain as a function of time obtained through
unconfined compressive DMA of collagen gels.
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Creep and Recovery Analysis

A creep/recovery experiment was designed as described previously and demonstrated
in Figure 5.6 to study the time dependant response of the collagen gels. After an
equilibrating period, the creep part was designed to measure the strain response of the
material to an applied stress, where this stress was varied by 2 orders of magnitude,
whereas the recovery part was to measure the strain recovery after reducing this stress.
Figure 5.13 shows the creep and recovery data of collagen gels under different
unconfined compressive creep stresses. Although all gels were set for 30 minutes, it
was apparent that a load of 12.7 N.m'2 during the equilibration phase resulted in
varying strains. This may reflect the process of continuous self compression i.e., the
gels undergoing compression under their own weight due to reorganisation of fibrils.
Therefore, the normalisation of all creep curves to the equilibrating period was
considered, as shown in Figure 5.14.

100 1

Equilibration Period

Creep Period

Recovrey Period

90 80 70 -

c

2
™

40 30 20

-

0

15

10
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20

25

Time (min)
I

25.5 N .m -2-------- 127.3 N.m-2

636.6 N.m-2

1273.3 N.m-2

Figure 5.13: Raw creep and recovery data for collagen gel in response to different
unconfined compressive stresses.
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Figure 5.14: Normalised creep and recovery data for collagen gel in response to
different unconfined compressive stresses.

From the normalised data, the creep increased with both time and stress.

The

statistical analysis showed a significant effect of the creep stress on the strain % at all
time points ip < 0.001). In order to assess the effect of stress on the creep response of
the gels, the strain rate was calculated through the slope of the initial creep part of the
tests. Figure 5.15 shows that these initial strain rates were linearly related to the
applied stress as would be expected for viscoelastic materials. After normalization of
these data, therefore, both strain % and strain rate was dependant on the applied stress.
Upon reducing the load to 12.7 N.m'2, an immediate recovery was present only at a
higher stresses as shown in Figure 5.16, which is an expanded region to demonstrate
the recovery zone for 1273.2 N.m'2. However, it should be noted that this only
resulted in 0.07 ± 0.02 % strain for 636.6 N.m'2 and 0.12 ± 0.01 % for 1273.2 N.m'2 ,
while no recovery was observed under the lower stresses of 25.5 and 127.3 N.m'2 as
demonstrated by the negative strains recovery values as shown in Figure 5.17.
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Moreover, beyond this recovery period of approximately 20 seconds, the gel constructs
underwent further compression (creep) during this part of the test.
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Figure 5.15: Strain rate as a function of the applied stress during the creep phase.
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Figure 5.16: Expanded region of the creep and recovery data under creep stress
of 1273.2 N.m'2.
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Figure 5.17: Percentage recovery under different unconfined compressive stresses
after 1 0 min.
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5.3.2.1.

Analysis of Plastic Compression of Collagen Gels

Figure 5.18 compares the real time change in height of collagen gels as a consequence
of two different unconfined compressive stress levels; 0.14 and 1.4 kN.m'2. The initial
sample height as measured by the instrument was different under both stresses; gels
loaded under 0.14 kN.m'2 showed an initial height of 2.9 ± 0.29 mm which was higher
than that recorded under 1.4 kN.m'2 (1.3 ± 0.59 mm). These initial heights were also
significantly lower than the nominal sample height of 6.2 mm as described in Section
5.2.2.2.1. These differences indicated that the gels responded differently to the two
stresses. Under both stresses, the gels showed an instantaneous reduction in height
that was followed by a more gradual decrease.
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Figure §.18: Sample height as a function of time comparing two stress levels of
0.14 and 1.4 kN.m'2 applied for 5 minutes, and illustrating the nature of plastic
compression/compaction (PC) of collagen gels.

Figure 5.19 showed the % height reduction as a function of time related to the nominal
height of 6.2 mm.

The result showed both stresses achieved greater than 90 %

shrinkage in height achieved in 5 minutes under both stresses. The height reduction
was 93.1 ± 0.9 % under 0.14 which was significantly (p < 0.0001) different from 98.6
± 0.6 % under 1.4 kN.m'2. Therefore the magnitude of reduction in the gel thickness
was dictated by the applied stress.

The final gel thickness as measured by the

technique was 430 ± 58 pm with 0.14 kN.m'2, and 86 ± 35 pm was produced under 1.4
kN.m'2 as given in Table 5.3.
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Figure 5.19: Sample height related to the theoretical height of 6.2 mm as a
function of time comparing two stress levels of 0.14 and 1.4 kN.m'2 applied for 5
minutes.

The samples were also weighed before and after being compressed to determine the
corresponding fluid loss due to the two compressive stresses. It was found that the
percentage weight loss due to compression related to the applied stress, where it
significantly (p = 0.0002) increased from 89.5 ± 2.0 % to 93.02 ± 1.3 % with 0.14 to
1.4 kN.m'2 respectively as given in Table 5.3. It was also observed that the collagen
gel samples underwent weight loss by 24.6 ± 1.3 % under their own weight in a
confined environment i.e. while stabilising within the well plate. This loss was due to
confined self compression.
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Table 5.3: Percentage weight loss through fluid expulsion, final height, and the
percentage height reduction for the two stress levels compared to self
compression.
Confined

%

Weight

Unconfined PC

Compression

0.14 kN.m'2

1.4 kN.m"2

(control)

(5 minutes)

(5 minutes)

24.6 ±6.8

89.5 ± 2.0

93.02 ± 1.3

430 ± 58

86 ±35

84.4 ± 2.7

92.1 ±3.9

93.1 ±0.9

98.6 ± 0.6

Loss

(n=10)
Final

Self Unconfined PC

Height

(pm)

(n=10)

-

% Height Reduction
as Measured by DMA
(n=10)
% Height Reduction*
(n=10)

-

* Using a nominal gel starting height of 6.2 mm.

5.3.2.2.

Properties of Collagen Constructs Produced through Plastic
Compression

5.3.2.2.L

Weight Loss due to Plastic Compression

Table 5.4 gives the percentage weight loss through the use of standard PC technique of
1.4 kN.m'2 compressive stress for 5 minute in combination with blotting to prepare
dense collagen gels.
Table 5.4: Percentage weight loss through fluid expulsion by combination of
compression and blotting actions.
Weight

before Weight

after Final

weight

Materials (samples number)

compression (g)

rolling (g)

loss %

Collagen (n = 25)

1.65 ±0.16

0.03 ± 0.01

98.16 ±0.43
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Scanning Electron Microscopy

Figure 5.20 shows the SEM micrographs of collagen gels before and after being
processed through the plastic compression technique.

Figure 5.20 (a) shows a

micrograph of collagen gels in the x-y direction that consisted of a three-dimensional
porous network of randomly oriented fibres with several nanometres in diameter and
small interconnected voids were present between these fibrils. Expulsion of interstitial
fluid from collagen matrix by plastic compression and probably due to dehydration
effect of SEM preparation produced a matrix with a more dense structure than the
original gel as shown in Figure 5.20 (b). The random three dimensional architecture of
collagen gel was maintained throughout the processing method as can be inferred from
SEM. From the cross-sectional view, the multiple layers (each of approximately 50100 pm thickness) of the spirally assembled PC collagen were evidently in loose
contact as evidenced by the presence of micro-spaces which could potentially be
important for nutrient diffusion to the core of the construct Figure 5.20 (c and d).
During sample preparation for cross sectional scanning, the cutting action by the
scalpel blade obliterated some of these spaces, and this was an artefact due to sample
preparation.
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(d)

Figure 5.20: SEM of collagen through processing by PC technique (a) noncompressed collagen gels, (b) collagen sheet after plastic compression, (c, d) cross
section of spirally assembled PC collagen. The white arrow refers to the presence
of micro-spaces between different layers of the spiral construct.

5.3.2.2.3.

T h e rm o -G ra v im e tric A n a ly sis

Figure 5.21 shows the TGA plot of the spirally assembled PC collagen. It was clear
that there were three distinct weight loss regions. The first broad region (I) was spread
between 110 and 180 °C with an inflection point at 150 °C, the second weigh loss
region (II) appeared between 280 and 390 °C with the inflection point at 330 °C, while
the third region (III) was presented between 500 and 650 °C with the inflection point at
580 °C. The first region showed a sharp weight loss of approximately 85.44 ± 2.20 %,
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while the second and third regions showed low weight losses of approximately 4.98 ±
1.08 and 3.47 ± 1.07 % respectively.

100
90 80 70 -

ot£i 60 —
1 50 ■
2
^

Stage 1

40 30 20

Stage D

-

0

100

200

300

400

500

600

700

800

900

1000

Temperature (°C)

Figure 5.21: TGA plot of the spirally assembled PC collagen.

5.3.2.2.4.

Mechanical Properties under Quasi-Static Uniaxial Tensile Testing

Figure 5.22 shows the typical stress and modulus-strain curve of the spirally assembled
PC collagen. There were three main regions: firstly, a non linear stress-strain response
in the low stress region (toe-in region) up to 12.8 ± 4 % strain; secondly, a linear
region terminated by the yield point up to 47.3 ± 11.5 %, where the strain was related
directly to the applied stress, and the modulus value was relatively constant around 1.3
± 0.3 MN.m'2; thirdly, a maximum breaking stress point, giving the ultimate strength
of 0.6 ± 0.1 MN.m'2, and over this region, the modulus dropped until the material
failed at 55.0 ±13.8% .
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Figure 5.22: Typical tensile stress and modulus-strain curve for the spirally
assembled PC collagen.

5.4.

Discussion

This study investigated the mechanical and viscoelastic properties of collagen gels
under unconfined compression to verify PC using quasi-static, dynamic and
creep/recovery analysis, and the resultant deformation was measured as a function of
stress and time. In vitro reconstituted type I collagen is biologically an excellent
biomimetic material, but is mechanically very weak, it consists of randomly (isotropic)
orientated fibrils within an excess of fluid generally greater than 99 %. (Knapp et al.,
1997). This liquid content is a result of the casting, rather than any inherent swelling
property of the collagen. Its response to mechanical load can be dependent on factors
such as the type of loading, time, frequency, the fluid content, and its interaction with
the collagen fibrils.
The results from the quasi-static mechanical test showed that the stiffness of collagen
gel significantly increased by increasing the loading rate from 100 to 500 mN.min1
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which was an indicative of the viscoelastic nature of the gel. Prockop and Fertala
(1998) related the viscoelasticity to the collagen fibrils structure. During fibrilogensis,
collagen monomers assemble into fibrils through specific binding sites on collagen
monomers. This assembling process resembles crystallisation in polymers, and some
regions of the collagen fibrils are crystalline with solid like properties while the others
are more flexible with liquid-like properties. In general, the reported values of the
compressive modulus of collagen under confined compression by Sheu et a l (2001)
was 4.23 kN.m'2 which falls within the range of obtained in this study of between 6 to
8 kN.m'2 obtained in the linear region at 100 and 500 m.min'1rates respectively.
The static modulus obtained in this study was two orders of magnitude lower than the
storage modulus obtained through DMA where the Ex increased from 151.6 ± 10.2 to
378.4 ± 39.7 kN.m*2 over the time period of the experiment which could be due to the
contribution of the rate-sensitive viscous part of collagen gels. This finding was also
observed by Krishnan et a l (2004), who performed static and cyclic testing of collagen
gels under tensile mode. The reported static modulus was 1.5 ± 0.01 kN.m'2 and the
dynamic modulus was 21.8 ± 0.2 kN.m'2. The differences between the obtained
modulus values in this study and those reported by Krishnan et al (2004) may be due
to the differences in the test conditions. During DMA, the observed increase in both
storage and loss modulus with the time of the experiment can be explained by the
observed time dependant significant increase in the static strain or otherwise creep
behaviour of the gels. This increase in the static strain, associated with densification
of the gels, produced a reduction in the dynamic strain and in turn an increase in both
moduli. It can be inferred from the data that the magnitude of increase in both moduli
was relatively the same as indicated by the constant tan 8 value which remained
constant.
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From the un-normalised creep data, even though the gels had been compressed under
the same equilibration conditions, the response was different suggesting that the gels
underwent different levels of compression under their own weight. This could also be
inferred from the relationship between the strain rate against creep stress, where the
intercept was not zero, indicating that under no stress, the gels underwent creep under
their own weight.

Therefore, a study was carried out to detect the amount of self

compression inferred by detecting the percentage of fluid loss from collagen gel
samples under their own weight. It was observed that the gels showed 24.6 ± 6.8 %
fluid loss under confined self compression (within the well plate) which would be
expected to be higher under unconfined compression as observed by Brown et al.,
(2005) where collagen gels lost 57 % fluid under un-confined self compression.
Normalisation of the creep data was considered so that the comparison between
different creep stresses was made possible. From the normalised creep data, it was
observed that not only the strain, but also the initial strain rate calculated from the
slope on the initial part of the creep curve varied with the applied stress.

This

behaviour was suggestive of the viscoelastic nature of collagen gels with the viscous
component seemed to predominate the gel behaviour as evidenced from the amount of
both instantaneous strain and recovery that gels experienced.

As evident from the

recovery data, only a negligible immediate recovery of a maximum 0.2 % was
observed suggesting the predominance of the visco-plastic deformation behaviour of
these hyper-hydrated materials with an ability to undergo rapid plastic deformation.
Visco-plastic compressibility of collagen gel was used as the basis for the formation of
tissue analogous 3-D collagen implants with improved tensile mechanical properties
via a novel technique “plastic compression” based on the expulsion of fluid from
collagen gel either by compression or combination of compression and blotting
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actions. At the same time, structural features fabricated at the millimetre scale could
be retained, but shrunk down to the meso-scale.

Critically, this form of tissue

fabrication is inherently cell-friendly and rapid i.e., taking minutes, as greater than 90
% fluid loss occurred within 5 minutes.
The percentage weight loss due to compression was 93.02 ± 1.3 compared to 98.16 ±
0.43 due to combination of compression and blotting action. This difference was
attributed to the capillary action of the absorbent paper causing extra fluid loss. Plastic
compression using a combination of compression and blotting actions was used as a
standard to prepare 3-D PC collagen. Rolling of a PC collagen sheet along the short
axis was attempted to produce the 3-D constructs and also due to the encountered
difficulty in handling of the very thin collagen sheet. The weight loss, related to PC,
was also associated with an increase in collagen density apparent from both SEM
images and TGA. It was clearly seen that at 200 °C, the PC collagen lost 85.44 ± 2.20
% of its weight which can be attributed to fluid loss. This suggested that the remaining
15 % was made of collagen. The thickness of PC collagen sheet was 86 ± 35 pm as
measured by the mechanical analysis whereas 98.6 ± 0.6 % reduction in thickness was
produced by compressing the gel samples under 1.4 kN.m'2 for 5 minutes.
Three zones of weight loss were observed from the TGA plot of PC collagen spirals.
The first stage of transition was characterised by sharp weight loss, and observed
between 110-180 °C could be related to loss of fluid.

However, the second and the

third stages, identified at 280-390 °C and 500-650 °C respectively, were characterised
by significantly lower weight loss which could be due to equilibration and
decomposition of collagen as highlighted in literature (Samouillan et a l, 1999 and
2003, Kumar et a l, 2003, and Shanmugasundaram et al, 2004). Shanmugasundaram
et a l (2004) concluded that the collagen source had an important impact on the
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transition temperature, moreover, each collagen source had its characteristic amount of
bound water content; consequently, the amount of weight loss during the first
transition was different between sources.
Aside from the densification of collagen through PC, the improvement in mechanical
properties was also considered as an advantage of this processing route, as collagen
gels are an inherently fragile, weak material, and difficult to handle due to their low
original concentration and lack of structure. PC collagen showed a quasi-static stressstrain curve characterised by the presence of toe-in region, linear region, and finally
breaking. The stress-strain response was typical of network phase of the connective
tissue (Lee et al., 200Id, Puxkand et al., 2002, Feng et al., 2003b, Berglund et al.,
2003, Shields et al., 2004, Berglund et al., 2004, De Santis et al., 2004) and hydrated
gels (Chandran and Barocas 2004). Upon the tensile loading of the PC collagen, the
stretching of randomly oriented collagen fibrils (Figure 5.23 (a)) occurred firstly as
diagrammatically shown in Figure 5.23 (b) which was then followed by fibrils
orientation in the direction of the applied load. The resistance of fibrils to further
orientation gives the stiff or linear region in the stress strain curve, and gives an
indication of the material stiffness. Finally, at further load applications beyond the
yield point, sliding of these fibrils due to their disentanglement has been occurred as
shown in Figure 5.23 (c). The similar findings were also observed by Feng et al.
2003a and Chandran and Barocas (2004).
The tensile strength and the modulus values obtained in this study was still higher than
those for cellular construct obtained by Feng et al. (2003 a and b), Gravin et al.
(2003), Seliktar et al. (2003), Devireddy et al. (2003), Berglund et al. (2004), and
Neidert et al. (2004) as given previously in Table 2.2.
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Figure 5.23: Diagrammatic representation of collagen fibrils under tensile loading
(a) random orientation of collagen fibrils, (b) stretching of collagen fibrils, and (c)
sliding of the collagen fibrils.

PC presents a novel method for producing 3-D meso-scale constructs, achieved in
minutes, with controlled density and enhanced mechanical properties in a completely
rapid, predictable manner depending on the applied load. PC involves the use of both
unconfined compressive load and a capillary action by absorbent tissue to expel the
interstitial fluid, responsible for gel weakness. The application of 1.4 KPa for 5
minutes produced significant fluid loss (approximately 98 %) and a reduction in the
physical dimension from millimetre to micro-meter scale, but at the same time
maintaining the same structural features. Once, the reconstituted collagen gel loses
fluid, it can not return back after removal of the load. PC produced a collagen sheet of
approximately less than 100 pm thickness compared to 4.6 mm initial nominal height
indicating approximately 99 % reduction in height. This collagen sheet composed of
approximately 15 % collagen and 85 % fluid (as measured here by TGA) compared to
the original gel with fluid greater than 99 %. For conventional cell-based fabrication,
Feng et al., 2003a using collagen gel under tensile load, reaching a breaking strength
of 0.16 MN.m2 after 70 days in culture. Also the break stress reported by Garvin et al.,
2003 of the 7 day construct was 0.1 ± 0.01 and the modulus of 0.49 ± 0.24 MN.m'2.
However, these values still were substantially lower than the breaking strength of 0.6
MN.m'2 and modulus of 1.3 MN.m'2 obtained in this study using PC with no culture
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period avoiding the problems of potential contamination and expenses of culture.
Moreover, PC fabrication can therefore provide reproducible and controllable structure
with improved tensile properties approaching those of some native tissues in a matter
on minutes. However, the PC constructs still weaker than the strongest tissue such as
tendon with 100 MN.m'2. More interestingly that incorporating cells into collagen gels
was always associated with shrinkage that depends on the cell type, density, and
passage number. For example, type I collagen gels reduced in dimension by 85 % over
10 weeks in culture by incorporation of human fibroblasts at a density of 2.5 x 106/
construct.

In another study conducted by Moriyama et al. (2001), human oral

fibroblasts at a density of 105 cells/ml contracted collagen gel by about 58.5 % after
one week of incubation. This shrinkage could be a limitation if the constructs were
used as skin substitute, for example which could be avoided using PC collagen to start
with as a template for cells to grow. Although the PC collagen sheets were difficult to
handle, they could be potentially used as skin substitutes. The spirally assembled
constructs, however, were convenient for handling, and testing and could be
potentially used as a nerve and ligament regeneration template in form of tubes or rods.
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Chapter 6
Development and Characterisation of 3-D
Phosphate Glass Fibre Incorporated-PC Collagen
Constructs
6.1.

Introduction

This chapter reports on the application of plastic compression (PC) to incorporate
unidirectional-phosphate-based glass fibres (PGF) into collagen for the production of both
acellular and cellular constructs for potential muscle or tendon engineering applications.
The effect of PGF incorporation was assessed morphologically and mechanically, and the
efficacy of the PC processing route in controllably producing constructs based on these
components was also confirmed through thermogravimetric analysis. Cellular constructs
were also produced and assessed morphologically through confocal microscopy and live
dead staining o f primary human oral fibroblasts (HOF) seeded during processing.

6.2.

Experimental

6.2.1.

Materials

6.2.1.1.

Raw Materials

6.2.1.1.1.

Phosphate Glass Fibres

As highlighted in Chapter 4, glass fibres containing 3 mol % Fe2 0 3 , pulled at 400 m.min’1,
and having diameters o f 31.6 ± 6.5 pm were selected in this study as reinforcing agents.
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Collagen

As in Chapter 5, rat tail type I collagen solution (FirstLink, UK Ltd, UK) was also used.

6.2.1.2.

Method of Preparation

6.2.1.2.L

Production o f Unidirectional Phosphate Glass Fibres

The unidirectional alignment o f the glass fibres was carried out on the custom built fibrerig shown previously in Figure 3.1, and described in Section 3.2.1.2.2. The drum rotates
around an axis and move parallel to that axis, and the drum rotational and cross-head
speeds control both vertical and horizontal movements respectively. The rotational speed
organises the number o f rotations per minute, hence the fibre diameter as shown
previously in Figure 4.3. The cross-head speed, on the other hand, can be controlled by
adjusting the frequency o f a stepper motor, which in turn affects the horizontal movement
speed of the drum. Therefore, the fibre number and spacing per surface area, and the
weight % of fibres in the final scaffold can be controlled.

It was hypothesised that

increasing the cross-head speed will decrease the amount of PGF per specific distance
provided that the same drum rotational speed was used.

An initial study was carried out to find the relationship between the frequency of the
stepper motor and the drum cross-head speed. At different selected frequencies (10, 12.5,
20, 22.5, 25, 50 and 100 Hz), the horizontal movements (in cm) travelled by the drum in
60 seconds i.e. the drum cross-head speed in cm.s'1 were measured at a fixed rotational
speed of 400 m.min*1as shown in Figure 6.1.

It was observed that the cross-head speed

varied linearly with the frequency, following the approximate relation y = 0.0028x, where
y was the cross-head speed, and jc was the frequency of the stepper motor.
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Figure 6.1: The relationship between the stepper motor frequency and the drum
cross-head speed. The arrows showed the chosen frequencies for producing PGF
with different quantities.

Three stepper motor frequencies (SMF) which were 50, 25, and 12.5 Hz were chosen to
produce unidirectionally-aligned fibres with different amounts in an ascending order that
was described as low, medium, and high. After aligning the fibres on the drum, they were
stuck in place by an adhesive tape, and they became ready for use. From the obtained
data, at frequency o f 25 Hz and a rotational speed ( R P M ) of 400 m.min’1, the total
horizontal distance travelled by the drum per a minute ( d t ) was equal to 4.3 cm. Then,
the horizontal distance (in pm) travelled by the drum per single rotation ( d r) was
calculated from equation (6.1).

RPM
Therefore, d =

4.3x10x1000
400

(6.1)

= 107 pm.
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Hence, in one rotation, a travel distance of 107 pm is achieved. As a result, the distance
from one fibre to the next should be equal to d r . Whilst the spacing between two fibres
( S f ) was calculated from equation (6.2).
( 6 .2)

Sf=drt
Where: (j>was the fibre diameter.
Therefore, S f- 107 - 35 = 72 pm as shown in Figure 6.2.

d,

• ° /« -

-►A

72 pm

35 pm

107 pm

Figure 6.2: Diagrammatic representation of fibre spacing at 25 Hz frequency
considering the fibre diameter of 35 pm.

The time (t) in seconds required to fill a distance of 3.3 cm (the mould length used for
casting of collagen) was calculated from equation (6.3).
t _d_
s

(6.3)

Where: d was the distance in cm, and s was the drum cross-head speed (cm.s'1).
Therefore, t =

3.3
= 46.4 s.
0.071

The number of fibres ( n ) that should fill the mould was calculated from equation (6.4).
n = RPM x /(min)
Therefore, n = 400 x

(6.4)

46.4
= 309 fibres.
60
196

£♦ JA X-S JABou NeeC

TftT) Thesis

The same calculations were also applied at 25 and 50 Hz frequencies, taking into
consideration the difference in the horizontal distance travelled by the drum, and they are
given in Table 6.1.

Table 6.1: Theoretical time (/), number of fibres ( n ), and spacing between fibres
( £ / ) , at different stepper motor frequencies and RPM of 400 m.min1, used to cover
the surface area of the mould used for casting collagen.
Frequency (Hz)
12.5
25
50

6.2.1.2.2.

t (s)
90
46
24

S f (pm)
n
600 20
309 72
160 170

Preparation o f Acellular PGF-PC Collagen Constructs

Adaptation of the PC method described previously in Section 5.2.2.2.2. was considered for
preparation of PGF-PC collagen constructs.

The unidirectionally-aligned fibres were

placed on a microscope glass slide that formed the base of the Delrin® rectangular mould
to give a construct with a nominal height of approximately 4.6 mm. The glass slide was
clamped on both sides to the mould. Collagen gel was prepared as described in Section
5.2.1.2., and after neutralisation with NaOH, 2 ml of preset collagen solution was pipetted
into tjie mould on the top o f the glass fibres. Then collagen was allowed to set/stabilise in
a 37 °C, CO2 incubator for 30 min. Following setting, the construct was made free by
running a sharp surgical blade along its edges just before removal from the mould. After
removal from the mould, the construct was routinely compacted by a combination of
compression and blotting using layers of meshes and paper sheets as diagrammatically
shown in Figure 6.3.
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Figure 6.3: (a) Diagrammatic representation of glass fibre aligned at a drum SMF of
25 Hz showing the theoretical fibre number and spacing between two adjacent fibres,
(b) diagram showing the routine PC processing used for producing of PGF-PC
collagen with a standard stress of 1.4 kN.m'2 for 5 minutes at 37 °C, (c) PGF-PC
collagen sheet (-50 pm thick), and (d) PGF-PC collagen spiral assembly (1.75 ± 0.25
mm diameter).
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Figure 6.4: Photograph showing the different steps in preparation of the spirally
assembled PGF-PC collagen (a) aligned PGF attached to the bottom of the mould, (b)
collagen gel casted on the top of pre-aligned PGF, (c) PGF-collagen gel, and (d) PGFPC collagen spiral.
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The compressed sheet was then rolled along their short axis or parallel to the fibres to give
a spirally assembled construct of approximately 1.75 ± 0.25 mm diameter as shown in
Figures 6.3 and 6.4.

Three sets of spirally assembled constructs were produced with

different amounts of PGF previously described as low, medium, and high as dictated by
the drum stepper motor frequencies of 50, 25 and 12.5 Hz respectively.

6.2.1.2.3.

Preparation o f Cellular PGF-PC Collagen Constructs

a)

Cell Culture

I)

Maintenance of Primary Human Oral Fibroblasts

HOF were obtained from the Eastman Dental Institute archive.

These cells were in

cryogenic storage and had been previously obtained from an explant culture from a
gingival tissue mucosal biopsy after obtaining ethical approval. Frozen vials of HOF were
retrieved from storage and defrosted in a 37 °C water bath. The exterior of the vial was
wiped with a tissue soaked with 70 % ethanol to remove any contamination. The content
of the vial was then transferred with a sterile pipette into a 150 cm2 tissue culture flask
(T 150) (BD Bio-Sciences, UK).

Fifteen ml of standard growth medium [Dulbecco’s

Modified Eagle’s Medium (DMEM), 10% Foetal calf serum (FCS), 1% L-Glutamine (LGlut), 1% Penicillin (100 IU/ml)/ Streptomycin (100 fig/ml) and, 1% Amphotericin B]
(Gibco, Life Technologies, UK) was then added, and the cells were incubated in a
humidified incubator at 37 °C and 5 % CO 2. The growth medium was changed every
three days.
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Cell Subculture

The cells were trypsinized during the log phase of growth. The growth medium was
removed from the flask; 10 ml o f 0.5 % trypsin-0.02 % ethylene diamine triacetic acid
(EDTA) solution (Gibco, Life Technologies, UK) was added, and the flask was incubated
for 5 min at 37 °C during which the cells become rounded and detached.
suspension was gently triturated with a

10

The cell

ml pipette before being transferred into a sterile

50 ml graduated centrifuge tube. An aliquot of growth medium, approximately 10 ml, was
added to the cell suspension to terminate the action of trypsin/EDTA. The cells were then
collected by centrifugation at 1000 rpm for 5 min at room temperature; a balance weight
was used when required. Once centrifuged, the supernatant was discarded, and the cell
pellet was resuspended into 4 ml of standard growth medium for reseeding into 4 tissue
culture flasks (T 150).

Cells used for the experiments were collected from 15th to 18th

passages.

III)

Cell Counting

HOF were detached from the flasks, as described in cell subculture, and resuspended into
growth medium. Then the cell number was determined using a haemocytometer, which is
a thick glass slide with a central area designed as a counting platform for cells. Before the
haemocytometer was loaded with cells, the cell clumps were dispersed by pipetting up and
down. Then, 20 pi o f cell suspension was transferred into a 1.5 ml micro-centrifuge tube
and 20 pi of 0.4% trypan blue solution was added and homogenously mixed together.
Trypan blue is metabolised by viable cells, and hence they will not stain blue, while dead
cells will take up the stain and turn blue. About 10 pi of stained cell suspension was
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transferred to the edge of each filling notch of the two counting chambers. A microscope
was used to view the cells for counting.

IV)

Cryopreservation of Cells

For preserving surplus cells to be used as required, HOF were detached from the flasks, as
described in cell subculture, and the cell pellet having a cell density of lx l0 6 cells/ml was
prepared for freezing. The cell pellet was then resuspended in a freezing medium [90% of
FCS and 10 % of dimethyl sulfoxide (DMSO) (Gibco, Life Technologies, UK). One ml
aliquots were placed in cryovials that were labelled with thecell type/passage number and
date of freezing. The cryovials were then placed in acooled 4Mr. Frosty’, aStyrofoam
insulated container filled with isopropanol. The container was then transferred into a
freezer at -80 °C with a cooling rate o f -1 °C.min'1 for 24 h. The cryovials was then
preserved in liquid nitrogen (-196 °C) until needed.

b)

Sterilization of Glass Fibres

Sheets of aligned glass fibres, produced as previously described in section 6.2.1.2.1, were
sterilized by soaking in 70 % ethanol for 1 h. Sterilised PGF sheets were then washed,
and preincubated in growth medium for 24 h for elimination of undesirable dissolution
products (Blaker et al., 2003, Clupper et al., 2003). The sheets were then removed from
medium, gently rinsed with fresh medium, and placed on a sterile glass slide that formed
the bottom of the mould used for casting the gel.

c)

Sterilization of the Casting Mould Setup

The Delrin® mould, glass slides, metal mesh, paper tissue, and the pressure plate were
sterilised by autoclaving, and the nylon meshes were sterilized by soaking in 70 % ethanol
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for 1h and then washed with a sterile PBS. The clamps were sterilized by UV light for 1
h. All autoclaved materials were subjected to drying by holding at 60°C temperature for
30 min.

d)

Formation of the Constructs

For cellular constructs, HOF were mixed with the collagen solution immediately after
neutralization, before setting and compaction, at a density of 3.3 x 105 cellsm l'1 collagen.
PC was carried out as described above, and constructs with three different quantities of
PGF and collagen alone were prepared in the form of compressed sheets and spirally
assembled constructs. The seeded constructs were placed in 60 mm culture dishes with 10
ml of standard growth medium, and incubated in a humid atmosphere of 5 % CO2 at 37 °C
for up to 1 and 24 h.

6.2.2.

Methods of Characterisation

6.2.2.1.

Characterisation of Acellular PGF-PC Collagen Constructs

6.2.2.1.1.

Morphological Characterisations

Scanning electron microscopy (SEM) and X-ray microtomography (XMT) were used to
characterise the spirally assembled constructs morphologically in terms of structure and
fibre alignment.

a)

Scanning Electron Microscopy

Samples for SEM were prepared and viewed under scanning electron microscope (JEOL
JSM-5500LV) with an accelerating voltage of 15-20 kV as previously described for
collagen in Section 5.2.2.2.3.

T. JA. T-S JABou NeeC
b)
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X-Ray Microtomography

These were carried out in collaboration with Prof. Peter. D. Lee, Department of Materials,
Imperial College London. Samples for XMT were cut to approximately 5 mm in length
and inserted vertically into Perspex specimen holders designed for minimal X-ray
attenuation and kept in standard growth medium during analysis. Prepared specimens
were analysed using X-ray microtomography apparatus (Phoenix X-ray V|tome|Xs) using
X-ray parameters of 80 kV and 80 pA. Projections were acquired at angular separations
of 0.5°, resulting in a total of 720 transmission images.

The magnification of the

transmission images was approximately 115 giving a voxel resolution in the reconstructed
images of 3.5 ± 0.1 pm. Reconstruction was performed using the commercially-available
Sixtos software package.

6.2.2.1.2.

Quantification o f the PGF-PC Collagen Components

Two methods, thermo-gravimetric analysis (TGA) and ashing, were used for quantifying
the individual components o f the spirally assembled PGF-PC collagen with the three
different weight % of PGF.

a)

Thermo-gravimetric analysis

Thermo-gravimetric analysis of PGF-PC collagen with the three different weight % of
PGF and their individual components, collagen and PGF, was determined using a Setaram
Differential Thermal Analyser (DTA/TGA). The same method previously described in
Section 5.2.2.2.3. for PC collagen was also employed. A plot of weight variation against
temperature was obtained, showing the weight loss of the sample as the temperature
increased, and this plot was used for calculating the weight % of different components of
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the construct after the test completion. At least 5 repeat specimens were used for this test.
The weight % of the residue ( wt r%) was calculated from equation (6.1).

w t,%

(wt

^
Wtj

1*100

(6. 1)

Where: wt, was the initial weight of the sample, and
wt, was the weight loss calculated from TGA plot.

b)

Ashing

This test was used to verify the results obtained from TGA analysis; the weight of the
same samples used for TGA before and after each run (final ashed content) was carried
out to calculate the residual weight of each sample. The weight % of the residue was
calculated from equation (6.2) (Vakiparta et al., 2004).
(wt, - w t f )

Wt % = —

Wt

,

-f L

* 100

(6.2)

Where, wt f is the final weight of the sample.

6.2.2.I.3.

Quasi-Static Uniaxial Tensile Testing

This test was carried out to identify the mechanical properties of the spirally assembled
PGF-PC collagen o f different weight % of PGF under tensile mode using the PerkinElmer DMA 7-e under the same conditions as previously described in Section 5.2.2.2.3.
for PC collagen. The effect o f the weight % of the PGF on the ultimate tensile strength,
modulus of elasticity, and strain to break were calculated from at least 7 repeats from the
stress-strain curve.
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62.2.2.

Characterisation of Cellular PGF-PC Collagen Constructs

6.2.2.2.1.

Cell Viability using Live/Dead Staining and Confocal Microscopy

To assess the cell viability within the constructs, a live/ dead fluorescent stain was used
and the samples viewed under confocal microscopy. This fluorescence-based staining was
used to observe cell morphology and to differentiate between live and dead cells, where
live cells stained with calcein acetoxymethyl ester (AM) (Molecular Probes, UK), and
dead cells with propidium iodide (Sigma, UK) (Vijayasekaran et al., 1998, Aizawa et al.,
2001, Aper et al., 2004, Heywood et al., 2004, Lu et al., 2004).

a)

Technique

Confocal microscopy offers two advantages over conventional optical microscopy
including: (1) Elimination of out-of-focus information due to the presence of confocal
aperture which eliminates all light coming from regions of the specimen above or below
the plane of focus (Brigitte, 1998) as illustrated schematically in Figure 6.5.

In Focus Light

Aperture

Light Source

uut oi rocus Ligni

Figure 6.5: The principle of the confocal laser scanning microscope (Brigitte, 1998).
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All in-focus information o f each specimen point is recorded by a light-sensitive detector
(photomultiplier) positioned behind the confocal aperture, and the analogue output signal
is digitized and fed into a computer.

(2) The ability to collect serial sections throughout the whole specimen thickness with a
proper control on the depth o f field to be imaged. By moving the focal plane step by step
through the depth of the specimen, a series of optical sections can be recorded.

A

composite projection image, or a volume rendered 3-D representation of the specimen can
be generated from the stack o f serial optical sections. This is particularly important for
biological specimens where information from regions far-away from the plane of focus
can obscure other images.
b)

Method

I)

Preliminary Experiment

A preliminary study was carried out to test the effectiveness of the live/dead staining
method in assessing cell viability. This was conducted on a PC collagen sheet seeded with
100 % dead cells, and 50/50 % live/intentionally dead cells.

The dead cells were

sacrificed by incubation in 100 % ethanol at 4 °C for 15 minutes. Live/dead staining was
conducted by incubating each sheet for 1 h in a standard growth medium containing
1pm/ml calcein AM, to stain the live cells, and propidium iodide, to stain the dead cells.
Live cells cleave membrane-permeant calcein AM to yield cytoplasmic green
fluorescence; membrane-impermeant propidium iodide labels nucleic acids of membrane
compromised cells with red fluorescence. Constructs were then washed with dye-free
Phosphate-buffered

saline

solution

PBS

(Invitrogen,

UK)

for

5 min.

The
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excitation/emission wavelength of calcein AM and propidium iodide is 495/515 nm and
536/617-636 nm respectively.

The assessment of cell viability in three dimensions was performed using confocal
microscopy (Bio-Rad). In a typical scan, the sample was placed onto a bottom of 60 mm
culture dish and sections o f the sample were scanned using a 20X lens. The region of
interest was 600 x 600 pm, x-y dimension, and the images were collected at 2. pm
intervals through approximately 50 pm thickness of the compressed sheet and 4000 pm
(nominal thickness) of gel in z-dimension (Z stacks) using Laser Sharp 2000 software.
Excitation wavelengths for the fluorescent dyes for live and dead cells were provided at
488 nm from an argon laser and 543 nm from Green/HeNe laser respectively. Projection
images were created by superimposing the z stack images that were captured throughout
the construct thickness using ImageJ software. % Cell viability was calculated from 5
randomly chosen areas from each image.

II)

Cell Viability up to 24 h

The effect of PC technique and PGF reinforcement on resident cell viability was assessed
both immediately (1 h) and after 24 h construct incubation. Determination of cell viability
was carried out at each stage of plastic compression, including sheet and spirally
assembled constructs for both PC collagen and PGF-PC collagen, and compared to non
compressed collagen as a control.

The spirally assembled constructs were unrolled

immediately before staining to ensure diffusion of the stains into the whole construct
thickness.
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Statistical Analysis

Student’s t test was used to compare between the mean values of PGF obtained from TGA
and ashing tests. Also it was used to compare between the mean of the % cell viability in
constructs with different PGF contents compared to control immediately and after 24
hours incubation.

However, for testing the effect of PGF weight % on mechanical

properties, non-parametric Kruskall Wallis tests were performed, and Mann Whitney U
test was used set the significance between pairs after adjusting p value for multiple testing
using Bonferroni correction. The adjustedp value ip') equals to p value multiplied by the
number of testing.

Differences were considered significant at 0.05 level.

All the

statistical analysis was carried out using SPSS 12.0.1 for Windows.

6.3.

Results

6.3.1.

Acellular PGF-PC Collagen Constructs

6.3.1.1.

Morphological Characterisation

6.3.1.1.1.

Scanning Electron Microscopy

Figure 6.6 shows typical SEM images of the cross-sectional view (a-d) and lateral view (e)
of the spiral PGF-PC collagen prepared with low, medium, and high PGF content
compared to PC collagen (f). It was apparent from the cross-sectional images that there
was a clear difference in the amount o f the glass fibres in each construct. As it was
hypothesised, there was an increase in the amount of fibres incorporated in each construct
by decreasing the drum cross-head speed.

208

T. JA. T-S JA6ou N e e C

TFlT) T h e s is

Collagen

.Glass Fibre

Figure 6.6: Scanning electron micrograph of cross-sectional view of the spirally
assembled PGF-PC collagen with (a) low PGF generated at 50 Hz SMF, (b) medium
PGF generated at 25 Hz SMF, (c) high PGF generated at 12.5 Hz SMF, and (d) high
magnification of (c). The circle refers to the clustering of a group of fibres seen after
processing, (e) lateral view of the spirally assembled PGF-PC collagen, and (f) PC
collagen spiral.

209

T. J4. T-S JABou !NeeC

T hD Thesis

However, it was also clear that the fibres were well distributed throughout the construct,
although some clustering o f fibres was also observed as shown in Figure 6.6 (d). A punch
was made through the lateral aspect of the sample to show the internal structure as in
Figure 6.6 (e) where it was easy to differentiate between collagen network and glass
fibres.

6,3,1.1.2.

X-Ray Microtomography

Figure 6.7 shows the cross-sectional view (a-c), and the three dimensional view (d-f),
respectively of the three weight % PGF-PC collagen spiral constructs, as obtained using
X-ray microtomography. The contrast in these micrographs was manipulated to render the
collagen in the specimen transparent, allowing quantification of the PGF material. Again,
it was apparent that there was an increase in the amount of PGF in each construct with
decreasing the stepper motor frequency which further confirmed the observation made
during SEM analysis. This was further established by manually counting the number of
PGF in the three different PGF-PC collagen from the cross-sectional XMT images (Figure
6.7 (a-c)) which showed that the PGF numbers were comparable to the theoretical
estimated numbers.

At drum stepper motor frequencies of 50, 25, and 1.25 Hz, the

numbers of PGF identified from XMT were 146, 303, and 571 corresponding to the
theoretical values o f 160, 309, and 600 respectively.

Moreover, the XMT images

demonstrated clear zones between separate sheets in the spirally assembled constructs. As
in the SEM images, the clustering o f PGF was also seen as in Figure 6.7 (f).

The

micrographs generated using XMT provided an excellent illustration of the degree of
alignment of the PGF within the constructs, showing the fibres were generally well
aligned with respect to each other. However, there was some evidence of fibres becoming
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seriously misaligned, for example in Figure 6.7 (f). The misalignment may have been
introduced during the cutting o f the sample prior to XMT analysis.

Figure 6.7: XMT of cross-sectional (a-c) and three dimensional views (d-f) of PGFPC collagen with low (a & d), medium (b & e), and high PGF (c & f) respectively.
The circle refers to the clustering of PGF seen after processing.
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6.3.1.2.

Quantification of PGF-PC Collagen Components

6.3.L2.1.

Thermo-Gravimetric Analysis

Figure 6.8 shows the TGA plots for the glass fibres, spirally assembled PC collagen, and
PGF-PC collagen with the three compositions.

PGF-PC collagen showed the same

regions of weight loss identified previously for PC collagen shown in Figure 5.21.
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Figure 6.8: Thermo-gravimetric plot of PC collagen and PGF-PC collagen at three
weight percentages. Three regions of weight variation were identified as I, II, and III.
(a) PC collagen, (b) 8% PGF-PC collagen, (c) 21% PGF-PC collagen, (d) 30% PGFPC collagen spiral assemblies, and (e) PGF.

Table 6.2 summarises the average % weight loss observed over these three regions
identified in TGA plot.
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Table 6.2: Summary of the average weight loss % of PGF-PC collagen with three different amounts of PGF and its individual
components from TGA, and the % construct components calculated at 200 °C and from ashing.

Materials

W eight Loss (% )

First Stage

Collagen (n=5)

W eight % Calculated at 200 °C

Second Stage

Third Stage

Fluid

Collagen

PGF

Ashing

Weight

Weight

Loss

Remaining

(%)

(%)

(110-180 °C)

(280-390 °C)

(500-650 °C)

85.4 ± 2.2

5.0 ± 1.1

3.5 ± 1.1

85.4 ± 2.2

14.6 ± 2 .2

0

99.5 ± 0.2

0.5 ± 0.2

76.9 ± 6.8

4.8 ± 0 .6

3.7 ± 0 .4

77.0 ± 6.2

14.6 ± 2 .2

8.4 ± 6.2

86.1 ± 3 .2

13.9 ± 3 .2

65.1 ± 2 .5

4.3 ± 0 .6

3.4 ± 0 .4

55.3 ± 6 .3

14.6 ± 2 .2

20.7 ± 2.4

76.5 ± 4.1

23.5 ± 4.1

55.6 ± 5 .8

3.3 ± 0.3

2.7 ± 0.3

64.7 ± 2.4

14.6 ± 2 .2

30.1 ± 6 .3

64.7 ± 6.6

35.3 ± 6.6

Low PGF (generated from 50
Hz SMF)-PC Collagen (n=5)
Medium PGF (generated from
25

Hz

SMF)-PC

Collagen

(n=10)
High PGF (generated from
12.5 Hz SMF)-PC Collagen
(n=10)
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From this table, it was clear that the weight loss at both the second and third region was
much smaller compared to the sharp weight loss during the first region, and that the
average weight loss % significantly decreased by addition of PGF to collagen.
Alternatively, the overall trend for the glass fibres alone shown in Figure 6.9
demonstrated a negligible weight loss o f 0.38 ± 0.02 % over the studied temperature
range.

This weight variation was detected around 400-500 °C and 700-800 °C that

correspond to the glass transition and melting temperature respectively as was previously
observed through DTA in Section 4.3.2.2.2.
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Figure 6.9: Thermo-gravimetric plot of phosphate glass fibres.

TGA was used as a quantitative technique to measure the weight % of various
components of the construct. The calculations were considered at 200 °C where the fluid
was completely eliminated; the results are also given in Table 6.2.

There was a
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significant increase in the weight % o f the glass fibres with a decrease in the drum
stepper motor frequency.

6,3.1.2.2.

Ashing

Table 6.2 gives the final ashed weight % of the constructs, representing the glass fibre
content. There was no statistically significant difference (p > 0.05) in the mean values
obtained from both TGA and ashing methods. Collagen-only spiral constructs resulted in
negligible residue by the end o f the TGA run.

6.3.I.3.

Quasi-Static Uniaxial Tensile Testing

Figure 6.10 shows the stress-strain curves obtained from quasi-static tensile testing of the
spirally assembled PC collagen along with the three different weight % of PGF-PC
collagen.

Three regions were identified in the stress-strain analysis for PC collagen

spirals, namely a toe-in region, a linear region, and a material failure region. The PC
collagen constructs were significantly more compliant than PGF-PC collagen as shown
by the tendency in the slope towards the x axis. By increasing the glass fibre content in
the matrix, the construct became stiffer as the slopes shifted towards the y-axis, and
exhibiting an increasingly brittle behaviour. The maximum strain for collagen only was
55.0 ± 13.8; which was significantly greater (p < 0.05) than that of PGF-PC construct that
exhibited a small strain before failure ranging from 3.4 ± 1.2 to 7.7 ± 3.5 % for 30 and 8
wt % PGF-PC collagen construct respectively.

Figure 6.11 shows the stress-strain

superimposed with the modulus curve o f 30 wt % of the spirally assembled PGF-PC
collagen as an example to be studied in more detail.
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Figure 6.10: Stress-Strain curves obtained from quasi-static tensile testing of (a) PC
collagen, (b) 8% PGF-PC collagen, (c) 21% PGF-PC collagen, and (d) 30% PGF-PC
collagen spiral assemblies.
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Figure 6.11: Stress-strain curve revealing the characteristic mechanical properties
of 30 weight % PGF-incorporated collagen under tensile mode.
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This construct had a toe-in region up to 0.36 ± 0.1 % strain compared to 12.8 ± 4 % for
PC collagen, a linear region up to 1.5 ± 0.5 % strain compared to 47.3 ±11.5 % of PC
collagen, and a yield strain up to 3.4 ± 1.2 % before breaking corresponding to 55.0 ±
13.8 % for PC collagen.

The modulus of elasticity, giving an indication of the material stiffness, was calculated
from the slope of the linear portion of the stress strain curve. There was a significant (p <
0.05) increase in modulus by the incorporation of the glass fibres into PC collagen.
When the moduli of the three PGF-PC collagen constructs were plotted against the glass
fibres weight % as shown in Figure 6.12, an exponential relationship was found.
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Figure 6.12: Effect of weight % of PGF on modulus of elasticity of PGF-PC collagen
spiral assemblies.
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The effect of glass fibre content on toe-in and breaking strain and the ultimate strength
was presented in Figure 6.13 and 6.14 respectively. It was observed that there was a
significant reduction in both strain components by the incorporation of the glass fibres.
The ultimate tensile strength, corresponding to the stress at failure was significantly
increased by incorporation o f PGF. Table 6.3 gives a summery of the mean ± standard
deviation of the various mechanical parameters of the spirally assembled collagen and
PGF- PC collagen.

Collagen

8 wt % PGF-PC
Collagen
| D Toe In Region

21 wt % PGF-PC
Collagen

30 wt % PGF-PC
Collagen

13Breaking Strain |

Figure 6.13: Toe-in region and maximum strain for PGF-PC collagen spiral
assemblies and PC collagen as a control. ** Highly significant to PC collagen.
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Figure 6.14: Maximum strength for PGF-PC collagen spiral assemblies and PC
collagen as a control. ** Highly significant to PC collagen.

Table 6.3: Summary of the mechanical properties in terms of Young’s Modulus,
tensile break strength and strain at failure, presented as Mean ± Standard Deviation
of PGF-PC collagen with three different PGF contents and PC collagen as a control.
M aterials
PC collagen (n=10)
8 wt % PGF-PC collagen (n-9)
21 wt % PGF-PC collagen (n=9)
30 wt % PGF-PC collagen (n=9)

M od u lu s
(M N .m 2)
1.3 ± 0 .3
7.8 ± 3 .1
3 3 .4 ± 10.2
164.9 ± 5 9 .6

B reaking strain
(% )
55.0 ± 13.8
7.7 ± 3 .5
6.7 ± 1.8
3.4 ± 1.2

6.3.2.

C e llu la r P G F - P C C o lla g e n C o n s tru c ts

6.3.2.I.

Preliminary Experim ent

Tensile strength
(M N .m 2)
0.6 ± 0 .1
0.5 ± 0.2
1.3 ± 0 .4
2.3 ± 0.6

Figure 6.15 shows confocal images o f PC collagen sheet seeded with 100 % dead cells
and 50/50 % live/dead cells. From these images, it was clear that the live/dead staining
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was effective in differentiating between both cell states. The live cells fluoresce bright
green, whereas dead cells with compromised membranes appeared red.

(a)

(b)

Figure 6.15: Confocal laser scanning micrographs of HOF immediately cultured (1
h) and entrapped within PC collagen sheet seeded with (a) 100 % dead cells, and (b)
50/50 % live/dead cells.

Also, the seeding of HOF within collagen solution before gelation entrapped these cells
within the gel network, and they appeared to be well distributed throughout the final
compressed collagen sheet. The obtained % of live cells in 50/50 % seeded samples was
43.2 ± 13.4 instead of the actual 50 % already seeded in the construct.

6.3.2.2.

Cell Viability up to 24 h

The seeded constructs were analysed for the effect of both plastic compression and PGF
inclusion on cell viability immediately (1 hour) after processing and after incubation for
24 h. Figure 6.16 shows the morphology o f HOF seeded constructs with and without
PGF incorporation at 21 wt %, used as an example.

The cells showed a rounded

morphology in both PC constructs with or without glass fibres. However, cell processes
were only visible within non-compressed gels at the early time point of 1 h.
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Figure 6.16: Confocal laser scanning micrographs of HOF immediately cultured (1
h) and entrapped within (a) non-compressed collagen gel, (b) PC collagen sheet, and
(c) 21 wt % PGF-PC collagen sheet. The arrows indicate the edges of a glass fibre.
Live cells are green, and dead cells are red.

The dead cells were clearly visible in PC constructs, PC collagen and 21 wt % PGF-PC
collagen, compared to non-compressed collagen control.

Moreover, there were some

regions of focused cell death near the glass fibres. Figure 6.17 shows the morphology of
HOF seeded constructs with and without PGF incorporation after 24 h in culture. After
24 h, the cells took on a tightly packed spindle shape appearances in three dimensions
both in the PC collagen sheet and non-compressed collagen gels as shown in Figure 6.17
(a & b). HOF within PGF-PC collagen constructs also showed similar morphologies
(Figure 6.16(c)) to those in PC collagen with no preference for either collagen matrix or
glass fibres. Figure 6.18 shows a close up view o f HOF cells aligned along a glass fibre
after 24 h. Generally, the cells were abundant, and more closely connected to each other
and to the substrate when compared to those in immediately (1 h) seeded constructs. On
the other hand, within the PC spiral constructs shown in Figure 6.17 (d & e), the number
of dead cells appeared to be higher than in the PC sheet forms.
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(d)

(e)

Figure 6.17: Confocal laser scanning micrograph after 24 h culture of HOF
entrapped within (a) non-compressed collagen gel, (b) PC collagen sheet, (c) PC
collagen spiral, (d) 21 wt % PGF-PC collagen sheet, and (e) 21 wt % PGF-PC
collagen spiral construct. The arrows indicate the edges of a glass fibre. Live cells
are green, and dead cells are red.

9 3 m icron

Figure 6.18: Closer view of HOF seeded in 21 wt % PGF-PC collagen sheet after 24
h demonstrating the attachm ent of cells showed no preference to either collagen or
glass fibres (position indicated by the dashed lines).
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Table 6.4 shows the change o f cell viability of the resident fibroblasts due to PC with or
without glass fibres was at its maximum only 20% across all types of constructs as given
in Table 6.4. There was no significant difference (p > 0.05) in the immediate reduction in
% cell viability between non-compressed collagen control, PC collagen, and PGF-PC
collagen sheets. There was a significant increase ((p < 0.05) in % cell viability at 24 h of
compressed constructs to 96-98 % compared to immediately prepared constructs,
however, % cell viability was significantly lower within spiral constructs after 24 h,
supporting the confocal image.

Table 6.4: % Cell viability in immediately (1 h) and 24 h seeded PC produced
constructs at each step of PC (sheet & spiral form) compared to non-compressed gel
control.
% Cell Viability
Samples
Immediate 24 h
Non-compressed collagen
88.3 ± 8.3
85.9 ±5.2
PC Collagen sheet
86.5 ± 7.7
100*
77.4 ±7.7
PC Collagen spiral
87.4 ± 9.5
98.4 ±1.5
8 wt % PGF-PC Collagen sheet
8 wt % PGF-PC Collagen spiral
83.8 ± 4.4
80.4 ± 2.8
21 wt % PGF-PC Collagen sheet
96 ± 2.3
75.3 ± 8.4
21 wt % PGF-PC Collagen spiral
80 ±5.3
100*
30 wt % PGF-PC Collagen sheet
79.7 ±0.4
30 wt % PGF-PC Collagen spiral
* No dead cells were detected in eit ler PC-collagen-only or 30 % PGF-PC collagen
-

-

-

-

sheets, probably due to the high cell density.

6.4.

Discussion

In Chapter 5, the plastic compression technique was verified as a novel process for the
rapid production of dense collagen matrices for potential use for tissue engineering
application.

The expulsion o f fluid from hyper-hydrated collagen gels presented an
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opportunity to prepare constructs with controlled meso-scale architecture and useful
mechanical properties. This chapter applied the PC process to incorporate unidirectionalphosphate-based glass fibres into collagen constructs. This was carried out to further
control the mechanical properties without compromising collagen biocompatibility, as
phosphate-based glass contains ions which are naturally present in the body. These fibres
also have the potential for tube formation as they degrade, therefore providing an
intriguing possibility of capillary-like channels as demonstrated in Chapter 4 within the
collagen. From a range o f glass compositions based on the formulation (in mol fraction)
50 P2O 5-3 O CaO-(20-x) Na 2 0 -(x) Fe2C>3, and fibre diameters ranging from 10 to 35 pm, it
was found that the glass fibre compositions where 3 < x < 5 having a diameter of
approximately 35 pm were more durable than glasses with lower quantities of iron oxide,
and of smaller diameters. Therefore, glass fibres containing 3 mol % Fe2C>3 were selected
to be used as reinforcing agents since this composition proved to be a compromise
between highly degradable and relatively stable glass fibres. The application of PC to
produce PGF-PC collagen was assessed by considering the repeatability of data obtained
through morphological, thermal, and mechanical properties. The efficacy of this method
for producing cellular PGF-PC constructs was also assessed by incorporation of HOF
during the processing.

HOF, being the predominant cells in subepithelial connective

tissues and responsible for production o f ECM and growth factors in these tissues (Gron
et aL, 2002), were chosen to assess the effect of the processing for up to 24 h.

Morphological characterisation through SEM and XMT showed that the glass fibre
content was significantly increased with a reduction in the drum cross-head speed; this
finding was further confirmed by the data obtained from both TGA and ashing. This
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indicated that changing the frequency o f the fibre-rig stepper motor was an effective
method of controlling the amount of the glass fibres within the final construct. It was
evident that the glass fibres could be incorporated within the collagen matrix, and it
proved be easy differentiated form the collagen network. The presence of clusters of
glass fibres that were detected from SEM and XMT images can be attributed to several
factors, such as the open air environment in which the fibres were pulled, and the hand
made processing of the constructs.

From the TGA results, the calculation of PGF content at 200 °C was considered to be
more representative of the actual amount of PGF incorporated since the fluid was
completely eliminated. This was also confirmed from the literature (Samouillan, 1999&
2003, Kumar, 2003, Shanmugasundaram, 2004). At 200 °C, the PC collagen lost 85 %
water, and the remaining 15 % was collagen. By subtracting this collagen content, the
PGF was 8, 21, and 30 wt % for fibres pulled at frequency of 50, 25, and 12.5 Hz
respectively. Therefore, there was a significant increase in PGF wt % with a decrease in
the fibre-rig stepper motor frequency. This was also confirmed by considering the final
ashed weight % where there was no statistically significant difference (p > 0.05) in the
mean values representing the glass fibre content obtained form both methods. Collagenonly spiral constructs resulted in a negligible residue by the end of the TGA run
combining only the salt used for neutralisation of the collagen solution.

PGF-PC

collagen constructs underwent the same transitions as in PC collagen, suggesting that
collagen was responsible for the thermal instability of the construct. On the other hand,
the glass fibres were thermally stable over the same temperature range. Generally, the
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transition observed between 110 and 650 °C for PGF-PC collagen correlated well to the
range (70 to 800 °C) identified for HA-gelatin composites (Sivakumar and Rao, 2002).

The mechanical characterisation of the PGF-PC constructs showed a significant increase
in both modulus and strength with the incorporation of the unidirectionally-aligned glass
fibres into collagen. This was achieved in spite of the potential overestimation of the
functional sample diameters caused by the imperfect contact or fluid pockets between
construct sheets as suggested in SEM images, and the absence of any chemical
interaction between collagen and glass fibres. The absence of chemical interaction was
also observed during preparation since the glass fibres could be easily pulled away from
the collagen matrix. This was expected, since no surface treatment or coupling agents
were applied on the fibres during the setting of collagen. The mechanical properties
observed for 21 wt % PGF- PC collagen construct were comparable with those
previously reported by Dunn et al. (1997) for a resorbable composite of PLA and native
collagen developed for the reconstruction of the anterior cruciate ligaments. Compared
to PC collagen, the lower % deformation to break PGF-PC collagen was due to
increasing the proportion o f PGF, clearly reflecting the brittle behaviour of the glass fibre
component. The observed reduction in toe-in region with the addition of glass fibres was
expected since this region is a characteristic of viscoelastic materials. Since the break
strength value of the PGF-PC constructs was significantly greater than that of PC
collagen, once the glass fibres component underwent failure, the collagen failed
immediately.
Two factors were evaluated throughout the viability study; firstly, the effect of the
processing method, including compression and rolling, and secondly, the effect of
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composition on cell behaviour by investigating the three different weight % of PGF. The
cell viability was maintained at 86.5 ± 7.7 through plastically compressing collagen gels;
and the viability was reduced down to 80 ± 5.3 by the incorporation of 30 weight % PGF.
However, this difference was not statistically significant (p > 0.05) for both noncompressed and PC collagen; this finding suggested that the glass fibres had no
deleterious effect on immediate cell viability. However, the focused cell death near the
glass fibres was possibly due to the high stiffness of the fibres combined with the
compressive and/or shears forces experienced during the rapid removal of fluid due to
PC. The rounded cell morphology seen in immediately seeded constructs suggested that
cells extend their processes and move through the denser PC constructs much more
slowly than through hyper-hydrated non-compressed gels. Not surprisingly, the cells
were denser in compressed constructs than in the non-compressed gels in parallel with
the increased collagen density.

After 24 h, the results showed that PC collagen and PGF-PC collagen sheets
demonstrated significantly higher cell viability, when compared to immediately seeded
constructs suggesting that the cells were proliferating. The cells also showed a spread,
spindle-shaped appearance, and they extended their cytoplasmic processes to attach to
each other and to the surrounding matrix. This cell morphology was seen within all PC
produced sheet constructs similar to the non-compressed collagen, which may suggest
that the compression and PGF had no negative effect up to this time point. However, at
24 h, the % cell viability was significantly reduced within the spiral constructs compared
to the non-compressed collagen control, and comparable PC produced sheets, probably
due to hypoxia and perfusion limitations.
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This chapter showed that the PC processing was successfully employed to produce
cellular, dense, collagen matrices incorporating unidirectionally-aligned glass fibres.
Changing the setting o f the fibre-rig stepper motor was also effective in producing
different weight % o f PGF, and controlled fibre spacing as confirmed qualitatively by
SEM and XMT, and quantitatively by TGA and ashing. The glass fibres significantly
altered the tensile mechanical properties of PC collagen regardless of the absence of
chemical interactions between these phases. This PGF-PC collagen could be potentially
used for the engineering o f skeletal muscles. The structure of muscle is made up of
thousands of fibres often running all the way from origin to insertion, the fibres are bound
together by connective tissue sheet which runs the blood vessels and nerves. Moreover,
PGF showed biocompatibility to muscle cells and showed myotube formation (Ahmed et
a/., 2004c).

Hence it would be possible for the same construct to have fibres with

different degradation rates, so that the highly degrading fibres could provide channels for
the growth of blood vessels and nerve, and the relatively slower degrading fibres could
allow for the alignment o f cells to form myotubes thus mimicking the structure of
muscle.
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Chapter 7
Summary. Conclusions, and Further Work
7.1.

Summary and Conclusions

Phosphate glasses are a unique class of materials that are degradable and biocompatible,
and their degradation can be controlled by changing the glass chemistry. The potential use
of phosphate glass fibres (PGF) as biomedical materials was investigated using two
different quaternary glass systems. Two modifying oxides, CuO and Fe2C>3 were
incorporated into the highly soluble ternary glass system, based on 50 P2O5-3 O CaO- 20
Na2<3 composition, developed for either biomedical or tissue engineering applications.
Glasses containing 50 mol % P 2O 5 ensured fibres were successfully produced for each
glass system from the melt. These fibres were characterised in terms of thermal, structural
properties, degradation, and ion release both the cationic and anionic species.

In the copper containing glass system, the results showed that the degradation of the glass
fibres was linear over the first six hours, and the rate of degradation was substantially
decreased as the CuO content increased.

This reduction in the degradation rate was

possibly due to increased cross-link density associated with P-O-Cu bonds, which also
correlated with an increase in density and Tg. There was a further decrease in degradation
with increasing fibre diameter. Both the amount and rate of copper ions released over the
first six hours increased with increasing CuO content, as well as an increase in the surface
area to volume ratio. Antimicrobial analysis showed that the copper ions released from
the 10 mol % CuO PGF were the most effective in killing the opportunistic pathogen
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Staphylococcus epidermidis. However, it was observed that the fibre diameters of copper
containing glasses had no significant effect on the antimicrobial and thermal properties.
Copper incorporated PGF, particularly those with 10 mol % CuO, could be prepared in a
mesh form to be potentially used a wound dressing for the treatment of sever bums, leg
ulcers, pressure sores, and infected surgical wounds. Moreover, it could be potentially
used as sutures; however, the brittle nature of these materials may be a potential problem
which can be controlled by a polymeric coating. Incorporation of these fibres into bone
cement used for fixation o f orthopaedic devices such as hip replacement devices could
also be considered as another avenue for potential application.

In the iron containing glass system, the durability of phosphate glass was significantly
increased with increasing Fe2C>3 content as there were two orders of magnitude reduction
in the rate of degradation by incorporating 5 mol % Fe2C>3. This was related to the
formation of more hydration resistant Fe-O-P bonds.

This also correlated with the

increase in both density and Tg. The ion release behaviour reflected the degradation
behaviour of the glass. The degradation rate was also found to increase with decreasing
fibre diameter due to the increased surface area to volume ratio. The durability of the
glass was found to influence the cation and anion release behaviour as well as the pH
change in the degradation medium.

From the range of glass compositions and fibre

diameters investigated, this study confirmed that glass fibres containing greater than 3 mol
% iron oxide with a diameter o f approximately 35 pm range would be more durable and
more suitable for potential tissue engineering applications such as muscle, ligament,
tendon, and bone. This is concurrent with the cell work carried out by Ahmed et al.,
2004c, and Bitar et al., 2005.

This study also found that the iron containing fibres

formed tube-like structures when they degraded, therefore, they could be potentially used
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in combination with either natural or synthetic polymers to help the ingrowth of
vascularisation and the diffusion of nutrient and waste through the scaffold, and also for
cell transplantation. However, the exact reasons for this tube formation are not currently
understood, but it thought to be due to ordered precipitation associated with localised high
ion concentration.

Both glass systems made fibres of the same diameter using the same pulling speed
although they were pulled through different temperatures. Fe3+ had a stronger effect than
I

Cu

on the tested properties, particularly the degradation rate of the fibres. This may

reflect that both ions have different roles when they are incorporated into the glass
structure, since Cu can act as network modifier while Fe can act as both network modifier
and/or former. This was also confirmed by the finding that the degradation rate followed
an inverse linear relationship against CuO content; whereas, it followed inverse
^

2+

3

exponential behaviour against Fe2 0 3 . It was also noticed that Na , Ca , and (P 3 O9 ) '
constituted the main components released from both glasses. This finding indicates that
these three species may constitute the major components in the glass structure. On the
other hand, it was observed that Fe3+ release is inversely related to the amount of Fe2 0 3 ,
and this was not the case with the Cu

1

in the copper system.

Collagen gels are biologically excellent biomimetic materials; however, randomly
oriented collagen fibrils with an excess of fluid (> 99 %) results in the gels being too weak
to withstand manipulation or mechanical load. The plastic compression (PC) of native
collagen gels is a novel method for the production of tissue analogous implants, and it
achieves most of the demands for cell-independent tissue engineering. Key to this is the
management o f the aqueous component of the hyper-hydrated starting material. This
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study undertook a number o f mechanical tests to verify the mechanisms of PC in these
gels through mechanical analyses under unconfined compression, and utilised this method
for the production o f unidirectional PGF incorporated collagen. These results indicated
that the PC fabrication o f tissue equivalent implants and biomaterials from very low
density gels is clearly linked to polymer chemistry since the polymer here (collagen
fibrils) have only weak inherent swelling potential at neutral pH.

Unconfined

compression of collagen gels expels fluid, which does not return on removal of the load:
i.e. plastic compression.

This presents a potentially ideal mechanism for controlling

matrix density and mechanical properties. The potential scale of fluid displacement also
means that the physical dimensions of constructs can be reduced by orders of magnitude.
PC could be potentially used to engineer tissue-like constructs without cell action for
connective tissue scaffolds construction as tubes, rods, or sheets.

The PC was successfully employed for the development of three dimensional constructs of
cellular, dense, collagen matrices incorporating unidirectionally-aligned PGF. This was
carried out for three main reasons; firstly, the versatility of PC in developing
heterogeneous constructs, secondly, incorporation of PGF to further enhance the
mechanical properties, and thirdly, to provide an intriguing possibility of channel
formation.

It was observed that the incorporation of fibres significantly increased the

strength and stiffness o f the constructs, but compromised the compliance regardless of the
absence of chemical interactions between these phases. PC and PGF content did not
significantly reduce cell viability compared to the non-compressed gel control. Moreover,
the cell viability significantly increased after 24 h compared to immediately prepared
constructs.

PGF-PC collagen constructs, mimicking the morphology of the skeletal

muscle, could be potentially used for engineering of these muscles.
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7.2.

Recommendation for Further Work

7.2.1.

Copper Containing Phosphate Glass Fibres
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• Possible incorporation of higher Cu0/Na20 ratio for production of glass fibres for
long term antibacterial applications. However, the cytotoxicity issues of Cu should
be considered to find compositions that encompass both properties.
• In depth antibacterial study to understand the precise mechanism responsible for
the antibacterial effect o f copper i.e., whether it is an actual antibacterial or anti
adhesiveness effect o f copper ions in the glass fibres. This can be verified by
viability study using flow cells or Constant Depth Film Fermenter (CDFF).

7.2.2.

Iron Containing Phosphate Glass Fibres

• Investigating the glass fibre degradation in simulated body fluid and under
dynamic environments to study the actual behaviour of fibre degradation. This
may be different from the trend seen in deionised water; however, in such case, the
ion release study may become complicated by the presence of the same ions at
high levels than those released from fibres.
•

A detailed study o f the phenomena of tube formation through Energy dispersive XRay Analysis (EDAX), X-Ray Diffraction Analysis (XRD), Fourier Transform
Infra-Red Spectroscopy (FTIR), and Raman Spectroscopy to see how these tubes
formed, and are there any changes in composition while the fibres are degrading or
any form of crystalline structure formation?.
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PC Collagen
Looking at the PC collagen construct at the meso-scale structural level by
considering the collagen fibril diameter and pore size distribution, for example, by
using atomic force microscopy, since these parameters may have an effect on cell
viability particularly pore size distribution.

•

Possible application o f this processing method for other natural polymers
particularly those containing high fluid contents such as; fibrin, fibronectin, and
laminin.

• Studying the oxygen transportation and perfusion through PC spiral collagen as
they may have an effect on cell viability particularly at the middle of the construct.

7.2.4.
•

PGF-PC Collagen
Further XMT studies for determination of the actual volume fractions of the glass
fibres incorporated in each construct and relating to the mechanics of the
constructs. More importantly, studying the mechanism of failure under tensile test
through XMT.

•

Possible use of coupling agents to introduce chemical bonding between collagen
network and the glass fibres which may further enhance the mechanical properties
for potential use in applications that require high tensile strength such as tendon.

• Long term viability and proliferation studies to look at the effect of composition to
see if the fibre degradation will affect the cell behaviour. Also, studying the effect
of incorporation o f different cell densities on cell metabolism could be another
point of interest.
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Studying the possibility of glass fibre tube formation within collagen after
complete degradation of fibres by selecting a highly degradable fibre composition
and low weight % incorporation.

•

Possible incorporation o f PGF into other polymers, synthetic or natural for
potential channel formation which will help the diffusion of nutrient, gases, and
waste and possibly therapeutic agents throughout the construct.

•

Possible incorporation of copper containing PGF into PC collagen for the
development o f antimicrobial implants.
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