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Abstract

The development of microspheres for the sustained delivery of protein and small drug
delivery has been utilised in tissue engineering and drug delivery applications.
However problems exist in obtaining a controlled and predictable release pattern of
the encapsulated molecules from these materials. In this study, microspheres with a
zero order release kinetic profile and no lag phase were developed from a novel

PLGA based polymer blend.

The novel PLGA based polymer blend was made from blending PLGA with varying
compositions of the triblock co-polymer PLGA-PEG-PLGA. These blends were
subsequently used in the fabrication of lysozyme and dexamethasone |oaded

microspheres.

Blending of the triblock copolymer with PLGA resulted in a reduction of the glass
transition temperature (36.1°C against 59.7°C) and an increased mechanica strength
(25.25 = 1.26MPa against 0.26 + 0.05MPa) for PLGA and 30% triblock w/w
microspheres respectively. An incremental increase in the triblock composition within
the Triblock/PLGA blends resulted in a corresponding reduction in glass transition

temperature of the microspheres.



Varying the triblock composition within the microspheres showed no significant
effect on entrapment efficiency (EE) of lysozyme (protein) and dexamethasone (drug)
within fabricated microspheres (EE ~ 60% for and 75% for loading weight 5% w/w
for lysozyme and dexamethasone microspheres respectively). Controlled release
experiments showed incorporation of the triblock increased the burst release of the
protein and drug molecules from the microspheres and improved their release
kinetics, with zero-order release profile (post burst phase) observed at a triblock
composition of 30% w/w. A positive correlation between the amount of triblock
within the triblock / PLGA blend and the rate of protein and drug release was also

observed.

The induction of osteogenesis and chondrogenesis within stem cells seeded on
dexamethasone and ascorbate phosphate, and TGF-f3 loaded scaffolds was
successfully demonstrated. Zonal release of TGF-f3 and BMP4 proteins from a
bilayered scaffold was aso demonstrated. However experiments conducted to
demonstrate the tissue zonation within a bone cartilage bilayered construct developed
from embryonic stem cell seeded TGF-f3 and BMP4 loaded bilayered scaffolds

yielded inconclusive data.

These results suggests that protein and drug loaded injectable microspheres for tissue
engineering applications can be formed from triblock/PLGA blends, and that by
varying the triblock composition, the temperature a which the microspheres form
scaffolds, the release kinetics and the mechanica strength of the resulting scaffolds

can be controlled.
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Introduction Chapter 1

CHAPTER 1

| ntroduction

1.1. Tissue Engineering Overview.

Tissue engineering is an interdisciplinary field centred on developing materials,
scaffolds, or devices that provide biochemical and biophysical cues to facilitate cell
survival, proliferation, differentiation, and organization into functiona biological
substitutes for the study, repair, and maintenance of tissue function (Langer &
Vacanti, 1993; Griffith and Naughton, 2002). Tissue engineering emerged in the early
90's with a focus on the development of tissues as a solution to the increasing
problems associated with sourcing functional organs and tissues for transplants. Early
devel opments were driven by skin repair in venuous and diabetic ulcers. The drivers
for clinical and commercia research into the use of tissue engineering as aternative
treatment options are the recent advancements in proteomics, genomics and molecular
biology techniques and an increase in the understanding of mechanisms underpinning

tissue morphogenesis and repair (Knothe et a., 2008).

Recently the focus of tissue engineering has progressed to include a substantia
emphasis on the greater impact of providing more effective experimental systems for
the in vitro studying of complex human tissue physiology and pathophysiology
(Griffith and Swartz, 2006). This change in direction emerged in part due to the

limitation of animal models in illuminating many crucial facets of human physiology
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and pathophysiology, especially in areas of tissue-specific transcriptional regulation
(Odom et al., 2007), diseased states (Vargo-Gogola and Rosen, 2007; Rangargjan et

al., 2004) and drug-induced liver toxicity (Sivaraman et a., 2005).

In addition even though traditional two dimensional techniques utilized in the in vitro
culture of animal cells can be automated and adapted to high-throughput assays, most
scalable cell cultures lack physiologically relevant microenvironmental stimuli
comparable to that of native tissues. Engineered tissue constructs consisting of human
or animal cells are being developed for abroad range of application areas. These areas
include hepatic drug metabolism and toxicity testing (Khetani and Bhatia, 2008; Lee
a a., 2008; Sivaraman et a., 2005), lymphoid tissue neogenesis (Stachiowak, 2007;
James et al., 2005) stem cell differentiation (Engler et a., 2006; Inanc et al., 2008;
Koay et a., 2007); and co-culture systems for elucidating information on cellular
interactions during normal and diseased physiology states (Hendriks and van
Blitterswijk, 2007). The potential information elucidated from these application areas
offers promise for meeting the data collection demands of high-throughput screening

and systems biology (Cosgrove et al., 2008)..

In tissue neogenesis and repair within the body, the extracellular matrix (ECM) is able
to stimulate individual cells through a diverse set of microenvironment cues such as
bound or stored molecular signals (i.e. growth factors and cytokines); soluble cell
signaling factors released from adjacent and distant cells, cell surface receptor
mediated interactions (Lutolf and Hubbell 2005) and mechanical forces (Griffith and
Swartz, 2006). These cues together activate a network of complex cell signalling

pathways that regulates cell behavioural phenotypes. The ECM regulates the resultant



Introduction Chapter 1

cell behaviour by not only providing these cues, but by aso regulating their
guantitative amounts, activity, spatia arrangements, and temporal sequences (Miyata

et al. 2002).

Thus the central challenge of tissue engineering is to €icit and maintain desired cell
behaviours through externally-applied and -induced chemical signals and mechanical
forces in a predictable fashion (Cosgrove et a., 2008). To achieve this challenge
tissue engineering combines aspects of different sciences including cell biology,
genomics, proteomics, developmental biology, material science, polymer chemistry,
and mathematic modelling for the design, modification and proliferation of living

tissues using biomaterials, cells and growth factors either alone or in combination.

Based on the varied clinica and commercial applications of tissue engineered
constructs a wide range of strategies involving in vivo and in vitro techniques have
been developed in the design of these constructs to meet their intended use. Current
strategies utilised generally involve a combination of any of the following
components:
A) Identification, isolation, expansion and differentiation of a suitable cell source.
B) Choice and design of a suitable scaffold materia to provide structura support
and / or biological for facilitating tissue proliferation and ingrowth.
C) Seeding or encapsulation of cellsinto scaffolds.
D) In vitro culture of scaffolds (seeded or unseeded) under appropriate media
conditions to form mature tissues for use in various clinical and industrial

applications.
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E) Transplantation of mature tissue/ tissue constructs into animal and human host

subjects to promote repair and regeneration of tissue defects.

1.2. Scaffolds.

A key focus of tissue engineering is the organisation of cells into functional tissues or
organs through the use of biological substrates to control the growth, differentiation
and behaviour of these cells (Hubbell, 1995). These biological substrates are termed
scaffolds and can provide not only the mechano-architectural framework for the tissue
development, but also the proximity for cell to cell interactions, matrix deposition and
cell signaling. Current research is rapidly evolving towards designing, developing
and manufacturing specialised scaffolds that (i) degrades into naturally occurring by-
products when placed in the body, (ii) be incorporated with growth factors to direct
Itissue repair (iii) promote cellular attachment and colonization (iv) aters their
mechanical properties in response to particular stimuli (smart materials) (Pachence

and Khon, 1997; Hubbell, 1995; Chau et al. 2008).

1.2.1. TheRole of Scaffoldsin Tissue Engineering.

Scaffolds have been used in the successful regeneration of different tissue types in
both in vivo and in vitro experiments and within varying clinical settings. Examples of
in vivo and in vitro experiments involving the use of scaffolds include for nerve
regeneration (Cao & Soichet, 1999; Friedman et a., 2002), bone (Yang et a., 2004;
Schneider et al., 2003), liver (Risbud et al., 2002; Thomas et al., 2006), pancreas
(Cheng et d., 2006), cartilage (Horobin et a., 2006), and eye (Pratoomsoot et al.,
2008). Current clinical applications utilising scaffold includes use for repairing of

osteochondral defects, eye trauma, heart valve repair and as sutures for wound repair.
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A significant challenge of tissue engineering is to develop a system alowing the
localisation of a sufficient number of cells within the defect site in order to enhance
neo tissue formation. Poor retention of cells and signalling molecules has been
implicated as a magor factor for reduced efficacy of cell suspensions and growth
factors transferred directly to tissue defects, in regenerating new tissue in vivo when
compared to in vitro 2d models (Seeherman and Wozney, 2005). The use of scaffolds
as a cell support and delivery device for growth factor release has been shown to
massively improve in vivo tissue engineering. In addition the difficulties of most cells
being able to form fully viable 3D tissue with a homogenous cell phenotype mix
(Landers et al., 2002, Pérez-Pomares et a., 2006) again necessitates the use of
scaffolds for maintaining the specific phenotypic characteristics of the cells. For
example, chondrocytes have been shown to lose their phenotypic characteristics
becoming fibroblast-like (Buckwalter et al., 1997a) and a decrease of cartilage
specific markers such as collagen type 1l and aggrecan (Hauselmann et a., 1994). In
contrast chondrocytes grown on 3D culture systems such as PLGA (Chung et d.,
2008), agarose gel (Connelly et al., 2008), and collagen (Muller-Rath et al., 2007),
have been shown to maintain their phenotype, proliferate and synthesize cartilage

specific markers.

There are several criteriathat need to be fulfilled for a scaffold to be used successfully
in tissue regeneration. First, the scaffold must have a highly porous structure, which
would aid tissue growth in three dimensions. The porous structure is required for the
efficient migration of cells through the scaffold; high surface area for seeding of cells;
and efficient diffusion of nutrition and gases to al the cells. Secondly, the scaffold

material has to be bioactive to ensure that it is able to connect to the surrounding
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tissue without scar tissue formation. Thirdly, the scaffold should have a controllable
rate of degradation, which can be tailored to give way to the tissue as it forms (Tabata
2004). The mechanical properties of the scaffolds should be similar to those of the
host tissue, and be maintained long enough for the sufficient regeneration of the
tissue. When degraded, the scaffolds should lead to non-toxic products, which can be

metabolised.

1.2.2. Scaffold Materials

Through the development of a scaffold that is bioactive and biodegradable and to
which cells can attach, proliferate into and migrate throughout, new tissue is
regenerated slowly replacing the scaffold. The success in achieving tissue
regeneration is mainly dependent on the scaffold design and the choice of material
used in formulating the scaffold. Depending on the specific intended application of
the matrix, whether for structural support, drug-delivery capability, or both, certain

material categories may be more or less well suited to the final structure.

In choosing a materia for scaffold formation, the following design criteria should be
considered (Thomson et |., 1997, Kim & Mooney, 1998, Temenof & Mikos, 2000,
Freyman et a., 2001, Zhu et al., 2004, Kretlow et a., 2007)
(1) The materials used for scaffold fabrication and its degradation products
must be biocompatible and non-immunogenic.
(i) Biodegradable, enzymatically degradable or resorbable and their products

must be easily metabolised or excreted by the body.
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(i) A controllable degradation rate, which can be tuned to match the rate of in
vivo / vitro tissue formation or release of encapsulated bioactive factors
within the scaffold.

(iv)  Easily fabricated into three dimensional scaffolds into a variety of shapes
and sizes.

The scaffolds that are utilised within tissue engineering can be divided into two broad
divisions of solid based scaffolds and hydrogels. Solid based scaffolds generally have
a defined shape at room temperature and are utilised primarily as structural supports
in the development of tissue constructs. These constructs can be used in aiding tissue
regeneration either through tempora filling of a defect, or as a temporal tissue
replacement. Hydrogels are swollen matrices that consists of highly hydrated
polymeric chains (water content >30% of content) formed by cross-linking networks

of polymer chains (Drury and Mooney 2003).

Solid based and hydrogel scaffolds are made out of natural polymers such as collagen,
and fibrin; synthetic polymers such as poly(a-hydroxyacid)s and poly fumarate; and
inorganic materials such as hydroxypaptite and tricalcium phosphate have all been
used in tissue engineering. Summarised in table 1.1 are examples of some of the

scaffold materials that have been used for tissue engineering applications

1.2.2.1. Natural Polymers.
Natural polymers used to fabricate scaffolds for tissue engineering applications
include collagen (Kakudo et al., 2007; lbusuki et al., 2007; Dawson et al., 2008),

hyaluronan (Borzacchiello et a., 2007; Cui et a., 2006), fibrin (Osathanon et al.,
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Natural Chitosan, Chitin, Collagen, Gelatin, | Biocompatible, Sterilisation issues Simmons et a., 2004; Kim &
Polymers Hyaluronic acid, alginate, Agarose | bioresorbable. tailored | Immunogenic, Vaentini 2001; Karageorgiou et
mechanical strength difficultiesin processing | a., 2006; Bax et al., 1999; Den
and degradability and sourcing, possible Boer et a., 2002, Mao et dl.,

disease transmission and | 1998; Gao et al., 1997; Baier et

generally poor al., 2003; Kimuraet a., 2003;
mechanical strengths Stevens et a., 2009.
Inorganic Calcium orthophosphate cements; Excellent Some materials are ljiri et al., 1007; Pajamaki et a.,
Materials porous coralline; ceramics, biocompatibility, good | brittle; difficult to mould | 1993; Yuan et a., 1998;
Hydroxypaptite; titanium; bioactive | affinity for growth into different shapesand | Laffargue et a., 1999; Urabe et
glass, B-tricalcium phosphate; factors and generally forms; localised heat al., 2002; Edwards et al., 2004,
ceramics good mechanical dissipation (which could | Den Boer et al., 2003; Puleo et
strength; be detrimental to cells). al., 2002; Bessho et al., 1999;
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Synthetic

Polymers

Poly (lactic acid); Poly (glycolide);
Poly (lactide —co- glycolide);
Poly(lactic acid-co-ethylene glycol);
Poly (propylene fumarate);
Poly(ethylene therephtal ate);
Polycaprolactone;
Polyhydroxyalkanoates;
Poly(glycerol sebacate); Pluronic
F127; Polyphosphazenes,

Polyanhydrides.

Chapter 1

Tailored
biodegradability,
Design flexibility (can
be processed into
different shapes and

forms)

Acidic Breakdown
products might cause
inflammatory response;
some types might have
poor cell adhesion; poor
affinity for growth
factors. Encapsulation
methods involve solvents
that might denature
proteins. Poor

mechanical strength.

Behravesh et al., 1999; Saitoa et
al., 2003; Bessho et a., 2002;
Lucaset a., 1990; Lakshmi et
al., 2003; Clokie & Urist, 2000;
Yang et a., 2004; Brunet-Maheu
et a., 2008; Maet d., 2005;
Savarino et al., 2007; Chen &

Wu 2005; Wang et al., 2002.

Table 1.1 Example of materials used in various tissue engineering applications
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2008), chitosan (Zhang eta |., 2006; Risbud et al., 2002), silk (Wang et a., 2005;
Hofmann et a., 2006), alginate (Elkayam et a., 2006), and Agarose (Stevens et d.,
2005; Stokols et al., 2006). Many of the naturally occurring animal-derived polymers
are components of extracellular matrix. They are biocompatible, bioresorbable and
can be formulated into many configurations with variable residence time through the
enzymatic treatment and chemical crosslinking of the polymer. Collagen
formulations used as scaffolds include gelatin, and fibrillar collagen. Hyaluronans,
chitosan, alginate and agarose can be formulated into hydrogels, sponges. Fibrin, can
be formulated as an adhesive glue-type delivery vehicle for growth factors such as
BMPs (Schmokel et al., 2004). .However, severa issues limit the use of natural
polymers in tissue engineering. Poor mechanica strength, rapid degradation, and
batch to batch variation with materials are examples of issues limiting the use of these
materials as scaffolds. Other disadvantages of natural polymers include sourcing,
processing, possible disease transmission and immunogenicity of the polymers

(Seeherman and Wozney, 2005).

1.2.2.2. Synthetic Polymers

Synthetic polymers have been widely used for tissue engineering (Kannan et a.,
2005; Liu et al., 2004). The poly (o-hydroxy acid) polymers such as polylactide,
polyglycolide and their copolymers (poly(D,L-lactide-co-glycolide) (PLGA) are the
most commonly used synthetic polymers. The biocompatibility and resorbability of
these polymers underlies its extensive use in tissue engineering either as a temporary
scaffold or as carriers for the delivery of bioactive molecules. Another contributory
factor influencing its extensive use is related to the fact that these polymers have been

approved by certain governmental agencies such as US Food and Drug
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Administration (FDA) and the European Medicines Agency (EMEA) for use as

medical sutures, drug delivery devices and orthopaedic implants.

Additional synthetic polymers used include poly(e — caprolactone) (PCL) (Hutmacher,
2000), polyanhydrides (Lucas et a., 1990), polyphosphazenes (Lakshmi et a., 2003)
polypropylene fumarate (Behvrevesh et al., 1999), polyethylene glycol- PLA
(Miyamoto et a., 1993), poloxamers (Clokie et al., 2000), and polyphosphate
polymers (Renier and Kohn 1997) Their design flexibility, elimination of disease
transmission and batch to batch variability represent major advantages for the use of
synthetic polymers in tissue engineering. Synthetic polymers can be easily processed
into porous three-dimensiona scaffolds, linearly oriented scaffolds, microspheres,

polymer fibres and sheets (Seeherman and Wozney, 2005).

Degradation of these polymers occurs by hydrolysis, cellular mediated degradation
and enzymatic pathways. The decrease in local pH resulting from acid breakdown
products of the polymer during bulk degradation; excessive inflammatory responses,
and poor clearance associated with high molecular weight polymers are some of the
disadvantages associated with synthetic polymers. The design of newer surface
eroding polymers has been used to improve the release profiles of growth factors from
scaffolds and reduce the problems associated with bulk degradation (Wang et a.,
2003). In addition, scaffolds produced from synthetic polymers have a low capacity
for facilitation of cellular responses due to the lack of adhesion groups such as
proteins for receptor mediated cell surface binding (Suciati, 2006). Adsorbing proteins
such as collagen unto the scaffold surfaces (Kaufmann et al., 1997; Chen et al., 2003),

deposition of hydrophilic polymers unto the scaffold surface using plasma

11
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polymerisation techniques (Barry et al., 2006; Park et al., 2007); and the attachment of
functional domains such as Arg-Gly-Asp (RGD) (Quirk et a., 2001; Yang €t d.,
2001) have all been used successfully for improving cell attachment, and proliferation

within scaffolds from these polymers.

1.2.2.3. Inorganic Materials.

This class includes ceramics, such as various compositions of calcium phosphate (e.g.
hydroxyapatite (HAP), and tricalcium phosphate (TCP)), and non-ceramics, such as
calcium phosphate-based cements (CPCs). Other inorganic carriers include calcium
sulphates, metals and bioglass. HAP is widely used because it is the maor component
of bone and has been used clinically since the 1980s in prosthetics (Jarcho, 1981). In
addition, HAP has the ability to bond directly with bone because its chemical natureis
identical to that of bone. HAPs are typically presented in a granular or block form;
however, unless combined with other materials, HAP is brittle and HAP blocks are
difficult to shape to bone defects. Injectable CPCs harden in vivo and have also been
tested as carriers of bone morphogenic proteins for the promotion of bone formation
(Edwards et a., 2000; Seeherman et a., 2001. Typica CPCs are comprised of two
components, which react and harden when mixed, and because the crystals are not
fused they are slowly resorbable (Schmitz et al., 1999). A potential disadvantage of
some CPCs is that they undergo an exothermic reaction that might denature labile
proteins. The low temperature calcium orthophosphate cements (CPC) have proven to
be extremely versatile materials that can be formulated as injectable cements,
implantable cements and solid implants. The most commonly used CPCs precipitate
out in agueous solutions of calcium phosphates as crystals, which become entangled

to form the cement structure. The low temperature precipitation alows for the
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addition of growth factors such as BMP as a lyophilized powder to the cement
components or in the agueous phase prior to the cementing reaction without risking
damage to the protein. In addition to being biocompatible, calcium orthophosphates,
and bioglass (as well as hydroxyapatites) are generally very osteoconductive materias
that promote have been shown to promote bone formation directly on their surfaces
(Seeherman and Wozney, 2005). The mgor disadvantages of CPCs include phase
separation during injection, a lack of intrinsic macroporosity to allowcell infiltration
and decreased mechanica tensile and shear properties compared to bone and other
materials. Modifications to CPC formulations can be made to increase the injectability
(Bohner et a., 2005) and macroporosity in vivo. Increased macroporosity can be
achieved by the addition of gas evolving excipients to CPC formulations to induce
granulation or to form pores (del Redl et al., 2002; Seeherman et a., 2002). The lack
of biomechanical strength can circumvented by using the appropriate external or
interna fixation in combination with CPC. High temperature cal cium orthophosphates
can be fabricated into preformed granules or blocks. Porous ceramic blocks can also
be fabricated to mimic the threedimensional structure of trabecular bone (Dutta Roy et
a., 2003; Tada et al., 2002). Due to the high temperature sintering process, BMPs can
generaly only be surface coated onto these materials after fabrication. In addition, the
residence time of high temperature calcium orthophosphates is prolonged and
mechanical strength is generally adequate only in compression. Calcium
orthophosphates with prolonged residence time also tend to form bone the outer

surface encasing the residual carrier and slowing resorption further.
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1.2.3. Scaffold Fabrication Methods.

Numerous techniques have been utilised in preparing the scaffolds for tissue
engineering or drug delivery applications. Determining which method to be used is
dependent on severa factors including the function, constituent material of the
fabricated scaffold. Discussed below are some of the different techniques that have
been employed for the fabrication of scaffolds. A more extensive overview of these

and other techniques utilised can be found in the review by Weigel et al., 2006.

1.2.3.1.Solvent Casting / Particular leaching

Solvent-casting particulate leaching method involves the mixing of a polymer solution
(i.e. PLA in chloroform) with water soluble particles of defined size (Lee and
Feldman 1998). The mixture is then cast into a mould of desired shape and the solvent
then removed by evaporation under vacuum. This leads to polymer solidifying around
the salt particles. The entrapped salt can then be leached out of the scaffold by rinsing
in distilled water, leaving a highly porous polymer scaffold with a defined pore
structure (Mikos et a. 1994; Lee and Feldman 1998; Liu and Ma 2004). A variation
to this approach involving the use of spheres rather than salt crystals as pore forming
materials has also been used in forming porous scaffolds (Marra et a. 1999). The
solvent casting / particulate leaching technique has been used in the fabrication of
scaffolds for the delivery of angiogenic factors for promotion of angiogenesis (Hile et

al., 2000).

1.2.3.2. Heat Sintering

An increasingly popular method of 3D scaffold fabrication is the heat fusion

(sintering) of polymer microparticles. The microstructure of the particles is generally
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well preserved with bonding of the adjacent microparticles occurring through the
thermal fusion of the polymers through heating of the polymers above their glass
transition temperature (Borden et al., 2002 & 2003).

1.2.3.3. Super-critical Fluid

Denaturation of growth factors during scaffold fabrication has been indicated as the
main cause of activity loss of protein released from scaffold. Super critical fluid
technique has been developed recently to form scaffolds to improve on the current
fabrication methods. Scaffold fabrication using SCF technology (RESS technique)
normally involves the dissolution of the polymer/growth factor complex in
supercritical CO2 (scCO2). Thisis followed by a rapid expansion of the mixture into
alow temperature and pressure environment which leads to scaffold formation (Vasita
et a., 2006). Another technique utilizing the scCO2 is the PGSS technique, which
involves using the scCO2 to plasticize the polymer by lowering the glass transition
temperatures (Tg) of the polymer. This technique involves the application of the SCF
under pressure into the polymer and growth factor mixture until the mixture is
saturated. This is followed by depressurizaton through a nozzle, leading to the
formation of highly porous scaffolds as the gas comes out of liquefied polymer.
Porous BMP-2-encapsulated poly(DL-lactic acid) (PLA) scaffolds generated by the
supercritical fluid process was shown to promote adhesion, migration, proliferation,
and differentiation of human osteoprogenitor cells on three-dimensional scaffolds
(Yang et al., 2004).

1.2.3.4. Rapid Prototyping/Solid Free-Form Fabrication

Rapid prototyping and solid free-form fabrication methods are common terms for
techniques that creates a scaffold directly from a computer aided design (CAD) data

set. Scaffold construction using these techniques involves the addition of the material,
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layer by layer through the guidance of the computer program (Weigel et a., 2006).
Once the layer is complete, the build platform is indexed downward by one layer
thickness and the process is repeated. The layer by layer approach utilized for
construction of the scaffolds facilitates improved reproducibility and enables the
design of complex scaffolds with an exact pre-defined shape and an internd
architecture that is predefined and perfectly suited to mimic that of the tissue that is to
be regenerated (Houtmacher, Sittinger et al. 2004; Yeong, Chuaet a. 2004). Cells can
be incorporated into the pre-fabricated layer prior to final assembly of the scaffold
(Chua et d., 2003), and parameters such as the pore size, interconnectivity, and

porosity can be controlled more precisely using these techniques (Zhang et al., 2005).

1.2.3.5. 3-D Printing

3-Dimensional printing, is used to create complex three-dimensional scaffolds by
building up printed layers of polymer using an inkjet printer to deposit a binder
solution unto the polymer bed (Tsang and Bhatia 2004). It involves the spreading of a
layer of powder over a building platform, followed by the precise deposition of a
binder solution by an inkjet printer on the powder layer to facilitate the joining of the
single particle powders to form a 2D layer of the scaffold (Leukers et a., 2005). This
process is further repeated to completely generate the scaffold. The binder is then
allowed to dry, after which the non-joined polymer is removed by an air jet flow, and

the finished scaffold can then be retrieved (Pfister et a., 2004).

1.2.3.6. Selective laser sintering

This technique involves the use of deflected laser beams such as infra-red and CO,

laser beams to sinter layers of powdered materials such as wax or polymers to form
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scaffolds (Giordano et a, 1996). The laser beam selectively scans over the polymer
surface, leading to deformation and fusion of the surface polymer. New layers of the
polymer are then deposited by a roller, and the laser sintering repeated thereby
building a new sintered layer on top of the previous layer The fusion of the polymer
chains at the surface is as a result of the laser beam leading to an increase in the glass

transition temperature of the polymer (Weigdl et a., 2006).

1.2.3.7. Stelithography

The stelithography method is based on the initiation of a photopolymerization or
crosslinking chemical reaction by the electromagnetic radiation of a polymer liquid
(Dhariwala et a., 2004). The process involves the direction of a light source of
electromagnetic radiation onto selected regions of the liquid polymer. This radiation
leads to the formation of scaffolds through the solidification of the polymer liquid due
to either a polymerization or cross-linking reactions (Cooke, Fisher et a. 2002).
Further layers of the polymer liquid can be solidified through the direction of the light

source to another layer of the polymer liquid.

1.2.3.8. Electrospinning method

Electrospinning method has been used in fabricating 3D fibre scaffolds in the
micrometer or nanometer scale by electrically charging a droplet of polymer solution
or melt. A surface charge greater than the surface tension of the droplet of polymer
solution is generated by a high voltage electrostatic field operated between the nozzle
of a syringe and a metallic collector plate. Fibre scaffolds are generated due to the
narrowing of the gected jet stream of polymer solution that occurs as it undergoes

increasing surface energy due to the evaporation of the solvent.
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Electrospinning technique can be used in fabricating scaffolds from both natural and
synthetic polymers. Li and co-workers produced silk fibroin fibre scaffolds containing
bone morphogenetic protein 2 (BMP-2) and/or nanoparticles of hydroxyapatite
(nHAP) using electrospinning, and showed its ability in inducing in vitro bone
formation from human bone marrow-derived mesenchymal stem cells (hnMSCs). The
electrospun scaffolds containing BMP-2 supported higher calcium deposition and
enhanced transcript levels of bonespecific markers than the electrospun scaffolds
without BMP-2, indicating that the scaffolds were an efficient delivery system for
BMP-2. X-ray diffraction (XRD) analysis revealed that the apatite formed on the silk
fibroin/BMP-2 scaffolds had higher crystallinity than on the silk fibroin scaffold

controls (Li et al., 2006).

1.3. Growth Factors.

Growth factors are proteins that possess profound influence on the proliferation and
differentiation of cells. Together with hormones, neuropeptides and cytokines, they
form a wide family of protein signalling molecules, which play important roles in
controlling tissue morphogenesis, repair and immune modulation (Cooper, 1997).
They are able to stimulate the differentiation of stem cells. The growth factors include
many subgroups such as insulin growth factors (IGFs), transforming growth factor
super family (TGF o and B families), and platelet derived growth factors. Growth
factors are secreted by many cells in the body, and their effects could be induced in
the same cell secreting the growth factor (autocrine), on nearby cells (paracrine), or on
distant target cells (endocrine). In addition they could also be expressed on the cell

surface of one cell and bind the receptors expressed on other cells (juxtacrine).
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Growth factors are proteins that modulate cellular activities by binding to receptors on
the cell surface. The binding of growth factors to the cell receptors leads to the
activation of various internal cellular processes such as cellular proliferation and
differentiation. Growth factors are produced by a variety of cell types, many of which
show great versatility in their ability to initiate and regulate several cellular processes
in awhole host of different cell types. However, some growth factors show specificity

only to a particular cell-type (Babensee, Mclntire et a. 2000).

Several growth factors have been characterised and their function elucidated,
examples of which include Platelet derived growth factor (PDGF) which has been
shown to promote proliferation of connective tissue, glial and smooth muscle cells
and EGF, which promotes proliferation of mesenchymal, glia and epithelial cells.
TGF-a is important for normal wound healing while TGF-f has been shown to
possess anti-inflammatory properties (suppresses cytokine production and class Il
MHC expression), promotes wound healing, inhibits macrophage and lymphocyte

proliferation.

Growth factors are produced either asinactive or partially active precursors which are
subsequently bound to proteins on the extracellular matrix (ECM) to aid the
maintenance of their stability and function. These precursors require proteolytic
cleavage followed by activation to form the active growth factors. An example of this
is the TGF-3 growth factor responsible for attraction and proliferation of osteoblasts
in sites of bone resorption. The inactive form of TGF- is released by primary

osteoblasts, which is then incorporated into the ECM by binding to the latent TGF-f3
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binding protein-1 (LTBP1). It is then proteolytically cleaved by osteoclasts in areas of

bone resorption and then activated to the active TGF-3. (Dallas, Rosser et al. 2002)

1.3.1. TheRoleof Growth Factorsin Tissue Engineering.

Tissue engineering applications often requires the provision of large number of cells
with good regenerative and differentiation potential. However, difficulties in sourcing
this amount of cells with ssimilar phenotype, genotype, and from the same batch in a
short period of time exists. In the past, direct cell expansion of the required cells has
been postulated as a solution, however problems such as poor number of cellsisolated
from tissues, a slower in vitro rate of proliferation during cell expansion, changes in
specific phenotypic expression and limited life span of the cells indicated the need for
a more robust method. Growth factor supplementation in culture media during cell
expansion has been used successfully in overcoming these problems. Hence the
artificial regeneration of tissues using tissue-engineering techniques often involves the
need for the application for growth factors alongside transferred cells, especialy cells
with low regenerative potential.  Several growth factors have been used in tissue

engineering and clinical applications and are summarised in Table 1.2.

The use of growth factors alongside cells has also been shown to successfully improve
phenotypic expression (Forte et al., 2005), minimize de-differentiation (Tsa et a.,
2007; Park et a., 2008), induce migration of stem cells (Urbich et al., 2005; Martin et
al., 2008) promote cell proliferation (Suzuki et a., 2008; Gao et a., 2008), and
improve survival of cells (Kortesidis et al., 2005; Fan et a., 2007) in culture
conditions. TGF-B1 (Zaleskas et al., 2001; and Pei et a., 2002) and BMP-2 (Vitae-

Brovarone et al., 2006) have been used successfully in maintaining the phenotypic
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expression, improve survival and proliferation of chondrocytes and osteoblasts when

grown on scaffolds respectively.

In tissue engineering applications, growth factors have gained widespread use in
differentiation of stem cells and progenitor cells into different cell lineage for both in
vivo tissue regeneration and in vitro culture techniques. In vitro tissue techniques have
been utilised in developing tissue models for better understanding of diseased
mechanism of tissue, tissue morphogenesis and regeneration, and further investigate
the potential applications of stem cellsin repair of tissues. For example, the effects of
members of the TGF-§3 superfamily on stem cells isolated from adipose tissue (Estes
et a., 2006; Awad et a., 2004; Afizah et a., 2007; Lin et a., 2007) and umbilical
cord blood (Kumar et al., 2007; Wagner et a., 2005) for the engineering of articular

cartilage and bone has been investigated extensively

1.3.2. Growth Factor Délivery.

Advances in growth factor mechanisms have implicated it in tissue morphogenesis
and repair. A number of sources exist in the obtainment growth factors, which include
production of recombinant growth factors, purification from cell extracts and the
utilisation of gene therapy to induce growth factor production. However, severa
barriers exit in administering growth factors using the normal pharmaceutical forms or
routes. These include the short half-life, enzymatic and proteolytic degradability,

rapid diffusion from sites of application and slow tissue penetration. In addition, there
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VEGF Endothelial cell proliferation Alginate Hydrogels Angiogenesis, and Kaigler et a., 2006; Grossman et
PLGA-PEG microspheres adjunct for bone al., 2005; Kanczler et al., 2007
PLGA Sponge regeneration
IGF-1 Extracellular matrix production; Collagen scaffold Cartilage and bone Jacklenec et al., 2008; Capicto &
cell growth; and apoptosis Porous cal cium phosphate regeneration Specto, 2007.
inhibitor implant. Adipose tissue Holland et al., 2005
PLGA microspheres regeneration Yuksel et a., 2005

BMP-2 MSCs migration, proliferation and | PLGA and PLA Bone regeneration Suciati et a., 2006; Yang et a.,
differentiation along osteogenic microspheres, Gelatin 2004; Kempen et a., 2008;
pathway. Ossification and hydrogels, ceramics, metals Y oshikawa & Myoui, 2005;
osteoblast proliferation and Walboomers & Jansen, 2005.
differentiation.

TGf-p1 MSCs migration, proliferation and | Fibrin gels, gelatine Cartilage regeneration | Catelaset al., 2008; Holland et
differentiation along chondrogenic | microspheres, PEG-based al., 2003; Leeet a., 2004,
pathway. Chondrocytes hydrogels,
proliferation and differentiation, Chitosan microspheres
Cartilage matrix synthesis.
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TGF-p2 Chondrocyte proliferation and Collagen gel heparin Cartilage regeneration | Schroeder-Tefft et al., 1997
cartilage matrix synthesis
TGF-a Osteoblasts proliferation and Ceramics Bone regeneration El-Ghannam, 2005
differentiation
bFGF Endothelial cell proliferation. Gelatin/hyaluron/chitosan Cartilage regeneration | Tan et a., 2007; Kimuraet a.,
Fibroblast proliferation ternary scaffold. Wound healing, 2008. Wang et al., 2003
Schwann cell proliferation. Gelatin microspheres angiogenesis, Nerve
PLA/Gelatin scaffold cell survival
PDGF-BB | Endothelia cell proliferation. PLGA microspheres. Angiogenesis and Jinetal., 2008; Chenet a.,
Osteoblast adhesion. PLGA Scaffold wound healing. Bone 2007; Wel et a., 2006
Smooth muscle cell proliferation. regeneration
EGF Hepatocyte proliferation. PLA Fibres Liver regeneration. Maet a., 2007; Smith et al.,
Epidermal keratinocyte PLGA / Collagen scaffold Wound healing 2006
proliferation
NGF Axonal and cholinergic PLGA microspheres Neuronal regeneration | Bloch et a., 2001; Wang et al.,
proliferation Chitosan and ceramics 2005; Chen et al., 2006

Table 1.2 Growth factors used in tissue engineering applications
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is the requirement for targeted and controlled release of growth factors at a suitable

concentration to the responsive cells to contend with.(Babensee, Mclntire et a. 2000)

Hence, mgjor challenges lie in the requirement for growth factor delivery mechanisms
to mimic the in-vivo release profiles during natural tissue regeneration or
morphogenesis. A way of resolving the challenge involves the utilisation of a sort of
depot delivery system (mimicking the natural ECM), which releases a programmed
concentration of the growth factor at a controlled rate (Tabata 2004). In addition to
controlling the rate of growth factor delivery to the desired cells, the delivery system
should also provide a structural support for the growth factors and the cells that might
be co-delivered. It should also be able to maintain the growth factor stability and

activity, alongside possessing biocompatible and biodegradable properties.

1.3.3. Scaffoldsas Growth Factor Delivery Devices.
In choosing a scaffold for the delivery of growth factors, the following issues need to
be considered.

a) Scaffold should be able to protect the growth factors from denaturing factors
such as circulating proteases and an oxidative environment (Miell et al 1992;
Uludag et al., 1999; and Zakrzewska et al., 2005).

b) As most cells require the continuous exposure to growth factors, for the
growth factor mediated effects to be mediated, scaffolds should be able to
present the growth factors in an active form and in an the required
concentration. Thisis an important necessity as several studies has shown that
withdrawal of the growth factors may reduce or abolish the growth factor

effects (Park et a., 2000; Lum et al., 2005).
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c) Scaffolds should be able to localise the growth factor released to the target

site, so as to minimise possible toxic effects on non-target tissues.

Severa advantages of using biologically derived materials as growth factor delivery
systems exist due to their similarity to natura ECM. These advantages include,
possession of inherent properties of biological recognition; presentation of receptor-
binding ligands; and susceptibility to cell-triggered proteolytic degradation &
remodelling. However, factors such as complexities associated with purification,
illicit immunogenic response, pathogen transmission and inability to modulate the

degradation rate have limited its clinical relevance.

One way of enhancing the in-vivo delivery of growth factors involves incorporating
into a polymer carrier, thereby facilitating its sustained release over a period
(Babensee, Mclintire et a. 2000). This polymer carrier is termed a scaffold and forms
the basis of severa delivery devices used within tissue engineering. Through
incorporation within scaffolds, it is possible to stabilise the biological activity of the

growth factor, its structure and provide sustained delivery over an extended period.

These polymeric scaffolds have been utilised in the design of tissue-engineered
constructs in delivering several growth factors for the correction of a wide range of
medical conditions. They have been shown to present the growth factors in a
controlled manner, leading to the chemo-attraction of self-derived cells residing along
the delivery devices, leading to the infiltration and subsequent proliferation of the

implants with the necessary cells that will aid tissue regeneration.
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1.3.4. Methodsof Growth Factor Incorporation.

Growth factor delivery strategies involving scaffolds include the direct incorporation
of growth factor or the encapsulation of growth factor secreting cells into scaffold.
Alternatively another approach involves the encapsulation of plasmid DNA encoding
for the growth factors within the scaffolds, leading to the production of growth factors
within cells (Chen and Mooney, 2003). A variety of polymeric scaffolds have been
used to deliver growth factors, including natural or synthetic polymers that generally
form either hydrogel or solid polymer scaffolds. The various techniques currently
employed in the incorporation of growth factors within polymeric scaffolds can be
broadly divided into two methods — attachment of the growth factors unto the

scaffold and the physical entrapment of growth factor within the scaffold.

1.3.4.1. Attachment of growth factorsto polymeric scaffold

This method involves the attachment of growth factors onto preformed scaffolds. The
techniques could vary from the immobilization of the growth factor onto the surface
of the polymer through chemical crosslinking (DeLong et a., 2005; Mann et a.,
2001), to the adsorption of the growth factor unto the scaffold (Lee et al., 2007) The
adsorption of growth factors onto scaffolds harnesses possible physicochemical
interactions such as the formation of ionic complexes, that occur between the polymer
material and the growth factors. Park and co-workers were able to load TGF-f1 into
gelatine microspheres through the formation of ionic complex during incubation of
gelatine microspheres in aqueous TGF-f1 solution at pH 7.4. The ionic complex
formation was attributed to the association of negative charged moieties on the
gelatine microspheres and positive charged moieties within the TGF-1 molecule

(Park et d., 2005).
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1.3.4.2. Entrapment of growth factorswithin scaffold.

In addition to the attachment of growth factors to polymeric scaffolds, growth factors
can be directly incorporated within scaffolds using the scaffold fabrication techniques
described above (section 1.2.3). These methods involve the mixing of the growth
factor with the polymers prior to scaffold fabrication. The main challenge of this set
of methods is to ensure that the processing conditions do not significantly denature the
incorporated growth factors while still able to secrete the growth factor in a sustained
manner (Sokolsky-Papkov et a., 2007). A variety of polymeric scaffolds have been
used to deliver growth factors, including natural or synthetic polymers that generally

form either hydrogel or solid based polymer scaffolds.

Hydrogel scaffolds can be made from synthetic polymers such as poly(ethylene
glycolide), poly vinyl alcohol, or naturaly occurring polymers such as collagen,
chitosan and gelatin. Release of growth factors from hydrogels is believed to be either
through diffusion of the growth factor through the highly hydrophilic scaffold,
mechanical stimulation, or hydrolytic degradation of the scaffold (Drury and Mooney,
2003). They are formed by the crosslinking of polymer chains to form a scaffold made
up of connected polymer chains. Crosslinking can be done either through physical
(UV irradiation, freeze drying and heating) and chemical means such as ionic
crosslinking in presence of divalent ions or utilization of chemical crosslinkers such

as glutaraldehyde and carbodiimide.

1.3.5. Microsphere as Growth Factor Delivery Devices.

Growth factor loaded scaffolds can aso be manufactured from growth factor loaded

microspheres. Microspheres can be made either through the polymerization of
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solutions of monomers and proteins to form microspheres, or directly from solutions
of preformed polymers and proteins. Growth factor loaded microspheres can be used
for tissue engineering applications either by direct fusing of microspheres directly to
form scaffolds, or combination with other scaffold forming materias to form
composite scaffolds. In work undertaken by Wei and co-workers, PDGF-BB |oaded
microspheres were incorporated in poly(lactic acid) PLLA nano fibrous scaffold.
Sustained release for days to months of bioactive PDGF-BB was achieved by the
microspheres in scaffold. Kempen et a (2003) and Hedberg et al., (2002) showed the
application of PLGA and poly(propylene fumarate) (PPF) microspheres in
microsphere/scaffold composite for controlled release of growth factors for bone
tissue engineering.. Discussed below are methods currently employed in the

fabrication of empty and protein loaded microspheres.

1.3.5.1. Microspheresprepared by polymerization of monomers.

Microsphere fabricated by polymerization of monomers generally involves the
polymerization of colloidal monomers dispersed in a liquid, which is a non-solvent of
the monomer. Spherical droplets are formed by oil-soluble organic monomers
dispersed in an agueous based medium, or by water-soluble monomers dissolved in
water dispersed in an organic phase. The polymerization of the dispersed monomersis
achieved through three main techniques, emulsion, suspension, and dispersion

methods (Freitberg and Zhu, 2004).

The emulsion method takes place in two stages. The first stage is the formation of

micelles by the dispersion of a monomer in an agueous medium containing a

surfactant and water-soluble initiator. This is followed by the second stage, which is
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the polymerization of the monomers, by the water-soluble initiator to form the
microspheres. Suspension method involves the dispersion of monomer droplets into a
water phase containing a stabilizer. An initiator soluble in the monomer phase is used
in initiating polymerization within the dispersed monomer droplets (Piirma, 1985).
The dispersion method is similar to the suspension method but generally involves the
dissolving of the monomer, initiator and stabilizer in an organic medium. Due to the
solubility of the initiator within the monomer, polymerization takes place within the
monomer droplets. Precipitation of the microspheres formed from the polymerization
of the monomers occurs due to its insolubility within the organic solvent (Strover and

Li, 1996).

1.3.5.2. Microspheresprepared from polymers.

Microspheres can be prepared using any of the following techniques.

1.3.5.2.1. Solvent evaporation

This method was first described by Ogawa, et al. (1988), and has become the most
extensively used method of microsphere fabrication. It is based on the principle that
microsphere formation can occur by the evaporation of an organic solvent such as
dichloromethane (chloroform and ethyl acetate have also been used), from dispersed
oil droplets containing both the polymer and the molecule of interest (MOI) (drug or
protein) (Freiberg and Zhu, 2004). Two popular variations of this technique are

currently used and are schematically represented in Fig.1.1 A & B.

The double emulsion method involves dissolving the MOI into water, followed by the

dispersion of thisin an organic solution containing the polymer — leading to the
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Double emulsion process A
A) Form primary (water/oil) emulsion

) mechanical
aqueous solution stirring device
of MO !

organic polymer
solution

agueous droplets of MOI
in palymer solution

B) Form secondary (water/oil/water) emulsion

primary
emulsion

MOI sclution {agueous)
pelymer solution (organic)
PWA solution (agueous)

evaporate solvent
=" collect, wash, and
Iyophilize microspheres

aqueous solution of dispersion of polymer droplets

emulsion stabilizer P
containing aqueous MOI
(e.g. PVA) g0

Single emulsion process

arganic palymer solution with ;?m;rggrlme

dissolved or crystallized MOI

evaporate solvent
— == collect, wash, and

lyophilize microspheres

aqueous solution of

emulsion stabilizer

(e.g. PVA) dispersion of polymer
droplets containing MOI

Figure 1.1: Schematic representation of the (A) Double and (B) Single emulsion

process (Whittlesey and Shea, 2004).
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formation of the primary W/O emulsion. The final O/W emulsion is formed by
dispersion of the primary emulsion in an aqueous medium containing stabilizers such
as poly (vinyl acohol) (PVA) or poly (ethylene glycol) (PEG), under continuous
mechanical agitation The single emulsion method involves the dispersion or
dissolving of MOI directly into the organic solution of the polymer. The mixture is
then transferred into the aqueous solution containing the stabilizer. The MOI could be
micronized by lyophilisation with PEG, CDs etc before dispersing it into the organic
polymer solution to improve entrapment efficiency of the protein (Morita, et a.,
2001). Microsphere formation occurs due to the evaporation of the organic solvent
from the emulsion droplets, and the phase separation of the polymer due to an
interaction with a non-solvent. The microspheres are then collected either by
centrifuging or filtration, washed and lyophilised to obtain the free flowing and dried

microspheres.

1.3.5.2.2 Hot melt microencapsulation

This method involves the mixing of pre-sieved drug particles with melted polymer.
The mixture is then suspended in a continuously stirred non-miscible solvent (like
silicone oil), which is heated to 5°C above the melting point of the polymer. On
stabilization of the emulsion, polymer particle solidification occurs on cooling. The
resulting microspheres can be obtained by decantation with petroleum ether

(Mathiowitz and Langer, 1987).

1.3.5.2.3 Solvent removal

Solvent remova is another non-aqueous method for microsphere formation,

particularly suitable for water |abile polymers. This method involves the dispersion or
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dissolving of the molecule of interest (drug or protein) in a solution of the polymer in
avolatile organic solvent like methylene chloride. This mixture is then suspended in
silicone oil containing Span 85 and methylene chloride (Carino et al., 1999). On
pouring of the polymer solution into silicone oil, petroleum ether is added and mixture
Is stirred continuously until solvent is extracted into the oil solution. The resulting

microspheres can then be dried in vacuum (Vasir et a., 2003).

1.3.5.2.4 Spray drying

The spray drying process involves the dissolving or dispersion of the MOI into the
polymer solution, which is then followed by spray drying. The protein/ polymer
dispersion is sprayed through a heated nozzle, followed by the rapid evaporation of
the organic solvent by a hot gas flow. A variation of the conventiona spray-drying
method is the cryogenic method. This method involves the spraying under ultrasonic
conditions of protein/PLGA dispersion into liquid nitrogen over solid ethanol.
Evaporation of the liquid nitrogen results in the melting of the ethanol, leading to the
extraction of the organic solvent from the microparticles formed by the spraying
process (Weert et a., 2000). This method has been used to prepare PLGA
microspheres that release bioactive recombinant human growth hormone (rhGH) over
a one-month period (Johnson et a., 1997; Weert et al., 2000) and has resulted in the
formation of a protein-containing PLGA microparticle formulation currently on the

market (Nutropin Depot) (Weert et a., 2000).

A novel method for the preparation of PLGA microparticles involves the use of a

supercritical fluid, such as carbon dioxide to induce microparticle formation (Y oung

et a., 1999). “A mixture of protein suspended or dissolved in an organic PLGA
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solution is sprayed in supercritical carbon dioxide, which results in dissolution of the
organic solvent in the supercritical phase and precipitation of protein-loaded PLGA

microparticles” (Weert et a., 2000).

1.3.5.3.5 Phaseinversion

The process involves mixing of the MOI into a dilute organic solution of the polymer.
This mixture is subsequently poured into an unstirred bath of a strong non-solvent
(petroleum ether), in a solvent to non-solvent ratio of 1:100. This leads to the
spontaneous production of microspheres through phase inversion. The microspheres
produced can then be filtered, washed with petroleum ether and dried with air

(Chickering et al.1996).

1.3.5.3. Microsphere Release Kinetics.

Protein and growth factor release from biodegradable polymers is a function of the
rate of hydrolysis of ester linkages that makes up the polymer chains. It is aso
dependent on the diffusion and flow of the protein through the pores present in the
microspheres. These pores can be formed during the microsphere process fabrication
or from the gradual hydrolysis of the polymer the microspheres are fabricated from
(Herrero-Vanrell and Refojo, 2001). The mechanism of protein release from
microspheres has been well characterized and shown to occur in five various ways. A)
The initial release from the drugs that are entrapped on or close to the surface of the
material — known as the initial burst phase. B) Release through pores that might be
present on the micropheres. C) Diffusion of protein through the intact polymer barrier.
D) Diffusion of protein through the water-swollen barrier. This water-swollen barrier

is formed on incubation of the microspheres in the release media and is dependent on
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the polymer hydrophilicity. E) Polymer erosion and bulk degradation, release affected
by the rate of erosion and hydrolysis of polymer chains, leading to pore formation

within the matrix (Sinha and Trehan; 2003).

The main factors affecting protein release rate revolves around the structure of the
microphere matrix and the chemical properties that are associated with both the
polymer and the encapsulated protein. The most desirable release profile is a zero
order kinetic profile which shows a constant release rate of protein with time.
However in many cases release rates are more complicated and often involve a tri-
phasic release pattern consisting of two main release phases of protein separated by a
lag phase where there is little or no release. The first release is normally the initia
burst release and occurs within the first 24 hours where the protein at the surface of
the microsphere is released. The second main release is normally a more constant

release with rel ease rate dependent on diffusion and degradation of the polymer.

Factors affecting protein release from microspheres such as polymer molecular
weight, protein-polymer interactions, porosity and size distributions of the
microspheres, can be exploited as means of controlling the release from microspheres,

in order to achieve zero order release profiles.

1.3.5.3.1. Molecular weight

Makino et a. (2000) showed that by varying the MW of PLGA, they were able to
improve the linearity of the release profile. They observed that the lowest MW
(19,000) produced close to linear release profile. While the higher MWs (23,000;

44,000 and 74,000), which showed an increasing shift towards the more characteristic
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tri-phasic pattern. Park and co-workers (1994, 1995) showed in a series of
experiments that the protein release from high MW polymer microspheres was
characterised by a slow drug release (after the initia burst phase) due to diffusion,
followed by the main drug release due to degradation. While that of the lower MW
microspheres showed a steady controlled release after initial burst phase. Thus
indicating that after the initial burst stage, degradation is the main rel ease mechanism
for low MW polymers, while diffusion and degradation are the dominant release

mechanisms for higher MW polymers.

1.3.5.3.2. Blends of structurally different polymers

The physical blending of two polymers can affect the release profiles of polymer
spheres. Edlund and Albertsson (2000) observed that by employing varying mixtures
of blend composition of poly(l-lactic acid) (PLLA) and poly(1,5-dioxepan-2-one)
(PDXO), the degradation rate of the matrix can be increased with increasing amount
of PDXO. The lower degradation rate of PLLA over PDXO was attributed to the
increased crystallinity in PLLA with crystalline regions degrading more slowly than

the amorphous regions (Edlund and Albertsson, 2000).

1.3.5.3.3. Microsphere Matrix Modification.

Another approach of regulating the abnormal release behaviour of proteins from
PLGA micropheres involves the chemical modification of PLGA by compounds such
as polyethylene glycol (PEG) to form multiblock polymers. The PEG/PLGA di- or tri-
block copolymers, facilitates the diffusion of the hydrophilic proteins out of the
microspheres and also accelerates the erosion rate of the matrix (Mallarde et al., 2003;

Leeet a., 2006).
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1.3.5.3.4. Porosity

The porosity in a system of spheres is determined by microsphere hardening as the
organic solvent evaporates during preparation. Differences in porosity of
microspheres have been shown to affect the release kinetics. This is noticeable in a
study by Yang, et a. (2000) where a highly porous matrix released a drug a a
considerably higher rate than its non-porous counterpart. Another factor related to
sphere porosity is the initial burst effect, which is dependent on the leaching which
occurs at the outer wall of the sphere as it becomes hydrated (LeCorre et al., 1994;
Okada et al., 1994; Ghaderi et al., 1996). This can be reduced by the formation of a

non-porous outer sphere skin (Yang et al., 2000).

1.3.5.3.5. Sizedistribution

The release profiles can aso be influenced by size of the microspheres, with the rate
of protein release decreasing with increasing microsphere size (Bezemer et al., 2000).
Mixing microspheres of different sizes it is possible to obtain another degree of
controlling release. More importantly, linear, zero-order kinetics is obtainable by
combining the proper formulation of microsphere sizes. In adetailed study carried out
by Berkland et al. (2001, 2002), they were able to obtain a zero-order release by

mixing microspheres of different sizes.

1.3.5.3.6. Co-encapsulation of additiveswithin the microspheres.

In addition to improving the release kinetics of proteins, the co-encapsulation of
additives is important in circumventing the problem of protein inactivation and
incomplete release. In activation and incomplete release of proteins from PLGA

microspheres can be attributed to non-covalent aggregation of the encapsulated
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protein and hydrophobic interactions between the polymer and protein. Additives
generaly co-encapsulated within the microspheres include diluent proteins such as
human or bovine serum albumin (Mend et a., 2000); urea (Nam et al., 2000); non-
ionic surfactants (Lee et al., 2006); basic additives such as Mg(OH), (Aubert-Pouéssel
et a., 2002) and Ca(OH); (Zhu and Schwendeman 2000); and small hydrophilic

compounds such as sucrose (Lee et a., 2006) and PEG 400 (Péan et al., 1999).

1.3.5.4. Methods of assessing in vitro release from microspheres.

The extended release profile of microsphere-based formulations necessitates the
performance of long term release studies. These long term release studies could be
obtained by performing in vivo experiments in animals or in vitro rel ease experiments
at body temperatures using buffers that are physiologically similar to the body fluids.
Due to the regulatory hurdles that need to be cleared, the labour and expense involved
with assessing in vivo drug release, in vitro drug release studies at 37°C (physiological
temperature) have gained increasing importance and relevance (Okada and Toguchi,
1995; D’Souza and Deluca, 2006). Hence the focus of the remaining part of this
section will be on the methods currently utilised in assessing in vitro release.

In vitro release studies are performed mainly to determine the quantity of drug or
protein that is released at a given time; as a method of quality control to support batch
release and to comply with specifications of batches proven to be clinically and
biologically effective; assess formulation factors and manufacturing methods that are
likely to influence bioavailability; and to fulfil various requirements by regulatory
authorities (Burgess et al., 2002; D’ Souza and Deluca, 2006). An in vitro release
profile provides fundamental information on the structure and behaviour of the

formulation on a molecular level and possible interactions between protein and
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polymer that might affect the rate and mechanism of protein release. Thereby,
provides a scientific approach to the design and development of microspheres with
desired release properties.

Currently there are three main methods of undertaking in-vitro release studies; these

are theincubation, flow and dialysis methods.

1.3.5.4.1 Incubation Methods.

This is the most commonly used technique and involves the incubation of
microspheres in a physiological medium such as phosphate buffer saline over an
extended period of time under static or agitated conditions. The incubated
microspheres could be suspended in the physiologica medium by the use of
detergents such as Tween 80 as suspending agents, and sodium azide as bactericidal
agents to maintain aseptic conditions. At intermittent intervals, protein release can be
monitored by separating the supernatant from the microspheres through filtration or
centrifugation,. The supernatant can then be assayed for the protein content. For
protein molecules that are not stable in the release media employed, the remaining
protein content within the microspheres at intermittent intervals can be used as a
determinant of the in vitro release profile of the microsphere (Blanco-Prieto et al.,
2004; and Woo €t a., 2002). The advantage of this technique involves the ease and
relative low cost of setting up the experiments. However, the main disadvantage
involves the sampling method, i.e. centrifugation could result in the denaturing of
proteins, while filtration is not advisable for proteins that bind to the filters (D’ Souza
and Del.uca, 2006). Other disadvantages include loss in volume of the microspheres

through filtration that could lead in inaccurate estimation of protein release,
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microsphere aggregation (when incubated under static conditions), and the need for

total buffer replacement to maintain sink conditions (D’ Souza and Deluca, 2006).

1.35.4.2. Flow Method.

This method involves placing microspheres in a column, through which media is
continuously pumped at a constant flow rate with the use of a peristaltic pump,
syringe driver or high-performance liquid chromatography pumps. The buffer could
be re-circulated through the column containing the microspheres (when using a
peristaltic pump) (Fig 1.2), or fresh buffer could be pumped in continuously through
the system, with a collecting vessel used to collect the eluent. The microspheres could
be immobilised within the column with the buffer circulated over it or the columns
could have built in filters to ensure that the microspheres are not collected along with
the eluent. The main factor for consideration in the use of this method is the selection
of flow of the flow rate through the microsphere contining column. This is due to the
positive correlation between the flow rate and the cumulative release that has been
discovered (D’Souza and Deluca, 2006). However in choosing the flow rate the
sengitivity of the assay being utilised in the analysis of protein released has to be

factored in.

The main attractions of the flow method is that it smulates in vivo environment
(through the circulation of media to the microspheres), and that the samples can be
easily assayed for protein content without need for separation of the microspheres
from the eluent. Drawbacks to this method involves the incompl ete release of proteins

from the microspheres when low flow rates are used; the potential for pressure build
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up and variation in actual flow rate due to filter clogging by polymer degradation

products (D’ Souza and Deluca, 2006).

1.3.5.4.3. DialysisMethod.

This method involves the physical separation of the microspheres from the bulk media
by the use of a diaysis membrane. The techniques could involve the utilisation of a
dialysis bag containing a suspension of the microspheres placed in a vessel containing
buffer (Wang et al., 2004; Siepman et a., 2004, or the use of a tube (containing a
suspension of microspheres with adialysis membrane at one end, placed in avessel
filled with buffer (Kostanki et al., 2000; D’Souza and DelLuca, 2006). Another
technique involves the use of atwo chamber (consisting of a smaller chamber made of
the dialysis membrane and holding the suspension of the microspheres, placed in the
buffer filled outer chamber (Gido et a., 1993). The protein released from the
microspheres flows from the inner chamber containing the microspheres through the
diaysis membrane into the buffer of the outer chamber. The attractions of this
method is that the dialysis method allows for the maintenance of a constant pH, as
water soluble oligomers are able to diffuse through the dialysis membrane, the relative
ease of sampling and media replacement. It is also believed to mimic the in vivo
conditions, in which a stagnant layer surrounds the microspheres. Disadvantage of this
method is that the method cannot be employed for proteins that bind to the polymer or

the dialysis membrane (D’ Souza and Del uca, 2006).

14. Cdls

A consideration of the cells to be used is the starting point for any tissue engineering

applications. In addition to having a sufficient quantity of cells free of pathogens and
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contamination, a need for determining the cell source is required. The greatest
challenge in utilization of cells within tissue engineering is to optimize the isolation,
proliferation and differentiation of cells and to design scaffolds or delivery systems
that yield tissue growth in three dimensions. Ideally, cells are harvested from a patient
expanded in vitro and then seeded on a scaffold and then implantation of the resultant
tissue. Many cell sources have been identified for use in tissue engineering

applications and they can be broadly divided into primary cells and stem cells.

14.1. Primary Cdls

Primary cells are tissue specific cells that can be isolated directly from various tissue
samples. Sources of tissue samples could be from the patient (autologous), from other
human sources (allogenic) or from other species (xenogenic). However problems with
disease transmission, immune acceptance, off the shelf availability and ability to
source large quantities of cells currently limits their use in tissue engineering

applications (Lanzaet a., 2007).

1.42. Stem Cells

Stem cells can be defined as undifferentiated cells that have the capacity for both self-
renewal and differentiation into one or more types of specialized cells. However a
broader definition might be required in view of the observation of dedifferentiation
and trans-differentiation of certain mature cells (Mezey et a., 2000; Toma et a.,
2001). Current sources of stem cells for tissue engineering include embryos and adult
donors. Stem cells obtained from embryos can be classified into embryonic stem cells,
embryonic germ cells, and embryonic carcinoma cells. Adult stem (AS) cells can be

obtained from various organs and their related tissues, with each type of AS cell
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carrying a prefix which refers to its origin tissue, such as mesenchymal stem (MS)
cells, hematopoietic stem (HS) cells and olfactory mucosa stem (OMS) cells (Murrell
W. 2005; Lee K. D. 2008; Park J. 2008).

Although stem cells can provide a virtually inexhaustible cell source for tissue
engineering applications, embryonic carcinoma cells are not currently utilised
clinicaly due to their potentia malignancy (Andrews, P. W et a., 2000). While
embryonic germ cells has not been as widely characterised as embryonic stem cells.
The range of cell types to which stem cells can differentiate varies, with embryonic
stem cells the most pluripotent. AS cells (or progenitor cells) are undifferentiated
cells found amongst differentiated cells within many tissues of the body (Langer and
Vacanti, 1999). They are multipotent, occur in the body of children and adults and
arise after embryonic development. They are also responsible for dividing to replace
dying cells and regenerate damaged tissues. Examples of adult stem cells include
mesenchymal stem cells, hematopoietic stem cells, and adipose derived stem cells.
Given the multi-lineage potential and high proliferation capacity of these cells, they
represent a high source of cells for tissue engineering, however their limited plasticity
and ability to trans-differentiate to form cells outside the lineage of their origin tissue,
I.e. pancreatic stem cells forming epithelia cells has limited their clinical use

(Summer R. 2008; Meier K. 2008; Chim H. 2008).

1.4.3. Embryonic Stem Cells

Embryonic stem cells (ES cells) are stem cells derived from the inner cell mass of an
early stage embryo known as a blastocyst. They possess the capability to differentiate
into al derivatives of the three primary germ layers. ectoderm, endoderm, and

mesoderm. These include each of the more than 220 cell types in the adult body. ES
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cells can be identified by the existence of pluripotency markers present on the cell
membrane. These cell markers include stage specific embryonic antigen (SSEA) 3
and SSEA-4 (expressed only on human ES cells), Oct3/4, Sox-2, Rex-1 and Nanog

(Biglby R. C. 2004: Hatano S. Y. 2005).

1.4.3.1. Embryonic stem cell sour ces.

There are two primary sources of ES cells which include current ES cdll lines (can be
obtained from the stem cell bank), and embryos. The embryos used are either cloned
embryos, aborted embryos and unused in vitro fertilisation (IVF) embryos (Thomson
J. A. 1998). To date, ES or ES-like cells have been isolated by culture of blastocyst
stage embryos from mice, (Evans and Kaufman 1981; Martin 1981), pigs (Notarianni
et a. 1990; Chen et a. 1999), sheep (Dattena et a. 2006), cattle (Saito et a. 1992;
Iwasaki et al. 2000; Mitalipova et a. 2001), minks (Sukoyan et al. 1992), rats
(lannaccone et a. 1994; Vassilieva et a. 2000), hamsters (Doetschman et al. 1988),
and more recently, from humans (Thomson et a. 1998) and rabbits (Graves and
Moreadith 1993; Schoonjans et al. 1996). However despite the successful isolation of
ES cells from these species, an understanding of their ES cell biology are still in their

infancy when compared with that in mice and humans (Chiang, S. K et al., 2008).

1.4.3.2. ES cdll culture and differentiation

In vitro culture of ES cells involves the co-culture with a feeder layer consisting of
mouse embryonic fibroblasts (MEFs) (Nichols J. 1990; Cheng L. 1994). MEFs
support ES cell growth and maintain their pluripotency, through the action of secreted
leukemia inhibiting factor (LIF) (Piquet . 1994; Keller G. M. 1995; Furue M. 2005),

which acts to suppress differentiation (Zandstra P. W. 2000). The functions of LIF are
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carried out via heterodimerization of the low-affinity LIF receptor (LIFR) and the
membrane bound signaling complex gpl30 (Smith A. G. 2001; Viswanathan S.
2002), resulting in the transcription of self-renewal genes within the nuclel of the ES

cells.

Current differentiation methodologies involve the withdrawa of LIF from culture
medium, and supplementation of culture medium with growth factors. However,
despite a plethora of studies showing successful differentiation of ES cells using this
approach, the differentiation process has been observed to be highly inefficient (Wiles
M. V. 1999; Schuldiner M. 2000), with induction of ES cells differentiation across
multiple lineages reported. Despite these limitations, utilisation of ES cellsfor clinical
applications using tissue engineering applications is currently being widely explored

(Polak, JM, 2008).

1.4.3.3. Mousevs. Human ES cells

Currently, although sixty-four different derivations of human ES cell lines are
currently listed by the NIH stem cell registry, limited data on the fundamental
properties of these lines are currently available with less than 10 cell lines availablein
sufficient numbers for analysis. As a result most studies involving ES cells are
currently carried out on the more ubiquitous mouse and human ES cell lines (Ginis, |
et a., 2004). Mouse and human ES cells are similar in their expression of similar
markers such as oct-4, nanog, sox-2, and utf-1, normally characteristic of
undifferentiated stem cells, their ability to grow as colonies of tightly packed cells on

inactivated murine embryonic fibroblast (MEF) feeders or in conditioned medium
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(CM) derived from such MEFs (Xu, C. et d., 2001), and their ability to form teratoma

(Wei, C.L et a., 2005).

Recent studies however suggest that differences exist between mouse and human ES
cell lines in morphology, patterns of embryonic antigen immunostaining, expression
of differentiation markers, as well as expression profiles of cytokines, cell cycle, and
cell death-regulating genes (Ginis et a., 2004). Human ES cells, unlike mouse ES
cells, have been observed not to require LIF for their propagation or for maintenance
of pluripotency (Reubinoff et al., 2000; Thomson et a., 1998d), are able to
differentiate into trophoblast-like cells (Odorico et a., 2001; Thomson et a., 1998a),
and show differences in their telomerase activity and regulation (Forsyth et al., 2002).
These differences suggest that caution must be exercised in extrapolation of the data

obtained from studies involving mouse ES cells unto human ES cells.

1.4.4. Methodsof Cell Delivery.

Incorporating cells into scaffolds provides a means of aiding regeneration of tissues,
especially those that have a low regenerative potential. Cell seeding into scaffolds at
high density has been associated with enhancement of tissue formation in cartilage,
bone and cardiac tissues when compared to scaffolds without seeded cells. The
current methods of incorporating cells into scaffolds can be performed using a variety
of techniques. These techniques involve static seeding, perfusion, spinner flask and

the use of centrifuge (Sodian, Lemke et a. 2002).

The static method is the simplest and most commonly used technique, it involves the

incubation of prefabricated scaffold in culture medium containing the desired cells for
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a given time (based normally on the duration it takes for the cells to be attached and

migrate successfully into the internal walls of the scaffold) (Xiao, Riede et a. 1999).

The perfusion method involves passing the cultured cells medium under a constant
perfusion velocity through the pores of the scaffolds in a bioreactor (Zhao and Ma
2005). The spinner flask method is another well established and utilised method and
involves the incubation of a scaffold in a spinner flask containing a cultured cell
medium and continuously stirred (Vunjak-Novakovic, Obradovic et a. 1998;
Kitagawa, Yamaoka et al. 2005). While the centrifuge method involves the use of
centrifugal force in seeding the cells into the scaffold and is a slight modification of
the spinner flask method (Godbey, Hindy et al. 2004). Another recently used
technique involves using magnetic force in stabilizing magneticaly labelled cells

(magnetic cationic liposomes) on scaffolds (Shimizu, Ito et a. 2005) .

1.45. Cell Adhesion

In tissue engineering, interactions between scaffold materials and cells are important
determinants on the rate of formation and quality of regenerated tissue. Thisis partly
due to the role the nature of the surface plays in directing cellular response. Surface
chemistry and topography plays important roles in determining the adsorption of
protein molecules, attachment and alignment of cells to the materials used in the
production of the scaffolds (Liu and Ma 2004; Liu, Won et al. 2005). Designing
scaffolds to be bioactive is a prerequisite in aiding compatibility with the biological
environment it will be transplanted into. This is also important in aiding the
coordination of cellular responses such as cell attachment, migration, proliferation,
differentiation and ultimately tissue regeneration, through biological interaction

between the scaffold and the cell.
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In spite of the beneficial properties that characterizes biodegradable polymers such as
poly(a-hydroxy acids) (i.e. poly(glycolic acid), poly(lactic acid), and their ubiquitous
use as scaffold materials in tissue regeneration, their lack of functiona groups on the
polymeric chains prevents it in being able to interact with the cells through

conjugation of specific cell-recognisable signal molecules. (Liu, Won et a. 2005)

Hence, in order to increase the bioactivity of the scaffolds, there is a need to modify
the surface properties so that they present with functional groups that are able to
interact with the receptors of cells and coordinate the desired cellular responses.
Current approaches in modifying the surface properties include the surface coating of
polymer with the desired proteins, the attachment of functional groups to the polymer
chains, or plasma modification of the surface. Surface coating of polymer with the
desired proteins is a simple and efficient way of improving the surface bioactive
properties of the polymers. It involves the adsorbing the required molecules unto the
surface of the polymers, and is achieved by direct physical adsorption through the
placing of polymer in a solution of the surface modifying species until effective
coating of the surface of the polymer has occurred (Ito et a. 2003; Liu et al. 2005).
Another technique of improving the surface properties of the scaffold substrate
includes functionalizing the substrate through chemical modification leading to either
the attachment or exposition of functiona groups which has been observed in
improving the cell-seeding on its own or after coupling to the desired protein that is
used to improve the surface properties of the substrate. Examples of studies that has
utilised this approach include those undertaken by Gao et a which involves the
hydrolysis of ester bonds present on the surface of PGA under strong akaline

conditions and was shown to improve the cell seeding density and cell spreading
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across the surface indicating improved cell adhesion (Gao, Niklason et a. 1998).
Another approach by Cal et a involved partialy hydrolysing the surface of Poly(D-L-
lactic acid) under alkaline conditions and grafting chitosan onto the surface via the
attachment to the exposed carboxylic acid group. This new surface was shown to
improve the adhesion and proliferation of osteoblasts when compared to unmodified

surfaces (Cai, Liu et a. 2002).

An important new technique that is gaining prominence is the attachment of peptide
fragments (which are recognisable motifs of ECM proteins) that interacts with the
integrins on the receptors of the cell surface. Most popular of these peptide fragments
include Arginine- Glycine- Aspartatic acid(RGD) from fibronectin, others utilised
include Arginine-glutamic acid- asapartic acid- valine (REDV) also from fibronectin,
tyrosine- isoleucine- glycine- serine- arginine (Y GSR) and isoleucine-lysine- valine-
alanine- valine (IKVAV) both from the ECM protein laminin. Further modification of
these surfaces could also include attachment with a variety of biologicaly active
molecules that are specific to the tissue engineering applications (Drury and Mooney

2003).

Another technique recently elucidated is called the plasma exposure, which utilised
low pressure gas treatment (i.e. ammonia) in inducing a transmutation from of the
surface of the substrate from a hydrophobic to a hydrophilic surface without atering
the morphology. The desired group (such as RGD) is subsequently introduced to the
modified surface (Hu, Winn et a. 2003; Liu and Ma 2004). This technique however
has limitations in terms of the plasma penetration leading to it being limited to 2D

films (Liu and Ma 2004).
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1.5. Multiple Tissue Engineering.

Natural tissue regeneration is a much more complex process than the delivery of a
single growth factor to the responsive cells. Rather it often involves the interplay
between several environmental signals including the attraction of cells to the site of
tissue repair and coordinated presentation of a multitude of growth factors to these
responsive cells. Discussed below are techniques applied which have taken into

cognisance this complexity.

1.5.1. Multiple Growth Factor Delivery.

Some recently carried studies have shown that combining signals that modulate tissue
regeneration into a single scaffold, shows better tissue regeneration profiles than when
only one signal is used. In studies carried out by Holland and co-workers the release
kinetics of a dua delivery hydrogel system of IGF-1 and TGF-B1 and the effects the
presence of each growth factor will have on the release kinetics of the other was
investigated. The IGF-1 and TGF-1 was separately incorporated into microparticles
and then formulated into a hydrogel scaffold. The presence of TGF-1 dlightly altered
the release rate of IGF-1 (Holland et a. 2005). In another study investigating the
effect dual delivery of BMP2 and TGF-B3 within a scaffold had on bone formation,
Simmons and co-workers observed a significant increase and acceleration of bone
formation in scaffolds implanted into the backs of SCID mice when compared with
scaffolds delivering a single growth factor (Simmons et a. 2004). These studies
clearly indicate the feasibility of delivering multiple signals utilising a single scaffold
and it resulting in an increased efficiency of tissue regeneration. However, thereis the
possibility the incorporation of one growth factor might influence the release kinetics

of the other growth factor. Further exploration of this phenomenon is required for
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utilisation of single scaffolds for multiple growth factor delivery — and will be the

subject of astudy later in this report.

1.5.2. Biphasic Scaffold.

Due to the multiphasic nature and presence of multiple cell lines of most tissues and
organs, tissue engineered constructs need to be able to present a sectioned
environment for the support and development of cell types along different lineages.
This multi-layered approach allows the co-culturing of distinct cell types within 3D
systems without the risk of growth factors or other ECM molecules produced by the
encapsulated cells to influence the proliferation or differentiation of the other cells.
Currently, few attempts have been undertaken in engineering tissues consisting of
multiple cell types. An example of such attempt is the osteochondral construct
composed of bone and cartilage tissues. This approach involves the integration of
separately pre-fabricated chondral construct and the osteoconstruct. (Holland et al.

2005).

1.5.2.1. Biphasic Scaffold — Osteochondral Defect Treatment Option. .

Osteochondral defects are the most prevalent musculoskeletal disorders, affecting
about 10% of the western world population older than 30, and most of the people over
the age of 65, with total costs estimated at over $28.6 billion/year within the US aone
(Felson and Zhang, 1998). The main pathological features of osteochondral defects
involves the degeneration of the cartilage, synovium, joint capsule and subchondral
bone tissues, and develops as a result of the destruction of cartilage matrix. This leads
to a progressive loss in joint function, together with the destabilization of

supramolecular structures, including the collagen network, and changes in the
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expression profile of matrix molecules (Aigner and McKenna, 2002; Mano and Rels,

2007)

Clinical treatment options for osteochondral defects, mostly involve surgica
techniques such as resection, and mosaicplasty. Resection involves the excision of
cartilage from one location within the body, and grafting it to the joint. Mosaicplasty
involves the transfer of osteochondral cylindrical plugs from a joint area of minor
load, such as the femoral trochlear groove, into pre-drilled holes at the defect site (van
der Kooy and Weiss, 2000). Other surgical techniques currently utilised include
arthroscopic lavage and debridement in order to eliminate debris from the joints
(Jackson et al., 2003; Shannon et al., 2001), and full periosteal and perichondrial
transplantation to full-thickness cartilage defects which is aimed at introducing
undifferentiated stem cells into the environments (Mano and Reis, 2007). Currently
replacement of skeletal joints with a synthetic prosthesis represents the optimal

treatment for end-stage disease (Kandel et al., 2006).

However, all these surgical treatment options have limitations with the exhibition of
undesirable side effects such as endochondral ossification and fibrocartilage formation
which deteriorates with time, and the treatment limitation to small lesions, making the
overal outcome generaly inadequate (Frenkel and Cesare, 2004; Hunziker, 2000,
2002; Newman, 1998; Redman et al., 2005). Even the successful replacement of
defective cartilage with prosthesis has shown failure rates of up to 20% after 10 years

(Soderman et al., 2001; Barrack, 2000).

52



Introduction Chapter 1

Biological treatment options that have been explored include the ex vivo expansion
and implantation of chondrocytes isolated from the patient's cartilage, into the
cartilage defect under a flap (to confine cells within the defect) (Peterson et al., 2000;
Browne et al., 2005). However histological evaluation of cartilage regenerated using
this approach has indicated the presence of fibrocartilage instead of articular hyaline
cartilage (Peterson et al., 2000).

Biphasic scaffolds which could incorporate different growth factors and different cells
have shown immense applications as a treatment option for the management of
osteochondral defects. Biphasic scaffolds could aso be used to satisfy the mechanical
and biologica requirements of both the cartilage and bone tissues (Mano and Rels,
2007). Elisseeff and co workers demonstrated in their study the ability to develop
adjacent to each other cartilage and bone tissue through the incorporation of
mesenchymal stem cells and chondrocytes in the different layers of the bilayered

hydrogel scaffolds (Elisseeff et a. 2005).

In another study carried out by Holland et al, the rate of osteochondra repair in a
rabbit was carried out utilising a bilayered degradable hydrogel scaffold. The
bilayered scaffold design was employed to spatially control the development of
cartilage and bone tissues in the joints of the rabbits with the defects. A total of three
scaffolds were made, two of which had a top layer with TGF-f1 loaded
microparticles, while the third scaffold had PBS loaded microparticles. The bottom
layers were made up of either PBS loaded microparticles or no microparticles. These
scaffolds were then implanted into the joints of the rabbits and harvested after 4 and
14 weeks. Histological evaluation of the implants showed that after 14 weeks,

infiltration of the implant with healthy tissue occurred, with the top layer of the
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scaffolds filled with hyaline cartilage tissue. While the bottom layer of the scaffold
was filled with a mixture of trabecular and compact bone. No bone up-growth in the

top layer of the scaffolds was observed (Holland et a. 2005).

1.6. ThesisAims.

1.6.1. General Aims.

The advances in various scaffold fabrication and growth factor delivery methods have
achieved some success in the engineering of many single tissues. However clinica
conditions such as osteoarthritis involve damage transcending several tissues and as
such necessitate the simultaneous regeneration of multiple tissues. Current tissue
engineering approaches to simultaneously regenerate multiple tissues have shown

poor tissue integration.

The work within this thesis aims to address this clinical need by developing a biphasic
tissue construct for treatment of osteochondral defects. The biphasic tissue construct
will consist of two different tissue types within a single scaffold matrix. The
development of the biphasic tissue construct is based on the fabrication of an

embryonic stem cell seeded bilayered scaffold showing zonal growth factor release.

Tissue formation is based on the control of patterning of differentiation in the seeded
embryonic stem cells afforded by the spatial and localised delivery of the growth
factors. The rationale for this approach is based on the fact that growth factors have
specific effects on the differentiation of stem cells depending on concentration and
duration of exposure. TGF-$3 and BMP-4 growth factors have been shown to direct

the formation of articular cartilage and bone from mesenchyma stem cells
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respectively (Moioli, E. K. et a., 2007, Yang et a., 2004). Therefore, for
osteochondral engineering, zonal release of these growth factors in a scaffold could be
exploited for the regeneration of articular cartilage and bone in distinct zones, thereby

mimicking the natural compartmentalization of these tissues.

In this report, the actions of TGF-$3 and BMP-4 in cartilage and bone tissue
formation were exploited for the development of biphasic constructs for
osteochondral tissue engineering. Microspheres were employed to localise and control
the release of TGF-3 and BMP-4 to specific zones of a bilayered scaffold. It was
hypothesized that by organizing growth factor loaded microspheres into a bilayered
scaffold, a model for tissue zonation could be developed. Therefore two layers of
different growth factor loaded microspheres will be built into a bilayered scaffold by

heat fusion. The concept is represented schematically in Fig 1.3.

1.6.2. Experimental objectives

The general aims of this thesis are three fold: (i) To develop a PLGA composite
formulation showing improved viscoelastic properties and reduced glass transition
temperatures. (ii) To develop microspheres from the PLGA composite formulation
showing reduced glass transition temperatures and zero-order release kinetic profiles.
(iif) To demonstrate the concept of localised growth factor release and tissue zonation

within bilayered scaffolds.

The experimental objectives for thisthesis are as follows:
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Figure 1.4. Schematic representation showing multiple tissue development using the bilayer ed scaffold approach.
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1. Synthesis and Characterisation of a novel PLGA composite formulation
(Chapter 3)

Modulation of the viscoelastic properties of PLGA polymer will be achieved by
blending the polymer with a thermoresponsive polymer — PLGA-PEG-PLGA, to
produce polymer blends with reduced glass transition temperature (Tg). This polymer
blend formulation was used for the following:

(i) Fabrication of microspheres with reduced Tg. By producing microspheres with
reduced Tg, the microspheres can be sintered at low temperatures to form
scaffolds. This reduced sintering temperature will be advantageous in
preventing the encapsulated proteins from losing their activity due to the

deleterious effects of high temperatures.

(if) Formation of scaffolds with increased mechanical strength. Microspheres with
increased viscoelastic response and reduced glass transition temperature
produced from PLGA / PLGA-PEG-PLGA blends were used to fabricate

scaffolds with increased mechanical strength.
2. Modulation of protein and drug release from microspheres (Chapter 4)

The effects of parameters influencing encapsulation and release of proteins and drugs

from microspheres will be investigated in order to provide the following:

(i) Microspheres with high entrapment efficiencies. The effect of changing
various parameters such as loading weight, and protein micronisation in order
to increase the amount of protein retained within the microspheres (entrapment

efficiency) was investigated.

(if) Microspheres with zero-order kinetic profile. The effect of the

thermoresponsive, but aso hydrophilic polymer PLGA-PEG-PLGA on
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accelerating the rate of release and reducing the lag phase of a model protein

and amodel drug from microspheres was assessed.

3. Fabrication of bilayered scaffold demonstrating localised protein release

and tissue zonation (Chapter 5).
This chapter will consist of two experimental objectives:

(i) The use of a hilayered scaffold to demonstrate localised protein release. A
bilayered scaffold consisting of two individual layers of TGF-f1 and BMP-4
growth factor loaded microspheres will be fabricated by heat sintering.
Controlled release experiments were designed to investigate the localization of
the growth factor release to the area surrounding the respective growth factor

loaded microsphere zone.

(i) Formation of a biphasic tissue construct through the patterning of
differentiation of embryonic stem cells on a bilayered scaffold. The effect of
bilayered scaffold loaded with TGF-f1 and BMP-4 growth factors on the
differentiation of embryonic stem cells along the chondrogenic and osteogenic
pathways in order to produce cartilage rich and bone rich zones on the scaffold

was investigated.
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CHAPTER 2

Materialsand M ethods

2.1 Polymer and Protein Sources

PEG 1500, partially hydrolysed poly vinyl acohol (Mw 25,000) and stannous 2-
ethylhexanoate (stannous octoate) were purchased from Sigma (Dorset, UK). D,L-
lactide was purchased from Alfa Aesar (Avocado, Lancaster, UK) and glycolide was
obtained from Purac (Netherlands). These materials were utilised for the fabrication
of the triblock co-polymer PLGA-PEG-PLGA as detailed in Chapter 3. PLGA
118kDa (85:15) was obtained from Lakeshore Biomaterias (Birmingham, USA). The
synthesized triblock was blended with PLGA to form blends of PLGA / triblock,
which was investigated for reduced glass transition temperature (Chapter 3) and for
the increased rate of release of proteins and drug molecules from microspheres

(Chapter 4).

For protein encapsulation and release studies, severa model proteins were utilised
without purification. Chicken egg lysozyme, ribonuclease A, horse myoglobin,
trypsin, and horse radish peroxide were purchased from Sigma (UK). PEG 6000 was
obtained from BDH Chemicals Ltd. (UK) and utilised for protein micronisation
during microsphere encapsulation. For drug encapsulation and release studies the

model drug — dexamethasone purchased from Sigma (UK) was used.

59



Materials and methods Chapter 2

Recombinant human bone morphogenic proterin -2 (BMP-4) and transforming growth
factor beta-3 (TGF-3) were purchased from R & D Systems (UK). These growth
factors were utilised for the development of bilayered scaffolds as detailed in Chapter
5.

STO Neo Leukemic (SNL) mouse fibroblasts, and mouse ES cells were a kind gift
from Mr David Gothard, of Wolfson Centre for Stem Cells, Tissue Engineering and
Modelling (STEM), Division of Drug Delivery and Tissue Engineering, Centre for
Biomolecular Sciences, University of Nottingham, UK. The ES cell line was
originally derived from mouse columnar epiblast epithelium (CEE). It is unknown
when the ES cells were first isolated and therefore, the passage number is aso

unknown.

2.2. PLGA-PEG-PL GA synthesis and characterization.

The triblock PLGA-PEG-PLGA was synthesized via ring-opening polymerisation of
p, L-lactide and glycolide onto PEG 1500 using the catalyst stannous octonoate, by
following the method described by Zentner et a with slight modifications. In brief,
5.5g of poly (ethylene glycol) (Mw 1500) was weighed out into a single neck round
bottomed flask and heated under vacuum using a schlenk line at 120°C for three hours
to drive out all the moisture. The resulting molten PEG was removed from vacuum
and under an argon atmosphere 3.5g, 8.0g of glycolide and p lactide respectively
were added to the molten PEG, then heated further at 150°C for 30mins. After which
0.0375g of the catalyst stannous (I1) octonoate was added and the reaction was
allowed to proceed at 155°C for 8 hours under a dry argon atmosphere provided using
a Schlenk line (Fig 2.1). The synthesised polymer was then purified by dissolving in

cold distilled water (5°C) followed by precipitation of the polymer at 80°C. This
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Figure 2.1: Photograph showing the set-up for synthesis of the triblock — PLGA-
PEG-PLGA. A — Schlenk line; B — Injector used for the delivery of N, or argon
gas into reaction chamber; C — Needle for pressure and gas outlet; D — round
bottom flask; and E — liquid paraffin used for uniform heating of round bottom

flask.
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purification step was repeated twice. The purified polymer was then transferred into
glass jars and water extracted by snap freezing the polymer in liquid nitrogen
followed by storing in a Modulyo freeze dryer system (Edwards, Crawley UK) for

three days.

The synthesized triblock co-polymer was characterized using gel permeation
chromatography (GPC) and nuclear magnetic resonance (NMR). The molecular
weights and polydispersity indices of the synthesized triblock were determined by
GPC performed using a K-501 HPLC pump with a linear calibration range of Mw
200-2,000,000 g/mol. For anaysis, 10mg of the polymer was dissolved in 3ml of
tetrahydrofuran (THF) in toluene. On complete dissolution of the polymer, the
solution was filtered using a 0.2um Minisart-RC syringe filter unit (Sartorius, Epsom
UK) into small GPC vids. The filtered samples was then run using THF at aflow rate
of Iml/min. Molecular weight values were calculated using the inbuilt Varian Cirrus
GPC/SEC Online software package which had been calibrated against polystyrene

standards. A total of four samples were used for the GPC analysis.

The molecular weight and the lactide: glycolide ratio of the synthesized PLGA-PEG-
PLGA polymer was determined using NMR (*H NMR). 'H NMR analysis was
performed by dissolving 10mg of the Polymer in 1ml of deuterated chloroform
(dCDCl5) and filtered using a 0.2pum Minisart-RC syringe unit. *H NMR spectra of
the dissolved samples was obtained using a Bruker AMX-400 Ultrashield
spectrometer (Bruker BioSpin MRI Ltd., Coventry, UK) at afrequency of 400MHZ at
25°C. Integration of the signals specific to each of the monomers (peaks

corresponding to CH and CH3 of p | —lactide, CH,CH, of ethylene glycol and CH, of
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glycolide) along with atetramethylsilane (TMS) signal as the zero chemical shift were
obtained using the inbuilt TopSpin™ NMR software package. The integrated signals
were then normalized to the number of H in each monomer (corresponding to each
peak) to determine the number molecular weight (M) of each monomer. The lactide:
glycolide ratio was determined by obtaining the ratio of the normalized integrated
signa values of CH3 and CH, respectively. Further details on calculations in obtaining

the polymer M, can be found in Chapter 3.

2.3. Triblock blend formation

A 30% (w/w) of triblock in PLGA polymer blend was produced using a smple in-
house derived hot-blending protocol. Briefly, 7.0g of PLGA 8515 (Mw 118 Kda)
(Lakeshore Biomaterials, Birmingham USA) was weighed out onto a ceramic tile and
gradualy heated to 75°C using a Yellow Line MST Basic C hot plate and TC1
thermostat set-up (Scientific Laboratory Supplies Ltd., Nottingham, UK) until molten.
3.0g of triblock was then added to the PLGA melt and allowed to melt before the
mixture was stirred several times using ametal spatulato enhance good distribution of
the triblock with the PLGA. The polymer blend was allowed to cool by removal of the
heat source. On cooling of the polymer blend (to about 50°C), it was removed from
the ceramic tile using a scalpel before being milled down to form a powder, by snap-
freezing in liquid nitrogen and blended using a Krups 75 household coffee grinder
(Argos, Nottingham, UK). Long term storage of the triblock-polymer blend was
achieved by vacuum sealing using an Orved VM 12 vacuum sealer and bag (Orved,
Saint Quentin, France) and stored at a -20°C freezer. Triblock — PLGA blends
containing different compositions of the triblock PLGA — PEG — PLGA (10%, 20%,

30%, 50% and 75%) were manufactured using the af orementioned method.
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2.4. Microspherefabrication and characterisation.

Microspheres were fabricated using single oil in water emulsion method. In brief, 1.0g
of the triblock — PLGA blend was weighed out into a glass scintillation vial, and
dissolved in 4.0ml of dichloromethane (DCM) (Fisher, Loughborough UK). 4.0ml of
0.3% w/v poly vinyl alcohol (PVA) solution was then added to the polymer solution
and then homogenised using a vortex VM 20 mixer (Chiltern Scientific, Bucks UK) at
scale 3 for 1min. The resulting emulsion was then transferred into a beaker with
100ml of 0.3% PVA solution stirring at 300rpm with a magnetic flea. This was
allowed to stir on a IKA magnetic stirrer (Sigma, Dorset UK) in a fume hood till the
microspheres hardened (approximately three hours), after which the microspheres
were harvested through vacuum filtration using a grade 1, 11um cellulose filter paper
(Whatman, Maidstone UK). Microspheres were then dried in a Modulyo freeze dryer
system. Dried microspheres were then fractionated using a AS200 sieve shaker
(Retsch UK Ltd., Leeds, UK) at amplitude of 1.60mm/g, a 40s interval time and total
running time of 20 minutes. Long term storage was achieved by vacuum packaging
and storage at -20°C. The 100 - 300um (except as otherwise stated) size factions was

used in al subsequent experiments and analysis involving the microspheres.

2.4.2 Microsphere characterization

Particle size analysis and SEM characterization were undertaken to investigate the

size distribution and surface morphology of the fabricated microspheres.

2.4.2.1 Particle sizedistribution
10mg of pre-fractionated microspheres was dispersed in 3ml of distilled water

containing 0.2% Tween 20 (Sigma, UK), and left overnight on a roller to enhance
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wetting and dispersion of the microspheres. The mean diameter and particle size
distribution of the microspheres were then measured using a laser light scattering

particle size analyser (Coulter, UK).

2.4.2.2 Scanning electron microscopy (SEM)

Microspheres made from PLGA and 30% Triblock/ PLGA blend were loaded unto
aluminium stubs with pre-fixed carbon tabs. The microspheres were then sputter
coated with gold for 3 min using a Balzer Union SCD 030 sputter coater. The surface
morphology of the coated microspheres was examined and images obtained by SEM
using a JSM-6060 imaging system (JEOL Itd. Herts, UK) with an ionising radiation of

10kV.

2.5. Dynamic mechanical Analysis.

The effect of triblock on the viscoelastic properties of PLGA was investigated using a
Physica MCR 301 oscillatory Rheometer (Anton Parr, Hertford UK) fitted with a
25mm paralel plate measuring systems and RheoPlus application software. The
parallel plate was equilibrated to a starting temperature of 4°C and temperature
oscillation sweep tests was performed at a frequency of 1 rad on the blends of PLGA
with atemperature range of 4 - 90 °C. 260mg of pre-sieved PLGA/triblock blend with
the 100 - 300um size fraction was weighed out unto the flat surface of the parallel
plate rheometer and a temperature sweep from 4°C — 90°C at 1°C per min rate change
was performed. Temperature oscillation sweeps was performed on PLGA and al the
blends of triblock — PLGA fabricated in section 2.3. A plot showing the rate of change
of the storage and loss modulus and the phase angle with increase in temperature was

obtained as an output from the rheometer.
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2.6. Protein and drug loading of microspheres

Proteins and drugs were encapsulated into microspheres as depicted in the figure
below (Fig 2.2). Protein loaded microspheres were made using the SYO/W method
outlined by Morita et a., 2001 with slight modifications. In brief, the protein to be
encapsulated was micronised by dissolving in 1ml of distilled water (dH.0)
containing 60mg of PEG 6000 (BDH Chemicals, Poole UK) followed by freeze-
drying for 48 hours — this constitutes the micronisation step. The protein/PEG
lyophilisate was then dispersed in 1ml of dichloromethane (DCM) (Fisher Scientific,
Loughborough UK) by vortexing at scale 4 for 30seconds using a VM 20 vortex mixer
(Chiltern Scientific, Bucks UK). The resulting protein suspension was then added to
3ml of DCM solution containing 1g polymer using VM20 vortex mixer for 1min, at
scale 3. 4ml of 0.3% polyvinyl alcohol (PVA) solution (Sigma Aldrich, Dorset UK)
was added to protein / polymer mixture and emulsified using the vortex mixer for one
minute at scale 5. The resulting emulsion was then poured into 100ml 0.3% PVA
gtirring at 300rpm with a magnetic stirrer. This was alowed to stir till the
microspheres hardened (approximately three hours), after which the microspheres

were harvested through vacuum filtration and allowed to dry in afreeze dryer.

For ascorbate-2-phosphate (Asc) and dexamethasone (Dex) encapsulation (see
chapters 4 and 5), dight variations from the above mentioned method. The
micronisation step was avoided in Asc and Dex encapsulation. Asc was encapsul ated
using a w/o/w double emulsion method by first dissolving the drug in 400ul of
distilled water before homogenisation into the DCM polymer solution. Dex was
encapsulated by its direct dispersion into the DCM polymer solution prior to

emulsification.
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Single emulsion process

; " N mechanical
arganic palymer salution with stirring device

dissolved or crystallized MOI

evaporate solvent
—_— == collect, wash, and

lyophilize microspheres

aqueous solution of

emulsion stabilizer

(e.g. PVA) dispersion of polymer
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Figure 2.2: Schematic representation of the single emulsion process used in
encapsulating protein and drug molecules into polymer microspheres. The dissolved
or crystallized MOI (molecule of interest) represents the drug or protein to be

encapsulated (Whittlesey and Shea, 2004).
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2.6 2. Encapsulation efficiency of protein loaded microspheres

The protein content of the microspheres was determined using the method described
by Kim et a (2005) with slight modifications. In brief, 20mg of microspheres was
dissolved in 1.0ml of ethyl acetate (Fisher Scientific, Loughborough UK.). This was
allowed to stand a room temperature for about 1 hour alowing the complete
dissolution of the microspheres. 2.0ml of PBS was added to the above solution,
vortexed for 1min and centrifuged at 5,000rpm at 5°C for 5 min. The oily top layer
(containing the dissolved microspheres in ethyl acetate) was removed and washed
with 2.0ml and 1.0ml of PBS following the same process described above. The
aqueous portions from the three washes were pooled together and then the amount of
protein determined using the micro BCA method (section 2.6.4.1). The entrapment

efficiency of the protein within the microspheres was calculated using the formula

below.
Actual L oading Weight X 100 = Entrapment efficiency.
Theoretical L oaded Weight 1

The activity of the entrapped protein was determined using the method described

below.

2.6.3. Controlled Release

Controlled release of proteins form microspheres was determined using the set up
described by Aubert Poussell 2002 with dlight modifications (Fig 2.3). In brief, 50mg
of lysozyme microspheres was placed into an Omega Column tube (Presearch Ltd,
UK) made of protein resistant PEEK material. At each end of the column tubes were

0.5um PEEK frits (Presearch Ltd, UK). Connected at one end using a 1/16” OD
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Figure 2.3: Schematic representation of the set-up used for the release of lysozyme
from microspheres. 20mg of protein loaded microspheres was incubated in 2ml of
PBS at 37°C. The syringe pump was powered using a PhD 2000 syringe driver to
deliver PBS at rate of 2ul/min to the microspheres contained in a sample chamber.
The eluent was harvested in falcon tubes at various time intervals and stored in the

fridge. (Reference Abbou-Poussel)
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(0.040" ID) HPLC PEEK tube to a 20ml plastipak syringe fixed to a Harvard PHD

2000 pump. The other end of the column tube was connected to an eluent vessel

On completion of the set up (See Fig 2.4), the PHD 2000 pump (Harvard, Kent UK)
was set to give a continuous infusion at a rate of 2.0uml/min. The eluent buffer used
was phosphate buffer saline (PBS) at pH 7.4. This buffer was loaded into the plastipak
syringe connected to the PHD 2000 pump. The set-up was alowed to run and the
eluent was collected at fixed periods to assay for protein content. The protein content
in the eluent was determined by assaying for the protein using the method described

in section 2.6.4.1 (microBCA Assay).

2.6.4. Protein release assays

The following assays were utilised to determine the quantity and activity of the
proteins in the analysis of samples from entrapment efficiency and retention activity
of the proteins within microspheres, and samples from release studies from protein

loaded microspheres and scaffolds.

2.6.4.1. Micro-BCA Assay

The microBCA assay is based on the formation of a purple-blue complex of the
bicinchoninic acid (BCA) with Cu+ due to the reduction of Cu 2+ to Cu+ when a
peptide bond is present in an akaline environment (Wiechelman et a., 1988). The
assay was undertaken using a quantipro microBCA kit (Sigma Aldrich, Dorset UK)
following the manufacturer’s protocol. In brief, 100ul of agueous protein solutions (in
distilled water or in PBS) was incubated with 100 pl of freshly prepared BCA

working solution (which was prepared following the manufacturers instructions) in a
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Figure 2.4: Photograph showing the set-up for release of lysozyme from

microspheres. 20mg of protein loaded microspheres was loaded into protein
resistant PEEK coated chambers with 0.5um filters attached to