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Abstract 

Micro/macroporous matrices comprising a continuous phase of polY(E-caprolactone) 

(PCL) and a dispersed phase of water soluble particles (lactose and gelatin) with 

defined size range (45-90, 90-125 and 125-250ILm) were produced by rapid cooling 

solutions of PCL in acetone followed by solvent extraction from the hardened 

material. This novel approach enables high loading (29-44% w/w) of particles (lactose 

and gelatin) to be achieved in PCL matrices by suspension of particulates in the PCL 

solution prior to casting. Highly effiCient protein release (90%) was obtained over 

time periods of 3 days to 3 weeks by variation of particle loading and particle size 

range. The good particle distribution throughout the matrix and efficient extraction of 

the water-soluble phase allows fonnation of a macroporous structure with defined 

pore architecture by incorporation of particles of a specific shape and size range. SEM 

analysis revealed the porous surface morphology. Micro computed tomography 

(micro-CT) and image analysis enabled visualization of the internal 3-D pore 

structure, quantification of the frequency distribution of equivalent pore diameter and 

porosity (%) in PCL matrices. Micro/macroporous peL tubes exhibited a burst 

strength of 125 to 145MPa under hydrostatic loading at 37°C and good recovery of 

tube diameter following short-duration flow rates of 1000 mllmin under continuous 

increasing and pulsatile conditions. Sustained release of incorporated enzymes 

(lysozyme, collagenase and catalase) occurred over 11 days from the peL matrices, 

with retained activity dependent on the particular enzyme used (collagenase 100% at 

11 days, lysozyme 75-80% at 11 days, catalase 10-20 % at 5 days). Swiss3T3 

fibroblasts exhibited strong attachment and successful colonization of the surface of 

peL matrices over 8 to 15 days in cell culture. These findings demonstrate the 

potential of micro/macroporous peL matrices for scaffold production in tissue 

engineering and for controlling drug delivery. 
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Chapter 1 

Introduction 

Although tissue transplantation has been performed since ancient times, tissue 

engineering as a new concept has existed only for the last twenty to thirty years. There 

is no precise definition of tissue engineering, but it involves several elements 

including the introduction of biological entities in vivo (e.g. cells, growth factors) that 

facilitate tissue regeneration and the use of synthetic components (implants) to replace 

or repair damaged tissue [1]. Tissue engineering spans two research fields: 

regenerative medicine and organ substitution and continues to be a focus for 

worldwide research because of the shortage of donor tissue or organs. Tissue 

transplantation is one of the few effective options available for patients with certain 

chronic conditions. In the past century, many of the obstacles in the way of successful 

organ transplantation have been cleared through use of immunosuppressive drugs and 

advanced surgical techniques. However, prolonged drug use often causes side-effects 

such as the high possibility of infection, carcinogenesis and viral infection [1]. 

Reconstructive surgery provides an alternative to organ transplants but biomedical 

devices such as joint prostheses cannot provide a complete substitute for biological 

function and cannot prevent progressive deterioration of the injured tissue or organ. In 

addition, surgical reconstruction can cause long-term problems, such as the 

development of colon cancer after incontinence treatment due to urine entry [2]. 

Tis~ue engineering is expected to overcome the limitations referred to above by 



developing new approaches for encouraging tissue growth and repair. One approach 

attempts to form new tissue by seeding cells on a mimic or artificial extracellular 

matrix (scaffold) ex-vivo. The cell-scaffold construct is implanted in the body where 

tissue development continues. In a second approach, cell-free scaffolds are implanted 

and serve as a substrate for growth of host cells. Several tissue engineering designs 

including skin substitutes and chondrocyte implantation for repair of articular 

cartilage defects are being tested in patients [3]. These studies have revealed that 

novel tissue replacement strategies can work in certain cases, but success does not 

come easily and hybrid approaches involving cultured cells, support scaffolds or 

matrices and advanced materials are required. 

Three key components govern the formation of new tissue: (i) cells (ii) the 

extracellular matrix (ECM) which is required for cell attachment, proliferation and 

differentiation (iii) growth factors for promoting tissue regeneration. Detailed studies 

have shown that stem cells playa key role in tissue regeneration [4]. However, stem 

cells are not extensively used in tissue regeneration at present because they are not 

clearly identified and cell culture of the large cell population required for tissue 

manufacture has proved problematical. 
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1.1 Extracellular matrix and the design of artificial scaffolds 

The natural extracellular matrix (ECM) is a complex, cross-linked network of proteins 

and glycosaminoglycans which is not only a physical support for cell attachment and 

growth but also provides a three-dimensional environment to organize cells in space. 

In addition the ECM provides cells with environmental signals to direct site-specific 

cellular regulation, which contribute to tissue regeneration and organogenesis [5]. In 

tissue engineering, it is difficult to repair a large tissue defect by only supplying cells 

to the defect-site because the natural ECM is absent. Therefore, a scaffold or artificial 

ECM is necessary, at least initially, to assist cell attachment and subsequent 

proliferation and differentiation. 

Recenerated tissue 

Bioabsorbabla scaffold 

Without celli UId 
signa.1il1g molec:ules 

With,~ 
molac:ulas 

With calli 

With celli UId 
s~ molec:ules 

Figure 1.1 Biodegradable 3D scaffold used to promote cell attachment, proliferation 

and differentiation. The scaffold with or without cells and/or biological signaling 

molecules (e.g. growth factor, cytokines, chemokines and genes) is applied to a defect 

to induce in vivo regeneration of tissue and organs 
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A key technology in tissue engineering, therefore, is the preparation of an artificial 

scaffold for cell attachment, proliferation and differentiation (Figure 1.1). A wide 

range of biomaterials have been used to provide 3-D scaffolds or carriers for cell 

seeding and for encapsulating cells to protect them against immuno-rejection. Ideally, 

the material will degrade in vivo to be replaced by natural ECM molecules [6, 7]. 

Thus, the degradation rate of the scaffold represents an additional and important 

parameter in determining the properties of the scaffold and can be tuned (in theory) to 

the needs of specific cells and tissue development. For example, fibroblasts that 

proliferate rapidly may require scaffolds with high degradation rates, whereas tissue 

structures such as bone that require longer periods of stability for strength 

development may benefit from longer-lasting support scaffolds. 

The scaffold materials used for tissue engineering are usually synthetic biodegradable 

materials, such as polylactic acid (PLA), polyglcolic acid (PGA), poly(lactic-glycolic 

acid) copolymers (PLGA), polyethylene glycol (PEG) and polypropylene fumarate or 

natural materials such as collagen, hyaluronic acid, silk, hydroxyapatite, chitosan, and 

alginate [6, 7]. Natural materials are advantageous for cell adhesion but their poor 

mechanical properties limit their utility in complex organ substitution or tissue 

regeneration. The properties of synthetic materials [8] such as mechanical properties, 

degradation rate, morphology and porosity are more easily controlled. Composites of 

natural and synthetic materials have also been used extensively in tissue engineering 

to combine the advantages of both types of material. [9]. 
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1.2 The importance of scaffold porosity and its 

characterisation 

On a macroscopic level, the overall shape of the scaffold provides boundaries for 

tissue regrowth. On a microscope level, the material provides a framework for local 

cell growth and tissue organization, permitting cell attachment, distribution and 

proliferation within a controllable microenvironment [10]. Scaffold porosity in 

particular controls the key processes of nutrient supply to cells, metabolite dispersal, 

~~~~~~~~~~~~~~~~~~~ 

during seeding and the amount of space the cells have for 3-D organization in the later 

stages of tissue growth. To date cell seeding on 2-D scaffold surfaces has been shown 

to be easy to perform but the preparation of 3-D cell-scaffold constructs for 

regeneration of organs is far more complex. For example, pores of adequate size allow 

cells to migrate or adhere to the surface of a material, but interconnecting pores are 

necessary to permit cell growth into the scaffold interior. 

Specific cells require different pore sizes for optimal attachment and growth (Table 

1.1) [11]. As a result, much research in tissue engineering is aimed at obtaining 

polymeric and bioceramic scaffolds with a very high porosity and simultaneous good 

control over pore size and morphology [12]. The presence of pores smaller than 

160JLm in PLA and PLGA scaffolds, produced by salt leaching, has been reported to 

be optimal for attachment of human skin fibroblasts [13]. Bony ingrowth was found to 

predominate in porous PMMA implanted in bone when the pore size was around 
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450",m [14]. Connective tissue formed when the pore size was below 100",m and 

extensive vascular infiltration was only observed with pores around 10000",m. In the 

case of polyurethane meniscal implants, structures comprising macropores (150-300 

",m), highly interconnected by micropores «50 ",m) have been found to be conducive 

to ingrowth of fibrocartilaginous tissue [15]. The cell infiltration depth (120",m in 28 

days) found in elastin scaffolds, for example, probably results from the material's high 

porosity and inter-connectivity [16]. It has been shown in previous studies that 

cell-scaffold binding can block pores of inadequate size and geometry [17, 18]. High 

inter-connectivity of pores is also essential to supply nutrients and allows oxygen 

exchange in the inner regions of a scaffold to maintain cell viability, especially for 

complex tissue engineering of organs. 

Table 1.1 Optimal pore size for cell infiltration and host tissue ingrowth 

CelVtissue type Optimal pore Scaffold material Reference 

size (Ilffi) 

Human skin fibroblasts <160",m PLAlPLG [13] 

Bone 450",m PMMA [14] 

Bone > 1 00-150",m Bioceramic [19] 

Fibrocartilaginous 150-300",m Polyurethane [15] 

tissue 

Adult mammalian skin 20-125",m Collagen-glycocaminoglycan [20] 

cells (CG) 

Osteogenic cells 100-150",m Collagen-GAG [21] 

Smooth muscle cells 60-150",m PLA [22] 

Endothelial cells <80",m Silicon nitride [23] 
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A variety of techniques have been used to evaluate scaffold porosity including 

theoretical assessment, scanning electron microscopy (SEM), mercury porosimetry, 

gas pycnometry and adsorption. Theoretical methods based on two main approaches 

(cube analysis and mass technique) have been applied to characterize the porosity of 

regular honeycombed scaffolds, fabricated via rapid prototyping [24, 25]. Other 

theoretical calculations such as Archimedes method have been used in analysis of 

micro-tubular polymer scaffolds [26] and liquid displacement techniques have been 

developed to measure the porosity ofhydroxyapaptite implants and scaffolds [27-29]. 

SEM analysis complements the theoretical calculations of porosity [24, 30, 31] and 

allows direct measurements of pore size and wall thickness. However, SEM cannot 

examine the scaffold interior without sample sectioning which introduces uncertainty 

due to unwanted material compression and edge effects. Mercury porosimetry is a 

well known and established method, but it neither measures small mesopores (2-5Onm 

pores) due to lack of mercury penetration nor measures very large pores as the 

mercury penetrates the structure before measurements can be made. Furthermore, 

mercury porosimetry does not account for closed pores as mercury does not intrude 

into them and it only measures the distribution of constrictions in a pore network. The 

gas adsorption method is relevant to the study of porosity in nano-featured and 

nano-modified scaffolds [32], and is based on the electrical forces of attraction that 

bind atoms in solids. To counter the net inward attractive forces, surface atoms bind 

surrounding gas molecules via Van der Waals and electrical forces. Researchers have· 

used gas adsorption to assess scaffolds with pore sizes ranging from 0.35-400 nm or 
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3.5 to 2000JLm but the analysis does not evaluate closed pore content and it is 

time-consuming. Flow porosimetry is a non-destructive approach that has been used 

to measure the pore sizes of materials such as filtration media and paper products, but 

no publications in the biomaterials and tissue engineering fields have been reported. 

Feldkamp et al [33] pioneered micro-computed tomographic (micro-CT) imaging 

technology to analyze trabecular bone samples at a spatial resolution of 50JLm. Since 

then, micro-CT has been used extensively in the study of bone architecture and other 

tissue types. Micro-CT images the specimen through exposure to small quantities of 

ionizing radiation and corresponding measurements of absorption. The resulting 

grey-scale images form a series of 2-D sequential slices which build up into a density 

map of the sample. With relevant computerized reconstruction, micro-CT provides 

precise quantitative and qualitative information on the 3D morphology of specimens 

[34-38] and the interior can be studied in great detail without resorting to physical 

sectioning or the use of toxic chemicals. Williams et al [34] recently used Micro-CT 

to visualize PCL scaffolds produced by selective laser sintering (SLS) and to assess 

the porosity and subsequent bone formation following cell seeding and implantation 

in mice. Micro-CT has also been used to quantify scaffold micro-architectural 

parameters related to compressive mechanical properties [39]. Thurner et al [37] 

explored X-ray Micro-CT for morphological characterisation of cell cultures on 

filamentous 3-D scaffolds and Synchrotron Micro-CT has highlighted the subtlety of 

cell-scaffold interactions - fibroblasts tend to span between multi-filament yams 
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whereas osteoblast-like cells are confined to the filament surface [38]. Ongoing 

development of micro-CT techniques is improving qualitative and quantitative 

analysis of tissue engineering scaffolds. Jones et al [19] applied three algorithms to 

identify pores, interconnects and pore size distribution in bioceramic scaffolds to 

predict the permeability of the pore network and thus optimize bioreactor conditions 

for cell seeding. 

Beyond the fundamental requirements of adequate pore size and inter-connectivity, 

pore tortuosity also plays a key role in matrix and scaffold function. Tortuosity is 

defined as the ratio of the actual path length through connected pores to the Euclidean 

distance (shortest linear distance). Tortuosity is a key factor in tissue scaffold 

performance but rarely quoted in the literature. A common method to calculate 

tortuosity is via the results from dissolution measurements. In this method, the 

tortuosity is calculated from several parameters related to the dissolution of a drug 

from a matrix [40, 41]. However this approach can result in unrealistic values of more 

than one thousand [42] or below one [40]. Tortuosity can also be measured from the 

porosity and diffusion coefficients obtained from spin echo NMR measurements [43]. 

Mercury intrusion porosimetry has also been suggested for determining tortuosity. 

Another example of tortuosity calculating is to use the inflection count metric (lCM). 

This approach adds the number inflections of a 3-D frame representation of a pore 

connecting two points and multiplies this number by the path length [44]. Wu et al [43] 

recently described a method to find the shortest route through the pores in images of 
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compacts using an algorithm called 'grey-weighted distance transform (GDT)' which 

provide precise measurements of tortuosity. 

1.3 Scaffold production 

Numerous techniques have been employed to prepare polymer matrices with 

controlled pore size, shape and connectivity to optimize cell-scaffold interaction, 

including solvent-casting/particle leaching [l3] gel casting [45] solid free form 

fabrication such as selective laser sintering (SLS) [34] and super critical fluid 

processing [46] (Table 1.2 adapted from Whitaker, M.J. et al [47]). Thermally induced 

phase separation (TIPS) including liquid-liquid phase separation [48] and solid-liquid

phase separation [26] have been extensively investigated. In these methods, solvent 

removal by extraction or sublimation has frequently been used to prepare polymeric 

structures with controlled porosity [8]. The morphologies and properties of the 

resultant scaffolds largely depend on the phase separation mechanism [49]. 

Liquid-liquid phase separation involves cooling a polymer solution to produce a 

polymer-rich phase and a polymer-lean phase, followed by solvent removal. This 

approach gives rise to isotropic pores of 1-30 J.Lm in diameter, depending on the 

process parameters and the thermodynamics of the polymer/solvent system. 

Solid-liquid phase separation of polymer solutions involves solvent solidification (e.g. 

dioxane) at low temperatures in the region of -18°C followed by freeze drying to 

remove the solvent. This leads to ladder or sheet-like anisotropic morphologies, which 

strongly depend on the quenching rate [49]. In general, solvent freezing at a relatively 
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high temperature induces a low nucleation rate and a low crystal growth rate, which 

leads to a small number of large size solvent crystals. As a result, the average pore 

size obtained in the final scaffold increases with increasing freezing temperature [29]. 

Other techniques investigated for producing porous scaffolds include particulate 

leaching in combination with gas foaming [50], precipitation casting [51] and 

compression moulding [52]. 

Table 1.2 Methods of scaffold/matrix manufacture 

Material 

Poly(a-hydroxyacid) 

(e.g. PLA, PGA, PLGA, 

PLA-E-caprolacotone) 

PEG hydrogels 

Lactic acid-PEG hydrogels 

Poly-L-Iactic acid-co-L-aspartic acid 

hydrogels 

Fibrin 

Polyproplylene fumarate 

PYA 

Polyethylene terepthalate 

Natural substances (e.g. collagen, gelatin) 

Scaffold fabrication method 

Fibre mesh 

Particulate leaching 

Extrusion and particulate leaching 

Microsphere leaching 

Emulsion freeze-drying 

Particulate leaching and gas foaming 

Supercritical carbon dioxide 

3D printing 

Photopolymerization 

Photopolymerization 

Photopolymerization 

Enzymatic polymerization 

Photopolymerization 

Sponges 

Fiber mesh 

Sponges, gels 

II 

Reference 

[53-56] 

[46,57-59] 

[60] 

[52] 

[31] 

[46,61,62] 

[63,64] 

[65,66] 

[67-70] 

[71, 72] 

[73] 

[74] 

[75, 76] 

[77-79] 

[80,81] 

[82,83] 



More recently, rapid prototyping techniques involving polymer melts and powders, 

such as precise extrusion [84] three-dimensional printing techniques [85, 86] and 

fused deposition modeling [87] have received considerable interest. Selective laser 

sintering (SLS) has been used to fabricate PCL scaffolds with porosity ranging from 

37-55%, compressive modulo ranging from 52 to 68MPa, and strength ranging from 

2.0 to 3.2 MPa [39]. Complex structures can be readily produced from 

computer-aided design (CAD) models. However, these techniques are time 

consuming and require sophisticated equipment [12]. 

The material type, pore size and structure and degradation characteristics determine 

the scaffold mechanical properties [88]. Providing adequate mechanical support is a 

critical scaffold requirement for attached cells since it influences cell growth, 

differentiation, and organization during tissue formation [89]. It is considered that if 

the scaffold is unable to provide a stiffuess (Young modulus) in the range of 

(1O-1,500MPa) [90] for hard tissue or (0.4-350MPa) for soft tissues then any nascent 

tissue formation will probably fail due to excessive structural deformation [88]. 

1.4 Growth factors, enzymes and controlled drug delivery 

After seeding on a porous scaffold, cells often form multilayers on the scaffold 

surface due to insufficient cell penetration into the interior. Moreover, it has been 

observed that few cells are retained within highly porous structures with large open 

pores [34]. Therefore, the scaffold alone may not induce uniform 3-D cell distribution 
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and tissue regeneration. As a result, biomimetic peptides, growth factors, cytokines, 

chemokines, genes and/or surface adhesion factors have been incorporated within 

scaffolds to promote or prevent cell differentiation, motility and adhesion [91]. 

Examples of growth factors previously applied in tissue engineering systems are listed 

in Table 1.3. Growth factors may be secreted by several different cells and the same 

growth factor can also affect more than one cell type. Taking skin regeneration as an 

example, growth factors and cytokines, such as fibroblast growth factor (FGF), 

keratinocyte growth factor (KGF, interleukin-l a and vascular endothelial growth 

factor (VEGF) are released within the wound bed to trigger cell proliferation, 

macrophage activation and angiogenesis [47]. Thus, growth factor delivery needs to 

be precisely controlled in either space or time. Platelet-derived growth factor (PDGF), 

FGF, nerve growth factor, epidermal growth factor, VEGF have all been incorporated 

in a variety of scaffolds in attempts to enhance the performance of tissue engineering 

constructs [55, 92-94]. However, in general, growth factors and other biological 

signaling molecules are unstable in vivo, making it necessary to administer them by 

drug delivery systems (DDS) to improve stability, control release, prolong half-life 

and achieve cell targeting. 
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Table 1.3 Growth factors used m tissue engmeenng applications (adapted from 

Whittaker, M.J. et al [47]) 

Growth factor Action 

Platelet-derived Endothelial cell 

growth factor proliferation 

(PooF) 

Fibroblasts growth 

factor 

(FGF) 

Cell 

proliferation 

Use 

Angiogenesis 

Wound healing 

Bone and cartilage 

regeneration 

Nerve growth 

Endothelial cell 

proliferation 

Angiogenesis 

Delivery method 

Implanted EVA rods 

Alginate hydro gels 

PLLA, PLGA, PLA 

microspheres 

Hydroge1s 

PLGA 

Cross-linked fibrin and 

collagen 

Heparinized fibrin 

Nerve growth 

factor (NGF) 

Axonal growth Neurite extension in PLGAIpoly( caprolactone) 

and cholinergic central and encapSUlation 

Epidennal growth 

factor (EGF) 

cell survival 

Cell 

proliferation 

peripheral nervous 

systems 

Migration and 

differentiation of 

neural stem cells 

Vascular Endothelial cell Angiogenesis 

endothelial growth proliferation 

factor (VEGF) 

Bone Cell Bone regeneration 

morphogenetic proliferation 

ptrotein-2 

(BMP-2) 

Transforming 

growth factor-J3 

(TGF-J3) 

Extracellular 

matrix (ECM) 

production 

Bone and cartilage 

regeneration 

Stimulates ECM 

synthesis 
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Surface immobilization on 

polymers 

PLGA microshperes 

Photoimmobilazation 

Alginate hydrogels 

PLGA-PEG microspheres 

Heprinized fibrin 

Hydrogels 

PLGA 

Surface immobilization 

EVA rods 

PLA Chitosan 

Ref. 

[55,94-96] 

[93,97-99] 

[74,92, 

100-102] 

[103, 104] 

[105-108] 

[109] 

[55,82, 110, 

Ill] 



1.4.1 Controlled drug delivery 

Controlled drug delivery applications include both sustained delivery of bioactives in 

body tissue or blood over days/weeks/months/years and targeted delivery to specific 

sites such as tumours or tissues such as diseased blood vessels and bone, on a 

one-time or sustained basis. Drug release from a delivery system can be zero-order, 

variable or bioresponsive and the release rate can generally be controlled by five 

mechanisms: I.Diffusion 2.Dissolution 3.0smosis 4.Mechanical-control 

5.Bio-responsive control 

Diffusion controlled drug delivery systems can be divided into reservoir systems and 

matrix systems. In a reservoir device (e.g. films, capsules, particles, fibers) drugs are 

surrounded by a rate-controlling polymer membrane which can be non-porous, or 

micro-porous Table 1.4. For drugs in solution, the reservoir is bound by a polymeric 

membrane which has a compact, non-porous structure. In a matrix device, the drug is 

distributed throughout a continuous phase composed of either biodegradable or 

non-biodegradable synthetic polymers, formed as tablets, films, beads, cylinders or 

fibers. In both cases, drug release is governed by diffusion of the drug through the 

polymer membrane or the polymeric matrix and is controlled by the physicochemical 

characteristics of the drug, polymer chemical structure and morphology. 

In reservoir systems, penetration of fluid into the polymeric membrane is followed by 

drug dissolution (if the drug is in solid form) and drug diffusion. Diffusion through 
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non-porous polymer membranes depends on the size of the drug molecules and the 

space available between the polymeric chains. For transport though non-porous 

membranes, there are three barriers to be circumvented (Figure 1.2). The drug 

molecules in the reservoir compartment initially partition into the membrane then 

diffuse through it. Finally drug partition occurs into the implantation site or release 

medium. 

Table 1.4 Polymers used for production of reservoir systems 

Polymers providing solution-diffusion Polymers providing pore-diffusion 
mechanism mechanism 

Silicone rubber, Silastic Cellulose esters, Cellulose triacetate 

Poly(ethylene-vinyl acetate), Modified insoluble collagen 

Polyethylene, Polyurethane Polycarbonates, Polyamides, 

Polyisopropene, Polyamide, Polyethylene oxide, Polyvinyl alcohol, 

Polyethylene oxide, Polyvinyl alcohol, Polyvinyl pyrrolidone 

Polyvinyl pyrrolidone 

Drug reservoir 

(Donor phase) 

Polymer membrane 

(Barrier) 

Implantation site 

(Receptor phase) 

Figure 1.2 The steady-state concentration profile of a drug in a reservoir-type 

polymeric system. Cr = concentration of drug in the reservoir, Ci = concentration of 

drug at the site of implantation 
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The rate of drug diffusion through non-porous membranes follows Fick's law 

(Equation 1.1) and is thus dependent on the partition and diffusion coefficient of the 

drug in the membrane, the available surface area of the membrane, the membrane 

thickness and the drug concentration gradient. 

dnVdt=(DKJh).A.~C 

dnVdt = the rate of drug diffusion 

D = drug diffusion coefficient in the membrane 

K = the partition coefficient of the drug in the membrane 

h = membrane thickness 

A = available surface area of the membrane 

~C= concentration change (Cr - Ci) 

(Equation 1.1) 

In cases where drug molecules are released through a porous polymer membrane (or 

matrix) diffusion through micropores has also to be considered. The micropores may 

be filled with a fluid such as water, oil (e.g. silicone, castor and olive oil), body fluid 

or release medium. The transport of drug through pores is termed pore-diffusion and 

the pathway of drug transport is no longer straight, but tortuous Figure 1.3. Thus the 

porosity of the membrane (E) and the tortuosity of the pathway ('t) must be considered 

and equation 1.1 is modified for a porous polymeric membrane as follows: 

dm / dt = Ds . A . Cs . E / 'th (Equation 1.2) 
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where es, the drug solubility in a solvent and Ds is the drug diffusion coefficient in 

the solvent. 

Drug particles 

Drug movement through channels 
'tortuosity' factor 

Pores or channels formed by particle dissolution and 
extraction (drug and/or excipient) 

Figure 1.3 Scheme of drug delivery from porous matrices 

In matrix-type systems, the drug is distributed throughout a polymeric phase by 

mixing the drug with polymer powder or solution and shaping the mixture into 

various geometries by solvent casting, compression/injection moulding, super critical 

point molding or screw extrusion [13,46, 52]. Regardless of a drug's physical state in 

the polymeric matrix, the release rate decreases over time, thus zero-order drug 

release is not usually obtained. Drug molecules closest to the surface are released 

initially. As release continues, molecules must travel a longer distance to reach the 

exterior of the device and thus the time required for release is increased (Figure 1.4). 

The increased diffusion path length results in a decrease in the release rate of drug 

molecules with time. 
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Time 

D Drug-rich polymer domain 

D Drug-depleted polymer domain 

Figure 1.4 Drug release by diffusion through a non-degradable polymeric matrix 

In dissolution-controlled systems, drug release is controlled by the dissolution rate 

of the polymer membrane surrounding the drug core (reservoir devices) or the 

polymer matrix. Dissolution-controlled reservoir devices are often used for oral drug 

delivery (eg. Spansule, Sequel and SODAS capsules). 

Osmosis-controlled drug delivery systems are designed to deliver drugs at a 

constant rate due to the increased osmotic pressure caused by fluid movement through 

a semi-permeable membrane. ALZET® and DUROS® implants are examples of 

osmosis-controlled devices for peptide and protein delivery. Mechanically-controlled 

delivery systems are commonly used for intravenous administration of drugs in the 

hospital setting. Precise infusion rates enable zero-order controlled drug release to be 

easily achieved. Bio-responsive controlled systems modulate drug release in 

response to changes in the external environment. Ionic strength and pH changes for 
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example, are used to affect the swellability of a polymeric device and hence drug 

release. Such systems have potential to release a drug in a pulsatile manner, according 

to a patients' biological demand. Controlled delivery of insulin from glucose-sensing 

hydro gels have been developed using 2-methacryloyloxyethyl phosphorylcholine 

(MPC) and poly (vinyl alcohol) gels [112, 113]. 

1.5 Controlled drug delivery in tissue engineering 

Controlled drug delivery systems (DDS) have been studied for many decades and 

used to influence a diverse range of medical conditions from pregnancy prevention 

(Norplant®) [114] to eradication of brain tumours (Gliadel~ [115]. DDS technology 

using biodegradable materials has been applied to deliver a wide range of 

biopharmaceuticals including growth factors [116, 117], hormones [118], antibodies 

[119], antigens [120-122] and DNA [123, 124]. Biodegradable materials also offer 

significant advantages in tissue engineering [10] since new tissue could be formed as 

cells infiltrate the scaffold from the surrounding healthy tissue and the scaffold 

resorbs. However, presentation of bioactive molecules is generally required in 

association with the scaffold due to the low concentration of cells and/or host growth 

factors responsible for new tissue generation. Delivery of genes enco~ing growth 

factors has been investigated as an alternative to proteinaceous growth factors in 

tissue engineering [125]. If a growth factor encoding a gene is transfected into cells 

existing at the site of regeneration, it is possible that these cells will secrete the 

potential growth factor needed to promote tissue regeneration. Gene therapy based on 
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production of angiogenic growth factors, VEGF and basic fibroblast growth factor 

(bFGF) has been reported for treatment of ischemic disease [126]. However the 

vectors used for gene transfer do not display adequate biosafety or efficacy to date 

and progress in this area has been disappointing so far. In an alternative approach, 

sustained release of plasmid DNA from a collagen sponge has been investigated for 

bone tissue regeneration [127]. The plasmid encoded a secreted peptide fragment of 

human parathyroid hormone (hPTH). Pictogram quantities of hPTH were produced 

for six weeks in animal studies and bone regeneration was achieved at the defect site. 

Although DDS technology has been shown to enhance the efficiency of growth 

factors in vivo in certain cases, a major problem of loss of bioactivity can occur 

during scaffold formulation due to protein denaturation and deactivation on contact 

with the polymer matrix for example [128]. Exposure to harsh environmental 

conditions during formulation, such as heating, sonication and organic liquids can 

also result in a loss of biological activity [129]. 

1.6 Cell interaction with polymeric scaffolds 

In order to produce an optimized scaffold or matrix, it is necessary to understand the 

influence of the scaffold structure on cell viability, growth and function. Cellular 

response to a material surface is governed by a number of factors which include 

surface chemistry, tomography, surface charge, structural heterogeneity, cell culture 

conditions, mechanical properties of the scaffold and the physiological environment. 

Since the growth and function of many tissue-derived cells require attachment and 
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spreading on a solid surface, the events surrounding cell adhesion are fundamentally 

important. For example, the strength of cell adhesion is an important determinant of 

the rate of cell spreading, cell migration and differentiated cell function. A number of 

studies have shown that cell adhesion appears to be maximized on surfaces with 

intermediate wettability [130, 131]. For most surfaces, adhesion requires the presence 

of serum [132] and adhesion is enhanced on positively charged surfaces [131]. The 

surface morphology of an implanted material is known to have a significant effect on 

cell behavior. Cultured cells react differently to rough or smooth surfaces. In many 

cases, cells orient and migrate along fibers or ridges in the surface, a phenomenon 

called contact guidance from early studies on neuronal cell cultures [133]. Fibroblasts 

have also been observed to orient on grooved surfaces, particularly when the texture 

dimensions are 1-8J.lIIl [134]. 

Polymeric scaffolds may not interact with cells in a desired manner since their surface 

chemistry may not promote adequate cell adhesion [135] and may induce toxic and 

inflammatory reactions [136]. Biomaterials can frequently be made more suitable for 

cell attachment and growth by surface modification. Early work used long chains of 

ECM proteins such as fibronectin (FN), vitronectin (VN) and laminin (LN) for 

surface modification to utilize their inherent cell-binding properties. In addition, the 

use of short peptide fragments corresponding to cell biding domains, such as RGD 

(Arg-Gly-Asp) has in certain cases proved to be advantageous over the use of the long 

chain of native ECM proteins [137, 138]. Synthetic RGD-containing peptides have 
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been immobilized to poly(tetrafluorethylene) (PTFE), PET, polyacrylamide, 

polyurethane (PD), PED, poly(vinyl alcohol) (PVA) and PLA to bind receptors on cell 

surfaces and mediate cell adhesion [139]. On the other hand, some reports have 

identified specific chemical groups at the polymer surface-such as hydroxyl (-OH) 

[140, 141] C-O [142] which enhance cell attachment, growth and functionality and 

are therefore as important factors in modulating the behavior of surface-attached cells. 

The migration of cells within a tissue is a critical element in the formation of the 

complex architecture of organs. Thus, cell migration is also likely to be an important 

factor in tissue engineering, either on or through the scaffold or assemblies of other 

cells to form new tissue. Surface modification of biomedical devices with cell binding 

peptides may not provide effective in vivo. Bulk modification of biomaterials by 

cell-signaling peptides is necessary if the complex structure of host tissue at defect 

sites is to be reproduced. Several cell binding peptides, containing RGD sequences 

have been introduced into three dimensional networks by physical, chemical 

photochemical and ionic cross-linking [143-145] and peptide-modified hydrogels 

have promoted soft tissue augmentation in vivo [146]. 

For a tissue engineered substitute to have a wide impact on patient treatment, it will 

need to be available 'off-the-shelf'. Autologous cells are generally used in early 

clinical trails to bypass immunogenicity issues [147]. However, commercial products 

would need to recruit autologous cells directly from the host or use allogeneic cells. 
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Cell differences are not only associated with species variation, but also with location 

in the body [148] and age of donor [149, 150]. In addition, certain cells such as 

vascular endothelial cells provide complex multi-functional roles such as antigen 

presentation and blood vessel lining. Thus adult stem cells, such as the bone 

marrow-derived stem/progenitor cells, or human embryonic stem cells are being 

investigated extensively in regenerative medicine to .provide a source of correctly 

differentiated and functioning cells [151]. 

If allogeneic cells are used to achieve 'off-the-shelf' availability, then a strategy is 

required for overcoming immune rejection. One possibility is lifelong use of 

immunosuppressive drugs such as cyclosporin used in organ transplantation although 

there is a drawback associated with serious side effects (e.g. renal dysfunction, 

hypertension). Other approaches include costimulatory blockade [152] or the use of 

multi-potent or pluri-potent stem cells [153]. The ability to manipulate the immune 

system will have important implications in regenerative medicine to address the major 

issue ofimmunogenicity of both the scaffold and cell component of tissue engineering 

constructs. 

The mechanical properties of the scaffold are also important for promoting cell 

growth and tissue development. In the case of vascular tissue engineering, the 

regenerated blood vessel should mimic the native blood vessel in both architecture 

and function. Adequate haemodynamic burst resistance, visco-elstic properties and 
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fatigue life corresponding to the native blood vessels are desirable to ensure long term 

patency [154]. There are several different approaches being pursued in vascular tissue 

engineering to achieve the above properties including the use of intact elastin 

scaffolds obtained from digested animal arteries; scaffolds woven from elastin 

mimetic fibers and the use of cells genetically engineered to exhibit elevated elastin 

production and assembly. 

1.7 Application of polymers in scaffold manufacture 

1.7.1 Natural polymers 

In the last few decades, natural polymers and synthetic polymers have been widely 

used as biomaterials in controlled drug delivery and tissue engineering. Natural 

polymers (albumin, chitosan, chitin and fibrin) (Fig. 1.5) are isolated from a variety of 

sources, animal (collagen, gelatin), seaweed (agarose, alginate) or bacteria. They are 

soluble in aqueous or buffer solutions and are biodegradable in vivo. Collagen and 

gelatin, which are protein-based polymers, have been fabricated as sponges, films, 

matrices, gels and micro spheres for pharmaceutical and medical applications due to 

their biodegradability and biocompatibility [155, 156]. Collagen sponge scaffolds 

demonstrate strong attachment and proliferation of endothelial cells, epithelial cells 

and bone marrow cells [157]. In addition, collagen sponges incorporating growth 

factors (VEGF and b-FGF) have been used to stimulate angiogenesis and accelerate 

cartilage regeneration [158]. Biobrane™, Transcyte®, Apligraf® and Integra® 

(commercial collagen sponges with or without neonatal fibroblasts) have been applied 
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clinically for wound healing and as tissue-engineered skin. Gelatin is derived from 

collagen and is extensively used for pharmaceutical and medical purposes. The 

biosafety of gelatin has been proved through long clinical usage as a plasma expander, 

as an excipient in drug formulation, and as a sealant for vascular prostheses [159]. 

Gelatin micro spheres, foams, films, biocomposites and hydrogels have been produced 

for sustained delivery of growth factors and low molecular weight drugs [160, 161]. 

The material has also been used for production of cell-support structures due to its 

inherent cell adhesion properties, good biocompatibility and low antigenicity [162, 

163]. However, in common with natural polymers, gelatin suffers from batch to batch 

variation during processing and purification and loses mechanical integrity due to 

rapid biodegradation. 

Alginate, chitosan and chitin have been used in various forms for drug delivery and 

tissue engineering, such as wound healing, bone scaffolds and nerve regeneration 

[158, 164, 165]. Chitosan fibers have been utilized as sutures and wound dressings 

and micro/nano particles have been formulated to deliver anti-cancer drugs such as 

doxorubicin and 5-flurouracil [166]. Commercial alginate biomedical products which 

include Algisite®, algonsteril® and kaltogel® are used for wound healing and 

alginate scaffolds have been used for delivery of VEGF to stimulate angiogenesis 

[164, 167]. 
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Figure 1.5 Chemical structures of natural polymers 

1.7.2 Synthetic polymers 

Synthetic polymers have been used in controlled drug delivery and tissue engineering 
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for several decades. They can be classified into five groups: 1) soluble 2) insoluble 3) 

hydro gels 4) non-biodegradable and 5) biodegradable. With ongoing developments in 

pharmaceutical science, more than 20 polymers have been fabricated as films, 

micro/nano-particles, fibres, inserts and matrices for application in controlled drug 

delivery or regenerative medicine. The properties of several of these polymers are 

summarized in Table 1.5. 

Table 1.5 Properties of synthetic polymers 

Material Tg Tm Density Strength Semicrystallinity (SC) Applications 

CC) CC) (g/cm3
) (MPa) Amorphous (A) 

PVA 180-190 

PVC 75-105 A Surgical packaging, 

IV sets 

PMMA 105 1.15-1.19 65 A Blood pump, 

(tensile) Implantable ocular lens 

PET 265 SC Implantable suture, 

mesh, 

artificial vascular grafts and 

heart valve 

PTFE 2.15-2.2 SC Catheter and artificial 

vascular grafts 

PGA 35-40 225-230 890 SC Suture, prosthetics and 

(compressive) controlled drug delivery 

PLA 60-65 173-178 A Suture and prosthetics 

PCL -62 57 SC Drug delivery and soft 

tissue engineering 

D Non-biodegradable 
D Biodegradable 

28 



Soluble synthetic polymers such as polyethylene glycol (PEG), polyvinyl alcohol 

(PVA), polyvinyl pyrrolidone (PVP), hydroxypropyl methyl cellulose and 

polyhydroxypropyl methacrylamide (PHPMA) are soluble in aqueous media because 

of their constituent hydrophilic polymer chains (Figure 1.6). These polymers may be 

used in solution to modify other materials or as solid, dissolvable matrices. They are 

advantageous for transport of drugs via body fluids to target sites and for temporary 

organ substitution. The anti-cancer drug, Doxorubicin has been linked to PHPMA for 

use in chemotherapy [168] and pilocarpine-loaded PYA films have been applied as 

ocular inserts to provide gradual dissolution and drug release in tear film [169]. 

-fH2 H2 1 * c-c-°Tn* -f-H2 H 1 
* c-IJ~ 

OH 

polyethylene glycol polyvinyl alcohol polyvinyl pyrrolidone 

Figure 1.6 Chemical structure of soluble synthetic polymers 

Synthetic hydrogels are water-swollen polymers with water content ranging from 

30-90% depending on the polymer properties. The most commonly used hydrogels in 

the biomedical field are polyhydroxyethyl methacrylate (PHEMA), cross-linked PEG, 

PYA, PVP and polyacrylamide [170] (Figure 1.7). Hydrogels are produced by 

cross linking soluble polymers via chemical bonding or physical interaction of 
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polymer chains. Such interactions can be achieved by exposure to UV light or pH 

variation[164]. Synthetic polymer hydrogels have been used extensively in soft tissue 

implants due to their high water content and compliance. PYA has been used as an 

adhesion shield in tendon regeneration [164] while PLA-PEG and PHEMA hydrogels 

have been investigated for growth factor delivery in tissue engineering. Bone 

morphogenic proteins released from PLA-PEG hydrogels, for example, has been 

shown to regenerate dentin and b-FGF released from PHEMA enhances proliferation 

of endothelial cells [171]. 
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polyhydroxyethylmethacrylate polyacrylamide polyacrylic acid 

Figure 1.7 Chemical structure of synthetic hydrogels 

Non-biodegradable, water insoluble, synthetic polymers are composed of 

hydrophobic chains. Silicone elastomer, polyethylene (PE), polyethylene terephthalate 

(PET), polyurethanes (PU) and polytetrafluoroethylene (PTFE) (Figure 1. 8) are the 

most widely used in clinical applications, due to their properties of mechanical 

strength, stiffuess retention over time, favorable biocompatibility and long-term 
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stability. PE and PMMA are widely used in tissue engineering for orthopaedic, joint 

replacement and vascular prosthesis [172, 173]. PTFE, more commonly known as 

Teflon® (DuPontTM), expanded PTFE (Goretex~, and PET fibres (Dacron™) are still 

the only biomaterials used for large diameter vascular graft production. Silicone 

elastomers have been widely used in vascular and dental applications [166, 172] and 

in controlled drug delivery systems [174, 175]. Silicone elastomer devices have been 

used to deliver steroids for long-term contraception and anti-viral drugs due to the 

polymer's biocompatibility, ease of fabrication and high permeability to low 

molecular weight drugs [176]. Two commercial contraception products (Norplant® 

and Jadelle®) provide long term sustained release of levonorgestrel over 5 years after 

subdermal implantation in patients. Silicone elastomer intra-vaginal ring inserts have 

also been investigated for controlled release of anti-HIV drugs (eg. Nonoxynol 9) 

[177]. 

Silicone polymethyl methacylate polyethylene 

o 0 
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n 
Polyethyleneterephthalate 

Figure 1.8 Chemical structure of non-biodegradable synthetic polymers 
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Biodegradable synthetic polymers such as polyglycolic acid and polylactic acid are 

water-insoluble but slowly resorb in vivo via chemical hydrolysis or enzymatic 

cleavage (Figure 1.9). Five principal families of biodegradable polymers have been 

synthesized and characterized for clinical applications, polyester, polyanhydrides, 

polyamides, polyortheoesters and phosphorous-based polymers. Polyglycolic acid 

(PGA), polylactic acid (PLA), polycaprolactone (PCL) and copolymers of 

lactide/glycolide are among the most commonly used resorb able polyesters for drug 

delivery and tissue engineering [20]. They display good biocompatibility, low 

antigenicity and controlled degradation rate. The early development of successful 

suture materials based on polyesters (PCL, PLA, PGA (Dexon~, polydioxanone 

(PDS~ and polyglactin) have led to several decades experience with these materials 

in humans, so that their safety is now well documented [172, 178]. The first reported 

biomedical applications of poly (lactic acid) polymers involved their use as sutures 

and bone substitutes [179]. In the early 1970s controlled delivery of narcotic 

antagonists from poly(lactic acid) films was investigated [180] and micro spheres of 

poly(d,l-lactic acid) were used to delivery contraceptive steroids [181, 182]. 

Poly(sebacic acid), poly(adipic acid) and poly(terephthalic acid) are polyanhydrides 

of the linkages that commonly occur in polymers, the anhydride linkage is one of the 

least stable in the presence of water which makes them unsuitable for many 

applications. However, the potential for rapid hydrolysis of the polymer backbone 

makes anhydride-based polymers attractive candidate biodegradable materials. A 
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common materials design approach for medical applications is to produce polymers 

which degrade into non-toxic components. For this reason, polyamino acids are 

advantageous for production of new polymeric biomaterials. Polyorthosesters are 

synthesized by addition of polyols to diketene acetals and the mechanical properties 

can be varied by selecting appropriate diols or mixture of diols. Delivery of 

5-flurouracil for chemotherapy and tetracycline for treatment of periodontal disease 

has been successfully achieved using polyorthoesters [183]. 

Biodegradable polymers, particularly the polyesters, have been manufactured in 

various forms (e.g. films, matrices, macro particles, nanoparticles and fibers) for 

application in tissue engineering and controlled drug delivery. Copolymers of 

DL-Iactic acid and glycolic acid have been converted into rods (Zoladex~ and 

microspheres (Lupron Depot) for the treatment of prostate cancer or endometriosis 

[184, 185]. 
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PLGA: copolymers of DL-Iactic acid and glycolic acid 

Figure 1.9 Chemical structure of biodegradable synthetic polymers 

1.7.3 Polycaprolactone 

Polycaprolactone (PCL) is semi-crystalline, slowly-resorbing, aliphatic polyester 

which is biocompatible with soft and hard tissue and has been widely investigated as 

the scaffold component of tissue engineering constructs for hard and soft tissue repair 

[9, 34, 36]. PCL may be synthesized by the ring opening polymerization of 

t-caprolactone via four different mechanisms (Figure 1.10): anionic, cationic, 

coordination and radical polymerization. Each method has unique attributes, 

providing different degrees of control over molecular weight and molecular weight 

distribution, end-group composition, and the chemical structure and sequence (block 

versus random) distribution of copolymers. 
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Figure 1.10 Mechanisms of polymerization of poly (E-caprolactone) 
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PCL exhibits a melting point (Tm) in the range of 59-64°C and a glass transition 

temperature (Tg) at -60°C. Because of its low Tg, the melt cannot be quenched to a 

glass. Polymers with a Tg > 37°C are in the glassy state at body temperature while 

those having a Tg < 37°C are in the rubbery state. Polymers in the glassy state tend to 

be brittle and inflexible with low permeability to drugs and therefore have limited 

application as tissue engineering scaffolds. In contrast, polymers in the rubbery state 

exhibit high permeability to drugs due to the increase in free volume, but their lower 

mechanical strength needs to be considered when developing tissue engineering 

scaffolds. The heat of fusion (AHr) of 100% crystalline PCL is reported to be 139.5 

Jig [186], and this value has been used to estimate the crystallinity of PCL and its 

copolymers using differential scanning calorimetry (DSC). Polymer crystallinity is 

important in determining physical properties such as degradation time, permeability, 

density and melting point. For example an increase in crystallinity increases the 

amount of regular packing of constituent chair molecules and reduces the 

permeability to body fluids. The biodegradation rate is simultaneously reduced by the 

decrease in accessible ester bonds. Semi-crystalline polymers are characterized by a 

degree of crystallinity above 50% whereas amorphous polymers are non-crystalline. 

The crystallinity of PCL is affected by molecular weight, for example, such that a 

crystallinity decrease from 80-40% results on increasing the molecular weight from 

5000-100,000 [187]. 

The degradation behavior of PCL (films and rods) has been investigated following 
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subdermal implantation in animals. Degradation of PCL begins by random hydrolytic 

chain scission of the ester linkages, manifested by a reduction in the viscosity and 

molecular weight of the polymer [186, 188]. This process is not considered to involve 

enzymatic attack because the same degradation rate is indicated in vivo and in vitro in 

water at 40°C. A second phase of PCL degradation usually commences when the 

molecular weight decreases to approximately 5000 and the rate of chain scission falls, 

but weight loss stars. Weight loss can be attributed to the increased probability that 

chain scission of a low molecular weight polymer will produce a fragment small 

enough to diffuse out of the polymer bulk. Physical break down of the polymer mass 

finally occurs to produce smaller particles with an increased probability of 

phagocytosis [187, 189]. Previous in vivo studies have shown that the molecular 

weight of PCL decreased from 50,000 to 5000 over 100 weeks and required three 

years for total removal from the body [190]. Such long-term degradation 

characteristics suggest application ofPCL in bone, cartilage and vascular regeneration. 

Although PCL applied as a 1 year contraceptive delivery system did not show any 

significant side effects, the long term toxicity of PCL in vivo still needs to be 

considered for clinical use. 

The toxicology of PCL has been studied in conjunction with evaluations of 

Capronor® which is an implantable I-year contraceptive delivery system composed 

of levonorgestrel in a PCL capsule. An early initial 90-day trial of Capronor in 1984 in 

female rats and guinea pigs revealed no toxic effects [191]. Clinical observations, 
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physical examinations, qualitative food consumption, urinalysis, and ophthalmoscopic 

analysis showed no significant differences between the test and control group during a 

two year period [192]. PCL implants have also been assessed for toxicity based on 

cell ultrastructure in organ cultures, cell surface characteristics and cell population 

doubling times [193]. Only a minimal tissue reaction, which could not be scored, was 

stated in the above test. A clinical trail of Capronor involving 48 women found that 

the PCL implant was well tolerated by subjects with no adverse systemic side effects 

during the 40 weeks study [194]. 

Due to its good biocompatibility, PCL has been fabricated using numerous techniques 

into various forms such as films, membranes, fibers, micro/nano particles, capsules 

and reservoir devices for tissue engineering and/or drug delivery (Table.l.6). 

Blending of polymers to achieve a balance in material properties has been applied 

extensively in biomedical materials and drug delivery research. Microporous, bone 

graft substitutes have been produced by blending fast resorbing PLG and slow 

resorbing PLA to adjust the resorption rate and dimensional stability of implants. peL 

is much more permeable than PLG for delivery of certain drugs but degrades very 

slowly. Blending of PCL with PLG has been shown to result in retention of 

permeability and shape stability while increasing the overall degradation rate of the 

material compared with PLG In addition, biocomposites of natural and synthetic 

polymers offset the disadvantages of natural materials and exploit the wide range of 

physico-chemical properties and process ability of synthetic polymers. For example, 
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the poor cell adhesion properties normally associated with poly(2 

hydroxyethylmethacrylate) [poly(HEMA)] have been mitigated by blending with 

gelatin [162]. PCL-collagen films, prepared by impregnating lyophilized collagen 

mats with PCL solutions, have been investigated as scaffolds for human osteoblasts 

and skin substitutes [9, 195]. This approach avoided the need for crosslinking of the 

collagen phase to improve stability and retained the good cell adhesion properties of 

the protein. 

Table 1.6 Biomedical application ofPCL and its blends 

Polymer Fonns 

PCL films 

disks 

membranes 

Fabrication method 

Melt-processing 

Solvent casting 

Solvent casting 

tubes Melt extrusion at 160°C 

capsules 

rod 

matrices 

scaffolds 

PCUhydronyap scaffolds 

atite 

Solvent-casting/ 

particulate-leaching 

Application 

Progesterone and 

levonorgestrel delivery 

Tobramycin sulphate 

antibiotic delivery 

Support osteoblast growth for 

bone tissue engineering 

Support rabbit bone marrow 

stromal cells 

Ref. 

[196] 

[197] 

[198] 

[199,200] 

[201] 

[202] 

PCUcollagen films Impregnation of freeze-dried Support human osteoblasts and [9, 195, 

PCL 

PLA-PCL 

PCL 

collagen with PCL solution mouse fibroblast growth 203] 

[204-207] micro/ Solvent evaporation! extraction 

nano particles 

Hollow fibres Melt spinning 

Dry and wet spinning 

Electrospinning 

hollow fibres Dry and wet spinning 

fibres Gravity spinning 
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Lipophilc drugs, hydrophilic drugs 

and protein delivery 

Delivery of tetracycline antibiotic 

Drug-loaded nanoparticIes [208] 

Support growth of fibroblasts and [209-211] 

myoblasts. Delivery of protein, 

progesterone and gentamicin sulfate 



· 1.8 Project aims and outline 

This thesis focuses on the fonnulation and characterisation of polycaprolactone-based 

matrices with the aim of improving scaffold performance in tissue engineering and the 

function of drug delivery devices. peL micro/macroporous matrices containing high 

protein loading (29-44% w/w) were produced by rapid cooling of a PCL solution in 

dry ice followed by solvent extraction from the hardened material using methanol. 

Chapter 1 presents an introduction to the field of tissue engineering and controlled 

drug delivery. 

Chapter 2 describes the fonnulation of PCL matrices incorporating protein, enzymes 

and a steroid (dexamethasone) respectively. The methods used for characterising the 

release behaviour, internal pore structure of PCL matrices (micro-CT), thennal 

behaviour, mechanical testing under fluid flow conditions, cell culture and enzyme 

bioactivity assay are also included in the chapter. 

Chapter 3 details the fonnulation, release behaviour, morphology, thennal properties 

and biocompatibility (using cultures of 3T3 fibroblasts) of PCL matrices 

incorporating lactose and gelatin particles. These investigations revealed the potential 

ofthe matrices for controlling growth factor delivery in tissue engineering. 
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Chapter 4 describes a quantitative and qualitative analysis of the internal pore 

structure of PCL matrices using micro-CT. Detailed information regarding pore 

structure, the range of equivalent pore diameter, frequency distribution of equivalent 

pore diameter and macroporosity is presented. The results are useful for 

understanding the kinetics of drug delivery from matrix-type devices and predicting 

cell ingrowth behaviour in tissue engineering scaffolds. 

Chapter 5 is concerned with the mechanical characterisation (dimensional changes, 

burst strength) of PCL tubes for vascular tissue engineering under fluid flow 

conditions (constant, continuous increasing and pulsatile conditions). 

Chapter 6 describes the formulation, morphology, thermal properties and release 

behaviour of PCL matrices incorporating lysozyme, collagenase and catalase. The 

activity of released enzyme is reported. Dexamethasone release behaviour from PCL 

matrices is also described in this chapter. 

Chapter 7 presents an overall summary and conclusions of the study with suggestions 

for future work. 
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2.1 Materials 

Chapter 2 

Materials and Methods 

PCL (Mw 115,000 Da, Capa 650) was obtained from Solvay Interox, Warrington, UK. 

Lactose powder (p-Iactose, L3750) and gelatin powder (bloom 125), phosphate 

buffered saline (PBS) and bicinchoninic acid (BCA) reagents were purchased from 

Sigma-Aldrich Chemicals. Acetone, dichloromethane (DCM) and methanol were 

obtained from Fisher Scientific. 

2.2 Preparation of microporous peL matrices 

PCL (1.7 g) was dissolved in 10 ml acetone by gentle heating at approximately 50°C 

to produce a 17% w/v solution. This PCL solution was transferred into a mould 

comprising a 3 ml polypropylene (PP) syringe body with a centrally located 1 ml PP 

syringe body. The tubular casting obtained (6.5 mm internal diameter, 7.5 mm 

external diameter, 55 mm long) was of interest for fabrication of substitute blood 

vessels. After rapid cooling in dry ice (-7S0C) for 2-5 minutes to induce rapid 

crystallization and hardening of the polymer, the matrices were carefully removed 

from the mould and it was immersed in methanol (50 ml) for 24 h to extract the 

acetone. Finally, the tubular castings were removed from the methanol bath and the 

acetone/methanol remaining in the matrices was allowed to evaporate in air under 
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ambient conditions. Two further processing techniques were investigated 1) the 

hardened matrices were allowed to dry in the mould without methanol addition until 

the diameter was constant 2) methanol was introduced on top of the matrices in the 

mould and left for 24h to extract acetone, followed by matrix drying in the mould. 

syringe 

Dry ice 

peL solution in acetone 

Figure 2.1 Fonnulation of microporous PCL matrices 

Methano 

Methanol 

Hardened 

peL matrix 

Hardened peL matrix 

2.3 Investigation of peL matrix shrinkage during 

preparation matrix density 

The diameters of PCL tubes were measured at key points in the manufacturing 

process namely 1) after casting in dry ice 2) following solvent extraction in methanol 

and 3) after sample drying. The diameter of the casting was also measured following 

the two different drying approaches maintained above namely 1) drying in the mould 

without methanol addition and 2) addition of methanol on top of the hardened matrix 
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in the mould, followed by drying in the mould. The diameters were record using a 

micrometer until they remained constant. The weight, length and internal/external 

diameter of samples of peL matrices were measured to calculate the density as 

gmlcm3
• 

2.4 The effect of cooling time on peL matrix formulation 

and characteristics 

Microporous peL matrices were fabricated by cooling peL solutions in dry ice 

(Section 2.2). The temperature of peL solution was recorded using a thermometer at 

30sec interval until the temperature remained constant. The influence of peL solution 

cooling time on matrix formulation, shrinkage and strength was determined. 

2.5 The effect of peL solution concentration on peL matrix 

formulation and particle loading 

This study was performed to determine the optimal peL solution concentration and 

particle loading for production of high protein loading peL matrices. Gelatin loaded 

peL matrices in tubular form were produced as described above in Section 2.2. 

Gelatin particles in the size range of 45-90 and 90-125 ILm respectively were added to 

a 17% w/v peL solution to give a protein concentration of 29%, w/w. Gelatin powder 

(insoluble in acetone) was sieved to obtain a particle size range of 125-250 ILm and 

suspended in 5, 12.5 and 20% w/v ) peL solutions to give a final loading of 29, 38 

and 44% w/w The suspensions were used to formulate particle-loaded peL matrices 
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by rapid cooling in dry ice (Section 2.2). 

2.6 Preparation of lactose-loaded PCL matrices by rapid 

cooling in dry ice 

Lactose particles in three size ranges (45-90, 90-125, 125-250 #Lm) were obtained by 

sieving the as-received powder. Lactose particles (insoluble in acetone) of each 

defined size range were dispersed in 17% w/v PCL solution using a glass rod to give a 

final loading of 29% w/w. The lactose suspension was transferred into a mould 

comprising a 3 ml polypropylene (PP) syringe body with a centrally located 1 ml PP 

syringe body. Following crystallization and hardening of the PCL phase in dry ice for 

3min, the lactose-loaded matrices were removed from the mould and immersed in 

methanol (50 ml) for 24 h to extract acetone. Acetone/methanol remaining in the 

matrices was allowed to evaporate in air under ambient conditions. 

2.6.1 Determination of the lactose content of PCL matrices 

The distribution of lactose in the matrices was measured to assess the influence of the 

casting method on loading uniformity and lactose release rate. Three individual 

samples from the top 5mm, mid-region, and base of lactose-loaded peL tubes were 

each dissolved in 2ml DCM. The polymer was precipitated by addition of distilled 

water (8 ml) and the sample tubes were shaken overnight on a Vibrax VXR system to 

evaporate the DCM. The lactose concentration in distilled water was determined by 

HPLC (Waters, Milford, MA, USA) with refractive Index detection and compared 
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with a calibration curve constructed using a series dilution of lactose in distilled water 

(20-1000 lLg/ml). The lactose loading of the PCL matrices was subsequently 

calculated as % w/w. 

2.6.2 In vitro release of lactose from microporous PCL 

matrices 

Samples of lactose-loaded PCL matrices (approximately 10Omg) taken from tubular 

castings were accurately weighed and immersed in 10 ml distilled water at 3TC for 

15 days. The release medium was replaced completely by fresh distilled water at 1 

day intervals and the concentration of lactose in the samples was determined by 

HPLC (Waters). The amount of lactose release was calculated using a calibration 

curve as described above (Section 2.6) and expressed as cumulative release (%) 

versus time. 

2.7 Preparation of gelatin-loaded PCL matrices 

Gelatin powder (insoluble in acetone) was sieved to obtain particle size ranges of 

45-90,90-125 and 125-250 ILm and dispersed, respectively, in 17% w/v PCL solution 

to produce three protein concentrations of 29 38 and 44% w/w respectively. The 

suspensions were transferred into a PP mould to produce PCL tubular matrices as 

described in Section 2.2. Following crystallization and hardening of the PCL phase in 

dry ice for 3min, the gelatin-loaded matrices were removed from the mould and 

immersed in methanol (50 ml) for 24 h to extract the acetone. Acetone/methanol 
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remaining in the matrices was allowed to evaporate in air under ambient conditions. 

2.7.1 Determination of the gelatin content of PCL matrices 

The distribution of gelatin in the PCL matrices was measured to assess the influence 

of the casting method on loading uniformity and gelatin release rate. Three individual 

samples from the top (5mm), middle and base of gelatin-loaded PCL matrices were 

each dissolved in 2 ml DCM. PBS (8ml) was added to precipitate the PCL and the 

sample tubes were shaken overnight using a Vibrax VXR shaker to evaporate the 

solvent. Samples of gelatin in PBS solution were analysed in triplicate to determine 

the protein content using the BCA assay. Aliquots (10 ILl) were transferred to a glass 

tube and 2 ml BCA working reagent were added. A series dilution of gelatin in PBS 

was used to produce calibration samples (0-800 ILg/ml). All test and calibration 

samples were incubated at 37°C for 30 min before measuring the absorbance using a 

Hitachi U2000 spectrophotometer at a wavelength of 562 nm. The protein content in 

PBS was subsequently compared with the calibration curve to calculate the gelatin 

loading of PCL matrices as % w/w. 

2.7.2 In vitro release of gelatin from microporous PCL 

matrices 

Accurately weighed samples of PCL matrices (lOOmg) containing gelatin powder of 

various particle size ranges and loading were immersed in 10 ml PBS (PH 7.4). The 

sample tubes were retained at 37°C for 21 days and the release medium was replaced 
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completely by fresh PBS at 1 day intervals. The amount of gelatin in the release 

medium was analysed using the BCA total protein assay after 24 h and then every 2 

days up to 21 days by comparison with a calculation curve produced using a series 

dilution of gelatin in PBS. Gelatin release from the matrices was expressed as 

cumulative release (%) versus time. 

2.8 Density measurement of PCL matrices 

The weight, length, external and internal diameter of lactose or gelatin-loaded PCL 

matrices in tubular form was measured to calculate the sample density. 

2.9 Measurement of the porosity of PCL tubular matrices 

The porosity of PCL matrices in tubular form after release of lactose and gelatin 

respectively was measured by Archimedes' principle [212, 213]. Briefly, ethanol was 

used as the displacement liquid, since it easily penetrates the pores of the matrices 

without causing sample shrinkage or swelling. A 5ml glass measuring cylinder was 

filled with ethanol (density Pe) and weighed (WI). A PCL matrix sample of weight 

(Ws) was transferred to the cylinder and sonicated in a water bath (Unisonics, Sydney 

Australia) for 30 min to displace air bubbles and allow ethanol to fill the pores. 

Ethanol above the mark of 5ml was removed and the cylinder containing ethanol and 

the PCL sample was weighed (W 2). The PCL sample saturated with ethanol was 

removed from the cylinder and the cylinder was weighed (W 3). The sample porosity 

(E) was calculated using the following equations. 
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Vp (matrix pore volume) = (W2 - W3 - Ws) I Pe 

Vs (matrix solid volume) = (WI - W2 + Ws) I Pe 

Ps (matrix density) = WJVs = Ws Pel (WI- W2 + Ws) 

Step I 

WI 

VI=Sml 

Sml 

ethanol 

Step 2 

Vs 

......................... 
} 

EJ 
W2=W1+Ws- VSPe 

V2=Sml 

Step 3 

f\ 
. .... _._ .... _ .... _ ... }Vp U 
t-----I 

W3=W2-Ws 

V3=V2-Vp 

Figure 2.2 The liquid displacement method for porosity measurement 

2.10 Thermal analysis of microporolls peL matrices, 

lactose-loaded and gelatin-loaded matrices 

The thennal characteristics (peak melting point (Tm) and percentage crystallinity) of 

PCL matrices, lactose-loaded and gelatin-loaded matrices were detennined using a TA 

Instruments DSC 2920. Specimens were accurately weighed (minimum 5 mg), sealed 

in aluminum pans and programme-heated from O·C to 90·C at a rate of 10·C/min. 

Sample percentage crystallinity was estimated from the reported heat of fusion of 

139.5 Jig for fully crystalline PCL [186]. 
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2.11 Characterization of the morphology of PCL matrices 

using scanning electron microscopy (SEM) 

The morphology of PCL, lactose-loaded and gelatin-loaded PCL matrices before and 

after release was examined using a Philips XL30 scanning electron microscope 

(SEM). Specimens were mounted on aluminum sample stubs and sputter-coated with 

platinum using an Edward E30GA automatic mounting press prior to examination in 

the SEM at a voltage of 15 kV. Sections through PCL, lactose-loaded and 

gelatin-loaded PCL tubes were also examined. 

2.12 Investigation of the morphology of lactose and gelatin 

particles before and after matrix production 

As received lactose or gelatin particles were examined using a Philips X30 SEM as 

described above (Section 2.11). Lactose and gelatin particles (insoluble in DCM) were 

recovered from PCL matrices by dissolving the peL in DCM, followed by washing 

the sedimented powder 3 times with fresh DCM to remove residual PCL. The 

extracted lactose and gelatin particles were dried under ambient conditions before 

sputter coating with platinum and examination using SEM respectively. 

2.13 Fibroblast interaction with PCL matrices in cell culture 

2.13.1 Preparation of Swiss 3T3 fibroblast cell culture 

Swiss 3T3 mouse fibroblasts were obtained from the European Collection of Cell 

Culture (ECACC). Dulbecco's modified eagle's medium (DMEM), L-glutamine and 

50 



fetal bovine serum were purchased from Sigma Aldrich. Cell culture plates (48 wells) 

were obtained from Fisher Scientific. 

Swiss 3T3 fibroblast cells (European Collection of Cell Culture) were transferred into 

a 75cm2 tissue culture flask (TCF) containing culture medium after thawing in a water 

bath at 37 0 C. The fibroblast culture medium was prepared using standard DMEM 

containing 10% v/v fetal bovine serum (FBS), 1% v/v L-glutamine (2mMlL final 

cone.) and 1% v/v antibiotics solution (100 IV/ml penicillin and 100 p,glml 

gentamicin) and was pre-warmed at 37 0 C in a water bath. Once fibroblast 

colonisation of around 80-90% was achieved in TCF, the cell culture medium was 

removed and 3ml of 0.25% trypsin-EDTA solution was added for 5min to detach the 

cells followed by addition of 5 ml DMEM-L-glutamine culture medium to protect the 

cells. The fibroblast suspension in DMEM-L-glutamine was centrifuged at 1000 

rpm/min (about 200 X g) for IOmins to separate dead cells. The cells remaining in the 

base of the centrifuge tube were resuspended in DMEM for storage or for use in the 

following experiments. 

2.13.2 Growth of 3T3 fibroblasts on peL matrices having 

various pore size ranges produced by lactose or gelatin 

extraction 

Swiss 3T3 fibroblasts (10x l03 cells/cm2) were seeded in 48-well tissue culture plastic 

plates (TCP) containing PCL matrices with various pore size ranges (45-90, 90-125, 
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125-250llm). Cells were also seeded on TCP as a control. The microporous matrices 

were produced by solubilisation and extraction of 85-99% of the lactose or gelatin 

particles incorporated in 29% w/w loaded matrices (Samples were immersed in 

distilled water or PBS at 37 0 C for over 2 weeks to remove the soluble phase). 

Samples of microporous matrices in the form of disks (lcm in diameter) were cut 

from tubular castings using a razor. All PCL matrices and TCP were sterilized under 

UV light in a cell culture hood overnight (l2h). Samples in three specific pore size 

ranges were seeded in triplicate to gain measurements of cell numbers on each type of 

matrix at each time point. Plates were incubated at 37 0 C and 5% CO2 and the culture 

medium was replaced with fresh DMEM every two days. Growth of cells was allowed 

for 8 days and cell numbers were counted at day 1, 5, and 8. Each matrix with 

attached fibroblasts in the 48-well TCP plate was washed using sterile PBS to remove 

residual culture medium. For cell detachment, 0.25% trypsin solution in EDTA (O.3ml) 

was added to each sample well followed by incubating at 37 0 C for 5min. Trypsin 

was inactivated by adding 0.5ml culture medium to each well and the number of cells 

detached from the porous matrices was counted using a Weber's haemocytometer. 

2.13.3 SEM analysis of fibroblast attachment on 

microporous peL matrices 

The morphology of Swiss 3T3 fibroblasts attached at 1,3 and 5 days on PCL matrices 

having various pore size ranges produced via gelatin extraction was examined using a 

Philips XL30 scanning electron microscope. PCL matrices with attached fibroblasts 
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were removed from the 48-well TCP plates, transferred to 10ml centrifuge tubes and 

residual culture medium was replaced by sterile PBS (pH 7.4). After rinsing three 

times with PBS, fibroblasts on the surface of the PCL matrices were fixed by addition 

of 2.5% glutaraldehyde in O.IM sodium cacodylate buffer for 30min (1 st fixation). 

Samples were rinsed with PBS (3 X 5min) before the 2nd fixation using 2% Osmium 

tetroxide in 0.2M sodium cacodylate buffer for I hour. The fixed cells attached to 

matrices were washed with sodium cacodylate buffer and dehydrated in a series of 

ethanol dilutions (50-100%) for 5min, twice per dilution. The specimens with 

attached cells were dried in a Critical Point dryer, mounted on aluminum sample stubs 

and sputter-coated with platinum prior to examination in the SEM at a voltage of 15 

kV. 

2.14 Qualitative and quantitative assessment of the internal 

pore structure of PCL matrices using computed 

micro-tomography (Micro-CT) 

The internal 3D pore structure of PCL matrices was analysed by computed 

micro-tomography (Micro-CT). Micro-CT combines X-ray transmission techniques 

with computed tomographical reconstruction to enable collection of detailed 3-D 

information about the internal microstructure of a material (Figure 2.3). In micro-CT, 

a scanning X-ray beam transmits through the specimen to form a set of flat, 2-D 

shadow images (absorption images) due to density differences in internal areas of the 

specimen that affects the intensity of transmitted X-rays. Internal areas can be 
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reconstructed using a set of flat cross-sections and further analysed to provide two and 

three-dimensional morphological parameters such as pore shape, connectivity and 

pore distribution. 

Longitudinal samples (approximately 2x2x 10 mm in length) were cut from 

microporous PCL tubes and analysed using a Skyscanl072 (Skyscan, Aartselaar, 

Belgium) desktop X-ray CT scanner at 15 J.l.m voxel resolution (SOx magnification), 

X-ray tube current of 173 J.l.A and voltage of 30 kV. Specimens were mounted 

vertically on a plastic support and rotated through 360 degrees around the long axis 

(z-axis) of the sample. The absorption image was recorded every 0.225° of rotation. 

These projection radiographs were then used in standard cone-beam reconstruction 

software to generate a series of 1024 8bit axial slices, each of I 024x I 024 pixels, that 

had Z-dimensional spacing equal to the within slice pixel spacing. The resulting 3D 

data sets were hence isotropic with voxel spacing of 15 J.l.m over the entire 10243 

spatial range. Three-dimensional reconstruction of the internal pore morphology was 

carried out using these axial bitmap images and analysed by VG Studio Max 1.2 

software (Volume Graphics GmbH, Heidelberg, Germany). 
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Figure 2.3 The principle of computed micro-tomography (Micro-CT) 

2.14.1 Image processing 

Analysis of transverse Micro-CT images obtained at 1000JLm intervals along the 

sample long-axis was performed to provide quantitative estimates of pore size 

distribution in the matrices. After conversion to grey scale using Paint Shop Pro (Jasc 

Software Inc., USA) images were processed to detect pores by in-house developed 

software using MATLAB (The Math Works Inc, USA). The grey-scale images were 

filtered, the contrast adjusted and a threshold applied to detect the dark regions of the 

pores. The same threshold was used for all images in a particular data set, although 

different thresholds were applied for each sample (eg 90-125 and 125-250JLm 

gelatin-loaded PCL). Higher level processing involved removing small objects, 

filtering and removing the sample border region prior to calculation of pore areas. 
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Since the sample border region was neglected, any pores on the edge of the sample 

(typically 6 per image slice) were not included in the analysis. The pore boundary 

detected using the software was superimposed on the original grey-scale image and 

inspected by eye in order to confirm that pore detection by image processing was 

consistent with visual analysis. For a particular matrix type, the variation of pore area 

in each image slice was assessed using MATLAB (Math Works Inc, USA) and 

converted to an 'equivalent pore diameter'. In addition the pore area data for all image 

slices of a particular sample were used to provide a measure of the frequency 

distribution of equivalent pore diameters throughout the matrix. 

The porosity (%) of PCL matrices after gelatin extraction was assessed using Amira 

4.0 (Mercury Computer System Inc, USA) which provides a 3-D data set by 

reconstruction of the sequential grey-scale images modified by Paint Shop Pro as 

described above. The porosity was calculated by comparing the total pore volume 

with the total volume of a sample cube (pore phase plus polymeric phase). Each 

sample of PCL matrix analysed provided 1000 sequential grey- scale images. Blocks 

of 300 images from top to base through the sample were reconstructed as 3D images 

to assess the uniformity of porosity and to characterise the internal pore structure. 

2.15 The deformation behaviour of microporous peL tubes 

under hydrostatic and hydrodynamic loading conditions 

The mechanical behaviour (burst strength, diameter Increase (dilation» of 
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mlCroporous peL tubes with/without gelatin loading was investigated USIng the 

Bose-Enduratec biodynamic system under hydrostatic and hydrodynamic conditions. 

peL tubes with internal diameter of 6.5 mm, external diameter of 7.5 mm and length 

50 mrn were produced by rapid cooling in dry ice as described in Section 2.2. 

Microporous peL tubes with gelatin loading of 29, 38 and 44% w/w respectively 

were produced using gelatin particles with a size range of 90-125f.lm. The changes in 

the diameter of the peL tubes during the study were measured using a laser scanning 

micrometer (Mitutoyo LSM 301) configured as a simple shadowgraph detector 

(Figure 2.4). The peL tube, when placed perpendicular to a parallel beam of light 

produces a shadow on the detector that can be captured and analysed for changes in 

tube diameter. Data were captured at a rate of 1-10 measurements per second at 16 bit 

resolution and all data were logged using a Labview 8.0 based programme (National 

Instruments, US). The laser micrometer has a resolution of ± 0.1 f.lm. 

Source Detector 

Laser beam 

/ r 
Sample tube Shadow created by sample 

Figure 2.4 Schematic representation of diameter measurement USIng a laser 

micrometer. 
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2.15.1 Measurement of the changes in diameter of PCL tubes 

under a constant fluid flow rate of 300ml/min at 37°C 

A Bose-Enduratec BioDynamic chamber for modeling cardiovascular flow conditions 

(BOSE, Minnesota, USA) (Figure 2.4) was used to mimic human blood flow rate and 

pulsatile flow conditions at 37 °C. The principle of operation is shown schematically 

in Figure 2.5. Basically, fluid is pumped from a reservoir to a mixing chamber before 

passing through the sample tube and the volume of fluid is controlled by a piston 

stroke. A sensor sited in the mixing chamber records changes in fluid pressure. Flow 

rates from 0-1500mVmin can be applied. 

Load cell 

Shaft lock 

Sample chamber 

Sample tube 

Mixing chamber 

Piston 

Figure 2.5 The Bose-Enduratec biodynamic chamber 
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Figure 2.6 Schematic representation of a biodynamic chamber 

A PCL tube (nominal ID=6.5, OD=7.5, length= 60 mm) was mounted on 6mm 

diameter Luer fittings (Kynar) vertically in the center of the biodynamic chamber. The 

chamber and PCL tube were filled with distilled water at 37 °C. A constant flow rate 

of 300mlfmin was maintained inside the PCL tube to simulate flow conditions in the 

vasculature using a computer controlled pump. At the same time, a laser scanning 

micrometer was used to measure the outer diameter of the PCL tubes at I scan per 

second intervals over 1 hour. Data were recorded and analysed using Labview 8.0 

(National Instruments, US). Samples of microporous PCL tubes, gelatin-loaded PCL 

tubes and micro/macroporous PCL tubes following gelatin extraction were tested in 

triplicate. 
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2.15.2 Measurement of the changes in outer diameter of PCL 

tubes under continuous and pulsatile flow conditions at 37°C 

The dimensional behaviour of PCL tubes under increasing flow rate was investigated 

to assess the short-term recovery characteristics of PCL tubes subjected to 

hydrodynamic stress. Microporous PCL tubes, gelatin-loaded PCL tubes and 

micro/macroporous PCL tubes after gelatin extraction were tested using the 

biodynamic chamber described above. The temperature was controlled at 37°C and a 

flow rate of water through the PCL tubes of lOOml/min was initially applied. The flow 

rate was then gradually increased by 10Oml/min at 2 min intervals to a maximum of 

100Oml/min. After 2 minute at 100Omllmin, the flow rate was reduced to the initial 

flow rate of 100mllmin and the test was repeated two more times. The changes in 

outer diameter of the tubes (dilation) under increasing flow rate were recorded using a 

Mitutoyo LSM 301 laser scanning micrometer at lO scans/sec and analysed by 

computer program. 

Steady state flow of a fluid through a straight tube can be described by Poiseuille's 

law 

This states that there will be pressure drop, L\P along the length of the tube, L. which 

is directly proportional to the flow rate Q (mIls) and the viscosity ofthe fluid, 11 (Pa.s) 

and inversely proportional to the fourth power of the tube radius. Due to the pressure 
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drop along the tube, laser scanning micrometer was positioned to measure the outer 

diameter at the mid section of the PCL tube. 

A wall shear stress, Ow is generated in the tube under fluid flow conditions defined 

according to: 

Ow is inversely proportional to the cube of the tube radius. 

2.15.3 Investigation of the burst strength of PCL tubes at 

room temperature and 37°C 

The burst strength of microporous PCL tubes was investigated under hydrostatic 

conditions using the test set-up shown in Figure 2.7. PCL tubes (55mm long, outer 

diameter 7.5mm, internal diameter 6.5mm) filled with distilled water were immersed 

horizontally in a water bath retained at 25°C or 37°C. Silicone elastomer tubing was 

used to connect one end of the PCL sample tube to the pressure system via a clamp. 

Another length of silicone tube was used to seal the other end of the PCL tube. A 

pressure of 102,400Pa was applied initially to the sample tube following temperature 

equilibration and increased at a rate of 50-1 OOPa/sec until the burst point of the PCL 

tube. Samples of micro porous PCL tubes, gelatin-loaded and micro/macroporous PCL 

tubes produced by gelatin extraction were tested in triplicate to determine the mean 

burst strength. The change in tube diameter with increasing pressure was measured 

using a Mitutoyo LSM 301 laser scanning micrometer at a scan speed of 10 scans/sec. 
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Figure 2.7 Schematic representation of the test facility used for burst testing peL 

tubes. 

2.15.4 SEM examination of the fracture surface of peL 

tubes 

The fracture surface after burst testing of microporous peL tubes, gelatin-loaded 

tubes and micro/macroporous peL tubes (formed by particle extraction was examined 

using a ZEISS EVD 50 (Germany) scanning electron microscope. Samples were 

attached to aluminum SEM stubs using carbon tabs and sputter coated with platinum 

using an Edward E30GA automatic mounting press prior to examination in the SEM 

at a voltage of 10 kV. 
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2.16 Preparation and characterisation of enzyme-loaded and 

dexamethasone-loaded PCL matrices 

2.16.1 Materials 

PCL (Mw 115,000 Da, Capa 650) was obtained from Solvay Interox, Warrington, UK. 

Catalase (from bovine liver), lysozyme (from chicken egg white, 50400 unit/mg), 

collagnease (from Clostridium histolyticum), Dexamethasone, phosphate buffered 

saline (PBS), bicinchoninic acid (BCA) reagents and QuantiPro™ BCA assay kit 

were purchased from Sigma Chemicals Company, UK. Collagenase substrate kit 

(code no. 27670), anhydrous citric acid, calcium acetate, nihydrin, 2-methoxyethanol, 

tin (II) chloride dehydrate, acetic acid and I-propanol were purchased from Fluka, UK. 

Lysozyme assay kit (VXE22013), acetone, dichloromethane (DCM), ethanol and 

methanol were obtained from Fisher Scientific, UK. 

2.16.2 Preparation of lysozyme-loaded PCL matrices 

Lysozyme-loaded microporous PCL matrices were prepared by rapid cooling in dry 

ice as described in Section 2.2. Lysozyme crystal particles (insoluble in acetone) were 

ground to small particulates and dispersed in a 17% w/v PCL solution to produce a 10, 

20 or 40% w/w enzyme-loaded PCL suspension, respectively. The lysozyme 

suspension was then poured into a PP mould designed to produce a tubular casting 

(OD= 7.5 mm, ID= 6.5mm length= 55mm) and cooled in dry ice for 2-3 min to allow 

crystallization and hardening of the PCL phase. 
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2.16.3 Measurement of the lysozyme content of PCL 

matrices 

Samples approximately 100mg were cut from tubes of lysozyme-loaded PCL matrices 

and accurately weighed. Samples were dissolved in Iml dichloromethane (DCM) and 

9ml PBS was added to precipitate the PCL polymer. The sample was sonicated for 

30min to assist extraction of lysozyme into the PBS phase before shaking overnight 

on a Vibrax VXR system to evaporate DCM. The lysozyme concentration in PBS was 

determined by BCA total protein assay and compared with a calibration curve 

constructed using a series dilution of lysozyme in PBS (200-1000J.lglml). The enzyme 

loading of the matrix was subsequently calculated as % w/w and used to assess the 

influence of loading uniformity of the matrix and the influence of lysozyme content of 

the matrix on enzyme release rate. 

2.16.4 In vitro release of lysozyme from PCL matrices 

Accurately weighed samples of PCL matrices loaded with lysozyme powder in 

various loading percentages were retained in IOmI PBS at 37 0 C in a water bath. At I 

day intervals, the release medium was removed completely and replaced by fresh PBS. 

, 

The amount of lysozyme in the release medium was analysed after 24h and then every 

2 days up to 12 days using the BCA assay and expressed as cumulative release (%) 

versus time. 
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2.16.5 Analysis of lysozyme activity 

Lysozyme activity was evaluated using the EnzChek® Lysozyme Assay kit. This 

fluorescence-based assay is based on a modified Micrococcus Iysodeikticus assay. 

Lysozyme activity reduces the quenching, yielding a dramatic increase in the 

fluorescence caused by labeled Micrococcus Iysodeikticus cells, the increase is 

proportional to lysozyme activity. 

Lysozyme stock solution (lOOOU/ml) was prepared by dissolving lOOOU lysozyme 

from chicken egg white in Iml of deionized water. DQTM lysozyme substrate stock was 

prepared by suspending Img fluorescent labeled Micrococcus lysodeikticus in Iml of 

deionized water (dH20). A lysozyme standard curve was prepared by adding SOILI of 

O.IM sodium phosphate butTer (PH 7.4) to each of 8 wells of a 96-well microplate 

followed by addition of SOILI of (1000U/ml) stock of lysozyme solution to the first 

well. After mixing by pipetting, SOILI of the mixed solution was transferred to the 

second well. This process was repeated from one well to the next, except that SOILI 

from the mixture in the seventh well was discarded and no reagents were added to the 

eighth well. Thus, the lysozyme concentration ranges from SOOU/ml to OU/ml in the 

final 100 ILl volumes. The DQ lysozyme substrate working suspension was prepared 

by diluting the Img/ml stock 20-fold in O.IM sodium phosphate butTer. For the 

activity assay, 50 1'1 of the 50 lLg/ml DQ lysozyme substrate working preparation was 

added to each microplate well which contained the standard samples or experimental 

(test) samples respectively. After incubating the mixtures at 37 0 C for 30 minutes, the 
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fluorescence absorption was measured at 494nm and fluorescence emission was 

measured at 518nm. 

2.16.6 Investigation of lysozyme activity in control solutions 

and in the solvents used for peL matrix formulation 

Lysozyme powder was dissolved in PBS (PH 7.4) to produce a lOOOU/ml solution as 

described above (Section 2.16.5) and stored at 20°C or 37°C for 8 hours or 1 week. 

Lysozyme powder (lOOmg) was also suspended in IOml methanol or acetone for 24 

hours to simulate exposure to the solvents used in the matrix formulation process. 

Following methanol or acetone evaporation, lysozyme was redissolved in PBS to 

produce a 1000U/ml solution. The biological activity of the above solutions was 

evaluated as described in Section 2.16.5. 

2.16.7 Investigation of lysozyme activity following release 

from peL matrices 

The lysozyme release medium was collected every two days and stored at _200 C prior 

to activity testing using the fluorescent- Micrococcus Iysodeikticus assay (Section 

2.16.5). Fresh lysozyme solution and lysozyme solution stored at _20° C and 370 C 

were used as controls. 

2.17 Preparation of collagenase-loaded peL matrices 

Collagenase-loaded PCL microporous matrices were prepared by rapid cooling of 

suspension in dry ice as describe in Section 2.2. Collagenase powder from 
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Clostridium histolyticum (insoluble in acetone) was dispersed in 17% w/v PCL 

solution to produce a 10, 20 or 40% w/w enzyme-loaded PCL suspension, 

respectively. The suspension was then poured into a PP mould and cooled in dry ice 

for 2-3 min to allow crystallization and hardening of the PCL phase. 

2.17.1 Measurement of collagenase content in PCL matrices 

Three samples from the top, mid-region and base of collagenase-loaded PCL tubes 

were each dissolved in 1 ml dichloromethane (DCM) and 9m1 PBS were added to 

precipitate the PCL polymer. The sample tube was shaken for 30 minutes (IKA Vibrax, 

VXR) to obtain thorough mixing of DCM and PBS and left overnight to evaporate 

DCM. The concentration of collagenase in PBS was determined using the BCA total 

protein assay by comparison with a calibration curve constructed using a series 

dilution of collagenase in PBS (200-1000 IJ.glml). The collagenase loading of the PCL 

matrices was subsequently calculated as % w/w. 

2.17.2 In vitro release of collagenase from PCL matrices 

Samples of collagenase-loaded PCL matrices (approximately lOOmg) were accurately 

weighed and immersed in 5 ml PBS at 37°C for 20 days. The release medium was 

replaced completely by fresh PBS at 1 day intervals and the concentration of 

collagenase in the samples was determined using a QuantiPro™ BCA assay kit. The 

amount of collagenase release was calculated using a calibration curve as described 

above Section 2.17.1 and expressed as cumulative release (%) versus time. 
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2.17.3 Determination of collagenase activity in PBS 

Collagenase activity was evaluated usmg an assay kit based on the 

collagenase-substrate (carbobenzoxy-Gly-Pro-Gly-Gly-Pro-Ala-OH). The substrate 

can be hydrolysed m a quantitative manner by collagenase to 

carbobenzoxy-Gly-Pro-Gly and Gly-Pro-Ala which react with ninhydrin to allow 

spectroscopic detennination. 

A stock solution of collagenase (lOOOJ.lglml) was prepared by dissolving 50mg 

collagenase powder from Clostridium histolyticum in 50ml of PBS solution. Citrate 

buffer A (O.lM pH 6.3) was prepared by dissolving 0.96g citric acid and 79.1mg 

calcium acetate hydrate in 40ml distilled water and the pH was adjusted with IN 

NaOH to 6.3 before dilution to 50ml in total with distilled water. Citrate buffer B 

(0.2M pH 5.0) was prepared by dissolving 1.92g citric acid in 40ml distilled water 

and the pH was adjusted to 5.0 with NaOH. Ninhydrin reagent solution was prepared 

by dissolving 0.2g ninhydrin in 5ml 2-methoxyethanol with 5ml citrate buffer B. 

Propanol (25ml) was diluted to a final volume of 50ml with distilled water and tin ( II ) 

chloride (32mg) dissolved in 2ml O.lN HCL. Collagenase substrate solution 

(Component A) was prepared by dissolving 2.4mg 

carbobenzoxy-Gly-Pro-Gly-Gly-Pro-Ala-OH in lOmI citrate buffer A. Collagenase 

substrate standard (Component B) was prepared by dissolving 2mg Gly-Pro-Ala in 10 

ml citrate buffer A. 
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Collagenase substrate (carbobenzoxy-Gly-Pro-Gly-Gly-Pro-Ala-OH) solution (0.5ml) 

and O.lml citrate buffer A was added into test tubes, while Gly-Pro-Ala solution in 

citrate buffer A (0.6ml) was used as a standard. Aliquots (0.1 ml) of a series 

concentration of collagenase solution (lOOJ.lg-IOOOJ.lglml) in PBS were added to the 

tubes containing collagenase substrate solution in citrate buffer A. After 5 minutes 

incubation at 3TC, 0.15ml of the collagenase substrate/collagenase solution mixture 

was collected and added to a separate tube containing 0.6ml ninhydrin reagent 

solution and 0.03ml tin (II) chloride solution. The contents were mixed by swirling 

and heated at 100·C for 15 minutes before cooling to room temperature in a water 

bath. Finally, the UV Nis absorption of the mixture (0.2ml) with added 50% propanol 

solution (Iml) was measured at S6Snm using spectrophotometer (Hitachi U2000). 

2.17.4 Investigation of collagenase 

solutions and in the solvents used 

formulation 

activity in 

for peL 

control 

matrix 

Collagenase powder was dissolved in PBS (O.lmM pH 7.4) to give a concentration of 

Imglml and stored at 37·C or -20·C respectively for 8 hours or 2 weeks. The 

biological activity of collagenase in PBS was examined every two days to provide a 

control for comparison of the activity of collagenase released from PCL matrices. 

In addition, collagenase powder (1 mg) was exposed to Sml acetone and Sml methanol 

respectively for 24 hours, followed by drying under vacuum for 24-48 hours. The dry 
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powder was redissolved in PBS to produce a Img/ml solution and the bioactivity of 

collagenase was subsequently measured to investigate the effect of powder exposure 

to the solvents used in matrix fabrication. 

2.17.5 Investigation of collagenase activity following release 

from peL matrices 

The PBS medium containing collagenase released from microporous PCL matrices 

was collected every day and stored immediately at -20·C prior to testing. Enzyme 

activity was measured as described in Section 2.17.3. Measurements were performed 

in triplicate for each sample of release medium and the mean was calculated. 

2.18 Preparation of catalase-loaded peL matrices 

Catalase powder was ground to fine particles using a glass pestle and mortar and 

catalase-loaded PCL matrices in tubular form were produced as described above for 

lysozyme-loaded matrices (Section 2.16.2). 

2.18.1 Measurement of catalase content in peL matrices 

Samples approximately lOOmg were cut from tubes of catalase-loaded PCL matrices 

and accurately weighed. Samples were dissolved in Iml dichloromethane (DCM) and 

9m1 methanol was added to precipitate PCL. The sample tube was sonicated for 

30min to assist extraction of catalase into methanol before shaking overnight on a 

Vibrax VXR system to evaporate DeM. The resulting catalase solution in methanol 

was added to PBS solution in the ratio 10% v/v. The catalase concentration in 
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PBS/10% methanol was determined by BCA total protein assay and compared with a 

calibration curve constructed using a serious dilution of catalase in PBS/methanol 

(200-1000J.lg/ml). The enzyme loading of the matrix was subsequently calculated as 

% w/w and used to assess the influence of loading uniformity of the matrix and the 

influence of catalase content of the matrix on enzyme release rate. 

2.18.2 In vitro release of catalase from peL matrices 

Three samples of catalase-loaded PCL matrices (approximately 10Omg) were cut from 

tubular mOUldings having a specific enzyme loading and accurately weighed. Each 

sample was placed in lOmI PBS solution at 37° C in a water bath for 12 days. The 

complete release medium was collected and replaced with fresh PBS at I day 

intervals. The BCA total protein assay was used to determine the concentration of 

catalase in the release medium. The catalase release amount was calculated by 

comparison with a calibration curve constructed using a series dilution of catalase in 

PBS (200-1000J.lg/ml) and expressed as cumulative release (%) versus time. 

2.18.3 Analysis of catalase activity in PBS (control solution) 

A series concentration of catalase in PBS (20-50J.lg Iml) was prepared by dissolving 

1O-25mg of catalase in 50ml of pH 7.4 PBS followed by 10 times dilution. The effect 

of enzyme concentration on catalase activity was subsequently determined over 8 

hours and 12 days storage. The catalase solution was filtered using a PVDF syringe 

filter (0. 2 J.lffi, Whatman, UK) to produce a sterilized catalase stock. The UV 
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absorbance at 40Snm of fresh catalase solution was determined usmg a 

spectrophotometer before storage at -20 DC or 37 DC. The biological activity of 

catalase in PBS was measured every 1 hour or 2 days to provide a control for 

comparison of catalase activity on release from microporous PCL matrices. 

The substrate for assay of catalase biological activity was prepared by diluting 140111 

of 30% H202 into lOOmI of O.OSM phosphate buffer solution. The absorbance of the 

substrate at 240nm was between 0.S2 and O.5S. For the catalase activity assay, the 

spectrophotometer was pre-warmed at 2SDC for 30min and the wavelength was set at 

24Onm. Substrate (2.9m1 H202 in PBS) was placed in a UV cuvette and incubated in 

the spectrophotometer at 2SDC for 3-4min to reach temperature equilibration. An 

aliquot (1001l1) of the diluted enzyme solution was added to the UV cuvette 

containing the substrate and allowed to mix immediately. The initial absorbance at 

240nm (A240) was found to exceed O.4S. The required function time (dt) was recorded 

when A240 decreased from 0.4S0 to 0.400. A standard curve was constructed by 

plotting the reciprocal of dt (min-I) versus enzyme concentration for standard 

solutions (20-S0 J-lglml). 

2.18.4 Investigation of catalase activity under matrix 

formulation conditions and following release from peL 

matrices 

The PBS medium containing catalase released from PCL matrices was collected every 
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1 hour or at 1 day intervals and the enzyme activity was analysed using the H20 2 

method as described above (Section 2.18.3). Measurements were performed In 

triplicate for each sample of release medium and the mean was calculated. 

Catalase powder (lmg) was suspended in 5 ml acetone, 5 ml ethanol or 5 ml methanol 

for 24h, followed by drying under ambient conditions for 24h. The powder was 

redissolved in PBS to produce a 50J.1g/ml solution and activity of catalase was 

subsequently measured to investigate the influence of powder exposure to the solvents 

used in matrix production. 

2.19 Preparation of dexamethasone-loaded peL matrices 

PCL (1.25g) was dissolved in lOmI acetone with gentle heating to produce a 12.5% 

w/v solution. Dexamethasone (62.5 or 125mg) was dissolved in lOmI ofa 12.5% PCL 

solution to give a concentration of 5% and 10% (w/w) respectively. Aliquots (3 ml) 

were poured into a 5ml polypropylene syringe body and allowed to stand at room 

temperature for 30 minutes. Methanol (3 ml) was added slowly into the syringe to 

form a layer on top of the PCL/dexamethasone solution. The samples were retained at 

room temperature for 24-48 hours to produce initial hardening of the PCL matrices by 

polymer precipitation and the dexamethasone-containing microporous PCL matrices 

were allowed to dry in the mould by solvent evaporation under ambient conditions. 
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2.19.1 Determination of dexamethasone content in PCL 

matrices 

Disks of dexamethasone-loaded PCL matrices (9mm diameter, approximately 2mm 

thick) with a theoretical 5 or 10% w/w drug loading were cut from various locations 

along the length of the moulding and accurately weighed. Each disk was initially 

dissolved in 0.5 ml DCM. Methanol (9.5ml) was added to precipitate the PCL and to 

act as a receiver phase for the steroid. Sample tubes were shaken for 30 minutes (IKA 

Vibrax, VXR) to obtain thorough mixing of DCM and methanol and left overnight to 

evaporate DCM. The concentration of dexamethasone in the methanol phase was 

determined by measuring the UV absorbance at 236 nm (Unicam Helios Beta 

scanning UV-Vis spectrometer) and comparing this with a calibration curve 

constructed using a series dilution of the steroid in methanol (10-30 flglml). The 

steroid loading ofthe PCL matrix was subsequently calculated as % w/w. 

2.19.2 In vitro release of dexamethasone from PCL matrices 

Three disks of dexamethasone-loaded PCL matrices (3Omg) were each placed in 

closed polypropylene tubes containing 10 ml of PBS (PH 7.4). Samples were retained 

at 37 0 C in a water bath. At 4 hour time intervals over 8 days, the release medium was 

removed completely and replaced with fresh medium. The steroid concentration in the 

release medium was obtained by measuring the UV absorbance at a wavelength of 

236nm and comparing this with a calibration curve constructed using a series dilution 

of dexamethasone in PBS (1 0-30flglml). 
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2.19.3 Thermal analysis of enzyme-loaded and 

dexamethasone-loaded PCL matrices 

The thennal behavior of enzyme-loaded PCL matrices prepared by the rapid cooling 

method or dexamethasone-loaded PCL matrices produced by precipitation casting was 

investigated using a TA instrument DSC2920. Samples (minimum 5mg) were sealed 

in aluminum pans and programme-heated from O·C to 90·C at a rate of 10·C/min. The 

percentage crystallinity was estimated using a value of 139.5 Jig for fully crystalline 

PCL [186]. 

2.19.4 SEM investigation of surface morphology of 

enzyme-loaded and dexamethasone-loaded PCL matrices 

The morphology of catalase, lysozyme, collagenase or dexamethasone-loaded PCL 

matrices before and after release was examined using a ZEISS EYD 50 (Gennany) 

scanning electron microscope (SEM). Specimens were mounted on aluminum sample 

stubs and sputter-coated with platinum using an Edward E30GA automatic mounting 

press prior to examination in the SEM at a voltage of 15 kY. 
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Chapter 3 

Formulation and characterisation of 

polycaprolactone-based matrices for protein 

delivery and soft tissue engineering 

3.1Formulation ofPCL matrices by low temperature casting 

Microporous peL matrices in the form of thick-section cylinders, tubes and 

ring-shaped inserts (Figure 3.1) were produced by rapid cooling in dry ice, solutions 

of polycaprolactone (peL) in acetone, followed by solvent extraction from the 

hardened material using methanol. The process stages involve: 1) addition of peL 

solution in acetone to a pp mould 2) The mould is placed in dry ice for 2-5 min. 3) 

Removed of the hardened matrix from the mould 4) Immersion of the hardened 

matrix in methanol or ethanol (non-solvent) normally for 24 hours 5) Air drying ofthe 

matrix until the diameter and weight are constant. The peL matrix may also be 

retained in or outside the mould to allow solvent evaporation in air, but this approach 

results in distortion ofthe material. 
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Figure 3.2 Microporous PCL matrices in the form of cylinders, tubes, and ring-shaped 

insert 

The dried castings present a soft textured, porous and highly flexible character, free of 

large scale cracks and voids in the surface and interior. Cylindrical matrices prepared 

from 17% w/v PCL solutions were characterized by diameters of 8.5-10mm 

depending on the mould size and a density of 0.27 g/cm3 (Table 3.1). As shown in 

Figure 3.2, the temperature of a 17% w/v PCL solution in acetone, when placed in dry 

ice, decreases rapidly at the rate of 10°C per 30sec and tends to reach a constant 

value of around -78°C normally after 5min (Figure 3.2). Increasing the cooling time 

in dry ice from 2 min to 10 min results in higher percentage shrinkage of PCL 

matrices after air drying (Table 3.1). This behaviour may be explained by restricted 

growth of PCL crystals at low temperature which increases the number of polymer 

' tie ' chains excluded from the crystals. Chain recoiling on drying subsequently results 

in increased shrinkage. 
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Table 3.1 - Influence of cooling time in dry Ice on shrinkage of unloaded-PCL 

matrices 

2 min in dry ice Tubes Shrinkage (%) Cylinders Shrinkage (%) 

Diameter on de-mould (mm) ILl ± 0.05 11.1 ± 0.05 

Diameter after methanol 10.9±0.12 2.4 10.9 ± 0.05 2.4 

treatment 

Diameter on drying 10.3 ± 0.05 7.2 10.3 ± 0.11 7.4 

5 min in dry ice Tubes Shrinkage (%) Cylinders Shrinkage (%) 

Diameter on de-mould (mm) ILl ± 0.56 ILl ± 0.11 

Diameter after methanol 10.9 ± 0.06 2.4 10.9 ± 0.05 1.8 

treatment 

Diameter on drying 10.1±0.11 9.6 9.9 ± 0.22 11.3 

10 min in dry ice Tubes Shrinkage (%) Cylinders Shrinkage (%) 

Diameter on de-mould (mm) ILl ± 0.05 11.1±0.12 

Diameter after methanol 10.8 ± 0.11 3.3 10.4 ± 0.11 6.7 

treatment. 

Diameter on drying lO.O ± 0.12 10.1 9.9 ± 0.06 10.5 
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Figure 3.2 Temperature profile ofPCL solution in acetone on immersing in dry ice 
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3.2 Effect of peL solution concentration on particle loading 

The effect of peL solution concentration on particle loading was investigated using 

12.5%, 15% and 20% (w/v) peL solutions in acetone (Section 2.1.5). Low 

concentration peL solutions (2.5% and 5% w/v) were also investigated at the 

beginning of this study, but hardened peL samples were not formed after cooling in 

dry ice. Only a cloudy suspension was obtained. Gelatin particles were sieved to 

obtain a specific size range of 125-250 J.f.m and suspended in 12.5%, 15% and 20% 

(w/v) peL solutions respectively to produce three separate percentage loadings 

(28.6%, 37.5% and 44.4% w/w). Part of this study aimed to investigate the effect of 

peL solution concentration on particle distribution throughout the matrix {to 

determine sample uniformity and to identify any effect on protein release. As shown 

in Table 3.2, the capacity for uniformly loading large gelatin particles in the peL 

matrix increases with increasing peL concentration which reduces sedimentation 

effects. peL matrices produced using 12.5% w/v peL solution resulted in a poor 

particle distribution (Table 3.2) due to particle sedimentation in the low viscosity peL 

solution prior to casting. With use of medium concentration peL solutions (15% w/v) 

and increasing concentration of particles, sedimentation was more apparent at the base 

of the peL casting. Based on these findings, 17% w/v peL solution was used in 

subsequent investigations. 
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Table 3.2 Weight distribution of gelatin particles (125-250p,m) in peL matrices 

produced using 12.5%, 15% 17% and 20% w/v peL solution 

Gelatin Position 
loading in peL 

solution In 

Gelatin loading in matrix (w/w) produced from various 

concentration peL solutions (% w/v) 

(% w/w) matrix 12.5 15 17 20 

28.6 Top 11.4 20.2 17.5 26.6 
-----------------_ .. _----_ .. _---_ ... -

Middle 34.2 22.8 23.1 28.2 
.-.... _._._._ ....................................... 

Base 40.1 31.4 28.7 28.5 

37.5 Top 22.5 27.5 27.5 33.7 

Middle 37.4 32.6 37.6 37.5 

Base 51.2 48.2 42.5 41.2 

44.4 Top 4.5 22.5 35.6 44.1 

Middle 22.1 43.7 39.8 44.6 

Base 87.6 62.1 47.4 44.9 

3.3 Morphology of unloaded peL matrices 

SEM examination of unloaded peL matrices revealed a mlcroporous surface 

morphology produced by an array of crystalline, lamellar structures giving rise to 

pores of irregular shape and size of the order of 5-1 Op,m (Figure 3.3). peL matrices 

formed using ethanol as non-solvent also showed a highly porous structure with 

irregular pores of size 5-20 p,m (Figure 3.3 B), peL matrices produced using water to 

extract solvent revealed a more compact, porous surface morphology with low 

numbers of smaller pores « 10p,m). peL matrices produced using water as the 

non-solvent were distorted on drying due to higher shrinkage compared with materials 
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prepared using alcohols to extract solvent. 

Figure 3.3 Surface morphology of PCL matrices formed using (A) methanol (B) 

ethanol (C) water as a non-solvent 
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3.4 Preparation and characterization of lactose-loaded peL 

matrices 

Lactose, the disaccharide commonly known as milk sugar, has been widely used in 

the manufacture of pharmaceuticals, such as the carrier material for dry powder 

inhalation preparations [214]. Lactose (Mw 360.3) is highly water-soluble but 

insoluble in acetone and methanol. Lactose powder was sieved to obtain particle size 

ranges of 45-90, 90-125 and 125-250 I'm respectively, in order to produce a PCL 

matrix which would present a defined pore size after lactose solubilisation and 

extraction. Lactose particles were suspended in PCL solution and mixed well with a 

glass rod for 1 min, prior to casting in dry ice as described in Section 2. 6. The lactose 

content of the PCL matrix was measured in distilled water using HPLC as described 

in Section 2.6.1. 

The weight distribution of lactose throughout PCL tubular matrices (OD=7.5mm, 

ID=6.5mm) produced using various particle size ranges is shown in Figure 3.4. The 

insolubility of lactose in methanol results in limited loss during formulation. A high 

proportion of the lactose particle content of the starting PCL solution was measured in 

the finished casting and a good particle distribution was obtained throughout the 

material from top to base indicating that sedimentation effects are limited. In the 

present work, a high loading of lactose particles was obtained by using a 17% w/v 

PCL solution containing a particle concentration of 29% w/w and various particle size 

ranges. No significant differences in distribution due to particle sedimentation were 
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apparent at the base of the PCL matrix with increasing particle size range. This can be 

attributed to rapid hardening of the suspension in dry ice over 2-3 min, the low 

density of lactose particles (1.525 g/cm3 at 25°C) and the relatively high viscosity of 

the PCL solution (approximately 300-350 cP) [215] which lowers the particle 

sedimentation rate. 
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Figure 3.4 The weight distribution of lactose in microporous PCL matrices produced 

using various particle size ranges (starting suspension loading 29% w/w) 

3.4.1 Lactose release from peL matrices having various 

particle size ranges 

In vitro release of lactose from PCL matrices is rapid as shown in Figure 3.5. 

Approximately 90% of the original lactose content of the PCL matrices was released 

over 9 days in PBS at 3TC. The release profiles obtained for each particle size range 
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were characterized by a major "initial burst" phase during the first 24h, followed by a 

plateau region after 3-4 days. The release of lactose was particularly rapid in the first 

day (approximately 75%) when particles in the size range 90-125 p,m and 125-250 

p,m were used. The release amount of lactose in using particles in the size range of 

45-90p,m was lower (60%) in the first day. Burst release is normally associated with 

surface located species and could be caused by large amounts of lactose particles 

embedded in the surface of the PCL matrix (Figure 3.6 B). The similarity in release 

pattern indicates that the particle size ranges investigated have little influence on 

release kinetics beyond the initial burst phase. The highly efficient release behaviour 

over 9 days is attributed to lactose particles protruding through the matrix surface, 

contact and interconnections between particles and the high aqueous solubility of 

lactose. These factors promote fluid penetration and dissolution of deeply embedded 

particles. 
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Figure 3.5 Cumulative lactose release from microporous PCL matrices (29% w/w 

particle loading) containing discrete particle size ranges 
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3.4.2 Morphology of lactose-loaded peL matrices 

PCL tubular castings exhibited a rough and porous surface morphology with pore 

sizes below 10 p.m and an abundance of lactose particles embedded in and projecting 

from the surface (Figure.3.6 B). A distinct surface porosity developed after lactose 

release with irregular pore shape and size (Figure 3.6 C and D). Although the lactose 

particles used for matrix fonnulation were in the range of 90-125 p.m, the pore size 

revealed by SEM was confined to the size range 10-20 p.m (Figure 3.6 C and D). The 

surface porosity is likely to be fonned by the proportion of fine lactose particles 

embedded in the surface or protrusion of only part of the larger particles through the 

matrix surface. These effects will limit surface porosity and exposure of the matrix 

interior. Lactose particles located within the matrix can be expected to produce 

similar effects on the surrounding polymer resulting in connections of small 

dimensions between pores, if the particle loading density, proximity and the wall 

thickness of the encapsulating polymer pennit penetration. 

85 



Figure 3.6 Scanning electron micrographs of (A) unloaded PCL matrix (B) Lactose 

(90-125J1.m): PCL matrix before release (C, D) Lactose (90-125J1.m): PCL matrix after 

release 

3.4.3 Morphology of lactose particles before and after matrix 

formulation 

Lactose particles pnor to incorporation in PCL matrices exhibited a smooth, 

trapezoidal form and a fraction of powder fines, 10-20J1.m in size (Figure 3.7 A). SEM 

examination of lactose particles recovered from peL matrices (using DCM to dissolve 

the polymer as described in Section 2.6.1) revealed particulates made up of aggregates 

of smaller particles of around 10J.lm with a more crystalline appearance (Figure 3.7 B 
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and e). A physical reduction in lactose particle size may occur during preparation of 

the lactose-PeL suspension and peL matrix and could be another reason for the small 

pores in the external surface of peL matrices following lactose release (Figure 3.6 e 

and D). 

Figure 3.7 Scanning electron micrographs of lactose particles (A) before peL matrix 

production (B, e) recovered from peL matrix 
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3.4.4 Thermal properties and porosity analysis of PCL and 

lactose-loaded PCL matrices 

Table 3.3 Thermal properties and porosity of PCL matrices and lactose-loaded PCL 

matrices 

Matrix 

Particle size range (pm) 

TmCC) 

Crystallinity (%) 

Porosity (%) 

PCL 

68.2 

71.5 ± 0.7 

75.5 ± 2.1 

Lactose-loaded PCL matrix 

45-90 

64.9 

74.5 ± 1.4 

74.5± 12.5 

90-125 

64.0 

65.9 ± 5.7 

76.2±11.2 

125-250 

66.1 

74.9 ± 3.7 

78.8 ± 8.8 

The melting point of PCL matrices and lactose-loaded PCL matrices was, in general, 

higher than the value of 60·C normally quoted for PCL (Table 3.3). The incorporation 

of lactose particles in PCL matrices tended to result in a lower Tm compared with 

unloaded PCL matrices, suggesting the presence of smaller crystallites and/or crystal 

imperfections. The mean percentage crystallinity of PCL matrices containing 

intermediate size (90-125JLm) lactose particles tended to be approximately 6% lower 

than PCL matrices containing smaller or larger particle size ranges. The reasons for 

this effect are unclear at present but may result from the morphology and surface 

characteristics of the 90-125JLm powder fraction, impeding nucleation and growth of 

PCL crystals. The porosity of PCL matrices, measured using ethanol displacement 

after lactose release, was similar to unloaded PCL matrices. 
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3.5 Preparation and characterisation of gelatin-loaded peL 

matrices 

Gelatin has been used widely to achieve sustained drug delivery and for production of 

tissue engineering scaffolds (Section 1.7.1). In this study, gelatin was sieved to obtain 

three particle size ranges (45-90, 90-125 and 125-250J1ll1) and suspended in a 17% 

w/v peL solution in acetone prior to matrix formulation as described in Section 2.7. 

The aim was to investigate the ability of this novel low temperature casting method to 

produce a 3-D matrix with high particle loading and good particle distribution which 

would subsequently result in a highly porous material on extraction of the protein 

phase for cell ingrowth. At the same time, the kinetics of protein extraction would 

indicate the potential for growth factor release, A third advantage of using gelatin in 

these investigations concerned the possibility of residual gelatin in the matrix 

providing cell-adhesion sequences to improve cell attachment to the peL matrix in 

tissue engineering. 

As shown in Figure 3.8, a high proportion of the particle content of the starting peL 

solution was measured in the finished casting and a good particle distribution was 

obtained throughout the material indicating that sedimentation effects are limited. The 

particle loading was more uniform throughout the final matrices when gelatin 

particles in the smaller size range of 45-90 and 90-125~m were incorporated in peL 

matrices. This can be explained by the higher weight of the large particles which 

results in a higher sedimentation rate in the starting peL solution. 
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Figure 3.8 The weight distribution of gelatin particles in microporous peL matrices 

produced using various particle size ranges (A) matrices prepared from 28.6% w/w 

particle suspensions (B) matrices prepared from 37.5% w/w particle suspensions (e) 

matrices prepared from 44.4% w/w particle suspensions 

3.5.1 Gelatin release from peL matrices baving various 

particle size ranges and loading percentages 

Approximately 80-100% of the original gelatin content of the peL matrices was 

released over 3-21 days in PBS (Figure 3.9). The protein loading and the particle size 

range were found to influence the amount, duration and pattern of gelatin release. For 

peL matrices with the lowest drug loading (28.6% w/w), around 40% of the gelatin 

content for 45-90 #Lm particles was released in 24 h, and the remaining protein was 

slowly and almost completely released over 11 days (Figure 3.9 A). Highly efficient 
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release of almost 90% of the gelatin load was obtained over 21 days for PCL matrices 

containing the larger particles. Gelatin-loaded PCL matrices prepared using the largest 

particles (125-250p,m) exhibited the lowest amount of protein release during the first 

day, and a more uniform profile for the duration of the release period. This behaviour 

may be explained by the lower specific surface area of the larger particles which 

decreases the dissolution rate. When the gelatin loading was increased to 37.5% w/w, 

a major "burst" effect (80% of the initial load) was measured on the first day for a 

particle size range of 45-90#Lm (Figure 3.9 B) and 100% of the original gelatin load 

was released by day 7. Lower burst release (40-50%) and more gradual release of 

around 85% of the protein load were observed over 11 days for the matrices 

containing larger particles (90-125 and 125-250#Lm). With 44.4% w/w protein loading 

in the matrices, the release profiles obtained for each particle size range were very 

similar, characterized by a major (80%) "burst" phase during the first 24h and almost 

100% protein release in 3 days. The trend of increased protein delivery over a shorter 

time scale correlates closely with increasing protein content of the matrix and may 

result from production of a highly interconnected network of pores and channels after 

protein solubilisation and extraction. These findings demonstrate the potential for 

controlling the kinetics of protein delivery by varying the matrix formulation 

conditions. 
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Figure 3.9 Cumulative gelatin release (%) from microporous PCL matrices containing 

particles of discrete size ranges. Matrices produced from (A) 28.6% w/w (B) 37.5% 

w/w (C) 44.4% w/w particle suspensions 

3.5.2 Morphology of gelatin-loaded peL matrices 

SEM examination of gelatin-loaded PCL matrices revealed a rough and characteristic 

surface morphology formed by a fairly uniform dispersion of particles close to the 

matrix surface (Figure 3.1 0 A). The corresponding microporous and macroporous 

textures following protein release are shown in Figure 3.10 B and C. Deep pores and 

surface depressions formed by particle solubilisation are evident in the size range of 

125-250JLm, which corresponds to the original gelatin particle size. In addition, pores 

on the surface can be seen to connect with interior pores which is a key objective for 

controlling growth factor delivery and to promote cell ingrowth. Large pores in the 
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range of 90-125 and 125-250JLm (corresponding to the original particle size range) 

were observed in the cross section of PCL matrices following gelatin release (Figure 

3.10 D and E) indicating a macroporous internal structure with high porosity and 

potential inter connectivity for cell colonization. Microporosity is also visible in the 

range of 5-10 JLm resulting from the PCL phase (Figure 3.10 C-E). These observations 

demonstrate that the shape and size of surface and internal macropores in PCL 

matrices may be controlled by incorporating soluble particles of defined geometry and 

subsequent extraction. 
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Figure 3.10 Scanning electron micrographs.(A) 28.6% w/w gelatin (1 25-250J,tm): 

peL matrix before release (B, e) 28.6% w/w gelatin (125-250J,tm): peL matrix after 

release (D) cross section of 44.4% w/w gelatin (90-1 25J,tm)-loaded peL matrix after 

release (E) cross section of 44.4% w/w gelatin (l25-250J,tm)-loaded peL matrix after 

release 
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3.5.3 Morphology of gelatin particles before and after matrix 

formulation 

Gelatin particles were extracted from PCL matrices using DCM to dissolve the PCL 

phase as described in Section 2.7.1. Gelatin particles exhibited a smooth and dense 

morphology and irregular, angular shapes before formulation (Figure 3.11 A). 

Following extraction from PCL matrices, the gelatin particles showed an unchanged 

morphology and particle size (Figure 3.11 B) in contrast to lactose particles (Section 

3.4.2), This finding demonstrates that PCL matrices produced by rapid cooling in dry 

ice would result in macropores defmed by the shape and size of the original gelatin 

particles following gelatin extraction. 

Figure 3.11 Scanning electron micrographs of 125-250J.tm gelatin particles (A) before 

PCL matrix formulation (B) following extraction from PCL matrices 
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3.5.4 Thermal properties and porosity analysis of peL 

matrices and gelatin-loaded peL matrices 

Table 3.4 Thermal properties and porosity ofPCL tubular castings 

Matrix PCL Gelatin-loaded PCL matrix 

Particle size range (J.tm) 45-90 90-125 125-250 

TmCC) 68.2 65.7 65.2 67.5 

Crystallinity (%) 71.5 ± 0.7 71.8 ± 5.0 62.6 ± 2.1 72.0 ± 5.6 

Porosity (%) 75.5 ± 2.1 73.9 ± 2.4 73.8 ± 10.5 80.8 ± 12.2 

The melting point of PCL, and gelatin-loaded PCL matrices was, in general, higher 

than the value of 60·C normally quoted for PCL (Table 3.4). Incorporation of smaller 

gelatin particles in PCL matrices tended to result in a lower Tm compared with 

unloaded PCL matrices, suggesting the presence of smaller crystallites and/or crystal 

imperfections. The mean percentage crystallinity of PCL matrices containing 

intermediate size (90-125#Lm) gelatin particles tended to be approximately 6% lower 

than PCL matrices and 8% lower than matrices containing smaller or larger particle 

size ranges. The reasons for this effect are unclear at present but may result from the 

morphology and surface characteristics of the 90-125#Lm powder fraction, impeding 

nucleation and growth of PCL crystals. The porosity of PCL matrices, measured using 

ethanol displacement after gelatin release, was similar to unloaded PCL matrices. 

3.6 Growth of 3T3 fibroblasts on peL matrices 

Swiss 3T3 fibroblasts (2 X 106
) (European Collection of Cell Culture) were seeded 

successfully in 75 cm2 tissue culture plastic (TCP). After 2 weeks growth, 90% of the 
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TCP surface was covered by a convergent layer of fibroblasts which displayed the 

characteristic long, spindle-shaped cell morphology (Figure 3.12). The proliferation 

rate of 3T3 fibroblasts on PCL matrices produced by extraction of lactose particles of 

various size ranges and 29% loading is shown in Fig.3.13. The number of attached 

fibroblasts on PCL matrices and lactose-extracted PCL matrices was similar to TCP 

on day 1 but lower than TCP by a factor of 2 and 3 at day 5 and 8 respectively. 

Enhanced cell attachment and proliferation on TCP has been recorded in many studies 

[216] and is due to the modified surface chemistry developed specifically for cell 

culture. Lactose-extracted matrices in general exhibit a surface pore size of 10-20ILm 

(Figure 3.6). However, PCL matrices prepared by extraction of 90-125 ILm lactose 

particles resulted in relatively higher fibroblast attachment on day 5 and 8 compared 

with matrices prepared by extraction of smaller or larger particles. Comparison of 

fibroblasts growth on microporous PCL scaffold and macroporous PCL scaffold (pore 

size 45-90, 90-125, 125-250ILm) after lactose extraction, shows the cells number 

growing on PCL scaffold with pores in the range of 90-125ILm at day 8 was 

statistically different from the PCL at the 95% confidence interval. In addition, cell 

numbers on PCL matrices were lower than on lactose-extracted matrices indicating 

that a pore size of 10-20ILm enhances cell growth, at least over short times in culture. 
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Figure 3.12 Light micrograph of3T3 fibroblasts cultured on TCP at day 5 
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Figure 3.13 Proliferation rates of 3T3 mouse fibroblasts on TCP and porous PCL 

matrices produced by extraction of lactose particles (* P<O.05) 

Swiss 3T3 fibroblasts (passage 5) supplied by Dr G Astrid Limb, University College, 

London, were seeded in 75 cm2 tissue culture plastic (TCP). The different cell source 

from the previous investigation resulted in cell with characteristic morphology but 
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lower growth rates (90% TCP surface coverage in 3-4 weeks). The proliferation rate 

of 3T3 fibroblasts on gelatine-extracted PCL matrices is shown in Figure 3.14. No 

significant difference in the number of attached cells on the various porous PCL 

matrices were observed at day. Higher cell numbers were recorded on PCL matrices 

having a pore size range of 90-125JLm at day 5 and 8 compared with PCL matrices 

produced by extraction of smaller (45-90JLm) and larger gelatin particles (125-250JLm). 

(Cell numbers were lower by 1-5000 on gelatin-extracted matrices compared with 

lactose-extracted matrices at each culture time point). The paired t-test showed that 

the cell growth on macroporous PCL scaffold has pore size range from 45-90JLm to 

125-250JLm after geltion extraction at day 5 and 8 were statistically different from that 

on microporous PCL scaffold at the 99% confidence interval, suggesting residual 

gelatin on PCL scaffold after delivery can enhance cell proliferation. 
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Figure 3.14 Proliferation rates of 3T3 fibroblasts on TCP and porous PCL matrices produced by 

extraction of gelatin particle (* P<O.01) 

101 



3.6.1 SEM analysis of 3T3 fibroblasts on peL matrices 

SEM analysis of seeded fibroblasts at day 1 on lactose-extracted peL matrices 

(Figure 3.15) revealed large numbers of rounded cells in contact with the surface. 

Long process extensions linking the cells to the underlying matrix and to 

neighbouring cells are apparent, indicating favourable biocompatibility and cell 

adhesion. Some cells have started to spread on the peL matrix (arrowed). 

Figure 3.15 Scanning electron micrographs of3T3 fibroblasts cultured for 1 day (A, B) 

and 3 days (e) on a peL matrix formed by extraction oflactose particles. 
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3.10 Discussion and conclusions 

Microporous polycaprolactone matrices have been formulated by precipitation casting 

for applications in drug delivery and tissue engineering in the past [217]. The method 

of manufacture relies on gradual extraction of solvent (acetone) from PCL solution by 

non-solvent (methanol) across a semi permeable membrane formed in situ at the PCL 

solution/non solvent interface. The materials have been used to achieve controlled 

delivery of a low molecular weight hydrophobic drug (progesterone [218]) and a 

hydrophilic antibiotic (gentamicin sulphate) with retained bioactivity in vitro [211]. 

However, incorporation of particulates of inulin polysaccharide (as a model of a 

hydropholic macromolecular entity) resulted in limited release of around 18% of the 

content in 12 months due to effective encapsulation by the PCL phase. In this chapter, 

a novel approach was described for producing microporous PCL matrices by rapid 

cooling of a PCL solution in dry ice followed by solvent extraction. The technique is 

applicable to manufacture of thick section components such as cylinders and tubes for 

pharmaceutical (e.g. depot devices) and medical application (e.g. vascular prostheses). 

Compared with thermally-induced solid-liquid phase separation [48], precipitation of 

the PCL matrices is induced at low temperature in dry ice (-78°C) and the solvent 

(acetone, freezing point -94.7°C) remains liquid during the casting process. 

Solid-liquid phase separation involves solidification of the solvent (e.g. dioxane, 

DMSO) component of the polymer solution (e.g. PLA, PLGA) at low-temperature 

followed by sublimation of the solvent during freeze-drying. During phase separation, 
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the solvent solidifies in the direction of the temperature gradient resulting in 

formation of microtubule-like pores. A scaffold with oriented structure is obtained 

with pore size in the range of 1O-120J1lll [26]. The direction of the temperature 

gradient and the speed of solvent crystallization need be carefully controlled in the 

above process which may be an obstacle for producing complex tissue engineering 

scaffolds. The limited pore size range formed by crystallization of the solvent would 

also be problematical for cell seeding and migration deep inside the scaffold. In 

liquid-liquid phase separation techniques, a polymer solution separates into two layers: 

a 'polymer-rich' and 'polymer-lean' phase when the concentration exceeds the 

sedimentation boundary caused by lowering the temperature. After phase separation, a 

porous scaffold is formed by solvent sublimation during freeze drying. 

In the present study, a microporous scaffold is formed by rapid crystallization of the 

polymer (peL) from solution when the temperature is decreased. This approach is 

simpler than TIPS since it avoids the need for solvent removal at low temperature. 

While peL was used in these investigations, other synthetic polyesters such as 

poly-L-Iactide [PLA] or high L-lactide-containing PLG copolymers which tend to 

crystallise from solution may also be suitable. peL could also be blended with water 

soluble polymers such as polyethylene glycol (PEG) to prepare microporous polymer 

matrices having a water-soluble phase which may be useful for controlling drug 

release from the matrix. 
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The low temperature casting approach enabled high loadings of lactose (29% w/w) or 

gelatin (28.6-44.4% w/w) to be achieved in peL matrices by suspension of 

particulates in the peL solution prior to casting. The good particle distribution 

throughout the matrix and, importantly, efficient extraction of the water-soluble phase 

allow formation of a macroporous structure with defined pore architecture by 

incorporation of particles of a specific shape and size range. The increased 

crystallinity of peL matrices resulting from inclusion of 45-90 and 125-250JLm 

lactose particles suggests that peL crystallized more rapidly due to an improved 

nucleating ability and decreased molecular mobility on contact with extraneous solid. 

Similar behaviour has been reported previously for gentamicin sulphate loaded peL 

matrices [211]. However, the contrasting finding of reduced peL crystallinity in both 

lactose and gelatin-loaded matrices containing intermediate size particles (90-125JLm) 

is more noticeable and invites further studies of the particle shape and surface 

chemistry prevalent in this size fraction. In comparison, inhibition of peL crystal 

nucleation and growth has been reported in PeL-based composites featuring a fibrous 

collagen phase [195]. 

A major burst release effect (60-75%) was observed for all lactose-loaded matrices in 

24 h and 90% of the original content was extracted into PBS over 9 days. Burst 

release is normally associated with surface located species. The highly efficient 

release behaviour is attributed to lactose particles protruding through the matrix 

surface, contact and interconnections between particles and the high aqueous 
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solubility of lactose. These factors promote fluid penetration and dissolution of deeply 

embedded particles. 

The amount and duration of protein delivery from 28.6% gelatin loaded peL matrices 

was sensitive to the size range of incorporated particles. The amount released over 

time decreased substantially with increasing particle size range and may be explained 

simply by the reduction in dissolution rate with decreasing specific surface area of 

large particles. With increased protein loading from 28.6% to 37.5% and 44.4% w/w 

the initial 'burst' phase increased and the duration of release decreased. This behavior 

may be explained by production of a highly interconnected network of pores and 

channels which allows efficient protein solubilisation and extraction. 

A number of studies of protein delivery from polymeric scaffolds or matrices have 

been carried out, but differences in scaffold material (e.g. natural polymer, 

non-biodegradable, biodegradable), dimensions and geometry (e.g. film, fiber) make 

comparisons difficult. Various proteins such as myoglobin [219], bovine serum 

albumin (BSA), histone [220], horseradish peroxidase (HRP) [221], lysozyme [222] 

and bone morphogenetic protein (BMP-2) [223] have been incorporated in scaffolds 

and their release profiles determined. Zilberman [221] found that 20%-80% w/w HRP 

was released in PBS from PLGA based composite fibers containing 5% HRP in the 

first day. Sohier et al [219] measured release of 10%-100% w/w of myoglobin and 

lysozyme from PEGTIPBT films over similarly short timescales (24 hours) which 
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could be varied by PEG molecular weight and PEGT/PBT weigh ratio. Lee et al 

obtained only 25% BSA release from PCL scaffolds in PBS over 7 days [220]. 

Coombes et al [217] demonstrated limited release (18% of the content in 12 month) of 

a macromolecule (inulin polysaccharide) from PCL matrices due to effective 

encapsulation by the PCL phase. 

In the present study, efficient release of almost 90% of a high protein load (29-44% 

w/w) was attained over time periods ranging from 3 days to three weeks in PBS at 

37°C, by adjusting the initial loading and size of particles in the PCL matrix. This 

behavior demonstrates a potential for efficient delivery of co-incorporated growth 

factors such as b-FGF and active protein C to improve tissue regeneration. 

SEM analysis, supported by extensive release of gelatin and lactose from PCL 

matrices, demonstrated that the low temperature casting technique combined with 

extraction of the water soluble phase produces highly porous surface and internal 

structures. The scaffold component of tissue engineering constructs provides a 

framework for cell attachment, migration, proliferation and tissue organization. The 

pore shape has been shown to influence the arrangement of seeded cells [224] and this 

parameter may be adjusted in PCL matrices by controlling the shape and size of 

incorporated particles. However, cell migration and colonization of the matrices 

requires an additional level of control over macropore and channel size, geometry and 

continuity. 
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Fibroblast growth in cell culture on peL matrices was significantly lower than on 

lactose-extracted and gelatin-extracted matrices over 8 days, indicating that a wide 

range of pore sizes (10-20pom to 250pom) can enhance fibroblast growth over short 

time scales. The use of fibroblasts from different sources prevents strict comparisons 

but similar cell growth rates were obtained on lactose extracted peL matrices (10-20 

porn pores) and gelatin-extracted peL matrices (45-250pom pores) despite the large 

variation in surface macropore size. Thus the higher cell numbers on the 90-125 porn 

particle-extracted matrices (Figure 3.13 and Figure 3.14) may be influenced more by 

the reduced crystallinity ofthe peL phase in these materials (Table 3.3 and 3.4). 

The present chapter also served to illustrate the potential for production of 

microporous peL matrices in the form of tubes for vascular tissue engineering. The 

persistence of gelatin in the interior and surface of peL tubular matrices may 

advantageously display cell adhesion sequences for binding with integrin cell surface 

receptors. The surface pore structure is anticipated to encourage integration with host 

tissue. In addition, the capacity for incorporating various growth factors (e.g. VEGF), 

anticoagulants (e.g. heparin) and anti-bacterial (eg gentamicin) recommends further 

investigation of peL matrices to overcome the limitations of conventional blood 

vessel substitutes based on Dacron and ePTFE. 
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Chapter 4 

Quantification of the internal pore 

structure of PCL matrices using micro-CT 

Chapter 3 described a novel method for producing PCL-based scaffolds with defined 

internal pore structure using rapid cooling of PCL solutions. The composition and 

structure of tissue engineering scaffolds is known to play an important role in tissue 

regeneration by influencing cell distribution, morphology and organisation and, 

importantly, cell proliferation and differentiation [225, 226]. An effective scaffold 

should have high porosity, maximum surface area for cell attachment and sufficiently 

large pores and interconnectivity for cell ingrowth. The porosity of the scaffold also 

controls the key processes of nutrient supply to cells, metabolite dispersal, cell 

signaling and tissue ingrowth such as vascularisation. The objective of this chapter is 

to provide a detailed qualitative and quantitative assessment of the internal structure 

of PCL-based matrices using micro-computed tomography (Micro-CT) and related 

image analysis for correlation with cell ingrowth potential and protein release 

behaviour. 
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4.1 Qualitative assessment of the internal pore structure of 

peL matrices 

The internal structure of 1) PCL matrices 2) gelatin-loaded PCL matrices and 3) PCL 

matrices after solubilisation and extraction of gelatin particles was analysed using 

micro-computed tomography. Samples were cut from PCL tubular matrices and the 

length was controlled at IOmm with 2 mm2 cross sections. In Micro-CT, the 

combination of X-ray transmission techniques with tomographical reconstruction 

allow one to visualize and measure the complete internal structure based on thousands 

of 2D x-ray shadow images. Micro-CT scans the sample vertically over 360 degrees 

to gain thousands of flat, cross section images from which the 3-D internal structure 

can be reconstructed. Two and three-dimensional morphological parameters such as 

porosity and pore size can also be analysed. As shown in Figure 4.1 A and Figure 4.2 

A, the Skyscan micro-CT facility used in the early investigations did not clearly 

resolve the characteristic 5-10 p.m pore dimension of unloaded PCL matrices due to a 

low voxel resolution of 15 p.m, resulting in a low detail image of the polymeric phase. 

However, density differences between the PCL phase (0.38 glcm3
) and gelatin 

particulates (1.0 glcm3
) were sufficient to allow resolution of each component of the 

biocomposite (Figure 4.2 B). 

Micro-CT analysis of the internal 3-D structure of PCL matrices, following extraction 

of gelatin, clearly defined the solid phase and pore component (Figure 4.1 B, C and 

4.2 C-F). The pore shape and size corresponds closely with the particles used for 
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matrix production (Figure 4.1B, e and 4.2F) with extraction of high gelatin loaded 

materials providing more pores and internal connections. The high pore density 

revealed following extraction of 44.4% w/w gelatin-loaded matrices (particle size 

range 45-90J,tm) is particularly striking (Figure 4.4E) and tends to suggest that a 

network of interconnected pores would be produced due to particle contact and 

subsequent particle dissolution 

Figure 4.1 2D shadow images of (A) peL matrix (B) 28.6% w/w gelatin (90-125J,tm): 

peL matrix (polymer phase) after release (e) 28.6% w/w gelatin (125-250J,tm): peL 

matrix (polymer phase) after release 
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Figure 4.2 Internal microtomographs of (A) Polymeric phase ofPCL matrix 

(B) Polymeric phase of 28.6% w/w gelatin (90-125 J.tm): peL matrix before release 

(C) Polymeric phase of28.6% w/w gelatin (45-90 J.tm): PCL matrix after release 

(D) Polymeric phase of28.6% w/w gelatin (125-250 J.tm): PCL matrix after release 

(E) Pore phase of 28.6% w/w gelatin (45-90J.tm): peL matrix after particle release 

(F) Pore phase of 28.6% w/w gelatin (125-250J.tm): peL matrix after particle release 
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A second generation Skyscan micro-eT facility was used later in the investigation, 

offering higher resolution which enabled visualization of the 10-20ILm pore 

component of the peL matrix as a rough surface morphology (Figure 4.3 A and B). 

Small pores are visible in the 2-D shadow images and the 3-D view of pore structure 

(Figure 4.4 E). However, the microporous structure in the size range of 5-10ILm 

(corresponding to the peL phase) was still not clearly shown in the final images. 

Figure 4.3 2D shadow images of (A) 37.5% w/w gelatin (90-125ILm): peL matrix 

(polymer phase) after release (B) 37.5% w/w gelatin (90-125ILm): peL matrix 

(polymer phase) after release (e) 44.4% w/w gelatin (45-90JLm): peL matrix 

(polymer phase) after release (D) 44.4% w/w gelatin (90-125, 125-250JLm): peL 

matrix (polymer phase) before/after release 
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Figure 4.4 Internal microtomographs of (A) Polymeric phase of 44.4% w/w gelatin (90-125 

Jlm): peL matrix before release (B) Polymeric phase of 44.4% w/w gelatin (45-90 Jlm): peL 

matrix after release (C) Polymeric phase of 37.5 % w/w gelatin (90-125 Jlm): peL matrix 

after release (D) Polymeric phase of 37.5% w/w gelatin (125-250 Jlm): peL matrix after 

release (E) pore structure of 37.5% w/w gelatin (45-90 Jlm): peL matrix after release (F) pore 

structure of37.5% w/w gelatin (90-125 Jlm): peL matrix after release 
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As shown in the senes of 3-D images of peL matrices (Figure 4.5 A-D) 

inter-connections between pores become more widespread with increasing gelatin 

particle loading and isolated pores are also present (Figure 4.5 D). Regions of pore 

coalescence are visible in most regions, indicating initial particle contact in the matrix 

which produces a network of high volume channels on subsequent particle 

solubilisation and extraction. 

Figure 4.5 Internal microtomographs (A) pore structure of 44.4% w/w gelatin (45-90 

JLm): peL matrix after release (complete section) (B) pore structure of 44.4% w/w 

gelatin (125-250 JLm):PCL matrix after release (complete section) (e) pore structure 

of 44.4% w/w gelatin (45-90 JLm): peL matrix after release (half section) (D) pore 

structure of 44 % w/w gelatin (45-90 JLm): peL matrix after release (quarter section) 

lIS 



4.2 Quantitative assessment of the internal pore structure of 

peL matrices 

4.2.1 Image processing 

Analysis of transverse 2D Micro-CT images obtained at 1000#J.m intervals along the 

sample long-axis (lOmm total length) was performed to provide quantitative estimates 

of pore size and frequency distribution of pore size in the matrices. The image 

analysis protocol was developed by our group specifically for the micro-CT images of 

PCL matrices. All images were converted and processed to grey scale image using 

Paint Shop Pro (Jasc Software Inc., USA) prior to detecting pores by in-house 

developed software based on Vision Assistant.8.0 and MATLAB (The Math Works, 

Inc, USA). During image processing, a 11 x 11 median filter was applied to the 2-D 

micro-CT image to remove noise (Figure 4.6 A step 1). A threshold (grey level 

intensity) was applied (Figure 4.6 B step 2) to classify each voxel as either scaffold or 

pore by representing the polymeric phase as dark and the pore phase as white. The 

median filter size and threshold are important parameters which influence resolution 

of the polymeric region and pores. After adjusting filter size, contrast and threshold, a 

square area was defined (Figure 4.6 D step 4) on the grey scale image to identify the 

original area of interest in the matrices. Finally, all selected squares with determined 

size were used to investigate 'equivalent pore diameter' and pore size frequency 

distribution using MINITAB (Mintab Inc,USA) and to reconstruct 3D images of pore 

structure for porosity analysis using Amira 4.0. 
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I 

I 

Figure 4.6 Step-by-step process of image processing of 2D shadow images from 

Micro-CT data ofPCL matrices 

(A) 2D image showing the difference after filtering 

(B) 2D image showing the difference after contrast adjustment 

(C) 2D image showing the image after threshold adjustment 

(D) Modified 2D image and a defined square area of interest 

(E) Final image used for quantitative analysis 
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Median filter size and threshold govern the quality and resolution of the resulting 

grey-scale image. For example, if the median filter size was adjusted to 11, small 

objects will be removed from the analysis and interpreted as a dark region (scaffold) 

instead. The accuracy of porosity and interconnectivity estimates depends strongly on 

the robustness of the threshold technique used to identify the pore and solid sub-space 

(Figure 4.7). Inherent noise in the acquired images coupled with ambient illumination, 

variation of grey levels within the sub-space, inadequate contrast limits the reliability 

of scaffold characterization. Therefore in the present study, two values of threshold 

(250 and 230) were applied to detect the white pore regions of the image. As Shown 

in Figure 4.7 Band C, more small pores were detected in the original 2-D image when 

the threshold was adjusted to 230 compared to the threshold of 250. Therefore, 

although the same threshold and filter size was used for all images in a particular data 

set, different thresholds were necessary for each sample (ie 45-90, 90-125 and 

125-250#,m gelatin-loaded PCL). Importantly, the pore boundary detected using the 

software was superimposed on the original grey-scale image and inspected by eye in 

order to confirm that pore detection by image processing was consistent with visual 

assessment. 
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Figure 4.7 Image processing of MicroCT data. Original shadow Image (A), and 

grey-scale image analysis using a threshold of 250 (B) and 230 (C) 

For a particular matrix type, the variation of pore area in each image slice (lO~m thick) 

was assessed using MINITAB and converted to an 'equivalent pore diameter'. In 

addition the pore area data for all sequential Micro-CT image slices at 1000J-tm 

intervals along the sample 'Z' axis (which equates to 10 images) in a particular 

sample were used to provide a measure of the frequency distribution of equivalent 

pore diameters throughout the PCL matrix. The principle of 'equivalent pore 

diameter' determination using MINITAB is explained below. The sample image 
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contains pores of varying shape (circular or irregular) and size as shown in white on a 

black background (Figure 4.8). The in-house developed program based on MATLAB 

analysed the image in x and y directions finally giving full detailed information (e.g. 

area, equivalent diameter, coordinates, perimeter and circularity) for each pore (Table 

4.1). Since a circle exhibits circularity ~ 1, pores in the 2-D image of a particular 

matrix with circularity <1 were deleted manually because they are more likely to be 

very small and noise. Those pores were assumed to be noise in the grey-scale image 

or too small to be analysed. 

. - • 
~: II • 

" •• 
50 100 150 200 250 JOO 350 400 450 500 

Figure 4.8 Illustration of the variation of pore shape in a 2-D image sample. 

Table 4.1 Typical information generated on the pore structure within a sample 

Number Equivalent Stats (n). 

of Label Area Diameter Centroid Stats (n). Perimeter 
labels filled (J.lm) (1) Centroid (2) (J.lm) 

7 1 4356 74.5 74.5 251.5 260 
7 2 385 22.1 82.3 126.4 69.94 
7 3 6668 92.1 126.4 405.5 303.07 
7 4 7260 96.1 198 71.5 358 
7 5 4790 78.1 250.5 219.5 256.45 
7 6 3525 66.9 381.4 398.49 225.82 
7 7 3973 71.1 393.9 94 233.13 
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The sample border region was neglected, any pores on the edge of the area of interest 

(Typically 6 per image slice depending on the total number of pores) were not 

included in the analysis (Figure 4.9) because these pores would not be completed and 

hence could give misleading measurement. With increasing numbers of pores in the 

image resulting from high-gelatin loaded PCL matrices, more pores on the edge of the 

area of interest were excluded by the MATLAB-based program. This limitation may 

cause errors in the analysis of pore size frequency distribution, 'equivalent pore 

diameter' and porosity as fewer pores would be involved in the analysis compared 

with the actual or theoretical values. The error will be more significant in the analysis 

of samples which contain large pores in the ranges of 125-250J-lm, due to the large 

potential 'negative pores' on the edge of the area of interest. 

50 100 150 200 250 300 :leO 400 50 100 150 200 250 300 :leO 400 

Figure 4.9 (A) Grey scale micro-CT image of a PCL matrix following extraction of 

37.5 % w/w gelatin particles (90-125J.lffi). (A) original defined area of interest (B) 

Image analysed after exclusion of pores on edge of area of interest 
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4.2.2 Determination of pore size and frequency distribution 

of equivalent pore diameter 

Analysis of sequential Micro-CT images at 1000#-f.m intervals along the sample long 

axis enabled detailed information to be gathered on the range of pore sizes and pore 

size distribution within the matrix which is useful for assessing cell ingrowth potential 

and correlating with drug delivery behaviour (Figures 4.10 and 4.11). The 28.6% w/w 

(45-90 #-f.m) particle-loaded materials after lactose or gelatin extraction could not be 

reliably analysed using the selected approach, due to limitations in feature resolution 

and some intensity variation across the images. However, the Micro-CT shadow 

images from 37.5% and 44.4%w/w gelatin-loaded matrices containing small pores in 

the range of 45-90#-f.m were analysed due to the improved resolution of the Skyscan 

(generation 2) facility used for these materials. 

The presentation of 'equivalent pore diameters' for 28.6% w/w lactose (90-125 or 

125-250#-f.m)-loaded PCL matrices in Figure 4.10 highlights the reduced numbers of 

macropores in the latter sample, resulting in a very low fractional pore area of 2.9% 

compared with 7.3% for the 90-125#-f.m sample. The mean 'equivalent pore diameter' 

ofPCL matrices after release of90-125#-f.m lactose particles was around 75#-f.m (Figure 

4.lOA), which is smaller than the original mean particle size (108#-f.m). Similar 

observations were found for PCL matrices following extraction of large lactose 

particles. The micro-CT attribute of mean pore size was recorded at 75 and lOO#-f.m. 

Micro-CT and image analysis of lactose-loaded PCL matrices is complicated by the 
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presence of 10-20 JJ..m powder ' fines' in the sieved powders as discussed in Section 

3.4.3 (probably resulting from de-agglomeration and electrostatic binding) which 

reduces the weight of the large 'primary' particles in the matrix and subsequently the 

macroporosity. Such effects are apparently more pronounced in the case of 

lactose-loaded matrices produced using the 125-250JJ..m particles. 

A 90-125 micron lactose ' loaded PC. matrices. 
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Figure 4.10 Analysis of macroporosity usmg micro-eT images of peL matrices 

following extraction of 28.6% w/w lactose particles 

(A) Variation in equivalent pore diameter (90-125JJ..m lactose-loaded peL) 

(B) Frequency distribution of equivalent pore diameter (90-125JJ..m lactose-loaded 

peL) 

(e) Variation in equivalent pore diameter (125-250JJ..m lactose-loaded peL) 

(D) Frequency distribution of equivalent pore diameter (125-250Jlm lactose-loaded 

peL) 
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The presentation of 'equivalent pore diameters' for 28.6% w/w gelatin (90-125 and 

125-250JLm)-loaded PCL matrices in Figure 4.11 confirms the visual impression of 

uniformity of pore distribution within the materials. Compared with lactose-loaded 

PCL matrices, more pores were detected in sequential Micro-CT images after gelatin 

extraction, suggesting that aggregation of gelatin particle is not significant during 

matrix formulation. The frequency distribution of pore size (%) (Figure 4.11 B and D) 

obtained using micro-CT analysis indicates that most pores are in the range 36-1 08{tm 

and 50-200{tm for original gelatin particle size ranges of 90-125 and 125-250JLm, 

respectively. 

A 90-125 micron gelatin - loaded PO. matrices B 
90-125 micron gelalln - loaded PO. matrices 
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Figure 4.11 Analysis of macroporosity usmg micro-CT images of PCL matrices 

following extraction of 28.6%w/w gelatin particles (A) Variation in equivalent pore 

diameter (90-125{tm gelatin-loaded PCL) (B) Frequency distribution of equivalent 

pore diameter (90-125JLm gelatin-loaded PCL) (C) Variation in equivalent pore 

diameter (125-250JLm gelatin-loaded PCL) (D) Frequency distribution of equivalent 

pore diameter (125-250JLm gelatin-loaded peL) 
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Micro-CT image analysis detected effectively the upper bound of the particle size 

range but recorded a significantly lower pore size than the sieved powder 

classification. This effect may be explained by the 'sectioning' Micro-CT technique 

used and subsequent image analysis of sample slices which would not be expected to 

coincide consistently with the largest dimension of asymmetric gelatin particles 

(Figure 3.5D and Figure 4.12). Sieving is designed, in principle, to separate particles 

based on the largest dimension. The low values of fractional pore area of 6.6% and 

10.5% estimated for the 90-125 and 125-250lLm gelatin-loaded matrices, respectively, 

is consistent with the range of cross-section of detected pores. 

2-D shadow image, 
125-250JLm gelatin-loaded PCL matrix 

10mm 

Analysis ofxl0 image slices from 1000. 
Slice spacing = Imm. 

o Sieve classification 

Figure 4.12 Schematic illustrating the difference between pore size measurement 

using Micro-CT and sieving. 
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The 2-D shadow image of 37.5% w/w gelatin-loaded PCL matrices after gelatin 

extraction showed a unifonn pore structure for the various pore size ranges 

investigated (45-90, 90-125 and 125-250ILm) and increased pore numbers compared 

with the 28.6% loaded sample (Figure 4.1 B and 4.3 A). Subsequent image analysis 

provided detailed infonnation on the pore size range and frequency distribution of 

pore size. The 45-90p,m particle-loaded matrices revealed a fairly limited spread of 

pore sizes and fairly unifonn mean 'equivalent pore diameter' of around 40p,m 

(Figure 4.13 A). The frequency distribution of equivalent pore diameter (Figure 4.13 

B) indicates that most pores are small around 20-40lLm which may be explained by 

the micro-CT 'sectioning' effect described above and illustrated in Figure 4.12. The 

90-125 and 125-250p,m gelatin-loaded PCL matrices after particle extraction were 

also characterised by a fairly constant mean 'equivalent pore diameter' of 75ILm and 

120 ILm respectively. The decreased number of detected pores compared with the 

45-90p,m particle-loaded matrices is due to fewer, larger particles being loaded in the 

starting matrix. In addition, some large pores which are over the size range of sieved 

particles were detected in the grey scale images (Figure 4.13 C, E). This observation 

may be explained by the connection of two or more pores. The frequency distribution 

of equivalent pore diameter (Figure 4.13 D and F) reveals that most pores are in the 

range 30-120 ILm and 60-180 ILm for original particle size ranges of 90-125 and 

125-250ILm respectively. 
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Figure 4.13 Analysis of macroporosity usmg micro-CT Images of peL matrices 

following extraction of37.5% w/w gelatin particles 

(A) Variation in equivalent pore diameter (45-90J.l.m gelatin-loaded peL) 

(B) Frequency distribution of equivalent pore diameter (45-90J.l.m gelatin-loaded peL) 

(C) Variation in equivalent pore diameter (90-125J.1.m gelatin-loaded peL 

(D) Frequency distribution of equivalent pore diameter (90-125J.1.m gelatin-loaded peL) 

(E) Variation in equivalent pore diameter (125-250J.l.m gelatin-loaded peL) 

(F) Frequency distribution of equivalent pore diameter (125-250J.l.m gelatin-loaded peL) 
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The presentation of 'equivalent pore diameter' for three pore size ranges after particle 

extraction from 44.4% w/w gelatin-loaded peL matrices confirms the visual 

impression of a highly porous internal structure (Figure 4.14). A fairly large number 

of pores were detected in the sequential Micro-eT grey scale images obtained from 

the original 45-90 and 90-1251Lm gelatin-loaded peL matrices. However, fewer pores 

were detected when particles of size 125-250lLm were used. This may be caused by 

the lower number of larger particles present and by the analysis method whereby 

pores on the edge of the area of interest were not included. Similar to 28.6% and 

37.5% gelatin-loaded materials, the mean 'equivalent pore diameter' is fairly constant 

through sequential shadow images (40lLm, 60 ILm and 100 ILm respectively) (Figure 

4.14), but smaller than the original mean particle size due to the non-coincidence of 

the micro-eT image analysis technique and sieved particle classification. For 44.4% 

w/w gelatin-loaded matrices after protein extraction, more pores were detected with 

equivalent diameter over the original particle size ranges (Figure 4.14 A and e), 

indicating the possibility of pore connection and coalescence. In addition, the 

frequency distribution of equivalent pore diameter for 90-125 and 125-250lLm 

particle-loaded peL matrices showed a large proportion of small pores around 40ILm 

(Figure 4.14 D and F) compared with the lower loaded matrices. This effect may be 

due to detection of interconnecting channels (connects) between the larger pores 

(Figure 4.3 e and D). 
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Figure 4.14 Analysis of macroporosity using micro-CT images of PCL matrices following 

extraction of 44.4% w/w gelatin particles 

(A) Variation in equivalent pore diameter (45-90J-tm gelatin-loaded PCL). 

(B) Frequency distribution of equivalent pore diameter (45-90J-tm gelatin-loaded PCL) 

(C) Variation in equivalent pore diameter (90-125/Lm gelatin-loaded PCL) 

(D) Frequency distribution of equivalent pore diameter (90-125 J-tm gelatin-loaded PCL) 

(E) Variation in equivalent pore diameter (1 25-250J-tm gelatin-loaded PCL) 

(F) Frequency distribution of equivalent pore diameter (1 25-250J-tm gelatin-loaded PCL) 

* Data is not comparable to those on Figure 4.11 due to advanced instrument was used for this 

study. 
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4.2.3 Matrix homogeneity and reproducibility of image 

analysis 

The homogeneity of the PCL matrices after 44.4% w/w gelatin particle (125-250JLm) 

extraction was also investigated using MINITAB after image processing. Sequential 

images starting from slice number 36 to number 936 were analysed. The results for 

'equivalent pore diameter' were almost identical to the previous analysis (Figure 4.14 

E and Figure 4.15 A), indicating the PCL matrices produced by extraction of gelatin 

particles have a uniform internal structure and pore distribution over a fairly large 

sample volume (40 mm3
) which is important for achieving consistent cell interaction 

and drug delivery. The frequency distribution of equivalent pore diameters throughout 

the PCL matrix also confirms the homogeneity and uniformity of the porous structure 

by revealing similarity with the earlier analysis (Figure 4.14 F and Figure 4.15 B). 
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Figure 4.15 (A) Variation in equivalent pore diameter (125-250JLm) (B) frequency 

distribution of equivalent pore diameter following gelatin particle (125-250JLm) 

extraction from 44.4% w/w loaded PCL matrices. Sequential images starting from No. 

36 
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4.3 Micro-CT evaluation of macroporosity of PCL matrices 

produced by gelatin particle extraction 

The macroporosity (%) of PCL matrices produced by extraction of 28.6%, 37.5% or 

44.4% w/w gelatin particles was analysed using available algorithms (Amira 4.0, 

VGStudioMAX) based on the total volume of the pore phase compared with the total 

volume of the matrix (polymer + pore phase). After converting the 2D Micro-CT 

shadow images to grey scale using Paint Shop Pro, sequential grey scale images (300 

slices) were reconstructed to produce a 3D image using the Amira 4.0 software 

programme (Figure 4.16A). The individual pores and interconnected pores were 

shown in yellow, while the polymer phase was removed using a median filter (Section 

4.2.2) within a volume of interest which defined the original dimensions of the porous 

PCL matrix. The total volume of pore phase was calculated by in-house computed 

algorithms (Figure 4.16 B-E). Briefly, all pores were selected (Figure 4.16 C) with the 

threshold adjusted to maximum (255) and minimum (5) (white=255 black=O) in order 

to detect all pores, and all pores were separated from the total volume of the matrix 

cube. Statistical analysis provided the volume of the external (polymer) phase and the 

volume of the internal (pore) phase. After summing the external and internal phase 

volume, the porosity was calculated by comparing the volume of the pore phase with 

the total volume of the matrix cube. Since each sample contains approximately 1000 

sequential grey scale images, blocks of 300 images were reconstructed and analysed 

to assess the uniformity of macroporosity through the sample. Samples prepared by 

extraction of 45-90#Lm gelatin particles from 28.6% w/w loaded matrices were not 
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investigated due to insufficient resolution of original raw data. 

B ~ 

Figure 4.16 Step-by-step process of porosity analysis using micro-CT images 

(A) 3D view of pore structure 

(B) 3D view of sample with 2D view in x-y, x-z and y-z direction 

(C) Pores were rendered in red before analysis 

(D) All rendered pores were selected for analysis 

(E) Presentation of results 
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Table 4.2 shows the theoretical macroporosity of PCL matrices produced by 

extraction of 28.6, 37.5 and 44.4% w/w gelatin respectively. Although the initial 

gelatin loading was relatively high up to 44.4% w/w, the theoretical macroporosity 

was determined to be 13.2, 18.6 and 23.3% respectively. The low value of theoretical 

macroporosity is attributed to the low density (0.38 gI cm3
) of the microporous PCL 

phase in the matrix compared with the gelatin particles, resulting in a notable 

difference in volume of each phase (Table 4.2). 

Table 4.2 Theoretical porosity ofPCL matrices 

Gelatin Weight Weight Density of Density Volume Volume Theoretical 
loading ofPCL of mieroporous of ofPCL of macroporosity 

of (g) gelatin PCLmatrix gelatin matrix gelatin (%) 

matrix (g) (gi cm3
) (gi cm3

) (cm3
) (em3

) 

(% w/w) 

28.6 1.7 0.68 0.38 1.00 4.47 0.68 13.2 

37.5 1.7 1.02 0.38 1.00 4.47 1.02 18.6 

44.4 1.7 1.36 0.38 1.00 4.47 1.36 23.3 

Micro-CT analysis of the macroporosity of PCL matrices prepared by extraction of 

gelatin particles at various loadings and three size ranges are summarised in Table 4.3 

and 4.4, The results are based on micro-CT grey scale images analysed using 

threshold (250) (Table 4.3) and threshold values (230) (Table 4.4). In general, 

micro-CT measurements of macroporosity increased when the higher threshold value 

was applied to grey-scale images. The micro-CT determined macroporosity produced 

by extraction of 45-901Lm particles was found to be significantly lower (70-80%) than 

the theoretical macroporosity using a threshold value of 250 (Figure 4.17). Micro-CT 

133 



values were still 50-70% lower when the threshold was decreased to 230. This may be 

explained by a limitation of image processing, where small pores are removed as 

noise from grey scale images. When the pore size increased to 90-125 or 125-250lLm, 

higher macroporosity values were generally recorded due to more visible and 

detectable pores in the grey-scale images. Micro-CT estimates were 15-40% and 

0-30% lower than theoretical values of macroporosity using a threshold of 250 and 

230 respectively. The reason for the relatively low values measured for 38% w/w 

gelatin loaded PCL matrices is unclear at present. The macroporosity of PCL matrices 

produced by extraction of 44.4% w/w gelatin particles (125-250ILm) was higher than 

the theoretical value, which could be due to inclusion of pores which are smaller than 

125ILm in the porosity analysis. Visual evidence is shown in Figure 4.17, where 

considerable numbers of small pores are evident around the large pores (arrowed). 

Table 4.3 and 4.4 also reveal that there is no significant difference in macroporosity 

from top to base of the sample, indicating production of a uniform structure in PCL 

matrices produced by rapid cooling. The data in Tables 4.3 and 4.4 also suggest that 

micro-CT is capable of providing good estimates of macroporosity (within 85 and 

100%) for materials containing pores larger than 90lLm. 
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Table 4.3 Macroporosity of PCL matrices determined by analysis of micro-CT images 

using low threshold (2S0) 

Gelatin loading Theoretical Number of Macroporosity (%) of PCL matrices 

of PCL matrix macroporosity sample Slices prepared from extraction of gelatin particles 

%w/w % 

28.6 13.2 

37.S 18.6 

44.4 23.3 

001-330 

331-660 

661-1000 

001-1000 

001-330 

331-660 

661-1000 

001-1000 

001-300 

331-660 

661-1000 

001-1000 

135 

of three size ranges 

4S-90llm 90-12Sllm 12S-2S01lm 

3.0 

2.9 

2.8 

2.9 

7.6 

7.8 

7.6 

7.6 

10.S 

9.3 

10.1 

9.7 

11.1 

11.7 

12.0 

11.9 

17.S 

17.8 

17.S 

17.7 

10.3 

10.7 

11.1 

10.8 

lS.1 

lS.3 

lS.4 

IS.2 

21.8 

19.6 

19.8 

21.1 



Table 4.4 Macroporosity of PCL matrices determined by analysis of micro-CT images 

using high threshold (230) 

Gelatin loading Theoretical 

ofPCL matrix macroporosity 

%w/w % 

28.6 13.2 

37.5 18.6 

44.4 23.3 

Number of 

sample Slices 

001-330 

331-660 

661-1000 

001-1000 

001-330 

331-660 

661-1000 

001-1000 

001-300 

331-660 

661-1000 

001-1000 
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Macroporosity (%) of PCL matrices 

prepared from extraction of gelatin 

particles of three size ranges 

45-90JLm 

6.6 

6.4 

5.9 

6.3 

12.3 

12.5 

11.9 

12.2 

90-125JLffi 

11.4 

11.1 

11.6 

11.5 

12.8 

13.1 

12.8 

12.9 

24.1 

22.7 

22.9 

23.1 

125-250JLm 

11.8 

11.9 

12.1 

11.9 

15.6 

15.6 

15.9 

15.8 

26.2 

24.4 

25.9 

25.8 



Figure 4.17 Internal macropores in PCL matrices detected using (A) low threshold 

(250) (B) high threshold (230) processing of micro-CT images. Matrices produced by 

extraction of 44.4% w/w gelatin particles (125 -250 J.tm) 

4.4 Discussion and Conclusions 

X-ray micro-computed tomography (Micro-CT or ~CT) has been used previously in 

medical applications to characterise 3D bone microstructure, to evaluate 

microvascular architecture and to evaluate the porous architecture of biomaterials 

[227]. The advantages of Micro-CT include the fact that it is a non-destructive 

technique and 3D images of samples are acquired at microscopic resolution. In 

addition, it overcomes the inherent weakness of SEM which is limited to surface 

anaysis on relatively small fields of view. Micro-CT provides full information 

regarding isolated pores or deep pores connected by narrow throats in complex porous 

structures [228]. In the present chapter, Micro-CT was used to analyse the pore size 

distribution (and thus the original particle size distribution) in PCL matrices following 

solubilisation and release of particulates of non-uniform size and shape. Pore 
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interconnections in tissue engineering scaffolds are essential to allow, at one level, 

nutrient supply, metabolite dispersal and cell signaling. However, cell migration and 

colonization of the scaffold requires an additional level of control over macropore and 

channel size, pore geometry and continuity. Micro-CT has been shown previously to 

provide a powerful tool for assessing the extent to which scaffolds meet the latter 

design criteria and for evaluating subsequent tissue/scaffold interaction. For example, 

the regularity of pore size, shape and distribution in scaffolds produced by solid 

free-form fabrication techniques can result in 100% interconnectivity and facilitates 

image analysis and quantification of porosity by Micro-CT [229]. Micro-CT analysis 

of samples based on the structural indices applied in bone, confirmed the presence 

(though not the quantity) of interconnecting pores parallel and perpendicular to the 

foaming direction, high total porosity (>75%), high specific surface area (44m2
) and 

mean pore diameter of 400J.Ul1. In the work of Lin et al on oriented, porous polymer 

scaffolds [39], high average porosity values around 80% and pore interconnectivity 

greater than 99% were recorded in polY(L-lactide-DL-lactide) scaffolds using micro-CT 

analysis. However, measurements of longitudinal connectivity, transverse pore size 

and pore connectivity were not differentiated. 

In the present study, micro-CT provided detailed 3-D images of macroporosity which 

confirmed that pore shape could be controlled by using soluble particles of defined 

shape. Micro-CT also provided a detailed quantitative measure of the frequency 

distribution of equivalent pore diameters throughout a PCL matrix or scaffold 
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produced by extraction of gelatin or lactose particles, which is useful for optimizing 

scaffold design, production and perfonnance. For example, only around 50% of the 

macropores in the highest porosity sample (23%, 125-250/!m) are larger than 100/!m 

(Figure 4.14 F) which will influence the extent of cell ingrowth. In addition, analysis 

of micro-CT images was shown to be capable of providing good estimates of 

macroporosity in materials containing irregular pores greater than 90/!m. 

The resolution of the Micro-eT facility used in this study prevented visualization and 

quantitative analysis of the fine-scale «15/!m) pore architecture and tortuosity present 

in the peL matrices but revealed an extensive internal system of macropores. 

However, it is evident from 2-D shadow images that the network of high volume 

inter-pore channels required for cell infiltration of the material is absent in the low 

particle loading (28.6%) matrices (Figure 4.1 B and e). Thus tissue integration would 

be confined initially to the matrix surface for these designs with the core potentially 

providing a depot system for controlled delivery of growth factors via the 5-10/!m 

microporous system inherent in the PCL phase. The extent of macroporosity and 

interconnections between pores increases with particle loading of PCL matrix. A 

maximum of around 23% macroporosity was achieved in the present materials Crable 

4.2). However, the extent of pore interconnections and their dimensions were not 

evaluated. 

Several other researchers have previously used Micro-CT images to qualitatively and 
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quantitatively depict scaffolds. Moore et at r2271 did quantify some aspects of the 

interconnectivity of a polymer scaffold produced by the salt-leaching process using 

micro-CT namely the volume fraction of porosity that was connected via a minimum 

interconnect size. Otsuki et al [228] mapped the path length from thc surface to 

connected interior pores and the pore throat size of bioactive porous titanium implants 

using an algorithm developed for percolation studies in rock. Jones et al [19] recently 

identified and quantified the pore content, interconnects and pore size distributions in 

sol-gel derived bioactive glasses using micro-CT. Similar approaches are 

recommended in future work to characterize the interconnectivity of macropores in 

the higher porosity PCL matrices to further assess the potential for cell ingrowth. 
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Chapter 5 

Characterisation of microporous PCL tubes 

for vascular tissue engineering under fluid 

flow conditions 

Cardiovascular disease (CVD), including peripheral vascular and coronary artery 

disease, is the largest cause of mortality of women and men of all ages and all races 

world wide. Tissue engineering offers a potential alternative to existing treatment and 

devices such as substitution of occluded vessels by knitted Dacron or ePTFE 

prostheses. However, one of the major requirements of tissue engineered vascular 

grafts for wide clinical usage is sufficient mechanical performance and endurance 

under the high systemic blood pressure experienced by cardiovascular structures. 

Compliance mismatch between the implant and host artery resulting in disrupted 

blood flow conditions at the anastomosis or graft/artery junction, has long been 

implicated in prosthesis failure arising from anastomotic pseudointimal hyperplasia. 

Thus a long standing design criterion for replacement blood vessels is that they should 

display a dynamic mechanical response in vivo similar to the host artery. The pressure 

of the circulating blood decreases as blood moves through arteries, arterioles, 

capillaries, and veins; Typical values of arterial pressure in healthy adults are 

approximately 120mm Hg systolic and 80 mm Hg diastolic, while venous pressure in 

a vein or atria of the heart is much less than arterial pressure, with common values of 
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5 mm Hg in the right atrium and 8 mm Hg in the left atrium. The rupture strength of 

saphenous veins and tissue engineered grafts have been recorded as 1680 + 307 and 

2150± 709 mm Hg, respectively [230, 231]. In the present study, a potential 

polycaprolactone-based vascular graft was produced using the rapid cooling method 

described in Chapter 3. The aim of this chapter is to report the mechanical properties 

of the resulting microporous PCL tubes (nominal OD 7.5 mm ID 6.5 mm) under 

short-term hydrostatic and hydrodynamic loading conditions which simulate blood 

flow in vivo. 

The hydrodynamic parameters that need to be considered when designing vascular 

prostheses are: the constant flow rates, blood pressure exerted within specific blood 

vessels e.g. artery and vein and pulse frequency. Fluid flow through a blood vessel 

generates a shear stress or tangential drag force at the wall of the vessel. The 

magnitude of this stress is directly proportional to the viscosity and blood flow rate 

and inversely proportional to the cube of the vessel radius. Fluid flow through a tube, 

if it is sufficiently compliant, will cause it to dilate by an amount related to the 

pressure of the fluid, i.e. it generates a hoop or circumferential strain. Thus, 

modulating fluid flow through a tube to mimic the pulsatile nature of the circulatory 

system will result in a corresponding cyclic change in the hoop strain in the wall of 

the tube by an amount that depends on the tube dimensions and its viscoelastic 

properties. The high compliance of microporous PCL tubes and degree of elasticity 

resulting from use of PCL (tensile modulus (E) 0.4 GPa, tensile strength 29 MPa, > 
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700% failure extension) [232] is expected to provide a better match with the 

mechanical properties of the natural artery than existing Dacron and ePTFE designs. 

5.1 Measurement of the changes in diameter of PCL tubes 

under a constant flow rate of 300 mllmin at 37° C 

The outer diameter of microporous PCL tubes increased by approximately 10JLm from 

the starting diameter of 7.46 mm to around 7.47 mm over Ihr under a constant flow 

rate of 300mllmin at 37°C. A significant fluctuation in diameter was measured at 

30min which may be caused by errors in response of the laser scanning micrometer or 

bubbles on the external tube surface. Although measurements of the tube diameter are 

affected by 'noise' associated with the operation of the laser micrometer, in general, 

fluid flow through the tube induced dilation and the amount of dilation increased with 

the duration of flow. 
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Figure 5.1 The changes in outer diameter of a microporous PCL tube over 1 hr at 

37°C under a constant flow rate of 300m 11m in 
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The changes in outer diameter of gelatin-loaded peL tubes (28.6, 37.5 and 44.4% 

w/w loading) under a constant flow rate of 300 mVmin at 37 °e was also measured 

using a laser scanning micrometer. In contrast to microporous peL tubes, a reduction 

of outer diameter was observed initially for all three gelatin-loaded peL tubes 

followed by a relatively constant diameter during the 1 hour study (Figure 5.2). The 

initial gelatin loading affects the magnitude of the change and the time over which the 

changes in outer diameter occurred. For 28.6% gelatin-loaded peL tubes, the outer 

diameter dropped quickly from approximately 7.6 mm to 7.5 mm (lOOllm) in 15 min 

(Figure 5.2 A) compared with approximately 150llm in 40 min for 37.5% 

gelatin-loaded tubes peL tubes and 200 Ilm in 25 minutes for 44.4% loaded tubes 

(Figure 5.2 e). This behaviour may be attributed to the solubilisation of protruding 

gelatin particles at the external surface of peL tubes resulting in a reduction of outer 

diameter. After a certain time, the outer diameter of 37.5 and 44.4% gelatin-loaded 

tubes tends to be relatively constant whereas tube dilation (10 Ilm) increased for the 

28.6% loaded sample, similar to unloaded specimens (Figure 5.1). This behaviour 

may be attributed to the reinforcing affect of the gelatin particles incorporated in the 

microporous peL phase which resists the wall shear stress induced by fluid flow, 

resulting in a more stable tube diameter. 
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Figure 5.2 The changes in outer diameter of microporous PCL tubes containing (A) 

28.6%, (B) 37.5% and (C) 44.4% w/w gelatin particles over 1 hour under a constant 

flow rate of 300m 11m in at 37°C 
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The changes in outer diameter of macroporous PCL tubes formed by gelatin 

extraction under a flow rate of 300 mllmin at 37°C were also recorded. The outer 

diameter of PCL tubes with pore size ranges of 90-125 f.tm produced by gelatin 

extraction from 28.6, 37.5 and 44.4% loaded samples remained fairly constant for 1 

hour (Figure 5.3). The absence of significant dilation suggests that macroporous PCL 

tubes with pores of90-125 f.tm can resist the shear stress and internal pressure of20 + 

Smm Hg caused by a 300 mllmin fluid flow rate over short time scales. (venous 

pressure is around 8 mm Hg). The macroporous internal structure of PCL tubes may 

accommodate the shear stress and hoop strain induced by hydrodynamic fluid flow by 

local deformation of the pore network at the luminal surface. The oscillation of outer 

diameter at the start of testing could be caused by the air remaining inside the pores 

after gelatin extraction forming bubbles which are released from the external surface 

ofPCL tubes under wall shear stress. 

7.58 

E 7.57 

E-
el) 7. 56 
.0 
::J --l 
() 

7.55 

a. 
'+-

7. 54 0 
L.. 

2 
el) 7.53 E 
.~ 
"0 

7.52 L.. 
el) -::J 
0 7.5 1 

7. 5 
0 

--- ,- ~- : ----------------------------------------

I. 
--- ~- ·--i--. -------------- - -------------------

•• I • 

. . ... 
-- .--- ~----------- - -----------------------------

10 20 30 40 50 60 

Time (minutes) 

146 

70 



7.95 

E 7.94 

E 
Q) 7.93 
.0 
::J .... 

-..I 7.92 
() 
a.. 
(; 7.91 

~ 

Q) .... 
Q) 7.9 

E 
ro 
'6 7.89 . .. ~ 
Q) .... 
::J 

7.88 0 

7.87 

0 

7.97 

-E 7.96 
E ......-
a> 
.D 7.95 
::::J 

+oJ 

-..I 
0 7.94 a.. 
'+-
0 
L-

.m 7.93 
a> 
E 
.~ 7.92 
"0 
L-

a> 
+oJ 
::::J 
0 

7.91 

7.9 
0 

. . 
-------------------------------------------------.. 

10 20 30 40 50 60 70 

Time (minutes) 

__ __ ______________________________________________ J 

• 
--------------------------------------------------~ 

• • 
• 

, ------ .-- ~---- i ------ .; ------- # - f --. ------------- 1 

• 

10 20 30 40 50 60 70 
Time (minutes) 

Figure 5.3 The changes in outer diameter of microporous peL tubes after (A) 28.6%, 

(B) 37.5% and (e) 44.4% w/w gelatin extraction. Tubes tested for 1 hour under a 

constant flow rate of300 mllmin at 37 °e 
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5.1.1 Gelatin release from microporous PCL tubes in 

distilled water at 37°C 

As discussed in Section 5.1, the reduction of outer diameter of gelatin-loaded PCL 

tubes under flow conditions may be attributed to protein particle extraction from the 

external surface in distilled water at 37°C during the 1 hour test period, PCL tubes (50 

mm) containing 28.6, 37.5 and 44.4% w/w gelatin respectively were consequently 

immersed in distilled water (2Oml) at 37°C to monitor the diameter and protein release 

over time. The release medium was replaced by fresh distilled water at 15 min 

intervals and the amount of gelatin in the release medium was analysed using the 

BCA total protein assay (Section 2.7.1). Approximately 800J,lg of gelatin was released 

in the first 15 min from 28.6% w/w-Ioaded PCL tubes while around 2500 J,lg was 

released from 44.4% w/w-Ioaded samples. Large amounts of gelatin (approximately 

15% of the protein content) were released from the PCL tubes over 15 minutes and 

the amount increased with gelatin loading and duration of testing (Figure 5.4). This 

behavior probably explains the reduction in outer diameter under hydrodynamic flow 

conditions (Figure 5.2). 
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Figure 5.4 The amount of gelatin released from microporous PCL tubes in distilled 

water at 37°C 

5.1.2 Morphology of the external surface of microporous 

peL tubes before and after gelatin release 

SEM examination of the external surface of gelatin-loaded PCL tubes revealed a 

characteristic rough and microporous surface formed by a fairly uniform dispersion of 

gelatin particles close to and protruding slightly from the tube surface (Figure 5.5 A 

and B). The 5-1Ol-1.m micropores were also visible (Figure 5.5 B). After two hours 

release, macroporosity in the range of 90-125l-lm is apparent on the external surface of 

the PCL tubes (Figure 5.5 C and D). The significant changes of surface morphology 

before and after gelatin release are probably responsible for the reduction of outer 

diameter ofPCL tubes under flow conditions (Figure 5.6). 
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Figure 5.5 Scanning electron micrographs of 44% w/w gelatin-loaded PCL tube 

before gelatin release (A, B) after gelatin release (C, D) 
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Figure 5.6 Explanation of the reduction in outer diameter determination of 

gelatin-loaded peL tubes under flow conditions 
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5.2 Measurement of the changes in outer diameter of 

microporous peL tubes under continuous flow conditions at 

The outer diameter of peL tubes, gelatin-loaded peL tubes and macroporous peL 

tubes (formed by protein extraction) was also measured under increasing flow rates 

from 50-1000 mllmin using a laser scanning micrometer. Similar to the above study 

(Section 5.1) nominal OD=7.5 mm, ID= 6.5mm, peL tube length-55mm and the 

/ 

diameter changes were measured at the tube mid-point. 

At each flow rate, the outer diameter of peL tubes was measured at least 1000 times 

over a time interval of 2min at a rate of 10 measurements/sec in order to obtain the 

mean diameter. In addition, three repeat tests under increasing flow rates (50-1000 

mllmin) were applied to each sample consecutively to generate information on the 

short .. term recovery characteristics of microporous peL tubes subjected to fluid flow 

conditions. 

In the first run, the outer diameter of microporous peL tubes increased with flow rate 

as shown in Figure 5.7. No significant changes in outer diameter of peL tubes was 

measured at low flow rates from 50ml to 200mllmin, suggesting that peL tube can 

resist the resulting shear stress and internal pressure without dilation. However, with 

increased rates of fluid flow, the peL tube expanded from around 7.44 mm at 

200mllmin to around 7.48 mm at 1000 mllmin (40JLm) in a short time period (2 
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minutes). After 2 min at lOOOmVrnin, the flow rate was reduced to 50mVmin and the 

outer diameter of the PCL tube was recorded at around 7.45mm, which is at least 

10llm larger than the starting diameter. Thus the PCL tube does not return 

immediately to its original diameter (recover) after being subjected to high flow rates. 

In the second run, the outer tube diameter first decreased and then gradually increased 

with increasing flow rate. This finding indicates that some recovery occurs over time 

following tube dilation. In the third run, the diameter of the PCL tube at each flow 

rate was similar to the second run, suggesting that permanent deformation ('set') of 

PCL tubes is produced initially by high flow rates but the recovery characteristics of 

the 'stress modified' material limits further deformation. 
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Figure 5.7 The changes in outer diameter of a microporous PCL tube under increasing 

continuous flow rates at 37°C 

* 1, 2 and 3 are repeated measurement of the same tube 
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5.2.1 Measurement of the changes in diameter of 

gelatin-loaded peL tubes under continuous flow conditions 

at 37°C 

PCL tubes containing 28.6, 37.5 and 44.4% w/w gelatin loading respectively 

exhibited three patterns of behaviour in outer diameter under continuous flow 

conditions at 37°C (Figure 5.8). As discussed above in the constant flow rate study 

(30OmVmin Section 5.1) gelatin particles start dissolving from the surface of PCL 

tubes from the beginning of the test at 37°C. Therefore, the peak in outer diameters 

under continuous flow in the first run may be attributed to the difference between the 

reduction of diameter caused by gelatin extraction and tube dilation. For example, if 

the tube dilation is larger than the diameter decrease induced by gelatin extraction, the 

outer diameter of PCL tube will increase. In contrast to the first run, the second and 

third tests on each gelatin-loaded PCL tube resulted in a gradual increase of outer 

diameter. Similar to measurements on unloaded microporous PCL tubes, the outer 

diameter during the 2nd and 3rd run increased gradually by approximately 30ILm for 

28.6 and 37.5% loaded matrices and by 60ILm for 44.4%-loaded tubes with increasing 

flow rate up to 100OmVmin. No significant permanent deformation of the PCL tubes 

was observed. Thus, the gelatin-loaded materials exhibit good recovery characteristic 

under short duration fluid flow conditions similar to unloaded PCL matrices. In 

addition, tube dilation appears to increase with increasing gelatin content of the 

matrices indicating increased compliance of the material. 
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Figure 5.8 The changes in outer diameter of (A) 28.6% (B) 37.5% and ( ) 44.4% 

gelatin-loaded peL tubes under continuous increasing flow conditions at 37° 

*Run 1, 2 and 3 are repeated measurement on the same tube 
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5.2.2 Measurement of the changes in outer diameter of 

macroporous PCL tubes (formed by gelatin extraction) 

under continuous flow conditions at 37° C 

Macroporous peL tubes with theoretical macroporosity of 13, 19 and 23% and pore 

sizes in the range of 90-125 f.Ull (produced by gelatin extraction) exhibited similar 

deformation behaviour under continuous increasing flow conditions. During the first 

run, the outer diameter of peL tubes with 13% macroporosity increased rapidly 

initially and then tended to plateau at a flow rate of 400mVmin to 100OmVmin. In 

addition, the sample tube did not fully recover its original diameter after being 

subjected to high flow rates. Approximately 5JLm dilation remained. For peL tubes 

with 19% and 23% macroporosity, similar behaviour was observed to unloaded 

microporous peL tubes (Figure 5.7). Increasing dilation occurred with increased flow 

rate during first the run resulting in a small permanent deformation of approximately 

5 to 10J.lm (Figure 5.9 B and e). Good recovery of tube diameter occurred after the 

second and third runs from a dilation of around 15J.lm and 40f.Ull respectively for 19 

and 23% porosity tubes (Figure 5.9 B and e). This behaviour reveals that the internal 

pore structure of peL tubes produced by gelatin extraction can accommodate the 

shear stress and hoop strain induced by continuous flow conditions in the short term 

without significant permanent deformation. The extent of dilation increases with 

increasing porosity of the matrix due to the reduction in the polymer phase content 

and consequent increase in material compliance. 

155 



7 .94 
......... 
E 7.939 g 
L-

7.938 .$ 
a> 
E 7.937 
.!!1 
~ 

a> 7 .936 
.0 
:J - 7.935 
L-

a> -:J 7.934 
0 

7 .933 

7.795 

......... 
E 7.79 
E .....-.... 
.$ 7.785 
a> 
E 
.!!1 ~ 7.78 

Q) 
.0 .a 7.775 
'-
.$ 
:J o 7.77 

0 

- - - - - - - - - - - - - - - - - - -.;-.- .... ..::::.~ .~ .- .. ;-. :c.-:;,- - -
• 4. ., A 
- ~ - - - - - - - - - ~- - - - - - n - - -6- - - IS ~ - - -:- /- - - - - - - - -

" " A 

- ~" - - - - - - - -::' - - - -~- - - - - - - - - - - - - - - - - - - - - - -. ' ~ 
:. .: /1 

- - . ~ . -.--:. ~/ - - - - - - - - - - - - . ... • ... ~ - - - - - - - - -
/!r' ~ 

------------------------. A 3 ----------

200 400 600 

Flow rate (ml/min) 

800 

.". 

1000 

• 
A 

---------------------------~~~--------

" . .--~ ;;;. 
~ ----------~ ~~~ ~ ~------------------\, ..It--- --..-

\, It '----
l --" 

-+-- \ 

-- 2 
-~- 3 

1200 

7.765 L..-__ -'--__ -'--__ -'-__ -'-__ ---'-__ ---' 

o 200 400 600 800 1000 1200 

Flow rate (ml/min) 

7.89 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

E 7.88 
E 
';:' 7.87 
$ 
a> 

7.86 E 
.!!1 
~ 7.85 a> 
.0 
:J 7.84 -L-

a> -:J 7.83 
0 

7.82 
0 

------------------------------ - -------.< .... 
.. ;.:~ "" 

-------------------- ~~~~ - --------------
..... At 

~ ------------ ;;~~ - ------------------ ---
"i>.>_ _ _ fJ. :".-:-.H' 

_____ Jt;':.' :: _____ _ 

200 400 600 800 

Flow rate (ml/min) 

.. ·• .. · 2 
--fr 3 

1000 1200 

Figure 5.9 The changes in outer diameter of macroporous PCL tubes produced by 

gelatin extraction under continuous increasing flow conditions at 37°C. (A) 13% 

macroporosity (B) 19% macroporosity(C) 23% macroporosity 

*Run 1 2 and 3 are repeated measurement on the same tube 
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5.3 Measurement of the changes in diameter of microporous 

PCL tubes under pulsatile flow conditions at 37°C 

The changes in outer diameter of a microporous PCL tube under pulsatile flow 

conditions at 37°C are shown in Figure 5.9. Pulse frequency was adjusted to 1Hz (60 

pulses per minute) and the minimum dynamic flow rate was set at 0 mllmin. The 

mean flow rate is obtained by averaging the peak and minimum dynamic flow rate. 

Each flow rate was maintained for 5mins and the outer diameter of PCL tubes was 

measured under mean flow rate and pulsatile flow rate conditions over 50 secs in the 

middle of each experiment. 

The outer tube diameter increased with mean flow rate (Table 5.2). When mean flow 

rate was low (5Omllmin) the outer tube diameter increased by approximately 5-l0p.m. 

With increased mean flow rate of 600mllmin the change in outer tube diameter 

increased by a factor of 15 to around l50/Lm. This behaviour reveals that under 

pulsatile flow conditions, the dilation of PCL tubes is proportional to the mean flow 

rate. The starting outer diameter of the PCL tube in Exp 1 tube was measured as 

7.69mm and this increased to 7.73mm (40J.lIIl) at the end of the test indicating 

incomplete recovery of the initial tube dimensions as observed for continuous flow 

conditions (Figure 5.7). 
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Table 5.1 The effect of conditions of pulsatile flow on the deformation of microporous 

PCLtubes 

Exp. No. Max dynamic Mean flow rate Change In outer tube diameter 

flow (ml/mln) (ml/mln) 

1 100 50 

2 200 100 

3 300 150 

4 400 200 

5 500 250 

6 600 300 

7 700 350 

8 800 400 

9 900 450 

10 1000 500 

11 1100 550 

12 1200 600 

Pulse frequency 1Hz. Minimum dynamic flow rate = Oml/min 

PCL tube length = 60mm PCL tube outer diameter =7.68mm 
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Figure 5.10 The changes in outer diameter of microporous PCL tube under pulsatile 

flow conditions at 37°C 
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5.4 Burst testing of microporous, gelatin-loaded and 

macroporous peL tubes 

The burst strength at 37°C of microporous PCL tubes, gelatin-loaded PCL tubes and 

macroporous PCL tubes (90-125J.lm pore size) (produced by gelatin extraction) was 

investigated under hydrostatic conditions at 37 °C. The tube length under test of 

triplicate samples was controlled at 6Omm. A pressure of 102.4 kPa was applied 

initially and increased at a rate of 50-200Palsec using a pressure regulator. Two 

distinct responses were observed in the pressure vs time profile. In the first stage, the 

pressure increased gradually then dropped sharply but no visible failure of the tube 

was apparent. This was followed in the second stage, by a sharp increase of pressure 

until the burst point of the tube when longitudinal cracking is apparent. The first point 

of pressure drop and the burst point of microporous PCL tubes was recorded at 132 

kPa and 149 kPa, respectively, as shown in Table 5.3. With gradually increased 

pressure, the outer diameter of the microporous peL tubes increased by 

approximately 20p.m until first point of pressure drop (Figure 5.10). On converting 

Pascals to mm Hg, it is seen that microporous peL tubes can withstand around 

200mm Hg (12Omm Hg blood pressure is recorded in healthy individuals). 

Gelatin-loaded peL tubes exhibited a lower first point pressure and burst strength 

than peL tubes resulting in around 130 mm Hg pressure resistance. No significant 

difference in burst strength was apparent for 28.6%, 37.5% and 44.4% w/w 

gelatin-loaded peL tubes in the present study. However the gelatin particles 

embedded in the PCL phase reduced the overall strength of the tube relative to 
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microporous peL samples by reducing the peL content and/or acting as stress raisers 

to initiate crack formation. Similarly, macroporous peL tubes formed by gelatin 

particle extraction also revealed decreased burst strength and a low first point pressure 

compared with microporous peL tubes (Table 5.10). Increased porosity reSUlting from 

gelatin extraction reduces the peL content of the tube wall and the continuity of the 

peL phase. Therefore, lower burst strength is anticipated. 

Table 5.2 Burst strength of microporous peL tubes, gelatin-loaded peL tubes and 

macroporous peL tubes formed by gelatin extraction 

Sample 

PCLtube 

28.6 w/w gelatin-loaded 

37.5 w/w gelatin-loaded 

44.4 w/w gelatin-loaded 

13% macroporous PCL tube 

19% macroporous PCL tube 

23% macroporous PCl tube 

1 st point of pressure drop 

(kPa) 

131.7 ± 4.8 

120.6 ± 2.1 

118.5 ± 3.3 

115.0 ± 7.1 

114.6 ± 3.9 

115.6 ± 1.1 

115.1 ±2.5 

Burst point 

(kPa) 

148.7 ± 12.4 

123.7± 1.4 

128.9 ± 2.2 

131.7 ± 4.8 

126.6 ± 5.4 

125.3 ± 5.7 

120.6 ± 6.6 

• Macroporous PCl tubes produced by extraction of 90-1 25J.Ull gelatin particles at 37°C 
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Figure 5.11 The changes of outer tube diameter and internal pressure during burst 

testing ofPCL tubes 

5.4.1 Morphology of fracture surface of peL tubes following 

burst testing 

The fracture surface of rrucroporous PCL tubes following burst testing was 

characterized by a rough, microporous morphology with irregular pore shape and size 

of 5-20J..ll1l (Figure 5.11 A and B). The PCL fibrils visible in the fracture area might be 

formed by deformation of the PCL phase caused by increased internal pressure at the 

burst point. SEM analysis of macroporous PCL tubes formed by gelatin extraction 

also revealed a microporous fracture surface and the presence of irregular large pores 

of size of 90-125Jlm (Figure 5.11 C D and E) which can be attributed to the original 

gelatin particles. Compared with microporous PCL tubes, macroporous tubes 
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exhibited a less fibrous fracture morphology indicating less deformation of the PCL 

phase (Figure 5.11 C). No significant difference was apparent between the fracture 

surfaces ofPCL tubes with 13, 19 and 23% macroporosity (Figure 5.11 D and E). 

Figure 5.12 Scanning electron micrographs of fracture surface ofPCL tubes following 

burst testing (A,B)microporous PCL (C)13% macroporous PCL (D)19% macroporous 

PCL (E) 23% macroporous PCL 
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5.5 Discussion and conclusions 

The study described in this chapter was designed to evaluate the changes in diameter, 

recovery characteristics and burst strength of PCL--based tubes under 

hydrostaticlhydrodynamic flow conditions to assess their potential as vascular grafts. 

In previous studies, both synthetic and natural materials have been used in tissue 

engineering of blood vessels (mostly biodegradable) [233, 234]. Vascular grafts have 

been fabricated in a range of tube geometries that have significant differences in wall 

thickness and tube length to diameter ratio. These differences in geometry together 

with porosity and polymer physico-chemical properties would all influence 

mechanical performance. Polylactic acid-based tissue engineered blood vessels 

(2Omm in diameter, 80mm length and with over 95% porosity) have shown favorable 

interaction with smooth muscle-like cells under dynamic fluid stress and pulsatile 

flow (mean flow rate of 500ml/min) [233]. PGA nonwoven tubes have been used for 

sequential seeding of constructs with smooth muscle and endothelial cells in a 

perfusion bioreactor under flow conditions [234]. Buttafoco, et al [235] recently 

characterised the physical properties of collagen/elastin-based vascular grafts cultured 

in a bioreactor. During 7 days, the yield stress of scaffolds seeded with smooth muscle 

cells increased from 20± 1 kPa to 40± 1 OkPa, and yield strain increased from 90±20% 

to 160±30% under both dynamic and static flow conditions. 

In the present study, the changes in outer diameter (dilation) of microporous and 

macroporous PCL tubes were investigated under hydrostatic and hydrodynamic 
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conditions. No significant dilation of microporous PCL tubes (I 01J.l11) was recorded at 

a constant flow rate of 300mVmin during limited testing (I hour) at 37°C. Flow 

testing of gelatin-loaded tubes at a constant flow rate of 300ml/min resulted in a 

gradual decrease of tube diameter, probably due to solubilisation of protruding gelatin 

particles at the tube surface. (Figure 5.2) This behaviour may be advantageous for 

delivery of antibacterials or thrombolytic agents immediately flowing implantation of 

PCL tubes as vascular prosthesis. Enhanced macroporosity of the graft surface may 

improve interaction of host cells such as fibroblasts with the scaffold external surface 

or the interaction of seeded cells with the scaffold in a bioreactor prior to implantation. 

Under continuous increasing flow conditions, microporous PCL tubes exhibited minor 

dilation (30J.ll11) under high flow rates (I OOOmVmin) , but no craze or crack formation. 

Gelatin-loaded PCL tubes and macroporous PCL tubes, formed by gelatin extraction, 

exhibited good recovery of diameter following continuous increasing fluid flow rates 

(Figure 5.7) similar to unloaded, microporous PCL tubes. In this case, tube dilation 

increased with gelatin content and macroporosity, reflecting the importance of the 

PCL phase for resisting hydrodynamic stresses. These findings demonstrate the 

importance of adjusting the scaffold composition to meet the mechanical property 

requirement of potential vascular prostheses. 

The dilation of micro porous PCL tubes under pulsatile flow conditions (1Hz) at 37°C 

increased from 51J.111 to 150lJ.l11 with increasing mean flow rate from 50-600 ml/min. 

This behaviour is attributed to the particular mechanical properties of 

165 



polycaprolactone, 750% elongation, low tensile modulus (0.4 GPa) tensile strength 

29MPa. Importantly, the microporous PCL tubes tend to show very good recovery 

after deformation under high flow rate conditions (Figure 5.7) but not to the original 

tube diameters, indicating the limited elasticity of polycaprolactone. Cell seeding 

including fibroblasts, smooth muscle cells and/or incorporation of a natural polymer 

such as elastin may overcome this limitation of the present designs. Alternatively, 

pre-stressing of microporous PCL tubes could be applied to introduce permanent 'set' 

prior to implantation. Increasing tube dilation of 15 and 40J.lm respectively occurred 

for macroporous PCL tubes with theoretical porosity of 19 and 23% under a high 

continuous flow rate of 100Omllmin, this behaviour again indicates the importance of 

controlling the scaffold porosity to optimize cell interaction, drug delivery and 

mechanical properties. 

Microporous PCL tubes revealed a relatively high burst strength of around 200-300 

mm Hg of PCL tubes compared with gelatin-loaded PCL tube (around 130mm Hg) 

and macroporous PCL tubes formed by gelatin particle extraction (around 115 mm 

Hg). The burst strength may be varied if necessary in future work by controlling 

factors, such as the starting molecular weight and crystallinity of polycaprolactone, 

the thickness of the tube wall, porosity and uniformity of pores etc. If a cylindrical 

body is distended radially (due to internal pressure), then to conserve volume, the 

cylinder's length will decrease (Poisson'S ratio), generating a reaction force parallel to 

the tube axis. Transverse cracking may be expected on tube failure. Longitudinal tube 
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cracking was observed during burst testing suggesting that radial tube extension is 

responsible for tube failure. However, because of the degree of elasticity of 

polycaprolactone both longitudinal and radial elongation could occur, with volume 

being conserved by thinning of the porous tube wall. This phenomenon is known as 

hyper elasticity and has been shown to occur in vascular tissue [236]. Non-uniformity 

of peL tubes may influence the burst strength. The sharp drop in pressure recorded 

during burst testing of peL tubes may be explained by localized dilation of the porous 

tube wall or failure of the luminal surface, prior to final crack propagation through the 

entire tube wall. This capacity for 'pressure relief' could be advantageous in avoiding 

catastrophic failure of implanted tubes. 

More extensive testing is necessary to assess whether peL tubes can be utilized in 

vivo as vascular graft over long time periods of at least 7-10 years. The mechanical 

properties may be reinforced by growth of smooth muscle cells, endothelial cells and 

fibroblasts in vitro or in vivo in longer term investigations. Further work in required 

to assess for example: 

1. the long term mechanical behaviour under flow conditions 

2. the interaction of the peL tubes with blood components 

3. endothelial cell/scaffold interaction with the aim of producing an endothelialised 

luminal surface 

4. fibroblasts interaction with the external tube surface to promote integration with 

host tissue 
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. Chapter 6 

Controlled delivery of enzymes and a 

steroid, dexamethasone, from microporolls 

PCL matrices 

Chapter 3 described the incorporation of lactose and gelatin particles in microporous 

PCL matrices in order to achieve I) controlled drug delivery and 2) macroporous peL 

scaffolds with defined pore structure to enhance cell ingrowth. PCL matrices revealed 

sustained release of gelatin in PBS at 37°C. However, the formulation approach using 

organic solvent may denature proteins resulting in loss of biological activity. The aim 

of this chapter is to investigate the influence of PCL matrix formulation on enzyme 

loading and release characteristics and biological activity in vitro as a model for 

growth factor delivery in tissue engineering. 

Various enzymes such as lysozyme, ribonuclease A and horseradish peroxidase (HRP) 

have been used as model proteins to investigate the stability and activity of proteins 

during processing and storage [219, 221, 222]. In this study, lysozyme, collagenase 

and catalase were incorporated within PCL matrices, respectively, by rapid 

precipitation of an enzyme suspension in PCL solution in dry ice followed by solvent 

extraction (Section 2. 4). The choice of these enzymes was based upon 1) the 

availability of a convenient and well validated biological assay in vitro 2) protein 
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molecular weight characteristics covering a wide range from 14.3 to 240kDa and 3) 

their supra-molecular structures (secondary, tertiary and quaternary structures) which 

play an important role in controlling enzyme activity. 

6.1 Preparation and analysis of lysozyme-loaded peL 

matrices 

6.1.1 Lysozyme as a model protein in tissue engineering 

Chicken egg white lysozyme is a low molecular-weight protein (14.3kDa) comprising 

129 amino acids with secondary and tertiary structure Figure 6.1. Lysozyme consists 

of 40-45% a- helix, 19% ~-sheet, 23-27% turn and 13-14% random structures. The 

enzyme is widely distributed in animals and plants and has been used in the 

pharmaceutical industry due to its bacteriolytic properties for treatment of sore throats. 

Lysozyme has been investigated frequently for a number of years as a model protein 

to detennine the effects of scaffold or microsphere formulation on release behavior 

and activity [237-239]. 

Figure 6.1 Native structure of chicken egg white lysozyme 
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6.1.2 Formulation of lysozyme-loaded peL matrices 

Lysozyme is insoluble in acetone but soluble in water (15mg/ml) and methanol. 

Lysozyme lyophilized powder containing 50,000 units/mg was ground using a glass 

pestle and mortar resulting in particles of size 100-200J.lm with irregular particle 

shape (Figure 6.7 D). Lysozyme particles were suspended in 17% w/v peL solution to 

produce 10%, 20% and 40% w/w suspensions and lysozyme-loaded peL matrices 

were subsequently produced by rapid cooling of the suspensions in dry ice as 

described in Section 2.1.2. 

peL microporous matrices containing lysozyme particles display soft and flexible 

characteristics and are free of large scale cracks and voids in the surface and interior. 

The lysozyme loading in the final matrix was around 3.1 % w/w and 10.5% w/w for 

matrices produced from 10% and 20% w/w particle suspensions, respectively (Figure 

6.2). This reduction in loading compared with the starting suspension may be 

explained by the solubility of lysozyme in methanol which is used during matrix 

fonnulation to extract acetone. The lysozyme-loaded peL matrices exhibited a 

unifonn particle distribution from the top layer to the base (Figure 6.2) confinning 

that the casting technique using dry ice can significantly limit particle sedimentation. 

Increasing the initial enzyme loading of the peL solution from 10% to 20% w/w 

improved the loading efficiency in the finished matrices from 30% to around 50%. 

peL matrices were also produced from suspensions containing 40% w/w lysozyme 

powder. However, the poor mechanical strength of the finished matrix indicates that 
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interactions between lysozyme and the PCL phase lead to a reduction in physical and 

mechanical properties. 
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Figure 6.2 The weight distribution of lysozyme in microporous PCL matrices 

6.1.3 Thermal properties of lysozyme-loaded peL matrices 

Polymer crystallinity affects the permeability to fluids, biodegradation rate and 

density of polymeric matrices because the close-packed polymer chains in the 

crystalline phase are less accessible to water and other solvents which may influence 

protein or drug release from the material [240]. The melting point of PCL and 

lysozyme-loaded PCL matrices produced by rapid cooling was, in general, higher than 

the value of 58-60°C normally quoted for PCL (Table 6.1). The melting temperature 

of lysozyme-loaded matrices was approximately 2 °c lower than enzyme-free 

matrices suggesting the presence of smaller crystallites and/or crystal imperfections. 

Low lysozyme loading results in increased peL crystallinity suggesting enhanced 



crystal nucleation and growth due to the presence of the particulate. However, the % 

crystallinity of peL matrices having the highest enzyme loading (40%) was found to 

be approximately 10% lower than peL matrices and 15% lower than matrices 

containing 3.2% and 10.5% w/w enzyme. The reason behind this behaviour is unclear 

at present but similar findings were recorded in the case of steroid-loaded peL 

matrices (fonned by dissolving the drug in PCL solution) and coliagen:PCL 

biocomposites [9, 218]. High lysozyme loading can be seen to inhibit PCL crystal 

nucleation and growth and results in poor mechanical strength of the finished matrix 

as mentioned above. 

Table 6.1 Thennal properties of peL and lysozyme-loaded peL matrices 

Fonnulation of PCl matrix 

lysozyme loading (% w/w) 

Tm CO 

.'. HI 

Crystallinity (%) 

pel 

68.2 

99.7 

71.51 0.71 

lysozyme-loaded pCl matrix 

3.2 

66.1 

107.8 

77.3 t. 0.43 

10.5 

66.1 

105.7 

75.8±1.16 

6.1.4 Lysozyme release from microporous peL matrices 

40 

66.8 

83.7 

60.2 ~. 2.57 

The amount of lysozyme released from PCL matrices in PBS solution at 37°C was 

measured using the BeA total protein assay (Figure 6.3). A burst release phase of 30 

and 45% was observed for enzyme-loading of 3.1 % and 10.5% respectively during 

the first day followed by gradual release up to day 7 when the release profile 

plateaued. The initial enzyme loading affects the initial burst effect. There was no 

marked difference in the release pattern of the two fonnulations, around 80% of the 
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initial enzyme content was delivered from the 10.5% w/w lysozyme-loaded PCL 

matrix within 12 days compared with 60% from the 3.1 % w/w lysozyme-loaded PCL 

matrix. This behaviour indicates a more highly developed network of interconnections 

between ly ozyme particles in the more highly loaded matrices. The remaining 

enzyme content may be efficiently encapsulated by polymer therefore taking longer to 

release or not being released [217]. 
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Figure 6.3 Cumulative lysozyme release from microporous PCL matrices in PBS at 

6.1.5 Biological activity of lysozyme 

Mo t of the biochemical assays for lysozyme are based on its lytic activity since 

lysozyme can hydrolyze the 1-4 glycosidic linkage between alternating 

-acetylgluco amine (NAG) and N-acetylmuramic acid [50] residues on the cell wall 

of micro-organisms. In the pre ent study, the activity of lysozyme was determined by 
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measunng the turbidity degree of lysis induced by the enzyme on Micrococcus 

/ysodeikficus cells as described in Section 2.4.5 r241]. 

Fresh lysozyme solution in PBS of concentrations I mg/ml and 2mg/ml was stored at 

-20°C for one week and the activity of thawed enzyme solution was determined every 

24 hours to investigate the effeet of storage condition on activity. As shown in Figure 

6.4, enzyme activity appeared to be constant and close to 100% after 5 days storage at 

- 20°C and decreased to around 97% during day 6 and 7 indicating that the enzyme is 

fairly stable in frozen PBS solution at - 20°C and no signi ficant loss of enzyme 

activity occurs over 7 days . 
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Figure 6.4 Activity of lysozyme solution in PBS following storage at - 20°C 

Fresh lysozyme solution in PBS at concentrations of 1 mg/ml and 2mg/ml was also 
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stored at 37°e for one week and activity was recorded every day over one week. The 

enzyme appeared to be stable for the first three days (95-100% retained activity) 

compared to native enzyme solution and slightly decreased (by approximately 5%) 

over the following 4 days. Protein stability mainly depends on the interactions of the 

amino acid side chains with secondary structure clements and/or the so lvent to which 

it is exposed [2421- The loss of activity of lysozyme during 7 days storage in PBS (pi I 

7.4) at 37°e may be attributed to time dependent unfolding of its secondary structure 

elements at 37°e or to the pH of the medium which is outside the most stable range of 

3.5-5.0 for lysozyme r243-245]. 
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Figure 6.5 Activity of lysozyme solution in PBS following storage at 37°e 

Lysozyme powder (approximately 2mg) was exposed to 2m l acetone or dissolved in 

methanol for I hour respectively to investigate the effect of matrix fonnulation 
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conditions on enzyme activity. After solvent evaporation in air, the dried lysozyme 

powder was accurately weighed and re-dissolved in PBS solution to make a I mglml 

enzyme solution for activity measurement. Native lysozyme powder was also 

dissolved in PBS as a control. As shown in Table 6.2, no significant loss of bioactivity 

of lysozyme was measured after immersion of the powder in acetone or methanol for 

I hour indicating that the organic solvents used in matrix formulation do not cause 

unfolding of the enzyme secondary structure resulting in denaturation or degradation 

of the native enzyme. This result suggests that the technique of PCl matrix 

formulation by rapid cooling may be useful for incorporating growth factors or other 

active molecules with retained activity. 

Table 6.2 Activity of lysozyme solution following powder exposure to orgamc 

solvents 

Activity 

Native lysozyme 

solution 

100% 

Lysozyme solution 

(50!lg Iml) prepared 

from powder exposed to 

acetone 

99.62 ± 1.58% 

Lysozyme solution 

(50~lg Iml) prepared from 

powder 

exposed to methanol 

99.17 ± 0.98% 

6.1.6 Investigation of lysozyme activity following release 

from peL matrices 

An important aspect of protein or enzyme delivery is the stability of the protein in the 

delivery device during the release period. In the present study, the complete lysozyme 

release medium in PBS was collected every two days and stored at - 20°C prior to 
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analysis (Section 2.4.7). The activity of lysozyme released into PBS over the first 8 

hours was recorded as 99.8 ± 0.6% compared to native lysozyme and was similar for 

3.4% and 10.5% enzyme loaded PCL matrices (Figure 6.6 A). The activity of released 

lysozyme decreased gradually over 11 days to around 80% of the activity of fresh 

lysozyme solution. This behaviour, as discussed above, may result from denaturation 

of released enzyme over the 2 days period in PBS caused by unfolding of the 

secondary structure at 37°C. It can be inferred that neither degradation nor unfolding 

of lysozyme occurred during preparation of the matrices, since enzyme activity was 

conserved following exposure of the powder to acetone and methanol. The enzyme 

may be denatured in the matrix at 37°C and released in degraded form. The results 

indicate that the hydrophobic nature of PCL (which is normally responsible for poor 

compatibility with proteins, resulting in protein adsorption onto the polymer surface, 

denaturation and aggregation [246, 247]) may not be a major problem since 60-80% 

of the enzyme load was released in PBS (Figure 6.6). Increasing enzyme degradation 

may occur in the matrix and/or release medium over extended time periods. However 

this biological examination of lysozyme revealed the potential of the microporous 

PCL matrix to allow controlled release of active growth factors for use in tissue 

engineering. 
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6.1.7 Morphology of lysozyme-loaded peL matrices 

Lysozyme particles produced by grinding exhibited a laminar morphology of irregular 

shape with size in the range of 100-200 /Lm (Figure 6.7). No significant 

morphological differences between enzyme-loaded peL matrices and enzyme-free 

peL matrices were apparent. Lysozyme loaded peL matrices before and after release 

were characterized by a rough, microporous morphology with irregular pore shape 

and size of 5-10/Lm. Lysozyme particles are visible on the surface before release 

(Figure 6.7 A). 

Figure 6.7 Scanning electron micrographs (A) 20% w/w lysozyme: peL matrix before 

release (B) lysozyme: peL matrix after release (e) lysozyme particles 
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6.2 Preparation and analysis of collagenase-loaded PCL 

matrices 

Collagenase from Clostridium histolyticum is a medium molecular-weight protein 

with molecular weight ranging from 68,000 to 125,000Mw. Collagenase can break 

down the native collagen in connective tissue and is made by a variety of 

micro-organisms and many different animal cells [248]. Collagenase has been widely 

used for disaggregating human tumour, mouse kidney, human adult and fetal brain, 

lung and many other tissues, particularly endothelium [249-251]. It is also used in 

liver and kidney perfusion studies, for digestion of the pancreas and for isolation of 

nonparenchymal rat liver cells [252, 253]. However, no controlled drug delivery study 

was found using collagenase as a model protein. Collagenase was chosen as a model 

protein in the present study due to its medium molecular weight characteristic, a 

simple method for bioactivity determination and its sensitivity to storage conditions 

when in solution. 

6.2.1 Formulation of collagenase-loaded PCL matrices 

Collagenase is soluble in water and methanol but insoluble in acetone. PCL matrices 

containing three loadings of collagenase (10, 20 and 40% w/w) were produced by 

rapid cooling in dry ice, collagenase dispersions in PCL solution (Section 2.1.2). The 

dried microporous PCL matrices containing collagenase exhibited a light brown, soft 

and flexible characteristic without large scale cracks and voids in the surface or 

interior. The weight distribution of collagenase throughout the PCL matrices prepared 
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using 17% w/v PCL solutions is shown in Figure 6.8. The top, middle and base of the 

finished microporous PCL matrix exhibited similar enzyme loading and no significant 

sedimentation effect was apparent. Since collagenase is soluble in methanol , around 

30% of the enzyme was lost from the final matrix due to partition into the non-solvent 

used in matrix production. 
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Figure 6.8 The weight distribution of collagenase in microporous PCL matrices 

6.2.2 Thermal properties of collagenase-loaded peL 

matrices 

The thermal characteristics of collagenase-loaded PCL matrices are shown in Table 

6.3. The melting point ofPCL matrices containing collagenase particles was similar to 

the value of 58-61 DC normally quoted for PCL. The incorporation of collagenase 

resulted in an increase in crystallinity from 71.5% for unloaded PCL matrices to 
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approximately 74% for all three collagenase incorporated PCL matrices. A similar 

effect was found for lysozyme-loaded PCL matrices (except for 40% w/w lysozyme 

loading Table 6.1), indicating a crystal nucleating effect due to the presence of the 

collagenase particles. In previous studies, Skoglund et al reported that PCL melts 

crystallized more rapidly with heterogeneity addition due to an improved nucleating 

ability and decreased molecular mobility. The observation of increased crystallinity 

for enzyme-loaded PCL matrices may be attributed to a similar combination of factors 

which enhance nucleation, principally the low crystallization temperature in dry ice 

and the improved dispersion of collagenase and lysozyme particles which function as 

nucleating agents. 

Table 6.3 Thermal properties ofPCL and collagenase-loaded PCL matrices 

PCL Collagenase-loaded PCL matrix 

collagenase loading (% w/w) 7.4 16.3 28.6 

TmCC) 68.2 60.2 62.1 61.3 

~Hf 99.7 103.6 103.1 104.1 

Crystallinity (%) 71.5 ± O. 7 74.3 ± 3.02 73.9 ± 1.07 74.6 ± 1.98 

6.2.3 Collagenase release from microprous PCL matrices in 

vitro 

Cumulative release of collagenase from PCL matrices in PBS at 37°C was measured 

using the BCA total protein assay from day I to day 3 and the QuantiPro ™ BCA 

assay for the remainder of the release study due to the low collagenase concentration 
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in PBS. Approximately 85% of the original collagenase content of the peL matrices 

was released over 17 days in PBS (Figure 6.9). A burst phase of 30-60% was observed 

in the first 24h. The initial enzyme loading of the peL matrices was found to 

influence the magnitude of release. For example 30% of the collagenase content was 

released in day 1 from 7.4% w/w enzyme-loaded matrices compared with 

approximately 60% from peL matrices containing 28.6% w/w initial enzyme loading. 

This behaviour may be explained by the high solubility of collagenase in water and 

good connectivity between collagenase particles in the matrix resulting in large 

amounts of enzyme released in the first 3 days. The release profiles tended to plateau 

at 8 days. However, there are no marked differences in collagenase release duration 

and pattern among the peL matrices containing three different enzyme loadings. 
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6.2.4 Investigation of collagenase activity in solution and 

after exposure to the solvents used for matrix formulation. 

The collagenase from Clostridium histolyticum used in PCL matrix preparation contains 

0.25-1.0 FALGPA units/mg solid, >125 CnU/mg solid (CnU = collagen digestion 

units). The activity of collagenase can be determined using a collagenase digestion 

unit (CnU) assay based on cleaving two of the three helical chains in the long, 

undenatured collagen protein [254]or by measuring the enzyme's ability to cut a short 

synthetic peptide, N-[3-2-Furyl]acryloyl)]-Leu-Gly-pro-Ala (FALGPA). In the present 

study, the activity of collagenase was determined by measuring the changes of 

absorbance of the fragment at 565nm caused by enzyme-specific hydrolyse of a 

synthetic substrate, carbobenzoxy-Gly-Pro-Gly-Gly-Pro-Ala-OH to 

carbobenzoxy-Gly-Pro-Glyand Gly-Pro-Ala. 

Fresh collagenase solution in PBS (concentration Img/ml) was stored at -20°C for one 

week and the activity of the thawed enzyme solution was determined every day in 

order to examine the effect of storage condition on enzyme activity (Figure 6.10). The 

activity of collagenase appeared to be very close to 100% indicating that low 

temperature storage can effectively preserve the activity of the enzyme in PBS 

solution. 

184 



110 

~ 
:~ 90 
~ 
o 
CO 

.~ 80 - - - - - - - - - - - - - - - - - ........ 1 mg/ml collagenase solution -- - - -
0) 
o 
(5 
ffi 70 

60 L-__ ~ ____ ~ ____ ~ __ ~ ____ ~ ____ ~ __ ~ ____ ~ 

o 1 2 3 4 5 6 7 8 

Time (Days) 

Figure 6.10 Activity of collagenase solution in PBS stored at -20oe 

120 -------------------------------------------------

-- 110 
~ o -
~ 100 
> 

+=i o 
co 90 
co 
.2 
~ 60 

.Q 
m 70 

---- 1 mg/ml collagenase solution 

60 L-__ ~ __ ~ __ ~ __ ~ __ J_ __ ~ __ ~ __ _L __ ~ __ ~ 

o 2 3 4 5 6 7 8 9 10 

Time (Days) 
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Native collagenase in PBS solution (concentration Imglml) was also stored at 37°e 
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for one week to investigate if activity was affected by the release conditions used for 

testing enzyme-loaded PCL matrices. As shown in Figure 6.11, the activity of 

collagenase in PBS assessed every 24 hours over 7 days seems to be constant and 

fairly stable compared to native fresh collagenase solution. A biological activity in 

excess of 100% was recorded at day 3, 4 and 8. The reason behind this effect is 

unclear at present, but it may be caused by localized aggregation or association of 

enzyme molecules in specific regions of the solution. 

Collagenase powder (approximately 2mg) was also suspended in 2ml acetone or 

methanol for 24h to simulate exposure of enzyme to the solvents used in PCL matrix 

formulation. The collagenase powder was collected, and dried and subsequently 

redissolved in PBS to produce a Imglml solution. Native collagenase powder was 

also dissolved in PBS as a control (lmglml). The retained activity of collagenase after 

exposure to the solvents used in PCL matrix formulation was found to be 

approximately 100% (Table 6.4) suggesting that enzyme activity would not be lost 

during matrix formulation. 

Table 6.4 Activity of collagenase following exposure of powder in organic solvent 

Activity 

Native collagenase 

solution 

100% 

Collagenase solution 

(1mg Iml) prepared from 

powder exposed to 

acetone 

101.37±0.91% 

186 

Collagenase solution 

(1mg Iml) prepared from 

powder 

exposed to methanol 

98.97 ± 1.46% 



6.2.5 Bioactivity of collagenase released from peL matrices 

The activity of collagenase released from 7.4% w/w enzyme-loaded matrices was 

examined. However, the low concentration of collagenase in the release medium 

results in unreliable data. The activity of collagenase released from 16.3% and 28.6% 

enzyme-loaded PCL matrices appeared to be stable (around 95-120%-retained activity) 

compared with native collagenase over the first 8 hours and no significant difference 

in activity was found between the two enzyme loadings. Similar to the study of 

collagenase solutions at 37°C, over 100% activity was measured in the release , 

medium over 2-5 h for the 20% enzyme-loaded matrices and at 5h for the 40% 

enzyme-loaded PCL matrices. The reason for this behaviour is unclear at present, but 

it may be result from self-association of collagenase in the release medium. The 

activity of released collagenase was determined for 11 days only due to insufficient 

release from 11-17 days (Figure 6.9). The activity of released collagenase was fairly 

constant over 11 days (99-110%) compared to native collagenase and no marked 

difference was found between the two loadings. In conclusion, no degradation or 

denaturation of collagenase occurred during matrix formulation, and enzyme release, 

suggesting that the rapid cooling technique could be suitable for growth factor 

incorporation and delivery from PCL matrices for tissue engineering. 
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6.2.6 Surface morphology of collagenase-loaded peL 

matrices 

SEM examination of 16.3% and 28.6% collagenase-loaded PCL matrices revealed a 

porous surface morphology with irregular pore shape and size in the 5 to 20llm size 

range (Figure 6.l3 A). No significant differences were observed for matrices before or 

after collagenase release. Collagenase particles showed an irregular laminar or 

flattened shape with sizes in the range of 50 to 500 Ilm (Figure 6.13 C), but no 

particles were detected on the external surface or through the cross section of PCL 

matrices (Figure 6.l3 A, B). This indicates formation of afine-scale particle dispersion, 

efficient particle coverage by the PCL phase or particles may be masked by PCL 

(Figure 6.13 A, arrowed). 
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Figure 6.13 Scanning electron micrographs of (A) external surface of 16.3% w/w 

collagenase-loaded peL matrices (B) cross section of 16.3% w/w collagenase-loaded 

peL matrices (e) collagenase particles 

6.3 Formulation and analysis of catalase-loaded peL 

matrices 

Bovine liver catalase has been investigated previously as a model protein to study the 

effects of formulation and preparation on activity [255]. The enzyme has a large 

190 



molecular weight (243 kDa) and exists as a tetramer of four identical subunits, each of 

which consists of 506 amino acids plus one heme group and one NADH molecule. 

Catalase is found in nearly all aerobic cells of animals and bacteria, fungi and plants 

and its function is to protect the cells from the toxic effects of hydrogen peroxide by 

catalyzing its decomposition to H20 and O2• 

Figure 6.14 ative structure of catalase 

6.3.1 Formulation of catalase-loaded peL matrices 

Catalase was loaded into PCL microporous matrices using the rapid cooling technique 

described in Section 2.1.2. Briefly, catalase powder was suspended in PCL solution 

prior to cooling in dry ice followed by solvent extraction using methanol as 

non-solvent. The weight distribution of catalase throughout the dried PCL matrices is 

shown in Figure 6.15. Only 50% of the starting catalase content of the PCL solution 

was incorporated in the final PCL matrices probably because of catalase's solubility in 

methanol which was used for solvent extraction. A uniform distribution of catalase 

was obtained throughout the material from top to base showing that sedimentation 
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effects are limited. However, the catalase particles, after loading in peL matrices, 

exhibited a characteristic colour change from the original light celadon to yellow 

brown indicating possible denaturation of the enzyme during matrix formulation. 
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Figure 6.15 The weight distribution of catalase in microporous peL matrices 

produced using methanol as a non-solvent and 10, 20% and 50% w/w particle 

suspensions 

In an alternative approach, methanol was replaced by ethanol to extract the solvent 

(acetone) remaining inside the hardened peL matrices. The incorporation efficiency 

of catalase in the final material was increased from around 50% to 97% compared 

with peL matrices produced using methanol to extract the solvent. The reason for this 

behaviour is not clear at present, but it may be explained by reduced solubility of 
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catalase in ethanol. In addition, catalase particles incorporated in the dried peL 

matrices did not display any colour or morphology changes suggesting that rapid peL 

crystallization in dry ice, followed by the use of ethanol as non-solvent may not cause 

denaturation or damage the enzyme's molecular structure. The peL matrices 

exhibited similar enzyme loading throughout the material (Figure 6.11) again, 

confirming that the rapid crystallization technique can effectively reduce 

sedimentation and produce peL matrices with a fairly uniform enzyme distribution. 
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6.3.2 Thermal properties of catalase-loaded peL matrices 

produced using methanol or ethanol as the non-solvent 

As shown in Table 6.6, the melting point of catalase-loaded PCL matrices produced 

using either methanol or ethanol as a non solvent was similar (around 65°C) which is 

higher than the usually quoted values for PCL (58-61°C). The mean crystallinity of 

catalase-loaded PCL matrices produced using methanol or ethanol as a non-solvent 

was similar to enzyme-free PCL matrices, indicating that the presence of catalase 

particles has no significant influence on nucleation and growth of PCL crystals. 

Table 6.5 Thermal properties of catalase-loaded PCL matrices produced usmg 

methanol or ethanol as a non-solvent 

Formulation of 

catalase-loaded PCL matrix 

PCL Methanol as non-solvent Ethanol as non-solvent 

catalase loading (% w/w) 

TmCC) 

~Hf 

Crystallinity (%) 

68.2 

99.7 

71.5± 0.7 

5 10 

65.5 65.2 

96.2 97.4 

69.3 ± 1.2 69.8 ± 1.62 

6.3.3 Bioactivity of catalase 

25 10 20 

M2 M2 ~9 

98.7 100.4 100.3 

70.8 ± 0.84 72.2 ± 3.02 71.9 ± 1.07 

Assays for determination of catalase activity are based on the measurement of H202 

decomposition, the liberation of 02 and the production of heat [256]. The 

spectrophotometeric method used for catalase determination is based upon the 

enzymatic decomposition of H202, which is a first order reaction when the H20 2 
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63.8 

99.7 

71.5 ± 8.88 



concentration is between 10Ilg and SOllg. The reaction constant (k) as function of time 

follows: 

Catalase 

Where L\t=t2-tl represents the measured time interval, and S) and S2 are the 

concentrations ofH202 at times t\ and t2 respectively. 

Catalase powder (approximately 2mg) was exposed to 2ml acetone, methanol or 

ethanol respectively for I hour. After solvent evaporation in air, the powder was 

collected, accurately weighed and re-dissolved in PBS to produce a SOllglml enzyme 

solution for activity testing. Native catalase powder was also dissolved in PBS as a 

control. As shown in Table 6.5, 98-99% bioactivity was retained after exposure to 

acetone or ethanol but all enzyme activity was lost following exposure to methanol. 

This result suggests that the rapid crystallization method using ethanol as the 

non-solvent will not damage catalase. 

Table 6.6 Activity of catalase following exposure of the powder to organic solvents 

Native Catalase solution Catalase solution Catalase solution 

catalase (SOJ.l.g1ml) prepared from (SOJ.l.g1ml) prepared (50J.l.g1ml) prepared 

solution powder exposed to acetone from powder exposed from powder 

to methanol exposed to ethanol 

Activity 
100 98.3 ± S.8 0 99.1± 4.8 

retention (%) 
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Fresh catalase solution in PBS was prepared in a series of concentrations from 

10Jlglml to 50Jlglml and stored at 37°C for 8 hours or 7 days respectively. The 

bioactivity of catalase was assessed by measuring the conversion of hydrogen 

peroxide to water and molecular oxygen as described in Section 6.3.2. The activity of 

catalase solution (concentration 50Jlglml) recorded every hour over 8 hours was 

constant at 99-100% compared to native enzyme solution (Figure 6.17). Catalase 

solutions of lower concentration (10-40 Jlglml) were found to be less stable, 

exhibiting approximately 30-40% activity loss in 8 hours. Similar results for the 

stability of native catalase (approximately 30% activity loss in PBS after 5 hours 

incubation at 37°C) have been reported by Cetinus.S.A et al [257] and suggest that 

catalase is thermally sensitive. However, the activity loss may be attributed to a 

number of factors such as dilution, ionic strength, pH of the solution and temperature. 

Over a 7 days storage period in PBS, the activity of catalase fell to between 50 and 

65% at day 1 and 20-30% at day 3 compared to native catalase solution. The activity 

decreased gradually after day 3 until no biological activity was detected at day 5. The 

stability of catalase solution in PBS following storage at -20°C was not assessed in 

this study since Sigma's product information states that freezing stock solution will 

cause a 50-70% loss in enzyme activity. 
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6.3.4 Catalase release from microporou P matri 

produced using methanol or ethanol as a 000- olv nt 

Catalase release from PCL matrices produced using methanol to e tra t the s l ent 

was examined over 21 days, but was confined to 3.5-6.5% cumulative deli ery at day 

7, followed by a long period of zero release (Figure 6.18). This beha i ur may e 

explained by the altered hydrophobicity of catalase during formulation whi h r lilt 

in strong binding with the PCL matrix. Exposure of the catala e p wd r t methan 

may also result in denaturation of the enzyme and reduced olubility in the P 

release medium. The amount of enzyme delivery up to day 7 increased with tala e 

loading of the PCL matrix and no major " initial burst" phase wa ~ und during the 

first 24h. However, no enzyme activity was recorded during the release tudy, whi h 

indicates that PCL matrix processing using methanol to extract a et n i lin lIit I 

for incorporating active catalase. 

8 

.- 7 

'*' ~ 6 

'-" 
Q) 5 
I/) 
ro 
Q) 4 

~ 

~ 3 
:p 

~ 
::J 2 
E 
::J 
01 

------------------ --------. 

- 24.8% cotnl c lading 

0-------'----'------'---'---"----'-- ~ 

o 2 3 4 6 6 

Time (Days) 

Figure 6.18 Cumulative catalase release from microporolls P 
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Compared to the approach using methan I, cumulative atala e r lea e fr m the 

matrices was significantly increased from appr ximately % in 7 day t ar und 5 % 

over 15 days when ethanol was used to extract solvent ( igure . 1 and .1 ). hi 

behaviour indicates that catalase does not bind strongly with the P pha e r the 

matrices when ethanol is used as the non-solvent. The release PI' fil e btained fi r ail 

three enzyme loadings was similar apart from the magnitude f the initial bur t 

release phase (Figure 6.19) which increased with enzyme loading. imilar b hav i ur 

was observed for lysozyme-loaded matrices ( igure 6.3). Around 23- % f the 

catalase content of the matrices was released in 24 hours followed by w gradual 

release over 15 days. 
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6.3.6 Biological activity of catalase released from 

microporoDs peL matrices 

During this study, the biological activity of catalase was determined immediately after 

collection of samples of the release medium (PBS 37°C) by measuring the conversion 

of hydrogen peroxide to water and molecular oxygen. Catalase released from PCL 

matrices over the first 8 hours retained approximately 40% to 99% activity compared 

to native catalase in PBS. Catalase released from 38.2% w/w loaded PCL matrices 

appeared to be fairly stable during the first 8 hours (Fig 6.20) which may result from 

its high concentration in the release medium (over 500Jlg/ml). In contrast, enzyme 

released from 8.5% loaded-PCL matrices was found to retain around 80% activity 

over the first 3h which then gradually decreased to around 40% of the activity of fresh 

catalase solution at 8h. This behaviour is similar to the effect of incubating low 

concentration catalase solution in PBS at 37°C (Figure 6.17). In conclusion, no 

degradation or aggregation of catalase is expected during formulation of PCL matrices 

using acetone and ethanol. However the activity of released enzyme will be affected 

by catalase concentration in the release medium and storage time at 37°C. The activity 

of catalase released from PCL matrices was also measured for 9 days. Catalase 

released from 40% enzyme-loaded PCL matrices retained close to 95% activity over 

the first three days and a notable reduction to 20% was recorded between day 3 and 5. 

With decreasing enzyme loading of the matrix from 38.2% to 8.5%, only 40% activity 

of released catalase remained after 1 day, approximately 20% at day 3 and no activity 

was left at day 5. Catalase is expected to be stable during matrix formulation using 
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ethanol as a non-solvent. However, analy i r ata la e a ti ily i mpli aled by the 

possibility of denaturation or non-released enzyme during in ubati n r the P 

matrices in PBS at 37° and by denaturati n of re lea ed enzyme. ala la c in luti n 

in PBS (20-50 J.tglml in PBS retained appro imalely %, 0% and % a li ily at day 

1,3 and 5. Catalase released from 19.1 % enzyme I aded-P r lained 8 %, 

60% and 10% activity at the same time interva ls ugge ting that the P matri may 

provide a protective effect for encapsulated enzyme. 

120 

_ 100 

cf?-
'--" 

~ 80 
:> 
t5 
ro 60 
ro 
,~ 
g> 40 

,0 
CO 

20 

o 

- - ' - --
, I>- " ~ '" 

. . . . 
~1- ;'-
y" 

.. ----.- 4 -----

'"t o"~"~ ''f'<' .-'" '+"" '? 
•.• ~ •. 9.5% w tw catal e loading 

• 19.1 % w tw catalase loading 

o 38.5% w tw cat laso loading 

~--~- -~---~--~----~ 

o 1 2 3 4 5 7 

Time (Hours) 

20 1 



140 - - - - - - - - - - - - - - - - - - - - - - - -

120 - - - - - - - - - - - - - - - - - - - - - - - - - --?f. 
"100~~~~~~~ 
~ 
~ 80 o 
(U 

.~ 60 
C) 

.Q 
. 

- - - - .¢~.; - - - - - - - - - - - - - - - -.2 40 

CO 20 ---------'~~'~~·~~':t4-------", 
". 

", 
" 

... <> .. 9.5% w/w catalase loading 

• 19.1% w/w catalase loading 

~38.5% w/w catalase loading 

OL---~--~----~--~--~~~~~ __ -------U 
o 2 3 4 5 6 7 8 9 

Time (Days) 

10 

Figure 6.20 Activity of catalase released from peL matrices (A) during 8 hours (8) 

during 10 days in PBS at 37°e 

6.3.7 Morphology of catalase-loaded peL matrices 

The catalase particles exhibited a laminar morphology with irregular shape and size 

around 100-200f.Ull similar to lysozyme and collagenase particles (Figure 6.21 E 

arrowed). SEM analysis of catalase-loaded peL matrices produced using methanol as 

the non-solvent (Figure 6.21 A) revealed a rough and microporous surface 

morphology. Catalase particles were found to be evenly embedded inside the peL 

matrix on sectioning of samples (Figure 6.21 8 arrowed). The surface morphology of 

catalase-loaded peL matrices fonned fusing ethanol to extract solvent exhibited a 

rough and more porous surface morphology (Figure 6.21 e). Similarly, catalase 

particles were not clearly observed on the surface but a unifonn distribution of 
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6.4. Formulation and characterization of 

dexamethasone-loaded peL matrices 

Dexamethasone was readily incorporated into peL matrices using the co-solution 

approach, since the steroid is completely soluble in acetone. However, the efficiency 

of drug loading was confined to around 70-75% of the original drug content of the 

peL solution (Figure 6.22). The extent of dexamethasone loss during formulation is 

considered to arise from its high solubility in methanol leading to partition into the 

non-solvent layer during matrix formation. The solubility of dexamethasone in 

methanol is 25mglml (Sigma). A fairly uniform drug distribution is apparent 

throughout the peL matrices apart from the base region (Figure 6.22). Since the peL 

matrices were left in the mould to dry, the acetone/methanol mixture gradually 

evaporates from the top to the base of the matrices. A higher drug loading may be 

anticipated in the base of the moulding due to the tendency of the steroid to associate 

with the residual solvent during the drying process. 
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6.4.1 Thermal propertie of d am tha n -I ad d P I 

matrices 

The melting temperature 0 r dexametha • \ U imilut t 

matrices (Table .7). In additi n, the ry tallinit fr m appr illlat'l 

71.5% to 62.4% for P L matric prepared 1I ing 170
/ " I 'lOU 12 
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reduction in crystallinity of the P L matri far und 2 %. \\ ' r' 

recorded in the case of progesterone-loaded P L matricc [2 1 ] lJ1d lin 'n .P l 
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biocomposites [9] indicating a 'contact sensitivity' of peL solutions to certain 

extraneous solids which inhibits crystal nucleation and growth. 

Table 6.7 Thennal properties of drug free-peL matrices and dexamethasone-loaded 

peL matrices produced by precipitation casting using 12.5% w/v peL solutions 

Fonnulation of PCL matrix PCL (12.5% w/v) dexamethasone-loaded PCL 

matrix 

dexamethasone loading (% w/w) 3.9 7.9 

TmCC) 67.5 65.8 66.1 

~Hf 87.2 69.8 71.2 

Crystallinity (%) 62.4± 2.7 50.1 ± 0.4 50.8 ± 1.1 

6.4.2 Dexamethasone release from • mlCrOpOrous peL 

matrices in vitro 

The characteristics of dexamethasone release from 3.9% and 7.9% w/w drug loaded 

matrices prepared by the co-solution approach using a peL solution concentration of 

12.5% w/v are shown in Figure 6.24 and Figure 6.25. The steroid loading was 

founded to influence the amount and the duration of drug release. The 3.9% w/w 

dexamethasone-loaded matrices tended to sustain delivery longer than the higher 

loaded matrices. The amount of dexamethasone released decreased rapidly over the 

first 1-2 days and then more gradually over the remaining 6-7 days of the study. The 

initial burst effect recorded in the first few hours was probably caused by drug located 

near the surface of the matrix. The variability in the amount of drug released at a 

particular time period (Figure 6.23) may be explained by localised non-unifonn drug 

distribution in the matrix. The amount of dexamethasone delivered from the matrices 
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over time increased with drug loading, correlating with the response of diffusing 

species to a higher concentration gradient. However, less than 50% of the steroid was 

from the matrices in 8 days (Figure 6.24) indicating a low efficiency of 'pore-type' 

and 'partition-type' diffusion mechanisms. 
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Figure 6.23 Release of dexamethasone (J.1g) from mlcroporous peL matrices 

containing 3.9% and 7.9% w/w initial drug loading 
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Figure 6.24 Cumulative release of dexamethasone (%) from peL matrices containing 

3.9% and 7.9% w/w initial drug loading 

6.4.3 Morphology of dexamethasone-loaded peL matrices 

Dexamethasone particles were not observed on SEM examination of steroid-loaded 

peL matrices (Figure 6.25 A and B), suggesting that dexamethasone is produced as 

fine dispersion of particles during matrix production by the co-solution technique. 

Figure 6.25 Scanning electron micrographs of7.9% w/w dexamethasone-loaded peL 

matrix produced using the co-solution technique (A) Surface region (B) section 

through matrix 
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6.5 Discussion and Conclusions 

In regenerative medicine and controlled drug delivery research, lysozyme loading and 

release kinetics have been widely investigated for optimizing the design and 

performance of different types of scaffolds or microspheres for potential biomolecule 

delivery in active form [219, 222,258,259]. It is known that lysozyme is most stable 

in the pH range 3.5-5.0, where the denaturation temperature is reported to be 75-80DC 

[243-245]. Poly(ethylene glycol)/poly(butylene terephthalate) matrices loaded with 

lysozyme using emulsion techniques revealed zero-order release kinetics and no 

reduction of lysozyme activity over a 50 days release period [260]. Lysozyme 

(positive charged) encapsulated in dextran based hydrogel microspheres exhibited 

80% w/w release in active form over 60 days and mathematical modelling revealed 

that the release kinetics were governed by Fickian diffusion [259]. PLGA 

microparticles containing lysozyme which were produced by supercritical fluid 

processing also indicated undamaged protein function after formulation but no release 

kinetics was documented [222]. Sohier et al [219] investigated dual release of 

lysozyme together with myoglobin from poly(ether-ester) multiblock copolymer 

matrices as micro spheres and found that protein release can be influenced by matrix 

and coating characteristics. The achievement of controlled delivery of up to 80% of 

the lysozyme (Mw 14.3 kDa) load over 11 days from PCL matrices, with retained 

activity around 80% is consistent with the above studies although over shorter time 

period. Similarly, approximately 80% of the collagenase (Mw 68-125kDa) load was 

gradually released in 8-10 days from microporous PCL matrices with complete 
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retention of activity.·In contrast, catalase (Mw 243 kDa) release was limited to around 

6% in 7 days with complete loss in activity occurring during PCL matrix formulation 

using methanol as the non-solvent. The use of ethanol rather than methanol resulted in 

50% catalase release from PCL matrices in PBS at 37°C over 14 days but a maximum 

of 20% activity was retained over a 5 day release period. However, a protective effect 

of the PCL matrix towards encapsulated enzyme is suggested since the activity of 

catalase solutions in PBS is completely lost in 5 days. 

Although catalase has not been used as a model protein in previous studies of scaffold 

formulation, its stability has been widely investigated under various storage 

conditions such as high temperature, pressure, pH, ionic strength [261] and additives. 

In general, catalase is most efficient in the temperature range of 20-50°C and pH 6-8, 

but Costa. et al [262] showed that the half-life of native catalase at 30°C is 11 days 

which may due to a time-related unfolding of the protein structure under thermal 

stress. In addition, Cetinus' group reports that native catalase in PBS lost around 

30% activity in 5 hours at 37°C [257]. Similarly, the loss of enzymatic activity of 

catalase in the present release study may be caused by temperature induced changes in 

protein conformation and structure. 

Taken together, the findings of this chapter show the potential for incorporation of 

growth factors or other active molecules with a wide range of molecular weights in 

PCL matrices and releasing them with retained activity for applications in tissue 
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engineering and drug delivery. 

The investigations . of fonnulation, drug loading and release kinetics for 

dexamethasone-loaded PCL matrices are important for optimizing the design and 

performance of microporous PCL devices for delivery of steroids. For example, 

controlled co-administration of a corticosteroid (dexamethasone) and antibiotic 

(gentamicin sulphate) from ocular inserts has been investigated to limit the precorneal 

damage caused by external ophthalmic infections [263]. In regenerative medicine 

research, the marked influence of dexamethasone on proliferation and differentiation 

of a range of cell types has been widely documented [264-270]. Human mesenchymal 

stem cells (MSC), following SOX-9 transfection, differentiated into chondrocyte-like 

cells in media containing dexamethasone and retained their phenotype when attached 

to 3-D, poly(L-lactic acid) scaffolds [266]. Human adipose-derived adult stem cells, 

seeded on gelatin scaffolds, fonn cartilage-like tissue when cultured in chondrogenic 

medium containing dexamethasone [268]. Similarly, bone marrow stromal cells 

(BMSC) cultured on 3-D scaffolds of poly(lactic co-glycolic acid) selectively 

differentiated into cartilaginous or bone-like tissues by supplementing the external 

growth medium with dexamethasone [265]. Enhanced proliferation and 

mineralization of cultured fetal and adult bone cells has also been reported in the 

presence of dexamethasone [264]. In this latter case, the steroid is considered to exert 

its osteogenic effect through targeting of specific sub-populations of osteoprogenitor 

cells which respond to glucocorticoids [269, 270]. Yoon et al [271] envisaged that 
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dexamethasone release from porous, poly(DL lactic co-glycolic acid) scaffolds would 

stimulate differentiation of migrating bone marrow stem cells into osteoblasts within 

bone defects. Microporous PCL matrices produced by precipitation casting have been 

shown previously to provide a favourable substrate for attachment and growth of 

primary human osteoblasts [217]. The control over dexamethasone delivery from PCL 

matrices demonstrated in this chapter may, therefore, provide a further advantage for 

production of tissue engineering scaffolds which are capable of inducing the correct 

phenotype of proliferating cells and functional tissue. 
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Chapter 7 

Overall conclusions and future work 

Microporous peL matrices in the form of tubes and cylinders were produced by rapid 

cooling solutions of peL in acetone followed by solvent extraction from the hardened 

matrices using methanol. The novel casting approach enabled high loadings (29-44% 

w/w) of water soluble particles (gelatin) to be achieved in peL matrices by 

suspension of particulates in the peL solution prior to casting. The good particle 

distribution throughout the matrix and, importantly, efficient extraction of the 

water-soluble phase allowed formation of a macroporous structure with defined pore 

architecture by incorporation of particles of a specific shape and size range (45-90, 

90-125, 125-250ILm). 

Gradual and sustained release of almost 90% of a high protein load (29-44% w/w) 

was achieved over time periods of 3 days to 3 weeks depending on particle loading. 

The extent and duration of gelatin release from low -loaded- peL matrices (29% w/w) 

was sensitive to the size range of incorporated particles reflecting the lower 

dissolution rate of larger particles. The duration of protein release decreased with 

increasing gelatin loading up to 44% w/w and may be explained by facilitated 

dissolution with increasing interconnectivity of particles. 
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Investigation of fibroblasts growth in cell culture on macroporous PCL matrices 

produced by extraction of lactose or gelatin particles demonstrated good cell 

attachment but no significant effect of particle size was found. The porous surface 

structure is anticipated to encourage integration of the implanted material with host 

tissue. 

Visualisation and quantitative assessment of the internal macroporous structure of 

PCL matrices was investigated using Micro-CT and image analysis. The mean pore 

diameter detected by micro-CT is less than the original particle size since the 2-D 

sample sections do not coincide with the largest particle diameter. The frequency 

distribution of equivalent pore diameter was obtained for macroporous PCL matrices 

prepared by extraction of gelatin particles in three size ranges (45-90, 90-125 and 

125-250 #lm). This type of detailed evaluation is useful for correlating with protein 

release kinetics and for assessing the potential for cell ingrowth. The analysis is 

probably the first to be applied to matrix-type drug delivery systems containing 

irregular size and shape particles. The Micro-CT determined macroporosity of PCL 

matrices was close to the theoretical porosity for materials containing macropores of 

9O#lm and above. 

Micro-CT analysis showed that the extensive network of high volume channels 

required for cell infiltration is absent in the PCL matrices produced by extraction of 
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low particle loads (29%). Thus tissue integration with the matrix surface is more 

likely for this design with the core potentially providing a depot system for controlled 

delivery of growth factors via the 5-10 ILm pore system inherent in the PCL phase. 

The study of the mechanical behaviour of PCL tubes under hydrostatic conditions at 

37°C revealed burst strength of approximately 150kPa, 123kPa, and 128kPa for 

microporous PCL, gelatin-loaded PCL and macroporous PCL tubes respectively. 

Short-term testing under fluid flow conditions (constant flow, continuous flow and 

pulsatile flow) at 3rC revealed small changes in outer tube diameter (20 ILm dilation) 

at a maximum flow rate of 1000 mllmin. Good dimensional recovery was found 

following the first application of hydrodynamic load. Micro-macropoprous PCL tubes 

may be useful for blood vessel substitution. 

The study of enzyme-loaded mlcroporous PCL matrices produced by rapid 

crystallization of the polymer phase in dry ice showed sustained release of the 

entrapped enzyme with retained activity dependent on the particular enzyme used 

(75-80% for lysozyme, at 11 days, 100% for collagenase, at II days, 10-20% at 5 

days for catalase). These findings reveal a potential for controlled delivery of growth 

factors in active form for tissue engineering. 

Further Micro-CT analysis of the internal structure of PCL matrices is required to 

clarify the pore connectivity, tortuosity and the shape and size of pore 
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interconnections which is key for guiding cells migration and proliferation. Images of 

cells seeded on porous PCL matrices would reveal the relationship between the 

internal architecture of matrices and cell ingrowth. 

Fibroblast cell culture on PCL matrices produced by gelatin particle extraction may 

reveal more clearly the influence of pore size on cell interaction since the surface 

macroporosity reflected the original gelatin particle size and shape. The surface pores 

in PCL matrices following lactose extraction reflected the size of the (1O-20JLm) 

powder fines. 

The potential for retaining bioactivity of incorporated growth factors (e.g. VEGF), 

anticoagulants (e.g. heparin) and anti-bacterial (e.g. gentamicin) recommends further 

investigation of PCL matrices to overcome the limitations of conventional blood 

vessel substitutes based on Dacron and ePTFE. 

Endothelialisation of micro/macroporous PCL tubes is desirable to overcome 

thrombosis and infection of cardiovascular prostheses. Further experiments could 

focus on cell seeding and EC monolayer formation. It is important to elucidate the 

behavior of the endothelial cell lining under simulated blood flow conditions, because 

EC cultures are extremely sensitive to shear stress, leading to cell elongation in the 

flow direction, increases in DNA synthesis and production of prostacyclin and growth 

factors. 
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The incorporation of cell adhesion molecules and specific growth factors in 

micro/macroporous PCL matrices may be advantageous for improving the 

performance of tissue engineering scaffolds. Growth factor release kinetics would 

need to be controlled to match the specific requirements of tissue repair. Controlled 

delivery of a wide range ofbioactives including microbicides, steroids, antibiotics and 

vaccines could be investigated to widen the utilization of PCL matrices in different 

phannaceutical fields. 
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