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Abstract

The repair of damaged human tissue may be enhanced greatly by a capacity to 

organise the arrangement of the healing cells. This study has demonstrated an 

approach to quantifying the capacity of fibronectin cables to align human cells. It 

is based on the staining and subsequent image analysis of cells in the 

neighbourhood of the cables, and the application of an orientation index (S) to 

give a quantitative measure of cell alignment to the cables.

The lateral extent of cell alignment ie. the number of cell layers lined up 

beside a cable, termed the “cell docking band width”, was independent of cable 

diameter. Scanning electron microscopy confirmed cell alignment and the 

deposition of fine fibrils by the cells. Orientation of cells to different cable 

configurations, as measured by an orientation index (S), ranged between 0.96 - 

0.97 in the cell docking band width, denoting almost perfect alignment. Aligned 

cell docking band widths increased as a function of initial cell seeding level. This 

method represents a functional test system for fibronectin as a contact guidance 

material.

Following atherosclerotic plaque formation in coronary artery, a bypass 

operation is sometimes necessary, normally utilising autologous vein transferal. 

Such grafts are subject to failure and a tissue engineered vascular graft is highly 

sought after. Fibronectin tubes in spiral orientation, produced by a hand winding 

method, allowed for close control of tube size dimensions. The tubes had a 

maximum tensile strength of lON/mm^ (at 34% RH) which decreased with 

increasing relative humidity. Tube burst pressure was 187mmHg (24.6x10'^ 

N/mm^) thus exceeding capillary, venule, and vena cava systemic blood pressure. 

The reservations on clinical use are discussed. Endothelial cell attachment was 

supported within the hollow core of the tube, and seen by S.E.M.

In this study the development of the proposed fibronectin material is 

considered, regarding its potential roles in skin replacement therapy and vascular 

grafting.
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1.0 INTRODUCTION

1.1 Overview -Tissue engineering

Tissue engineering has been described as “a field combining the principles of 

engineering and the biological/medical sciences in application toward the production 

of biological substitutes, aimed at the creation, preservation, or restoration of organ 

function that has been lost” (Vacanti 1997). Biocompatable materials have been used 

as cell-support scaffolds onto which living cells are grown and then transplanted. If 

cell anchorage sites and appropriate structural cues are provided in a beneficial 

environment (eg. minimal inflammation), the intrinsic ability of cells to re-organise 

and generate new tissue is enhanced (Vacanti 1997). Materials to date that have been 

used for tissue engineering studies, include polyglycolic acid, polylactic acid, calcium 

alginate, polyethylene oxide and polypropylene oxide. Tissues studied include 

collagen, bone, skin, and liver. This work has been undertaken by many contributors 

and establishments, the most influential being Charles and Joseph Vacanti, and 

Langer and colleagues based at Massachusetts, USA (1988,1993,1995,1997,1999).

The approach adopted in this study is to describe the potential of a natural, human 

derived composite material of fibronectin (65% ) and fibrinogen (35%), to be used as 

a scaffold in skin replacement therapy following wounding such as severe bums; and 

as a scaffold conduit for culture and use in vascular surgical bypass procedures.

1.2 Fibronectin (Fn) and fibrinogen (Fgn) -Provisional wound healing matrix 

proteins

The two proteins used in this study to prepare single cables and hollow tubes are 

fibronectin and fibrinogen. In wound healing these extracellular glycoproteins play 

important roles involving cell surface receptors and different functional elements.

They have different specialised domains or peptide recognition sequences for binding 

to specific cell surface receptors or to extracellular molecules, and have a variety of 

functions by doing so. Discrete functional polypeptide domains on fibronectin 

specialised for binding include cell-adhesion domains and fibrin-binding domains.
18



The majority of the matrix proteins have specific peptide sequences that are short, 

and are bound by cell surface receptors. Amino acid sequences as short as 3 to 5 

residues within the proteins can act as cell surface receptors, and adhesive 

recognition sequences. Sequences sometimes have intrinsic cell-type specificity, or 

need a complementary site to provide high affinity and specificity to an adhesion site 

that would otherwise be less specific. These molecules form interchain disulfide 

bonds at specific residues or form noncovalent self associations, and are organised 

into polymers or oligomers. There are structural units that repeat. Fibronectin or 

epidermal growth factor-like repeats can comprise a large part of some of these 

proteins. In these repeats there are domains which can be specialised for diverse 

fimctions. A healing wound contains complex mixtures of extracellular matrix 

proteins, each of which may contribute independently and synergistically for final 

effects on cell behaviour (Clark 1996).

1.2.1 Fibrinogen

Fibrinogen is an important protein in the Fn/Fgn composite as it aids cell migration 

following cell binding by Fn (Ahmed 1998). Fibrinogen is a 340,000-Da hexamer 

composed of two A alpha, two B beta, and two gamma chains. It is synthesised by all 

cells (mainly hepatocytes) and circulates in the blood at a concentration of 

approximately 3g/litre. Electron microscopy has shown the morphology of fibrinogen 

to have a typical trinodular structure (Veklich et al 1993). The amino-terminal 

disulfide knot of the six chains is represented by a central nodule. The carboxy- 

terminal regions of the B beta and gamma chains represent two end nodules. They 

are connected to the central nodule via an alpha-helical coiled region. It is suggested 

that the A alpha region may be involved in the regulation of fibrin polymerisation 

(Veklich e r a /1993).

19



1.2.1.1 The role of fibrinogen in blood clotting

The conversion of fibrinogen to cross-linked fibrin is the last step in the blood 

coagulation pathway. At the amino terminus of fibrinogen, cleavage of fibrinopeptide 

A and B by thrombin, exposes two types of binding site. These binding sites have a 

role in fibrin polymerisation (Mosesson 1992). Noncovalent lateral assembly occurs 

between the new alpha amino terminal ends and sites in the gamma chain carboxy 

termini of adjacent molecules. Lateral aggregation is re-enforced by gamma chain 

interaction also, with the new beta chain amino terminal ends. This results in the 

formation of thicker fibres. Protofibrils result from the polymerising and the 

staggered overlapping of the fibrin. Lateral protofibril associations occur, forming 

thick fibrin fibres that intertwine to produce a clot. Cross-linked fibrin has been 

found to promote fibroblast migration into the clot matrix. The study of aged clots 

has shown that highly cross-linked fibrin may inhibit cell penetration (Brown et al 

1993). Fibronectin is associated with fibrin in blood clots and is critical for cell 

migration into a clot (Knox et al 1986). In normal wounds the provisional fibrin 

matrix may promote cell recruitment into the defect by providing essential 

scaffolding for cell migration (Ciano et al 1986, Brown et al 1993). Fibrinogen- 

fibrin, its derivatives, and fibronectin may promote cell migration (Clark et al 1988, 

Leavesley et al 1992), and proliferation (Michel and Harmand 1990, Gray et al 1993) 

through direct coupling of extracellular matrix receptors on the cell surface (Damsky 

and Werb 1992). It has been suggested that fibrin may act as a reservoir for critical 

factors for cell proliferation and migration, as it has the ability to bind thrombin (Liu 

et al 1979), transforming growth factor beta (TGF-P), and platelet derived growth 

factor (Clark 1996).

1.2.2 Fibronectin

Fibronectin is a multi functional cell adhesion protein. It exists in blood and in a 

variety of tissue extracellular matrices. It is elevated in tissues during tissue 

remodelling and fibrosis, and is a key component of the provisional matrix during

20



wound repair (Clark and Henson 1988). Functions of fibronectin include the 

mediation of cell adhesion by selective binding, the promotion of cell migration and 

monocyte chemotaxis, and a role in the regulation of cell growth and gene 

expression. The fibronectin molecule consists of a series of functional domains and 

cell binding sites, and allows the interaction of fibronectin with a wide range of cell 

types, extracellular matrix proteins and cytokines.

There are number of different types of fibronectin molecule, due to alternative 

splicing of its precursor mRNA and as such, fibronectin cell-type binding specificity 

can be regulated. There may be 20 different variants of human fibronectin depending 

on the particular combination of spliced sites, however all fibronectin molecules 

consist of the same basic functional domains (Figure 1).

Cell 30K40K 20K 35K30K 75K
S5

S5
60K

Heparin Collagen/ Matrix
Fibrin gelatin assembly

Cell Heparin Fibrin

(Matrix assembly

Figure 1. The modular domain structure o f fibronectin. The numbers indicate the 
approximate molecular weights ((K)Kilo Daltons) o f  each domain. Along the bottom are 
listed the major ligand(s) bound. Fibronectin is a glycoprotein, and is depicted as a dimer o f  
similar but not identical subunits. The subunits are linked by a pair o f  carboxy-terminal 
disulfide bonds, the subunits held at a flexible angle o f  70 .̂

21



1.2.2.1 Soluble and insoluble fibronectin

Fibronectin is present in blood as a soluble plasma glycoprotein at an average 

concentration of 0.3g/liter (ten times less than Fgn), and termed “plasma fibronectin”. 

It is secreted into the blood principally by hepatocytes, but also by other cell types 

including macrophages and endothelial cells (Saba 1980). Endothelial cells produce 

Fn in rough endoplasmic reticulum prior to secretion into the blood stream. (Saba

1980). Soluble fibronectin is also found in other body fluids eg. amniotic fluid (Chen 

et al. 1976), seminal fluid (Vuento et al. 1980, Gressner, Wallraff. 1981), joint fluid 

(Carsons, et al. 1981, Scott, et al 1981, Vartio. et al 1987), and cerebrospinal fluid 

(Kuusela. et al 1978). The concentration of plasma fibronectin is regulated by the 

liver and kidneys (Saba 1980). During certain illnesses the level of plasma 

fibronectin decreases, including hepatic dysfimction, septic shock, trauma and 

thermal injury (Saba 1980). Following intravenous injection of radiolabelled plasma 

fibronectin, clearance from the circulation occured with a half life of 24-72 hours in a 

healthy individual (Mosher et al 1984). During injury the turnover of fibronectin is 

increased (Saba 1980), and an alternative fibronectin pool can be mobilised, or 

dynamic synthesis can occur to re-establish the fibronectin level (Saba 1980). Soluble 

and insoluble fibronectin may be able to role reverse following depletion of either 

form (Saba 1980). As fibronectin is present in plasma, it is thus initially present in 

wound healing clots in substantial concentrations.

Insoluble fibronectin is termed “cellular fibronectin”, and is produced by a 

wide variety of cell types, which secrete them and organise them into extensive 

extracellular matrices. Cell types include fibroblasts, Schwann cells, endothelial 

cells, chondrocytes, myoblasts, and some epithelium cell types (Atherton and Hynes

1981). Cellular fibronectins vary in composition, but all contain considerably higher 

proportions of alternatively spliced sequences than plasma fibronectin. Healing 

dermal wounds contain substantially increased amounts of cellular fibronectins, a 

major source of which is wound macrophages (f french-Constant et al 1989, Brown 

etal\992>).
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1.2.2.2 Fibronectin localisation

Fibronectin has been identified in many tissues during a number of developmental, 

repairative, and pathogenic events (reviewed by Clark 1996). It functions as a 

biological adhesive, promotes cell migration, and stimulates collagenous matrix 

formation. Along with other extracellular proteins, fibronectin is particularly 

prominent in migratory pathways for embryonic cells, such as those for gastrulation, 

precardiac mesoderm cell migration, and neural crest migration. Fibronectin has been 

localised characteristically in loose connective tissue and in embryonic basement 

membranes. In wound healing, fibronectin is present in large quantities in the fibrin 

clot where it acts as a substrate for migrating cells. Various fibrotic processes involve 

the deposition of fibronectin (Carsons 1989).

1.2.2.3 Fibronectin gene structure

The fibronectin gene is large at an estimated length of 50 kilobases. The coding 

sequence is subdivided into 50 exons of similar size, several of which can be 

alternatively spliced (Hirano et al 1983, Mosher 1989, Hynes 1990). The fibronectin 

molecule is comprised of three general types of homologous repeating units, termed 

types I,n, and HI (Komblihtt et al 1985). Each repeating module in the gene of the 

type I or n  homology unit is encoded by a separate exon. There are twelve type I 

repeats, two type II repeats, and fifteen to seventeen type HI repeats. Type m  repeats 

are larger than types I and II, and require the contribution of two exons each. Two 

type m  repeats exist as a single exon however, and both can undergo alternative 

splicing (Patel et al 1987). The repeats form the building blocks which are organised 

into larger structural domains with distinct functions. Type I modules are used in 

fibronectin domains that bind to fibrin alone, or to fibrin and heparin, or to collagen 

(Petersen et al 1989). Type II modules are found in the collagen binding domain only 

(Ingham et al 1989). Type III repeats are used in domains that bind to cells or heparin 

(Mosher 1989, Hynes 1990). The promoter region of the fibronectin gene contains a 

cyclic AMP response element sequence responsible for fibronectin induction via 

nuclear factors (Dean et al 1990, Srebrow et al 1993). Fibronectin synthesis can be
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regulated by a number of growth factors and cytokines, eg. transforming growth 

factor beta (TGF-P) (Yamanda 1989). The identity of all of the transcription factors 

needed for the regulation of gene expression is not fully known.

1.2.2.4 Functional associations of fibronectin

Fibronectin is like other extracellular matrix proteins, in that it can act as a reservoir 

for the binding of growth factors and cytokines. Fibronectin tightly binds TGF-p and 

this growth factor can be recovered by acid extraction (Fava and McClure 1987). The 

amino-terminal domain of fibronectin binds to tumor necrosis factor-alpha (TNF-a), 

and while immobilised, the growth factor retains high activity (Alon et al 1994, 

Hersh-koviz et al 1994). Extracellular matrix-bound factors such as these may 

provide an immobilised store of growth factor that can be held closely to cells for cell 

activation, or released after proteolysis of the matrix protein carrier. Fibronectin can 

also bind molecules such as complement proteins, yeast, bacteria, DNA, and 

denatured actin. These interactions have yet to be established with regard to 

biological role. It has been suggested that one function may be as a scavenger or 

opsonic molecule, to promote the clearance of such materials from the blood by the 

reticuloendothelial system (Carsons 1989).

13 SKIN

Skin is a protective barrier between a hostile environment and internal tissues. Its 

main functions are to reduce the loss of water, electrolytes and other solutes, and to 

prevent the entry of foreign molecules, microbes and radiation. Sensory innervation 

is complex and specialised, and skin contains a network of antigen processing cells. 

Heat regulation is controlled by cutaneous vasculature, sweat glands, and hair. 

Vitamin D is synthesised in the skin, and by its smell, colour and texture, the skin has 

psychological and sexual roles. The skin is composed of three layers: the epidermis, 

the dermis, and fat (Figure 2). It has good frictional properties, with texture assisting 

locomotion and manipulation. Elasticity of the skin allows stretching and
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compression within limits. There are two general skin types: thin and hirsute (the 

majority of skin), and thick and hairless (palms of hands, soles of feet, digit flexor 

surfaces). Skin has a number of lines, visible and non visible; and has numerous 

collagen types in different skin regions. Dermal collagen is composed of types I (80- 

85%, course) and HI (15-20%, fine), situated in the reticular and papillary dermis 

respectively. Different collagen types and their locations are summarised in table 1.

Dermal collagen type Localisation

I reticular dermis

m papillary dermis

IV basal lamina

V lamina lucida and around cells

VI forms a microfibrillar network, enmeshing nerves and vessels

vn anchoring fibrils

Table 1. Different collagen types and their location in the dermis o f skin

Elastic fibres, composed of amorphous elastin and lOnm microfibrils form a fibrous 

network which is interwoven between collagen bundles throught the dermis. Blood 

supply to the skin represents 5% of total cardiac output at rest. The skin lymphatic 

system consists of small terminal vessels that collect fluid and macromolecules that 

have leaked from capillaries, for return to the circulation. The vessels begin as blind 

endothelial lined tubes/loops just below the papillary dermis which drain into larger 

vessels. The terminal lymph vessels are made up of a single layer of flattened, 

overlapping endothelial cells; whereas the larger collecting vessels have thicker 

endothelium.
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13.1 The epidermis, dermis, and hypodermis

The epidermis consists of a modified, stratified, squamous epithelium that arises 

from basal, germinal, columnar kératinocytes. The kératinocytes evolve as they 

migrate towards the surface and through the prickly (spinous) layer. In the prickly 

layer the cells acquire a polyhedral shape. The cells become nucleated in the granular 

layer, acquire keratohyalin granules, and form the superficial keratinised layer (homy 

layer). In the homy layer the cells lose their nuclei and form a tough external layer.

Epidermal cells are linked by desmosomes. The epidermis resides on a thin basement 

membrane and anchorage to the dermis occurs via hemidesmosomes and proteins 

such as laminin, basement membrane proteoglycan, and type IV collagen. In the 

basal cell layer melanocytes develop from neural crest cells, and synthesise melanin 

pigments which are transfered to kératinocytes through dendritic processes. Skin 

pigmentation forms protection against harmful ultraviolet radiation.

The dermis consists of a fibrous matrix of collagen and elastin, fixed in a 

ground substance of glycosaminoglycans, hyaluronic acid and chondroitin sulphate.

Nerves, blood vessels, fibroblasts, and various inflammatory cells reside in this layer.

Skin appendages such as sebaceous glands (waterproof and skin lubrication), 

apocrine (concentrated in eg. anogenital regions and eyelids) and eccrine glands 

(sweat glands), are set in the dermis. The dermis comprises of two layers: the 

papillary dermis and the reticular dermis. The papillary dermis opposes the 

undulating dermal-epidermal junction, and the reticular dermis lies beneath this, 

forming the bulk of collagen, elastic fibres and ground substance. Dermal fibroblasts 

synthesise and secrete collagen types I and HI, and elastin. Disruption to dermal 

elastin causes wrinkles and loose skin formation.

The dermis resides on the hypodermis which comprises of subcutaneous fat 

and loose connective tissue. The role of this layer includes fat storage and insulation.

1.3.2 Dermal wound healing

In vertebrates, the resonse to traumatic injury has been extensively studied and cells 

involved in wound healing have been identified (reviewed by Grinnel 1984).
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Fibronectin may play numerous roles in vivo in the cutaneous healing process.

Following a full thickness skin wound (ie penetrating the epidermis, dermis, and 

basement membrane) the depth of the defect is filled by blood clot containing 

platelets in a fibrin meshwork. Wound invasion by neutrophils follows to control 

infection, and by monocytes to remove tissue deberis and secrete fibroblast growth 

factors and other activity factors. Fibroblast growth factors are also secreted by the 

platelets of the original blood clot. Fibroblasts and endothelial cells mirate to the 

wound from the subdermis. The fibroblasts synthesise granulation tissue, 

vascularised by the endothelial cells. Kératinocytes migrate in from the wound edges 

and form a neoepidermis over the granulation tissue. The granulation tissue remodels 

to form a more normal epidermis beyond 1-2 weeks (Grinnel 1984). The process of 

thrombosis follows platelet activation (Ginsberg et al 1979, Zucker et al 1979), and 

in this process, specific and saturable receptors for fibronectin are exposed on the 

platelet surface (Plow et al 1981, Hansen et al 1982). Studies have demonstrated 

fibronectin-mediated platelet spreading on collagen (Grinnel et al 1979, Katokansky 

et al 1981), and to subendothelium associated with Factor VIII (Booyse et al 1992). It 

has been suggested that fibronectin is necessary for normal platelet function (Grinnel 

1984). Studies have demonstrated the promotion of neutrophil motility, chemotaxis 

(Jarstrand et al 1982), adhesion to endothelial cells (Wall et al 1982) and neutrophil 

adhesion to material surfaces (Barber et al 1978) by fibronectin. Fibronectin may act 

as a signal for neutrophil movement to the wound (Grinnel 1984). Fibronectin is 

thought to be important in monocyte migration and phagocytosis (Grinnel 1984).

Following migration into the wound, fibroblasts secrete an extensive fibronectin 

matrix which then forms a further association with type HI collagen in large amounts 

(Grinnel et al 1981). Fibronectin has stronger affinity for binding type HI collagen 

than other types of collagen and evidence indicates that fibronectin matrix deposition 

forms a scaffold structure for the organisation of collagen. Fibronectin may therefore 

play a role in the organisation of granulation tissue matrix (Grinnel 1984).

Endothelial cell adhesion and chemotaxis has been reported to be promoted by 

fibronectin (Bowersox, Sorgente 1982, Ungari et al 1985), and may play a role in 

endothelial cell migration into the wound. Keratinocyte attachment and spreading 

could be mediated by fibronectin acting as a substrate (Gilchrest 1982, Stenn 1983)
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and may also be important in epithelial cell migration (Berman et al 1983).

Following all the migration of cells to the wound site, fibronectin may promote the 

reorganisation of the basement membrane underlying the epidermis (Brownel et al 

1981). Fibronectin accumulates at times of increased vascular permeability and is 

produced by blood vessels in response to injury (Clark et al 1982).

1.3.3 Skin replacement therapy

Following major bum injury when autografting is not possible, the use of an artificial 

skin grafting material is desirable to close wounds susceptable to infection, 

dehydration and heat loss, and to provide a suitable environment for the regrowth of 

tissue. Skin replacement therapy has employed the use of allograft cadaver skin, 

allograft skin, xenografted skin, collagen sponges, spray on polymers and occlusive 

or semi occlusive dressings made from polyurethanes, hydrocolloids and hydrogels.

Currently the most ambitious skin replacement therapies available commercially 

include Apligraf™ (Graftskin, Organogenesis. Eaglstein et al 1995); and other 

biological skin equivalents, membranes consisting of a peptide treated nylon mesh 

with an outer silicone layer (Cooper and Spielvogel 1994); and collagen bilayer 

equivalents (Yannas and Burke 1980, Matsuda et al 1993), consisting of a layer of 

collagen sponge containing glycosaminoglycans. These products have some clinical 

advantages over earlier skin replacement therapies but are not ideal solutions. The 

collagen bilayer equivalents are claimed to be satisfactory in almost all cases (Suzuki 

et al 1990). Other biological skin replacements lack the adhesive properties of human 

skin but are suitable for use as temporary wound cover (Hansborough 1990). An ideal 

skin replacement therapy should not be immunogenic to the patient and should 

mediate a strong, controlled wound repair. Use of natural, biodegradable materials is 

particularly favourable to prevent further complications arising from implant 

removal, whilst mediating cell infiltration and being non immunogenic. Wound 

repair could be stronger and more flexible if the scar tissue was less random in 

structure and organised more like normal dermis. Restoration of more normal 

connective tissue architecture by directional control of fibroblasts, and consequently 

subsequent oriented deposition of collagen may now be possible using guidance
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templates (Ejim et al 1993).

Fibronectin (Fn) mats have been prepared as tissue repair guidance templates 

in the form of cables for dermal, tendon and nerve injuries and as substrates for tissue 

engineering (Prajapati et al 1996, Brown et al 1994, Wojciak Stothard et al 1997,

Whitworth et al 1996). Subsequently, single cable forms of fibronectin (Fn-cables) 

have been made to orientate wound repairing cells (Underwood et al 1999). Cell 

alignment on such cables is critical to their function and so a quantative assessment 

of alignment has been developed in this study to test cables capable of being prepared 

by large scale processing techniques. Fibronectin may potentially be used for contact 

guidance in the healing of bum wounds by structurally organising cells and for other 

tissue engineering purposes such as nerve repair.

1.4 BLOODVESSELS

In an adult there are 100,000 kilometers of blood vessels in total. Vasculature can be 

described in terms of the distribution of oxygen, nutrients and hormones (arteries and 

arterioles); exchange (capillaries); collection of carbon dioxide and metabolic end 

products (capillaries and venules); and veins which transport blood back to the heart.

Artery and vein structure consists of a coat of longitudinal smooth muscle (the tunica 

externa), surrounding an inner coat of circular smooth muscle (the tunica media).

The inner surface is lined with a monolayer of endothelial cells (the tunica intima).

At intervals along the length of veins the tunica intima forms one-way valves. This 

functions to favour blood flow back to the heart in regions where the veins are 

subject at intervals to compression, mainly by the skeletal muscles eg. calf muscles.

Artery smooth muscle is much thicker than in veins, and the lumen of artery is 

smaller. The connective tissue wall of arteries and veins contains a mixture of 

collagen and elastin. Collagen is relatively stiff compared to elastin, and the 

proportions of the two influence the compliance, or ease of stretch of the vessel wall.

The compliance determines the rate at which the pressure inside a vessel increases as 

the volume of blood is increased. Artery walls have a relatively high collagen 

content, which makes them less compliant than veins. This maintains blood flow 

through the circulation during diastole. During diastole, elastic recoil of the aorta and
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large arteries slowly release stored energy, maintaining a relatively high mean arterial 

pressure and a constant flow of blood through capillaries. The arteries and arterioles 

smooth out the pulsatile flow of blood from the heart. Capillaries do not have smooth 

muscle coats. The structure of capillary endothelium differs in different organs due to 

solute and fluid permeability and organ specificity. Capillaries in general consist 

solely of a single layer of closely joined endothelial cells, allowing water and small 

hydrophobic solutes to pass between the plasma and interstitial fluid. Capillaries in 

most regions of the central nervous system have a low permeability even to small 

organic solutes. These capillaries constitute the blood-brain barrier. In the kidneys, 

endocrine glands, intestine, and liver, capillaries may have large pores (fenestrated 

capillaries), or gaps (discontinuous capillaries) (Kapit and Elson 1993). Systemic (to 

the body as opposed to the lungs) vessels differ in size, the blood pressure they 

support, and the rate of blood flow through them. Blood pressure is pulsatile due to 

systolic and diastolic heart movements in the aorta, arteries and arterioles. The aorta 

is the main vessel from the left side/systemic side of the heart. It is approximately 

5cm in diameter and supports the total cardiac output of 5000ml/mia Blood pressure 

in the aorta is approximately 120/80 mmHg (systolic/diastolic) when resting, and can 

be elevated to > 190 mmHg during exercise. Blood branches from this vessel into 

arteries and arterioles, increasing the blood-vessel surface area and decreasing the 

blood pressure through individual vessels. Pressure decreases to 100/70 in arteries, 

and 50/40 in arterioles. Vessels vaiy in diameter according to their situation in 

relation to the larger or smaller vessels. Arteries decrease in diameter from the aorta 

to arterioles. Arterioles range from 4-25 micrometers in diameter (arteiy end- 

capillary end). Capillaries, venules and veins also differ in diameter and are subject to 

laminar blood flow of a blood pressure average of 20mmHg, lOmmHg, and 2mmHg 

respectively. A typical capillary has a diameter of 5 micrometers, and a blood flow of 

Iml/min.

1.4.1 Vascular endothelium

Vascular endothelial cells form a monolayer that continuously covers the inner 

surface of the majority of the vascular system (an exception being in the liver), and
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forming this layer is crucial to the success of tissue engineered, vascular grafts. It 

represents the primary anatomical site that separates the blood from the body's 

interstitium (Simionescu and Simionescu 1988). The endothelium is constantly 

exposed to hemodynamic stress posed by blood flow, blood pressure, and wall 

distension (Davies, et al 1994). In addition to mechanical stimulus, chemical signals 

are received, blood-bome and tissue derived, which may induce endothelial 

responses by acting on the vessel wall itself or at distant target sites. (Luscher 1995).

These signals may play important roles in the modification of the primary function of 

the endothelium ie., the accurate control of solute passage, macromolecule and blood 

cell passage across the vascular wall (Cuny 1994, Michel 1992). As a barrier 

between blood and interstitium, and as a transducing surface, the structural integrity 

of the endothelial monolayer is critical. The layer must be able to adapt to changing 

hemodynamic situations and tolerate adverse conditions such as ischemia, hypoxia 

and oxidants. The endothelium can respond to injury with specific repair 

mechanisms such as angiogenesis (Folkman and Shing 1992, Risau. 1995), or re- 

endothelialisation of the naked vascular intima (Bjorkerud and Bondjers 1971,

Schwartz et al 1975). Functional properties of the endothelium need active changes 

in cellular shape, and the generation of internal isometric forces to counteract the 

changing hemodynamic loads acting on the cell monolayer. Basic endothelial 

fimctions are controlled by an actin and myosin-based contractile cytoskeleton 

(Davies 1995, Drenckhahn. 1983, Garcia and Schaphorst 1995, Gotlieb et al 1991).

1.4.2 Coronary atherosclerosis and thrombosis

The application of tissue engineered vascular grafts lies mainly in the 

replacement/bypass of arterial vessels following atherosclerotic plaque formation.

For example if coronary arteries (the vessels which supply the muscle of the heart) 

become narrowed or blocked due to atherosclerosis, angina or myocardial infarction 

will ensue. If the coronary vessel becomes totally blocked the myocardium supplied 

by this vessel will be permanently damaged. If the vessel is only partially blocked the 

patient will only experience chest pain (angina). In these circumstances if the 

blockage/narrowing is bypassed using an alternative conduit and blood flow is
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restored to the muscle, function will return (unless the muscle has been permanently 

damaged) and the angina will stop.

Atherosclerosis is a complex process, characterised by lipid, macrophage, and 

smooth muscle cell accumulation in intimai plaques. Endothelial injury, contributed 

by mechanical shear stresses, biochemical abnormalities, and immunological factors, 

is believed to trigger atherogenesis. The endothelial dysfunction allows oxidised 

lipoproteins to accumulate. They are taken up by macrophages to produce lipid-laden 

foam cells. Macrophages further accumulate and smooth muscle cells migrate and 

proliferate due to the release of cytokines such as PDGF (platelet derived growth 

factor) and TGF-b (transforming growth factor beta). A 50% reduction in luminal 

diameter occurrs, and at this point is haemodynamially significant as smaller arteries 

and arterioles are maximally dilated and ischaemia (imbalance of oxygen, inadequate 

supply of blood) is provoked by any increase in oxygen demand. Coronary 

atherosclerosis is progressive with an increase in plaque size, and lumen 

encroachment changes as a result of plaque rupture (Kumar and Clark 1998). 

Atheroschlerotic plaques take years to develop, the main contributory factors being 

high blood pressure, diabetes, smoking, high cholesterol, and previous family history. 

Atherosclerosis can occur in conjunction with thrombosis (blood clot of platelets and 

fibrin) formation (seconds) in the plaque region. This can cause total vessel blockage. 

Prevention strategies for thrombus includes taking warfarin, aspirin, or heparinin 

order to disrupt the coagulation and other prothrombogenic mechanisms. 

Atherosclerotic plaques can be compacted and be less lumen occlusive by balloon 

angioplasty. In worse circumstances there is need for coronary artery bypass grafting, 

where a section of vein from the patients leg is anastomosed with sutures around the 

section of blocked vessel to form a blood bypass system. A common problem of 

transplanting veins into arteries is that within 5 years, one third of all grafts are 

blocked. This is due in the short term to thrombosis, in the medium term to 

neointimal hyperplasia (abnormal smooth muscle cell proliferation), and in the 

long term to reoccurence of atherosclerosis.
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1.43 Blood vessel grafting

Materials potentially available for coronary bypass include autologous veins, 

replumbing arteries (with internal mammary arteries), and artificial conduits.

Although in most cases autologous vein transplant produces satisfactory results, 

incidences of side effects are known to occur (Cox et al 1991). Problems of 

rejection arise with the use of donated vessels (Hosenpud et al 1996, Dong et al 

1996), and artificial vessels made of plastic or silicone are thrombogenic and can 

only be used for vessel diameters exceeding 6mm (Ott and Ballerman 1995).

Attempts to develop a tissue engineered vascular graft have involved the use of 

temporary polyglycolic acid (Niklason and Langer 1997) and 

polytetrafiuoroethane supports (L'Heureux et al 1998) on which to grow smooth 

muscle and endothelial cell layers.

Fibronectin is a protein present in extracellular matrices and in blood. It has a 

number of roles in wound repair (Grinnell 1984, Grinnell et al 1984); including 

cell adhesion (Mosher 1984, Hynes 1985), cell migration (Grinnell 1984), and in 

angiogenesis (Ungari et al 1985). The physical properties of a fibronectin based 

polymer as a solid cable for use as a tissue engineering material have been 

characterised by Underwood (Underwood et al 1999, Underwood (PhD thesis)

1999). The use of the human fibronectin in tubular form as a vascular 

conduit/scaffold material for cell growth would have many potential advantages.

It is a natural matrix protein which will resorb into the surrounding tissue. The 

cell guidance properties of fibronectin fibres mean that the orientation of cell 

growth can be predetermined by controlling the fibrillar orientation (Harding et al 

(In press), luliano et al 1993). Fibronectin, when hydrated and partially dissolved 

has a chemotactic influence on cells and attracts fibroblasts. Fibronectin is known 

to stimulate angiogenesis (Ungari et al 1985, Bowersox et al 1982) and would aid 

the new growth of microvessels, and enhance the blood supply of the new tissue.

In tissue repair, the growth of new blood vessels is important and critical to tissue 

survival and resulting architecture. Active guidance and elongation of endothelial cell 

growth on fibronectin would represent a tissue engineering approach to the 

production of small implantable vessels. Fibronectin would be a promising substrate
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due to its nature of being a normal matrix protein and would be unlikely to cause 

resorption problems. Fibronectin would also release large amounts of weakly 

incorporated fibronectin over the first few days, which would promote local 

recruitment of endothelial cells and new microvessels (Bowersox and Sorgente 1982, 

Ungari et al 1985). The cell adhesion function of orientated fibronectin, would serve 

to provide resident cells with directional attachment and topographical cues. The 

presence and conformation of substrate fibronectin is important for the adherence of 

aortic endothelial cells under flow (luliano et al 1993). A combination of the 

substrate density of fibronectin (as an attachment ligand), and the cell membrane 

density of appropriate integrins, is the rate limiting factor for cell migration (Palecek 

et al 1997). Endothelial cells express integrins including a l  p i, a2 p i, a3 p i, a5 pi, 

av p3, four of which bind to fibronectin (Dejana et al 1992). There is a switch to the 

expression of av  p3 during cell migration in angiogenesis. This integrin is necessaiy 

for microvascular invasion, and binds to fibronectin among other clotting proteins. It 

is expressed to enable cells to migrate and attach to components of the fibrin clot and 

provisional repair matrix. It would follow therefore, that fibronectin may be a 

favourable adhesion substrate for promotion of this transient receptor pattern. Copper 

has been shown to stabilise fibronectin in mat form (Ahmed 1998). The use of 

copper may be benefitial in vascular grafting as it has been reported to promote 

angiogenesis (Raju et al 1982, McAuslan 1980, Brem et al 1990, Ziche et al 1987). 

Revascularisation is critical to nerve repair also.

1.5 Fibronectin source and preliminary fibronectin cable preparation

Fibronectin is one of more than 700 different proteins present in human blood 

plasma. Plasma fractionation is an industrial process involved in the manufacture of 

some of the plasma proteins which have uses in the treatment of illness and injury. 

Clinical applications involve the protein and volume replacement of blood (eg. 

albumin), coagulation proteins (eg. Factor VIII), inhibitors (eg. antithrombin HI), and 

immunoglobulins. The plasma fractionation process gives rise to three fractions upon 

the centrifugation of collected blood donations. The fractions include plasma, red
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blood cells, and platelets. When plasma is quickly frozen, and thawed slowly at'4®C, 

precipitation occurs of the least soluble proteins (cryoprecipitate). The precipitate 

contains mainly fibrinogen, and also fibronectin and factor Vm. The fibronectin 

content of cryoprecipitate represents 60% of total plasma fibronectin. Fibronectin is 

isolated and partially purified by a two-step polyethyleneglycol (PEG) precipitation 

process. This is to remove a large proportion of fibrinogen on the basis of its larger 

size and insolubility. Fibronectin is isolated in protein precipitate following the 

second PEG precipitation process, the final protein precipitate containing 

approximately 65% fibronectin, 35% fibrinogen plus traces of factor VDI and 

albumin. When fibronectin is obtained from cryoprecipitate, from one litre of plasma, 

0.18g of fibronectin could potentially be liberated in a composite protein consisting 

mainly of fibronectin and fibrinogen. From this final precipitate, the fibronectin 

protein can be dissolved in urea or phosphate buffer to prepare spun or hand drawn 

fibronectin protein cables respectively (Underwood 1999). Figure 3 below shows the 

quantity of plasma yielding Ig of the final precipitate (ppt), used for cable 

preparation.
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Figure 3. A flow diagram showing the processes used to prepare Ig o f final protein 

precipitate used in the preparation o f fibronectin cables.

The physical properties of fibrillar cables of fibronectin, drawn up following protein 

precipitation from solution, have been characterised by Underwood et al (1999). 

Underwood's work went on further to produce hand spun cables of fibronectin, and 

to undertake pilot scale production of fibronectin cables on a purpose designed 

spinning rig. On the rig, fibres were wet spun from a >70mg/ml protein solution with 

the addition of alginate. The protein was extruded through a 1mm orifice (channel 

length 18mm) into an acid bath (0.25M HCl, 2% CaCli, pH< 0.9) by a gear pump at 

a rate of 20-30 ml/min. To improve spinning quality further and reduce fibre 

breakage, it was necessary to increase the solids content / viscosity of the solution by
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either increasing the protein content or increasing the alginate content respectively. A 

98mg/ml protein solution containing no alginate exhibited Newtonian behaviour 

between shear rates of 30-1007 s'̂  and had a viscosity of 55mPa s. By increasing the 

protein concentration to 140mg/ml, and with the addition of 1% sodium alginate, a 

shear thinning solution was formed with an apparent viscosity of 413 mPa s at a shear 

rate of 1007s ', and had a better spinning quality. Compared with this solution, with 

the same shear rate the spinning quality was increased further and had a 3-fold higher 

viscosity by increasing the alginate addition to 4.8% with a reduced protein 

concentration of 46mg/ml. The high protein cables were stronger than the high 

alginate cables, with maximum tensile strength values of 28 N/mm^ and 6 N/mm^ 

respectively. The high protein cables had an average diameter of 563 pm ± 33 and a 

tenacity of 0.054 g/denier. The high alginate cables had an average diameter of 

635pm ±17 and a tenacity of 0.017 g/denier. (Underwood et al submitted).

The hand spun and drawn cables (Underwood et al 1999) developed prior to the 

work outlined above, form the basis for the functional testing of fibronectin in this 

study.

1.6 Aims of the study

The aims of this study were to investigate the phenomenon of cell alignment next to 

individual fibronectin fibres, and quantitate the various culture parameters involved 

leading to defined extents of alignment, thus developing a quantitative test system. This 

was with a view to the culture of continuously aligned fibroblast sheets that could be 

implanted into a cutaneous wotmd and result in a more organised granulation structure 

with reduced scarring and wound contraction. I aimed to prepare fibronectin hollow tubes, 

suitable for use as nerve regeneration conduits and as scaffolding for vascular grafts. The 

tubes were to be tested for mechanical and cell attachment properties, to give insight into 

further development issues. As cell attachment is affected by various material properties 

eg. topography and acid/alkali conditions, I aimed to study how processing steps define 

the material and how this could influence cell attachment.
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2.0 MATERIALS AND METHODS

2.1 Fibronectin material preparation and characterisation

2.1.1. Fibronectin material preparation

Fibronectin was obtained as a gift from the Scottish National Blood Transfusion

Service (SNBTS, Protein Fractionation Centre, Edinburgh, EH17 7QT) following

isolation from human plasma by cryoprecipitation. Most of the fibrinogen was

removed from protein liquor (cryoprecipitate dissolved in O.IM phosphate buffer

(0.0IM Na2HP0 4 , 0.0IM NaH2? 0 4 . 2 H2O, 0.15M NaCL, pH 7.0, in the ratio 1:5

w/w) by a two-step precipitation (37^C) starting with the addition of 4% (v/v)

polyethyleneglycol (PEG) for Ihr. The precipitate was discarded following

centrifugation at 4500 rpm (Centaur 2 centrifuge 4222mkll, Camlab Ltd.,

Cambridge) for 15 min. The PEG concentration (v/v) was then raised to 10% for 2 hr

to form precipitate. Fibronectin formed pellets following centrifugation at 4500 rpm

for 15 min. The pellets, comprising of approximately 65% fibronectin, 35%

fibrinogen, (termed fibronectin subsequently) were suspended in O.IM phosphate

buffer containing 25mM trisodium citrate, to a final concentration in solution of 3

mg/ml. This solution was used in all subsequent experiments for the production of

drawn fibronectin cables (See section 2.1.5), or kept in solid precipitate form for

spinning (Section 2.1.6). Fibronectin solutions and precipitates were stored at -20°C

and thawed at 37®C prior to use. Batches of fibronectin were prepared and used from
mJi

different pooled sources; from washed cryoprecipitate (washed with Tris buffer^th  

PEG to remove protein contaminants), unwashed cryoprecipitate, and from the High 

Yield Liberate (HYL) fraction used primarily to harvest factor VI. Details of 

fibronectin analysis and other proteins present have been determined by Sarah 

Underwood (1999) and are listed in Appendix 7.
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2.1.2. Total protein assay

A total protein assay was used to measure the total protein content of the fibronectin 

precipitate obtained from PEG precipitation. Total protein was measured using The 

Bradford (Bio-Rad) protein assay reagent (Bio-Rad, Munich, Germany), diluted by 

1:5 with distilled water. Protein standards (albumin/globulin standards. Sigma 

J68571) were diluted with distilled water to concentrations of 0.1 to 1.0 mg/ml and 

assayed alongside fibronectin samples of dilution 1:100 in duplicate. lOpl of samples 

plus 250 j l i 1 of assay reagent were added to 97 well plates (Sterilin Ltd. Feltham, UK). 

The colour generated was recorded against distilled water blanks with a plate reader 

(Dynatech 7000) at 570nmÀ. A standard curve of absorbance (y) against protein 

standard concentration (x) was plotted using the Cricket Graph package (Computer 

associates, Microsoft Corporation, Redmond, WA, USA). A 'simple' fit was applied, 

yielding a line equation (y = a + bX). The sample absorbance value, once averaged 

and with the blank value subtracted, was put into the equation to find the protein 

concentration in mg/ml (Sample -a/b x dilution).

2.1.3. Fibronectin (Fn) and fibrinogen (Fgn) assay

Accurate Fn and Fgn assays were undertaken at the Protein Fractionation Centre, 

biochemical services department (Edinburgh). In these analyses immunoabsorbant 

techniques were used for Fn and Fgn quantitation. As a preliminary guide, the total 

protein was measured (method 2.1.2) and the Fgn content determined by a clotting 

assay. As the remainder of the protein is fibronectin, this too could be estimated. The 

fibrinogen content of the total protein was assayed against a reference sample (Sigma 

Cat. no. 880-10) diluted in distilled water to generate a calibration curve from 0.2-2.5 

mg/ml Fgn. Protein samples were diluted by 1: 2, 1: 5 and 1:10, and 100 pi of sample 

was transferred to a 96 well plate, with lOOpl clotting reagent (20mM Tris, 40mM 

tri-sodium citrate dihydrate, pH 7.5). The plate was wrapped in foil and heated at 

56°C in an oven for 15 min. The absorbance was read at 410 nm l against distilled 

water blanks using a plate reader (Dynatech 7000, Sussex, England). A standard
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curve was constructed and the absorbance converted into mg/ml Fgn as in method

2 . 1.2 .

2.2 Scanning electron microscopy (S.E.M)

In order to view the surface structure of Fn cables and cells cultured on them, 

scanning electron microscopy was used. Dry samples were gold sputter coated for 3 

min under vacuum (0.07 Torr) with a current of 15-20 mA. They were viewed with a 

Jeol 5400LV model scanning electron microscope (Tokyo, Japan). Wet samples, 

following fixation in 4% paraformaldehyde in phosphate buffer pH 7.4 (4°C) for 2 hr, 

were transfered to O.IM phosphate buffer pH 7.4 for 5 min (twice), and distilled 

water for 5 min. The samples were dehydrated in an ethanol series progressively 

from 50-100% ethanol (20 min at each %). They were then surface covered with 

hexamethyldisilizane (HMDS, Taab labs, Berks.) and allowed to air dry for 30 min. 

The samples were gold sputter coated (Polaron sputter coater, SC500, Kent, UK) and 

viewed on the S.E.M.

2.3 Fibronectin cable preparation

2.3.1 Drawn fibronectin cable preparation

The first fibronectin cables made were prepared by the drawing of protein from 

solution (method by Sarah Underwood 1999). They were used to investigate human 

dermal fibroblast alignment alongside fibronectin cables, and compared with cell 

alignment data obtained using different preparations of fibronectin cable (method 

2.3.2). Fibronectin was precipitated out of solution (3 mg/ml, prepared from method

2.1.1) by adding O.IM citric acid (pH 3.5) in the ratio (v/v) of 2:1 (Fn solution:acid). 

This resulted in protein aggregates at pH 4.5 which were drawn up into cables with 

plastic disposable pipettes. Cable diameters varied from 100-500pm diameter, and 

lengths of 2cm-10cm. The cables were mounted onto glass coverslips, or suspended 

in air to air dry. The fibronectin was y irradiated for sterilisation (1.5 MR for 48hr).
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2.3.2 Hand spun fibronectin cable preparation

Fibronectin cable development undertaken by Sarah Underwood led to the 

preparation of hand spun cables. Cables were spun from fibronectin precipitate 

(prepared from method 2.1.1) To a Ig aliquot of precipitate, approximately 1ml of 

6M urea was added to dissolve the fibronectin and result in a viscosity ' loose' enough 

to extrude through an orifice diameter of 0.5mm without clogging. The final protein 

concentration was approximately 8.6% (w/v) (Appendix 7), up to a volume of 2ml. 

The solution was rolled on a mechanical rotator (Denley mechanical rotator, Jencons 

Ltd., Bedfordshire, UK) for 1 hr to dissolve the protein. Air bubbles were removed 

from the dissolved solution by vacuum at 2x10'^ Torr for 20 min. Fibronectin 

solution was extruded from a 1ml syringe through a hypodermic needle (0.5mm x 

16mm) barrel into an acid bath (0.25M HCl 2% CaCl2 ) to coagulate the protein. This 

resulted in the precipitation of dissolved fibronectin into solid cable. The cable was 

then transferred to phosphate buffered saline (PBS) (pH 7.4) and was washed by 

mechanical rotation for 10 min.

Fibronectin cable containing 1% alginate was prepared by the addition of 1% solid 

sodium alginate (per solid protein weight) prior to dissolving the fibronectin in 6M 

urea as above.

2.4. Fibronectin tube preparation

Tubes of fibronectin were prepared and mechanically tested for potential uses in vivo 

for peripheral nerve regeneration (work done by Barker G., Prof Standring 1998, 

Division of Anatomy, Human and Cell Biology, Guys Campus, GKT, London, 

SEl 9RT) and in vitro for the luminal culture of endothelial cells, to mimic a 

capillary-type structure.

Preliminary tubes were prepared in longitudinal configuration. Further development 

led to the construction of tubes in a spiral configuration.
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2.4.1. Fibronectin tube preparation in longitudinal configuration

Tubes were prepared from hand spinning solutions of fibronectin and fibronectin 

containing 1% alginate, (method 2.3.2). Fibronectin solution was extruded from a 

1ml syringe, into another syringe into which a wire had been fixed. The second 

syringe contained acid to coagulate the protein. The procedure is outlined in figure 4.
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Figure 4. (2.4.1) The preparation o f  longitudinal fibronectin tubes:

1.

4cm

V

Steel wire 
0.75-1.0mm 
diameter

2.

1ml syringe

Acid bath
0.25M Hcl2% Cacl 2

Putty rubber

A wire is fixed inside a 

syringe w ith putty. The 

syringe is then filled 

with acid

3.

\ /
A second syringe is filled with 
fibronectin solution and extruded 
over the wire into the acid

Acid displacement 
by fibronectin

Acid displacement 
by fibronectin

Shear as fibronectin falls over 

the  w ire produces longitudinal 

layers. A tube  

is form ed w ith an  internal 

d iam eter 0.75-1.0mm and  a wall 

thickness of 1.0-1.25mm.

The tube inside the syringe is frozen 

(12hr -2(5C), and freeze dried 12 hr.

4. The freeze dried tube is 

removed from the w ire by pulling 

the wire from the syringe and pushing 

the tube from the wire

5. The tube is gam m a irrad iated  
48hr 1.5 M R , and  washed in PBS 
prio r to use in cell culture
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2.4.2. Preliminary tube preparation in spiral configuration

Spinning solution of fibronectin or fibronectin containing 1% alginate was prepared 

as in method 2.3.2. Fibronectin solution was extruded from a 1ml syringe into an acid 

filled petri dish to form a flattened cable structure. This was achieved by dragging the 

extruded fibronectin in a single direction along the base of the petri dish. Flattened 

fibronectin cable was then transferred with a plastic pipette tip into a PBS filled petri 

dish and washed by gentle by agitation for 10 min. A tube was formed by lifting the 

cable out of PBS and wrapping it spirally around stainless steel wire of diameter 

ranging from 0.5 -1.0 mm. The procedure is shown in figure 5.
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Figure 5. (2.4.2.) Preparation o f  hollow tubes in spiral configuration:

1. Spinning solution extruded 

from a 1ml syring into 

an acid bath to form a 

flattened cable

0.25M HCl 2%Cacl2 Flattened Fn /I % Alg -Fn cable

\ /

2. Cable wash in PBS

3. Cable lifted out of 

solution and spiral wrapped 

around wirewire

PBS washing bath

4. The tube was frozen and freeze dried on the wire, removed from the wire and gamma 
irradiated 48hr 1.5MR
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2.4.3 Fibronectin tube preparation in spiral configuration-modified method

The method for spiral hollow tube preparation (2.4.2) was revised due to preparation 

difficulties. To improve the method, Fn cable that was hand spun through an orifice 

was used instead of flattened cable. Hand spun cable (method 2.3.2) was wrapped 

around a hypodermic needle (0.8x40mm) to result in increased control of stmctural 

dimensions and to make the method reproducible. A single cable was used to form 

each tube (ie. no breakage’s and additions) and each spiral was closely butted against 

the next. The tube was lefl; to air dry and was then freeze dried. The tube was 

removed from the needle by gentle finger pressure. Fn tubes prepared from this 

method were mechanically tested and used for in vivo peripheral nerve regeneration 

studies and in vitro endothelial cell attachment studies.

2.5 Mechanical testing of fibronectin tubes

2.5.1 Tensile tests of freeze dried tubes

To obtain the physical characteristics of the tubes, a special test frame was designed

and made to which the tubes were bonded for tensile testing. Figure 6 shows a

schematic representation. The tubes were bonded to acrylic cross pieces A and B

using cyanoacrylate adhesive in gel form (Loctite, Cheshire, UK). With one end of

the tube bonded, the diameter of the tube was measured using a travelling

microscope, having a resolution of 2pm. With both ends bonded, the fi*ame was
•a

mounted on a tensile testing machine (Testometric 220M). Force was measured ̂  

20N load cell (TEDEA-Huntleigh Ltd., Cardiff, UK) and extension was monitored 

using a linear voltage differential transformer (TEDEA-Huntleigh Ltd., Cardiff, UK). 

Using an extension rate of 2mm/min, a force/extension curve was obtained on an XY 

plotter for each tube tested. Prior to each test, the tubes were conditioned to the 

testing environment and the humidity was measured with a digital thermohygrometer 

(RS 213-802).
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Acrylic cross pieces B

Fibronectin tube

Force

un:s1 u Gauge length.

I
Figure 6. Mechanical testing fram e fo r  Fn tubes

2.5.2 Tensile tests of fully hydrated tubes

The same test procedure for the freeze dried tubes was used for this test. However, 

prior to testing, the tube was allowed to hydrate fully. This was achieved by wrapping 

cotton wool saturated in unsupplemented culture media (Dulbeccos Modified Eagles 

Medium (DMEM), Gibco, Scotland) around the tube. Force was measured with a 

ION load cell, and the specimen tested at an extension rate of 10mm min '. The faster 

rate was used as the tubes were expected to stretch to a degree, and it was felt that the 

higher rate would be more accurate in assessing the strain to failure rate. A 

force/extension curve was obtained on an X/Y plotter for each tube tested.

2.5.3 Burst pressure

Burst pressure measurements were undertaken with a purpose designed manometer. 

One end of the dry fibronectin tube was bonded (loctite gel adhesive, Winsford, 

Cheshire) to the tip of a hypodermic needle (0.5x 16mm Terumo, Europe Leuven, 

Belgium), attached to a fluid filled manometer tubing and the set up flushed with 

DMEM to rid any air entrapment. The open end of the tube was then sealed using a 

fast setting adhesive (Loctite, Cheshire, UK). The attached tube was submerged in a

48



bath of unsupplemented growth media (DMEM, Gibco, Scotland, UK). A hydrostatic 

pressure of 10mm Hg was applied and the tube was allowed to swell to its maximum 

diameter, this usually t^kes" about 1 hr. The external diameter was then measured 

using a travelling microscope and pressure was increased in steps of 10 mm Hg every 

2 minutes until the tube burst. The experiments were conducted at room temperature. 

From the burst pressure, the circumferential and longitudinal stress of the 

fibronectin tube was calculated (Appendix 8).

2.6 Fibronectin cable characterisation

Hand spun fibronectin cable was characterised with regard to orientation (1), 

hygroscopic (2) and solubility (3) properties, coagulation time relating to structure (4) 

and strength (5), and dehydration methods relating to strength (6). As tubes are made 

up of individual cables, points (2-6) were undertaken on cables alone.

2.6.1 Polarisation microscopy and S.E.M. to determine Fn cable and tube orientation 

Drawn fibronectin cables were found to be highly fibrillar and orientated down the
w t i

length of the cable (Underwood et al 1998). Spun cable in contrast isrhon fibrillar and 

lool^similar to a solid 'rod' shape. Cable wound into tube was assessed for 

orientation in the tube format.

2.6.1.1 Polarisation microscopy

Fibronectin tube was prepared as in method 2.4.3, blocked in wax and longitudinally 

sliced down the tube length on a microtome (courtesy of Margaret Brown, Dept of 

Surgery, UCL). Layers of tube with dissected coils, from the external surface to the 

tube lumen were fixed on glass slides and stained with Sirius Red (BDH, Poole, UK, 

Appendix 1). The sections were viewed under a microscope and a polarising light 

filter placed over the light source. The filter was rotated until areas of brightness were 

seen through the eyepiece, denoting alignment in a specific direction.
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2.6.1.2. Fn tube orientation viewed by S.E.M

Fibronectin tube was prepared as in method 2.4.3. Following freeze drying the tube 

was rehydrated in distilled water (Ihr), and sliced longitudinally with a scalpel down 

the centre of the tube. The tube halves were prepared for S.E.M and viewed on a 

scanner (method 2.1.4).

2.6.2 Hygroscopic properties of fibronectin cables

For drawn, hand spun, preliminary machine spun Fn cable and pure alginate cable, 

the extent of water uptake as % of the dry weight was measured. Fn cable (0.8g 

freeze dried) was added to 5ml of distilled water in a petri dish. The dish was covered 

and left at room temperature for an hour to allow full hydration. The cable was then 

dried by gentle paper tissue application and re-weighed. Results of % weight increase 

were plotted. The experiment was repeated twice in duplicate.

2.6.3. Coagulation time versus cable structure in cross section

Fibronectin cables viewed in cross section are composed of a number of bands' of 

coagulated protein.

Cross section o f  Fn cable 
indicating the appearance oj 
bands o f  protein

To investigate the effect of coagulation time on the formation of the bands, 

fibronectin cable was prepared as in method 2.3.2 with different coagulation times in 

acid (5s, 15s, 30s, Imin, 2min, 5min, lOmin, 30min). Following the time period 

given, cables were washed in 200mM Tris buffer pH7.4 (20 min), in distilled water 

(Imin) and fixed in formaldehyde. Cables were blocked in wax and sliced in cross 

section (c.o. Margaret Brown, Dept of Surgery, UCL). The sliced sections were fixed 

onto glass slides, stained with Toludene blue (Appendix 1) and image analysed 

(Improvision Image Analysis system with "Open Lab". Power Mackintosh 7600
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series system, Apple Computers Inc., Ca, USA).

2.6.4. Coagulation time versus cable tensile strength

To investigate cable tensile strength in relation to coagulation time in acid, 

fibronectin cables were prepared as in method 2.3.2, with coagulated times in acid 

that were used in method 2.6.4. The cables were washed in 200mM Tris buffer pH7.4 

(20 min), in distilled water (Imin), were allowed to air dry (12hr) and then were 

freeze dried (2hr). To ensure the cables were straight (as needed for tensile testing), 

they were air dried over a metal frame after being pulled straight. Cables was cut to a 

length of 2cm and tested for maximum tensile strength (section 2.5.1).

2.6.5 Dehydration method versus cable tensile strength

Fn cable was prepared as in method 2.3.2 and transferred from distilled water into 

either 70% ethanol (10 min), 70% acetone (10 min) or were just air dried. All cables 

were air dried (12 hr), cut to 2cm in length and tested for tensile strength (method

2.1.8.1). Cable prepared from the above was (1) viewed by S.E.M (section 2.2), and 

(2) stuck onto glass coverslips for gamma irradiation and subsequent cell culture to 

see if they would support cell attachment. Cables at a spacing of 4mm on glass 

coverslips were seeded with 30k cells/cm^ in 1ml medium for 24hr (37°C, 2.5% 

CO2).

2.7 Cable de-acidification

Early nerve regeneration studies undertaken with solid Fn cables (Ahmed 1997) 

highlighted Fn acidity problems. A new method was needed for cable washing as 

PBS may not be sufficient for in vivo application. Tris buffered saline 200mM pH 7.4 

(TBS, hydroxymethyl aminomethane, NH2.C(CH20H)3, Hopkin and Williams, 

Essex, England) was used as an alternative buffer in pH studies alongside PBS, 

which due to the chemical nature has a higher buffering capacity.
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2.8 Primary cell culture

For the functional testing in vitro of Fn cables and tubes, a number of cell types were 

used. They were obtained from tissue donated from surgery (Middlesex Hospital) 

with the exception of pig aortas which were delivered from a nearby abattoir and 

gained via Prof Salvador Moncada, The Cruciform Project, UCL.

2.8.1 Human dermal fibroblasts (HD.F's)

H.D.F's were harvested to use in alignment studies by fibronectin with a view to 

potential use in skin replacement therapy.

Human dermal fibroblasts were obtained from whole skin taken from 

abdominoplasty and breast reduction surgery. The skin was scraped free of fat, cut 

into thin strips (3-4mm diameter), agitated briefly in 70% ethanol to wash free of 

blood and transferred to sterile PBS. Small squares were then cut (3-4 mm by 3-4 

mm) and transferred to 25cm^ culture flasks (Coming, Nottingham, UK), epidermis 

facing upwards. The explants were incubated at 37°C for 1 hr for skin - flask 

adherence and then covered in Dulbeccos modified Eagles medium (DMEM) 

(Gibco, Paisley, Scotland), supplemented with 10% fetal calf serum (FCS) (First Link 

Ltd. West Midlands, UK), penicillin (Gibco, Paisley, Scotland), and streptomycin 

(lOOpg/ml) (Gibco, Paisley, Scotland), and L-glutamine (2pg/ml) (Gibco, Paisley, 

Scotland), and was termed “complete”. The explants were cultured (37°C, 2.5% 

CO2) for 3-4 weeks. The fibroblasts generated from the explants grew migrating 

radially from the explants on the flask surface. The cells were then passaged by 

trypsinisation (2.5g/L trypsin in PBS) (Gibco, Scotland) into larger flasks (75cm^). 

The cells were incubated for a further 2-3 weeks to form 80% confluent growth prior 

to use in experiments. All fibroblasts were used up to passage 4.
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2.8.2 Endothelial cells

Endothelial cells were used to investigate cell attachment within fibronectin hollow 

tubes. Cells were harvested from human and porcine sources, and bought from a 

human source.

2.8.2.1.Human umbilical vein endothelial cells (HUVEC's)

HUVEC's were obtained from veins of whole umbilical cords taken from normal 

vaginal birth. The cords were used within 12 hr of birth, following storage in sterile 

Hepes -buffered saline (HBS, pH 7.4) at 4°C. The cords were transferred to a foil 

covered cork board and into one end of the vein, a canula was inserted. It was tied 

and sutured into place with wax covered silk suture cord, (Pearsalls Sutures, 

Somerset, England), and a sterile surgical needle. The vein was aspirated free of 

blood clots with HBS at 37°C extruded from a 20ml syringe. The syringe was not 

fully emptied, so that when the syringe was left in the canula, air was not introduced 

to the vein. A second canulae was affixed similarly to the other end of the vein. 

Sterile filtered (0.2pm filter) collagenase type I (1 mg/ml) (CLSl, M5P858, 

Worthington Biochemical Corps, N. Jersey) in HBS (37^C) was introduced (10ml). 

Depression of the syringe containing collagenase for vein entry was accompanied by 

release of the plunger from the syringe at the other end simultaneously. This was to 

maintain steady perfusion pressure and eliminate the possibility of air bubbles 

forming. Air in the vein was not desired as it would decrease the surface area of 

endothelium available for the collagenase to act on. The cord was then incubated at 

37^C for 15 min and massaged vigorously to liberate endothelial cells. The vein was 

aspirated with DMEM (complete) into centrifuge tubes. The cells were centrifuged at 

180g for 7 min to form a pellet. The supernatant was poured off, the pellet was 

dispersed in 5ml DMEM (complete, with 15% FCS) and plated into 25cm^ flasks. 

The flasks were incubated for cell growth (37^C, 2.5% CO2 ). Following 24 hr 

incubation, the media was changed and the cell layer rinsed to remove any 

contaminating blood cells. Cells were characterised by morphology (light
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microscopy), and were used in preliminary cell attachment studies only.

2.8.2.2 Human microvascular endothelial cells-adult (HMVECA)

HMVECA cells (ZHC-2111) were bought from TCS Biologicals Ltd. (Buckingham, 

UK). They were fed with the recommended media (ZHM-2955), passaged with the 

recommended passage pack (ZHR-9941) and maintained as per the detailed 

instructions given.

2.5.2.3 Pig aorta endothelial cells

Pig aortas were used within 24hr of arrival from the abattoir. They were lifted with 

sterile (autoclaved) forceps, washed and aspirated with sterile Dulbeccos PBS 

(Gibco, Scotland) at 37^C. Surplus muscle, tissue and blood were cut away with 

sterile surgical scissors. The intercostal arteries were tied off or sewn closed with 

suture cord (Pearsalls Sutures, Somerset, England). The base (thin end) of the aorta 

was clamped closed and the aorta was filled with sterile filtered (0.2pm filter) 

collagenase type I (Sigma C-0130) at a concentration of 1 mg/ml in Dulbeccos PBS 

(3TC) and incubated for 15 min at 37^C. Endothelial cells were liberated from the 

aorta by inserting a 10ml pipette and vigorous rubbing causing distension of the 

inside of the tube. The cells were then centrifuged at 1000 rpm for 6 min, plated out 

and supplemented with DMEM (complete with 15% FCS). The cells were 

characterised by morphology (light microscopy) following Factor Vm 

characterisation and subsequent method development to eliminate the possibility of 

contaminating cells (Method by Neale Foxwell on behalf of Prof. Moncada, Rayne 

Institute, UCL.). The cells were used in preliminary cell attachment studies in Fn 

tubes.
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2.9 Alignment function testing of single cables of fibronectin

With a view to cables of Fn being of potential use in skin replacement therapy, 

experiments were undertaken to study the phenomenon of cell alignment to single Fn 

cables.

2.9.1. Alignment testing of human dermal fibroblasts (HDFs) around drawn 

fibronectin cables

Drawn cable of fibronectin was prepared as described in section 2.3.1, mounted onto 

glass coverslips (two cables per coverslip, at a distance apart of approximately 4mm) 

and Y irradiated (1.5 M.R 48 hr). Coverslips were placed with cable facing upwards 

in culture dishes. HDF's were seeded in 10ml DMEM ('complete', supplemented 

with 1% amphoterocin B) at concentrations ranging from 14K HDFs/cm^ to 54K 

HDFs/cm^. The cells and cables were incubated (37^C, 2.5% CO2 ) for seven days, 

and fixed in 2.5% glutâraldehyde in 0.1 M phosphate buffer (pH 7.4) at 4^C for 12 hr. 

The fixed samples were histologically stained with hematoxylin and eosin (BDH, 

Poole UK, Appendix 1), or prepared and viewed by S.E.M. (section 2.2). The 

histologically stained samples were image analysed (section 2.10.1) and an 

orientation index applied (section 2.10.2). Alignment studies on etched surfaces were 

undertaken as a control. The experiment was repeated twice with 20 cables in each 

experiment, for each cell concentration studied.

2.9.2. Alignment testing of human dermal fibroblasts (HDF's) around hand spun 

fibronectin and 1% alginate-Fn cables

The alignment of HDF's around hand spun cable of fibronectin and fibronectin 

containing 1% alginate was investigated to compare with alignment properties of 

drawn cables. Fibronectin and 1% alginate-Fn cable was spun as in section 2.3.2, 

mounted onto glass coverslips and y irradiated. Cables were seeded with HDF's at 

cell concentrations taken from the range used initially to study cell alignment on
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drawn cables. Samples were incubated for seven days (37°C, 2.5% CO2 ), then fixed 

in 2.5% gluteraldehyde in O.IM phosphate buffer pH 7.4 (4°C) for 12 hr. Samples 

were histologically stained with hematoxylin and eosin as in Appendix 1 and image 

analysed as described in section 2.10.1. The orientation index (S) described in 2.10.2 

was applied. The experiment was repeated twice with 20 cables in each experiment 

for each cell concentration studied.

2.9.3. Alignment testing of human dermal fibroblasts (HDFs) around de-acidified, 

hand spun fibronectin cables

Fn cable, de-acidified using TBS (2.7) was tested for alignment induction to compare 

to cables washed in PBS (methods 2.9.1, 2.9.2). Fibronectin solution containing 1% 

alginate was prepared (method 2.3.2) and cable was spun into an acid bath as 

previously described. Cable was transferred into universal tubes containing 200mM 

TBS (pH 7.4) and washed by mechanical rotation for 15 min. The cables were 

mounted onto glass coverslips (two cables per coverslip at a separation of 4mm), left 

to air dry and were y irradiated. The cables were seeded with HDFs in DMEM 

('complete' with 1% amphoterocin B) at concentrations used in methods 2.9.1 and

2.9.2. Samples were histologically stained (Appendix 1), image analysed (method 

2.10.1) and the orientation index applied (method 2.10.2). The experiment was 

repeated twice with 20 cables in each experiment for each cell concentration studied.

2.10 Image analysis

Image analysis was used to quantitate the alignment of fibroblasts to fibronectin 

cables.

2.10.1 Human dermal fibroblast (HDF) alignment to fibronectin cable

The "Genias" package of the Magiscan Image Analysis system 1.2 (Joyce Loebl, 

Tyne and Wear, UK) was used to analyse areas of HDF alignment alongside and
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running parallel to the fibronectin cables, termed the "cell docking band width"! The 

cell docking band width was defined as the distance (pm) on the flat surface, that cell 

growth in parallel orientation to the fibronectin cables existed to in a number of 

adjacent cell layers, and existing as a cell monolayer. Data concerning the width of 

fibronectin cable, cell docking band width, cell number on the surface of the cable 

and the orientation of fibroblasts to the cable within the docking band width were 

taken. Contrast between the glass coverslip and the fibronectin and cell nuclei by 

histological staining, allowed the production of a digitised image by image analysis. 

The image was stored as a binary signal from which measurements could be made 

with the "genias" program, from calibrated image prints. Details of program 

manipulations are shown in Appendix 2.

2.10.2 Orientation (S) index quantitation of HDF alignment to fibronectin cable

An orientation index (S) initially devised by Herman (1948) has previously been used 

to measure the orientation of collagen fibres in single plane histologic sections 

(Ferdman and Yannas 1993) The index was modified to quantify the alignment of 

HDFs to fibronectin within cell docking band widths.

In the equation:

S=2(cosVl (3)
a is equal to the angle of deviation between the plane of the individual bipolar cells, 

and the axis of the fibronectin cable. The term (cos^a) denotes the square cosine of 

(a) averaged over all measured cells in the cell docking band width. S values range 

from 0 -1 , a value of 1 indicating perfect alignment (all the cells measured having a 

zero angle deviation), a value of 0 indicating non alignment of 90  ̂to the cable axis. 

Equation derivation is shown in Appendix 3.

2.11 Scanning electron microscopy (S.E.M) and time lapse studies for early 

association of cells to fibronectin cable

To investigate cell migration and alignment alongside fibronectin cable, images were
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captured by S.E.M to see how cells attach alongside fibronectin (qualitative study). 

Time lapse measurements were used to quantify the velocity and the direction of 

motility of cells in relation to fibronectin cables.

2.11.1. Scanning electron microscopy (S.E.M).

Fibronectin cable was drawn, mounted on glass coverslips and y irradiated as in 

method 2.3.1 Cable was seeded with HDFs at a level of 20K cells/cm^ in DMEM 

(complete) supplemented with 1% amphoterocin B, and incubated (37°C, 2.5% CO2 ) 

for periods of duration: 2hr, 4hr. Samples were fixed in 2.5% gluteraldehyde in 

phosphate buffer (pH 7.4) and refrigerated (4®C) overnight. They were prepared for 

S.E.M and viewed (method 2.2).

2.11.2 Time lapse photography image analysis

The velocity of cells migrating towards fibronectin cables was quantified by an 

Improvision Image Analysis system with "Open Lab" (Power Mackintosh 7600 series 

system, Apple Computers Inc., Ca 95014-2048). In situ image analysis was facilitated 

by a video system attached to a microscope within a 37°C incubated environment. 

This facilitated time course automated photography from which stored images could 

be analysed, and time course measurements taken. Culture media included Hepes 

(CO2) buffer (20mM) as the culture was a closed system. Media and image analysis 

manipulations are described in Appendices 4 and 5 respectively. Fibronectin and 1% 

alginate-Fn cable was spun as in method 2.3.2, mounted on glass coverslips and y 

irradiated. The cables were seeded at a level of 25Kcells/cm^ with HDFs and pig 

aorta endothelial cells in media outlined in Appendix 4. Samples were image 

analysed and measurements were taken regarding the speed of cell motility in a given 

direction. This experiment was repeated 4 times for each cable type and cell type 

used.
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2.12 Fibronectin tube in vitro cell culture

The fibronectin tube was mounted on the shaft of a hypodermic needle (0.5x 16mm 

Terumo, Europe Leuven, Belgium) into which a window had been cut (Figure 7).

Flow

i
- >  F low

Figure 7. Schematic diagram showing the position o f  a fibronectin tube when 
mounted on a hypodermic needle and over a window (dimensions 0.25 x3mm) cut 
in the shaft. The arrows indicate the direction o f flow o f growth media through the 
needle and over the area o f exposed fibronectin tube lumen, onto which 
endothelial cells are cultured prior.

Cell growth medium (Human microvascular endothelial cell growth medium 

package ZHM-2955, TCS Biologicals Ltd. Buckingham UK), when passed 

through the needle would therefore be exposed to this area of fibronectin tube 

lumen. The needle was flushed with medium to eliminate air and was submerged 

to cover the tube. The tube was left to hydrate on the needle for Ihr (37°C, 2.5% 

CO2 incubation). Normal human dermal microvascular endothelial cells (adult, 

cryopreserved ZHC-2111, TCS Biologicals Ltd. Buckingham UK) at a seeding 

density of 0.5 x 10̂  cells in 0.1ml medium, were introduced via a 1ml syringe 

into the needle. The needle was incubated, window faced down on the tube lumen 

for 30 min (37®C, 2.5% CO2 ) for cell attachment. The needle was then transfered 

to flow culture (0.1ml min'^ flow rate, representing a shear stress on the cells of 

approximately 0.272 N/m^ or 2.72 dynes/cm^) (Appendix 8) (Figure 8) for 24 hr. 

The flow culture medium was kept at 37^C and supplemented with 20mM Hepes 

buffer. After 24 hr the flowing media was replaced with fixative (4%
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paraformaldehyde in O.IM phosphate buffer pH 7.4) to fill the needle, the needle 

then submerged in fixative overnight (4^C). The window was then cut from the 

needle and prepared for scanning electron microscopy (2.2) to view cell 

attachment and spreading on the fibronectin tube lumen.

Figure 8. Flow cullure system fo r  h'n tubes. The equipment was set up under a 

laminar flow hoodfor sterility.

3

Number Equipment description

1 media (TCS specific) reservoir

2 sterile disposable tubing

3 peristaltic pump (Iml/min flowrate)

4 hotplate

5 valve allowing one way into two (SNBTS, Edinburgh)

6 needle mounted Fn tube (figure 7) with outer casing

7 waste media collection pot
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2.13 Cell attachment and proliferation on fibronectin and other materials

Experiments were undertaken to verify cell attachment to Fn as seen by S.E.M, and 

to quantitate the increase in cell numbers on Fn materials and other materials which 

could potentially be used to back the Fn for application.

2.13.1. Immunofluorescent staining of cell adhesion plaques to establish cell 

attachment to fibronectin

In order to visualise cell attachment to Fn an immunofluorescent staining method 

was used to mark vinculin, a protein present in the cell attachment plaque. 

Fibronectin cable and 1% alginate-Fn cable was spun (method 2.3.2), mounted onto 

glass coverslips and y irradiated. Cables were seeded with HDFs at a seeding density 

of 25K/cm^ petri dish in 10ml DMEM (complete) and incubated (3TC, 2.5% CO2 ) 

for 24 hr. Samples were fixed in 4% paraformaldehyde (4°C) for 2 hr. Immuno 

chemicals were obtained from Sigma Chemicals (Dorset, England). Primary 

antibody, (Sigma cat. no V-9131) and secondary antibody with phytochrome C 

attached (Sigma cat. no. F-0257) denoting mouse a  vinculin and goat a  mouse 

respectively were used. Immuno-staining details are given in Appendix 6. Samples 

were examined by fluorescence microscopy (Leitz Laborlux S, D-6330 Wetzlar, 

Germany) and images captured with a high speed film. The experiment and staining 

was repeated five times due to difficulty of accurate staining and image focusing 

problems.

2.13.2. Cell proliferation assay

In order to quantify cell proliferation on fibronectin cables, and on potential cable 

backing materials, an assay based on 3-[4,5-Dimethylthiazol-2-yl]-2,5- 

diphenyltetrazolium bromide; Thiazolyl blue (MTT) (Sigma) was used. MTT is a 

tétrazolium salt which can be reduced by mitochondrial dehydrogenase to a purple 

fonnazan. Thus, the assay gives a measure of amounts (measured by depth of colour)
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of enzyme present which can be related to viable cell numbers present. A standard 

curve was constructed for numbers of human dermal fibroblasts (HDFs) prior to 

investigation of cell proliferation on the different materials.

2.13.2.1. MTT standard curve for human dermal fibroblasts in suspension

MTT solution was prepared at a concentration of 1 mg/ml in culture media (DMEM), 

and was filter sterilised (0.22pm filter). The solution was stored with light exclusion 

at 4®C, and used within 2 weeks. For each cell line 20x10^, 50x10^ 100x10^ 

150x10^, 200x10^ HDF's were suspended in lOOpl of culture media. To each cell 

suspension, 3ml of MTT solution was added and incubated for 2hr (3TC, 2.5% 

CO2 ). The solution was centrifuged at 1500 rpm for 10 min and the pellet dispersed 

in 8ml dimethylsulfoxide (DMSO). The reduced MTT was dissolved in DMSO by 

mechanical rotation for 20 min. Aliquots of solution (0.3ml) were placed in a 96 

multiwell plate and read on a plate reader (Dynatech 7000) at 570nmÀ. The 

absorbance was plotted against cell number to construct a standard curve. This 

procedure was carried out five times for average values to be taken as a final standard 

curve.

2.13.2.2 Measurement of cell proliferation on fibronectin and other materials

A fixed area (9.6 cm^) of fibronectin/material was inoculated with 20x10^ cells in 

5ml media and incubated (37^C, 5% CO2) for 8 and 16 days. At the end of each time 

period the cell number was assessed by the MTT method as described. Cell 

proliferation was assayed on:

1, Culture dishes alone (control)

2, Fibronectin spun cables laid in parallel and butted against each other

3, Fibronectin 1% alginate spun cables laid in parallel and butted against each other

4, Poly lactic acid disc (supplied by Smith & Nephew, York Buisness Park, England)

5, Collagen sponge cross linked (Colletica, France)
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6, Gelatin sponge non cross linked

Results were plotted as cell number present (% cell proliferation) over time. The 

experiment was repeated twice in triplicate.
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3.0 RESULTS and DISCUSSION

Section 3.1

Human dermal fibroblast (HDF) alignment to fibronectin cable in culture

In this section, the alignment of human dermal fibroblasts around and on top of 

single cables of fibronectin is investigated An alignment assessment technique is 

used, based on the cell Orientation Index (S) used previously to describe collagen 

orientation in scar and normal pre-existing tissue (Ferdman and Yannes 1993). The 

results are discussed with a view to the application of this material in skin 

replacement therapy.
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3.1.1 Human dermal fibroblast (HDF) alignment to fibronectin cables viewed by 

light microscopy and S.E.M

HDFs aligned on top and alongside drawn and hand spun fibronectin cable in culture 

following cell attachment. Alignment occurred over approximately 80% of the length 

of the cable with other non-aligned areas, seemingly due to Fn contraction and the 

distortion of aligned cell layers. This would be due to contraction forces generated by 

cells attached on the cable surface. Figure 9 shows the alignment of HDFs alongside 

and on the surface of drawn cables, defined by hematoxylin and eosin staining. After 

seven days in culture, the long axis of almost all the bipolar cells laying alongside the 

cable were parallel to the cable axis, and they existed in a number of cell layers. 

Figure 10 shows a scanning electron micrograph (S.E.M) of the aligned fibroblasts on 

the cable surface. Cell adherence was evident by plaques of attachment from 

fibroblasts extending over the Fn fibrillar surface network. Figure 11 is an S.E.M. at a 

higher magnification showing the deposition of fine fibrils, presumably of collagen 

by resident cells aligned on the fibronectin cable surface.

Following secretion into the extracellular space, collagen Types I, H, and III, in 

molecular form assemble into polymers called 'collagen fibrils'. The fibrils are thin 

(10-300 nm), cable-like, many microns long, and visible by S.E.M. They can be 

compared to collagen fibers which are formed from the aggregation of fibrils, are 

several microns in diameter and composed exclusively of Type IV collagen. Collagen 

fibers form sheets as opposed to fibrils, and form cell basement laminae. Collagen 

types differ in molecular chain composition. There are two types of alpha chain in 

Types I and IV, and one type of alpha chain in Types II and m . There are more than 

10 types of collagen, and so far 20 types of alpha chain have been identified. They 

have differing compositions mainly of hydroxylisine, carbohydrate, hydroxyproline, 

and procollagen peptides (Alberts et al. 1989).
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Figure 9. The alignment o f  human dermal fibroblasts alongside (arrows A-A) and on 

the surface (arrows B-B) o f  a drawn fibronectin cable o f  width 220fjm, shown by 

hematoxylin and eosin staining. The cable was cultured fo r  seven days at a cell 

seeding level o f  26.5k cells/cm^. Cell alignment is orientated in the cable direction.
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Figure 10. A scanning electron micrograph showing parallel alignment o f human 

dermal fibroblasts on the fibronectin cable surface. Arrows A-A show an aligned 

fibroblast on the cable surface (arrow B), the cable laying horizontal in the 

micrograph. The cable was cultured for seven days at a cell seeding level o f 26.5k 

cells/cm^. Cellular processes extend as anchorage points to the fibronectin, (arrow 

C). The scale bar indicates 10 micrometers. Magnification x2500.



Figure 11. A scanning electron micrograph showing the deposition o f  fine fibrils 

(arrows A-A) by cells aligned on the fibronectin cable surface. The fibronectin cables 

was cultured fo r  seven days at a cell seeding level o f  26.5 k cells/cin. The scale bar 

indicates 10 micrometers. Magnification x 4900.
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3.1.2 The number of aligned cell layers alongside fibronectin (Fn) cables versus 

the initial culture cell seeding concentration.

Over 7 days in culture, there was an increase in the number of cell layers aligned 

alongside Fn cables. The extent of this cell-cell propagation of alignment (or 

docking) was termed the “cell docking band width” (Figure 12). Figures 13a and 13b 

display the number of layers of aligned cells counted by day 7, alongside different 

preparations of fibronectin cable. As initial cell seeding concentration was increased, 

the number of cell layers present in the cell docking band width also increased. The 

increase was linear. A maximum of 37 (± 6.7 S.D., n=150) cell layers were counted 

for the alignment of cells alongside de-acidified cables (cables de-acidified in tris 

buffer as opposed to PBS) at a cell concentration of 50k cells/cm^. Further increase of 

the cell concentration beyond that displayed in the graph caused cell growth to 

confluence and did not result in further cell alignment. Cells cultured on glass 

etchings did align to the grooves to a maximum of 6 cell layers at a cell seeding level 

of 26kcells/cm^ for 7 days. It is clear that alignment of cells next to Fn cables 

extended to many more cell layers than on glass grooves. At the same cell seeding 

level, cell alignment following 7 days existed to over 20 cell layers next to drawn 

fibronectin cables.

As the cell docking band width is composed of aligned cell layers, the increase in the 

number of aligned cell layers with increasing cell seeding level, led to an increase in 

the cell docking band width. Cell seeding levels ranging from 14-54k cells/cm^ 

resulted in cell docking band widths from 335-900|Lim respectively (Figure 14).

Figure 13a shows four separate graphs of the number of cell layers versus the initial 

cell seeding concentration, one for each cable type. Figure 13b shows a combined 

graph of all cable types to compare them next to each other.

Figure 14a shows four separate graphs of the average cell docking band width versus 

initial cell seeding concentration, and likewise in 14b shows the combined graph.
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Figure 12. Fibroblasts aligned alongside Fn cables displayed as a polarised image 

from image analysis. The cell docking band width is shown (arrows A-A). A linear 

boundary is present between the aligned and randomly spread cells. The scale bar 

indicates 500 pm.
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Figure 13 a. Four separate graphs showing an increase in the number o f  aligned cell 
layers alongside different Fn cable types, with an increase in the initial cell seeding 
level Kdenotes one thousand Cables were culturedfor 7 days. (3'fC, 2.5% CO2).

In graphs l,2,and 4, a non direct relationship may be observed. These graphs suggest that 

cell layers accumulate to a greater number with increasing cell seeding level below 25k 

cells/cm^, and peak at this level. Further cell layer alignment is reduced with further 

increased cell seeding levels. The cue for cell alignment may be stronger to align the first 

20 cell layers, than layers further existing away from the cable.
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lugure I3h. A combined graph showing the points as straight lines from  the graphs 

in Figure 13a to more easily compare them. The number o f  aligned cell layers 

alongside different configurations o f  fibronectin cable increased at increasing cell 

seeding levels, enables were cultured fo r  7 days. (37^ C, 2.5% CO 2). K  denotes one 

thousand.

The graph shows that de-acidified spun cables resulted in the greatest number o f  

aligned cell layers. Spun cable with alginate resulted in fewer cell layers aligned, 

than de-acidified cables and drawn cables. Spun cables with no alginate resulted in 

the fewest cell layers aligned.
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Figure 14a. Four separate graphs showing an increase in the cell docking band 
width alongside different Fn cable types with increasing initial cell seeding level 
K denotes one thousand. Cables were culturedfor 7 days, 3'fC, 2.5% CO2.

As with the graphs in Figure 13a, as initial cell seeding level is increased there is a 

sharper increase in the cell docking band width up to a width of around 800 microns 

(at approx. 25K cells/cm^), than at further cell seeding levels and larger cell docking 

band widths that result.
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Figure 14h. A combined graph showing the points as straight lines from  the g raph  
in Idgure 14a. The average cell docking band width increase with increasing initiai J13
cell seeding levels. K  denotes one thousand. Cables were cultured for  7 days. (3'fC,

De-acidified cables cultured with fibroblasts resulted in the largest cell docking banc 

widths. The pattern of the increase in cell docking band width at increasing cell 

seeding levels is mimiked by the increase in the number of cell layers aligned with 

increasing cell seeding level. As cell docking band widths are composed of alignée 

cell layers this is perhaps not surpnsing.
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3.1.2.1 Contact guidance and chemotaxis

The orientation of cells alongside solid fibronectin cables acting as a physical 

boundary can be described in terms of “contact guidance”. Contact guidance of cells 

was first described by Weiss (1945) as a process by which cells modify in attached 

orientation to a plane of physical obstruction. It is likely that this effect combined 

with the influence of a soluble fibronectin gradient around the cable vicinity induced 

chemotactic movement of cells to the cable. Chemotaxis is cellular locomotion 

directed in response to a concentration gradient of a chemical factor in solution 

(Stossel 1993). Cells sense fibronectin, and migrate towards higher fibronectin 

concentrations until reaching the source secreting it. Chemotaxis may have led to 

alignment and increased the communication between cells in the surrounding cell 

layers. It is not surprising that cells migrate and align alongside and on top of 

fibronectin. In the in vivo situation, fibronectin is a extracellular matrix protein that 

guides cells physically and directionally, towards a wound site. The advantage of 

using fibronectin cables for wound healing is that it may increase the speed and 

number of cells migrating into a wound area.

3.1.2.2 Control alignment to glass etchings and the role of topography

Alignment of human dermal fibroblasts to fibronectin cables occurred to far greater 

docking band widths of aligned cell layers, than is seen with cell alignment to 

scratches on glass. Cell alignment to glass etchings served as a positive control to 

compare the effects of cell alignment to a physical boundary and alignment due to 

fibronectin. Alignment of fibroblasts to grooves on substrata has been documented 

(Brunette 1986), and studied with a view to providing a versatile way of controlling 

tissue repair in situ (Curtis, Wilkinson 1999). It is known that tissue scaffolds depend 

largely upon their topography, and that specific topographies align specific cell types.

Alignment due to topography is due only to the physical barrier imposed (Curtis,

Wilkinson 1999). It is clear that solid fibronectin cables provide such a barrier and is 

why it was important to compare both systems. The drawn fibronectin cable, as seen 

by electron microscopy (S.E.M) was orientated and fibrillar, in comparrison to the
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spun cables which had no visible, and no polarisable orientation to any degree 

(sections 3.2.8, 3.2.9). Fibroblasts aligned alongside spun cables to smaller cell 

docking band widths than to drawn cables. This may have occurred due to spun 

cables having negligable topographical cues in relation to the aligned, fibrillar drawn 

cable. Topography may influence cable solubilisation. An increased surface area due 

to fibrillar orientation may increase solubilisation.

3.1.2.3 Tris buffer treatment of fibronectin cables

The use of Tris buffer served to remove all traces of acid from the cables (data not 

reported). Alignment to these 'de-acidified' cables was to greater cell docking band 

widths than to drawn fibronectin cable (Figure 14b). As alignment occurred 

alongside these cables which were absent of fi’ee protons, this suggests that 

electrostatic attraction had no role to play in cell alignment carried out in these 

studies ie. there was no galvanotaxis (migration influenced by electrically charged 

ions). Tris buffer treatment in some way induced an increase in cell alignment. The 

Tris single molecule has three free hydroxyl groups (NH2.C(CH20H)3). The team at 

MTT (Niklason, Langer 1997) have been treating their PGA conduits for use as blood 

vessels with NaOH to increase the number of hydroxyl groups available, as this 

enables more cells to attach. It is possible that increased cell alignment may have 

been due to this 'hydroxyl' effect.

3.1.2.4 Cell migration quantitated by time lapse image analysis

Fibronectin cable slowly dissolves in culture but has remained stable in culture for 

over 1 month. This slow release of soluble fibronectin into the nearby vicinity could 

have acted as a gradient down which cells travelled chemotactically to form 

alignment next to the cable (Wojciak-Stothard B et al. 1997, Porter R.A. submitted).

The S.E.M and time lapse studies showed that cell do indeed move towards the cable 

and form attachments (sections 3.2.1, 3.2.2). Tris treatment of fibronectin cable may 

have increased cable solubility and resulted in a more pronounced, chemotactic 

fibronectin gradient. The spun cables were composed of 1% alginate and resulted in
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fewer aligned cell layers alongside the cable in relation to drawn cable. The al^nate 

could have had a 'binding' effect on the fibronectin protein and may have reduced 

the amount of free fibronectin released. Fibronectin cables containing alginate 

showed a marked reduction in solubility in relation to cables of Fn alone (results not 

shown). The release of fibronectin may have been less due to the thicker morphology 

of the spun cable (>200pm). The drawn cable may have been more soluble as it was 

thinner (>80pm), highly fibrillar and orientated. As there was a sharper increase in 

the number of aligned cell layers and cell docking band width, with increasing cell 

seeding concentration (to approx. 20 cells layers, at 800 micron cell docking band 

width at a seeding concentration of 25K cells/cm^), this suggests that the stimulus for 

cell alignment may have been greater at this distance from the cable than fiirther 

away. There may have been a higher soluble fibronectin concentration in the vicinity 

of 800 microns away from the cable.

As the width of the cell docking band is dependant on the seeding concentration of 

the cells, this has an important bearing on the eventual process. The data allow the 

prediction of spacing between parallel fibronectin cables on a substrata, prior to cell 

implantation or culture, to form uniform alignment of fibroblasts for initial organised 

wound repair. The data also indicate the cell concentrations needed when seeded for 

seven days of culture, to form required cell docking band widths.
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3.13 Spacing between cells in aligned cell layers by fibronectin

The average width of a human dermal fibroblast was measured (from image analysis) 

to be 5.4 |4.m (± 1.5 S.D., n=20). The average space between cell layers in the cell 

docking band width was approximately 60% of cell width ie. 3.24 pm (± 0.9 S.D., 

n=30). There was no direct relationship between cell spacing in the cell docking band 

width and cell docking band width measurement (Figure 15). There was a large 

difference between cell spacing on the cable, versus cell spacing in the cell docking 

width, and versus the spacing of cells grown in culture and non aligned to fibronectin 

(Figure 16). Cells aligned closely on the cable surface (2.4pm space ± 0.6 S.D n=30), 

were aligned further apart in the cell docking band widths (3.24pm space ± 0.9 S.D., 

n=30), and when non aligned and non confluent, were much further apart (24.6pm ± 

23 S.D n=30).
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Figure 15. A graph showing no correlation between cell layer spacing in the cell 

docking band width and the cell docking band width measurement. The points 

represent single measurements taken from computed binary images. Fibronectin 

cables were cultured for  7 days (37^C, 2.5% CO2) at a cell seeding level o f  

25Kcells/cm?.
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Figure 16. The difference in distance between cells in cell layers present on the Fn 

cable and on the glass substrata. The average distance between cell layers increased 

further away from the fibronectin cable. The fibronectin cables were cultured for 

seven days (37^C, 2.5% CO2) at a cell seeding level of25kcells/cm^.
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3.1.4 Cell docking band width versus the fibronectin cable width.

Fibronectin cable width had no bearing on the cell docking band width, regardless of 

the cable type. Data were plotted from drawn cable image analysis measurements 

(Figure 17).
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Figure 17. There was no relationship between fibronectin cable width and the cell 

docking band width. Fibronectin cables were cultured for seven days (S'fC, 2.5% 

CO2) at a cell seeding level o f 14K cells/cm^.

Aligned cell docking band width was not affected by fibronectin cable diameter. This 

is important in process terms because it suggests that the fibronectin fibre can be as 

fine as required, consistent with reliable processing. It is necessary to minimise the 

quantities of fibronectin used in the process as it is obtained from human plasma and 

is therefore limited in supply and relatively high in cost. A thicker cable with a larger



surface area would perhaps lead to increased Fn solubilisation as opposed to a thinner 

cable. There may be other factors for Fn solubilisation which does not take account 

of the surface area. The increase in cell docking band width as a fimction of cell 

seeding level may be due to the protease degredation of Fn by cells attached on the 

cable surface. Protease (matrix remodelling proteases, MMPs) action may increase 

the release of soluble Fn into the culture media. The greater the number of cells 

attached on the cable surface, the greater the MMP action, and hence an increase in 

the amount of soluble fibronectin release. This would explain why Tris treated cables 

resulted in a greater number of cell layers aligned. As increasing the number of 

hydroxyl groups increases the ability for cells to attach, this would lead to a larger 

number of cells attaching to the cable. This leads to more MMP release, more Fn 

solubilisation, and a stronger Fn gradient for cells to chemotactically migrate 

towards.

3.1.5 The Orientation Index (S) value of cell alignment to Fn in the cell docking 

band width

The orientation index (S) was applied to cell docking band width alongside 

fibronectin cable. The index was calculated at 4 different zones consisting of cable 

plus cell docking band widths on either side (lOOOpm^) along each cable. The results 

are shown in Table 2.
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Fibronectin cable type Orientation Index (S) value 

(average)

SD SEM

hand drawn (n=25) 0.97 0.04 0.008

hand spun (n=25) 0.96 0.06 0.012

hand spun 1% alginate (n=25) 0.96 0.08 0.016

de-acidified (n=25) 0.96 0.06 0.012

Table 2  Orientation index values calculated from the cell docking band width 

alongside different fibronectin cable types. The orientation index (S) values were 

close to 1, denoting almost perfect alignment o f cells to fibronectin cables. SD 

denotes the standard deviation. SEM denotes the standard error o f the mean.

An orientation index value of 1 would indicate perfect alignment (ie. all cells are 

100% aligned to the fibronectin cable), and a value of 0 would indicate all cells lying 

at 90. to the fibronectin cable. Table 2 shows average orientation index values 

indicating almost perfect alignment of the cells to the fibronectin cables (ie. near to a 

value of 1). The figures denote an average angular deviation of approximately 6̂  

between the polar axis of the cells and the plane of the cable within the cell docking 

band width. This was made up of large numbers of cells which were aligned with 

angular deviation of less than 5° together with a few randomly orientated cells, as 

measured from image analysis. These figures compare to an average orientation 

index value of 0.45 (±8.2 S.D., n=10) for non-aligned areas of cells, resembling the 

normal growth patterns in culture flasks in regions not adjacent to the fibronectin 

cables. The index values for the different cable types are comparable. This indicates 

that the use of 1% alginate in the fibronectin cables, and the de-acidification of 

fibronectin cables have no bearing on orientation measure.
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3.1.6 Orientation index (S) value versus the cell docking band width.

The orientation index (S) value was independent of the cell docking band width 

(Figure 18). Therefore regardless of the extent of cell-cell docking alongside 

fibronectin, the orientation to which they aligned was comparable, and very close to a 

(S) value of 1.

1.00 -

0.99 -

0.98 -
O rientation Index (S) 

value
0.97 -

0.96 -

0.95 -

0.94 -

200 300 400

Cell docking band w idth 

(urn)

Figure 18. A graph displaying no relationship between Orientation Index value (S) 

and the cell docking band width. Each point represents a single data calculation o f 

the (S) value, and the cell docking band width o f that value. Fibronectin cables were 

culturedfor seven days (S'fC, 2.5% CO2), at a cell seeding level o f 14K cells/crri on 

drawn Fn cable.
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There was no correlation between the cell docking band width and the spacing 

between cell layers in the width (Figure 15). The signals for cell alignment may be an 

all or nothing' type signal. This would explain why the orientation index value does 

not change with cell docking band width (Figure 18), why cell migration velocity 

towards the cable did not alter with different initial cell distances away from the 

cable (Figure 20), and why there is an abrupt cut off point to orientation (Figure 12).

These results were taken from a maximum of 600 micron distance away from the 

cable. As seen from figures 13 and 14, beyond 800 microns away from the cable, the 

signal for cell alignment is reduced Cell alignment in layers, physically (due to 

stacking), would acount for the smaller distances between cell layers in the cell 

docking band width than in areas of non alignment (Figure 16). The cells on top of 

the cable where aligned are much closer than in the cell docking bands alongside.

The physical situation of a cell on top of a contact guidance cue could lead to greater 

induction of attachment, orientation, and migration. This may occur by both 

haptotaxis (an adhesive molecule gradient) and contact guidance (the physical, 

directional cue). This may account for the closer cell contact on the surface in 

relation to alongside cables.

3.1.7 Cues for cell alignment

Consecutive (successive) cues for cell alignment may be due to the fibronectin 

binding site presence (70kDa fragment) on cultured human fibroblasts (Mosher et al 

1987). Exogenous fibronectin is incorporated by fibroblasts into extracellular matrix, 

and 160-180 kDa fragments of fibronectin. The continual incorporation of exogenous 

fibronectin by fibroblasts into fibrillar fibronectin may be in part responsible for cell 

docking continuation, as an extension of chemotactic signalling. (Mosher eta! 1987).

Chemotaxis has been studied in a number of areas including the response of 

neutrophils, monocytes, and macrophages to bacterial secretions. In eukaryotic cells, 

mobilisation of membrane bound calcium, together with actin and other contractile 

proteins, may co-operate in the chemotactic response. The biochemical basis for 

chemotactic movement in eukaryotic cells has yet to be provided (Clark R A F.
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1996). It is known that signals are sent to deeper tissues from the superficial regions 

to promote the migration of cells to a wound area. Cells are known to initiate 

crawling in response to surface stimulation, mainly in the form of soluble or substrate 

bound extracellular molecules (agonists) that act as sensory cues. The agonists 

include proteins such as fibronectin, and other molecules including peptides, lipids 

and small molecules, which bind to specific cell surface receptors (Stossel 1993).

Sensory influences on cell membranes initiate signals across the membrane that 

activate cell crawling mechanisms (Brundage et al 1991). The crawling cell 

morphology is elongated, with leading lamellae which glide forward and pull the cell 

body behind them (Trinkaus 1984). Alignment in an elongated cell morphology 

would seem to indicate that in the dynamic system, the cells were migrating along the 

longitudinal surface of the fibronectin cables, and alongside in the same direction.

This not surprising as in vivo, in situations of wound healing and many other 

processes including morphogenesis, cells use fibronectin-containing extracellular 

matrix as a migration guide into the wound/growth area.

3.1.8 Cellular response to external stimuli

When cells respond to external stimuli, they extend and remodel peripheral elastic 

lamellae in the direction of locomotion (Stossel 1993). This is achieved by 

assembling actin subunits into linear polymers at the lamella's leading edge. The 

filaments are crosslinked by bifimctional gelation proteins. Filaments go through a 

cycle in which they are assembled, crosslinked, and disassembled. Filaments are 

disassembled into short fragments or monomeric subunits which supply components 

for actin assembly reactions which drive protrusion. Sensory cues result in lipid and 

ionic signals on cellular proteins, which escort actin through the cycle mentioned 

above. Myosin molecules may aid the guidance of sensory receptors to the cell 

surface or impose contractile forces upon actin in the lamellae (Stossel 1993).

Actin microfilaments and in particular, microtubules (both are protein filaments in 

the cytoskeleton), have been stated as important for cell elongation, directed 

locomotion and contact guidance (Brunette 1986). Microtubules have been found to 

influence the process of cell alignment and directed migration, but are not essential
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for them to occur. In the absence of microtubules alignment still occurs but at a 

slower rate (Wojciak-Stothard et al 1995). Microtubules are the first cytoskeletal 

components to align to a substrata cue. Cytoskeletal components which determine 

cell shape and orientation include microtubules, actin filaments, vinculin, 

intermediate filaments, and kinesin. Microtubules are not critically required, 

providing an alternative orientated cytoskeletal component is available (Wojciak- 

Stothard et al 1995).

3.1.9 Fibronectin cable width in application

A bums patient needs treatment with a replacement skin at the earliest opportunity in 

order to avoid dehydration leading to shock and/or overwelming infection/sepsis. 

Autologous cell sources (the patients own) could be used. This means that the 

number of cells available early would be small, and from the above results the 

spacing of fibronectin cables would therefore need to be closer. At an average 

separation between cables of about 1mm, and with a conservative cable diameter to 

lOOjLim, the mass of fibronectin/cm^ would be 6.25mg. This would influence 

continual cell alignment, as cell docking band widths on either side of the cables 

would extend to at least 700pm (with cells seeded at a concentration >30k cells/cm^). 

This study has established a functional measure for cell alignment induced by 

fibronectin cables, and may be applied to other contact guidance materials with 

potential for use in tissue engineering.



Section 3.2

Cell migration, attachment and proliferation on fibronectin cable; and spun 

fibronectin cable characterisation

In this section, cell alignment is investigated further by looking at cell movement in 

the dynamic culture system. Cell migration towards fibronectin cables is quantified 

by time-lapse image analysis following S.E.M investigation into cell attachment and 

migration characteristics displayed by cells. Cell proliferation in terms of the increase 

in cell numbers is assessed on different configurations of fibronectin cable and 

potential cable backing materials. How cable preparations can alter cable character 

regarding strength and structure is also considered with a view to further cable 

development.



3.2.1 C ell attachm ent to fibronectin cable in the first few  hours o f  cu lture-S.E .M . 

study

Alignment of human dermal fibroblasts to fibronectin cable was quantified following 

seven day culture (results section 3.1). Culture of cells at a low cell seeding level 

around fibronectin cable was interrupted and fixed at durations of 2 hr and 4 hr to 

view early stages of cell alignment. This was done to see if alignment occurred 

prefentially to fibronectin as opposed to simply multiple alignment due to cell 

confluence existing in the easiest' orientation to the physical barrier of the cable. 

The experiment was repeated twice with a total of 16 samples viewed (8 for each 

culture duration).

Figure 19 contains a number of S.E.M's showing the appearance of cells next to the 

Fn cable. The cells were not in close contact ie. not concentrated in the cable vicinity. 

Following 2hr culture, cell attachment to Fn was evident (arrow A) and was highly 

filamentous. Cells not immediately adjacent to the cable showed cellular processes 

extended in the cable direction (arrow B). More cellular processes were extended 

towards the Fn than in other directions (arrow A). Following 4hr culture, cell 

alignment to Fn was displayed as an elongated cytoplasm with the cell nucleus lying 

next to the cable (arrow D). It is clear from this micrograph that cell alignment 

occurred by independant cell interaction with fibronectin. The extension of cellular 

processes towards neighbouring cells (arrow E) may represent an aid to cell docking. 

The polarised cell morphology (arrow F) may point to cell migration towards (or 

away) from the Fn cable. Cells cultured in the absence of Fn cables (2hr) extended 

cellular processes in all directions. Where these cells were immediately next to each 

other, processes were extended towards the neighbour, but otherwise not in any 

specific direction.

These results indicate preferential cell attachment to fibronectin in the absence of cell 

docking due to consecutive cell concentration. As the cells were migratory (arrow F), 

it was necessary to employ a time lapse photography system to see if cell migration 

was towards fibronectin cable, and to understand more about the dynamics of cell-Fn 

culture.
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Figure 19. Scanning electron micrographs following culture o f  human dermal

c%z6/gjAbr 2/zr af%/ 4/z/% 77?e arrow# are

described m the text.
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3.2.2.1 Time lapse image analysis

In these experiments the velocity of cell migration towards fibronectin cable was 

measured. In the field of view (900pm^) it was clear from image measurements that 

there were a number of cells (37% ±8% S.D., n=800) that did not move from their 

fixed position over 24 hr. The majority of cell migration (95% db3% S.D., n=800), 

occurred in the direction of the fibronectin cable. A small number of cells travelled in 

the opposite direction. Velocity measurements (pm/hr) are shown in Table 3. A large 

variation was evident between the minimum and maximum velocity. Average 

velocities of two cell types were comparable towards the two cable types.

Fibronectin 

cable type

Cell type average

velocity

(pm /hr)

minimum

velocity

(pm /hr)

maximum

velocity

(pm/hr)

SD SEM

1% alginate-Fn 

n=4

PAE

n=200

16.6 0 19 25.0 12.0 0.85

1% alginate-Fn

n=4

HDF

n=200

17.9 1.85 19.7 11.0 0.78

Fn

n=4

HDF

n=200

15.2 3.00 32.0 10.2 0.72

Fn

n=4

PAE

n=200

14.7 0.75 27.2 15.3 1.10

PAE = pig aorta endothelial cells 

HDF = hum an dermal fibroblasts

Table 3. Migration velocities o f two different cell types towards two spun cable types. 

Fifty cells were measured next to each cable. The data was analysed by time lapse 

photography image analysis and represent measurements taken from 48 images over 

24 hours. SD denotes the standard deviation o f the average velocity value. SEM  

denotes the standard error o f the mean

As average velocities were comparable between cell types it may indicate there was

91



equal cellular response to chemotactic migratory signals by fibronectin. Although cell 

migration was not measured on the cable surface, it would be expected to occur more 

rapidly. Oriented topography cues such as a fibre have been reported to increase the 

persistance and the speed of fibroblast movement on the fibre surface (Curtis et al 

1995). The speed of migration of other cell types on glass and fibronectin coated 

surfaces has been reported (Wojciak-Stothard et al 1997). In all cases cell migration 

was faster on fibronectin (with the exception of macrophages). Epitendon fibroblasts 

migrated at a speed (average) of 13p.m/hr on glass and 26pm/hr on fibronectin. 

Neurites migrated at a speed of ISpm/hr on glass and 22pm/hr on fibronectin. In this 

study, fibroblasts and endothelial cells moved at slightly higher migration rates 

towards the fibronectin cable. Solubilisation of fibronectin in the first 24 hr of culture 

(the duration of this study) leads to no visible changes in cable integrity and could be 

minimal. Migration following culture of longer durations may lead to faster 

migration by the increased amount of free soluble fibronectin providing an enhanced 

chemotactic cue. Cells migrated faster on fibronectin coated surfaces (Wojciak- 

Stothard et al 1997) than in this study in response to the chemotactic cue. Cell 

movement on the fibronectin sheets was likely to be stimulated by both chemotaxis 

and in response to Fn as the substrata.
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3.2.2.2.Cell migration velocity versus cell distance from the fibronectin cable

Data concerning the distance of cells away from fibronectin cable were analysed 

alongside migration velocities in order to investigate a relationship. Data were 

compiled of distance versus velocity from the 4 sets of experiments shown in Table 

3, and is shown in Figure 20. There was no relationship evident.

Cell migration 
velocity towards 
fibronectin 
cable

(p.m/hr)

35
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25
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#•
I _L ± ±
0 100 200 300 400 500 600

Initial cell distance away from the fibronectin cable

(itm)

Figure 20. Compiled data o f migration velocity (pm/hr) o f HDF's and PAE's 

towards Fn and 1% alginate Fn spun cable, versus the initial cell distance (pm) 

away from cable.

If the chemotactic gradient is linear, the rate would not be expected to change with 

distance as the gradient is the driving force and not the distance.
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3.2.3. Immunofluorescent staining to highlight cell attachment plaques

Immuno-staining o f vinculin present in cell attachment plaques verified the 

attachment o f cells to Fn. Images taken o f the staining by fluorescent microscopy 

were blurred but an example is shown in Figure 21.

Figure 21. Cell allachmenl /o fibronectin seen by the immuno-staining o f  vinculin 

present in the cell adhesion plaque. Arrow A shows an attached cell to the Fn cable 

surface

This work shows by an immunochemical method that cells attach to fibronectin, as 

indicated by the physical attachments visualised by S.E.M.
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3.2.4. Quantitation of cell proliferation on fibronectin and other materials

An assay was used to quantify cell proliferation following cell attachment on 

different materials. A graph was constructed o f  cell numbers at 8 and 16 days (Figure 

22). A table showing the increase in cell number expressed as % cell proliferation 

over time is shown in Table 4. Cell numbers increase to a maximum number on 

plastic, followed by fibronectin. Cell numbers increased less on collagen and gelatin 

than on fibronectin, and to minimum numbers on polylactic acid (PLA).

Cell number 

X I0^

- ■ - B  
#- D 

• A -  - l i 
-V— F 

G
-4—H

400

300

200

100

S T '

0 5 10 15

Culture duration (days)

B= Plastic culture dish, plain, non coated (control)

Hand spun fibronectin cable 

E= Hand spun 1% alginate-Fn cable 

F= Gelatin sponge 

G= Collagen cross-linked sponge 

H= PLA disc

Figure 22. The increase in cell numbers o f  human dermal fibroblasts on 9.6 cm o f  

fibronectin material over 16 days from  an initial cell seeding level o f  20k cells'cin at 

day 0.
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M aterial

i

%  Cell nroliferation As

multinlication

factor

%CeII nroliferation As

multinlication

factor

Rate over

16 days

C ulture

duration

->

8 days culture 8 days culture 16 days culture 16 days 

culture

(cells/hr)

plastic

(control)

(n=6)

509 (±10.7 S.D) X 5.1 1850 (±29.8 S D) X 18.5 911

Fn

(n=6)

612 (±53.8 S.D) X 6 .1 1300 (±74.2 S.D) X 13 677

1% alginate 

Fn (n=6)

409 (±18.9 S.D) x4.1 752 (±53.9 S.D) X 7.5 390

gelatin

(n=6)

307 (±44.2 S.D) X 3.1 650 (± 57.6 S.D) x6.5 338

collagen

(n=6)

302 (±19.3 S.D) x3.0 708 (±33.8 S.D) x7.1 370

PLA

(n=6)

135 (±11.7 S.D) X 1.4 170 (±13.5 S.D) X 1.7 89

Table 4. A table displaying data o f the increase in human dermal fibroblast 

numbers, cultured (37^C, for 8 and 16 days on different materials. SD

denotes the standard deviation o f the data.

Fibronectin in the form of thin (<100^m) cables placed a small distance apart to 

induce uniform alignment of cells on backing material would be the proposed 

arrangement of Fn dermal dressing. The materials tested for backing Fn were shown 

to support varying degrees of cell proliferation (nb. Apoptosis (programmed cell 

death) was not studied, or necrosis. In future studies it would also be important to 

study these). The topography of the materials was very different. If the study was to 

be repeated it would be useful to test the materials with uniform topography ie. all 

flat, as topography influences cell attachment, spreading and proliferation. The 

experiment highlighted poor cell proliferation numbers on PLA in relation to 

fibronectin and plastic substrates. PGA and PLA are the most referenced tissue
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engineering scaffolding materials used by influential group (comprised of Langer at 

the Massachusettes Institute of Technology and Vacanti at the University of 

Massachusettes, USA). This group has used mechanisms to induce cell attachment, 

and have reported good 'cell growth numbers. Perhaps the configuration in which 

they use the material (such as a mesh) benefits cell growth. In this project, nothing 

replicated the success of anchorage-cell growth numbers grown on flat substrata 

(such as in a culture flask, and PGA discs used in this study). It is possible that the 

copolymer of PGA/PLA used by Langer el al is different in physical and chemical 

aspects to PLA alone. Surface chemistry could be altered to benefit cell growth, 

aswel as cell attachment.

This study was limited to the use of materials available at the time. Another material 

of interest would be hyaluronic acid or hyaluronic acid as a copolymer with 

something else, for example fibronectin. Hyaluronic acid and fibronectin are present 

in larger amounts in fetal wound healing (Armstrong and Ferguson 1995). Detailed 

research has been carried out into the differences between fetal healing which is scar- 

free, and adult wound healing. Approaches have been suggested where adult wounds 

could be manipulated to resemble fetal healing, in the hope of reducing scarring.

These have included the manipulation of extracellular matrix constituents to be more 

like that of the fetus, and the modulation of the inflammatory response and growth 

factors in the wound. The former involves fibronectin, and may point to the 

advantages of using this material in skin replacement therapy. Fibronectin is 

deposited more rapidly in fetal wound healing than in adult tissue repair (Longaker et 

al 1989). The application of exogenous fibronectin to adult rat wound accelerated the 

rate of wound closure (Cheng et al 1988). Cheng and colleagues suggested that the 

application of fibronectin may be a source of extra chemotactic fragments, which 

may accelerate fibroblast and macrophage accumulation at the injury site. Faster 

fibronectin deposition may be an important mechanism by which the fetus can 

quickly re-epithelialise. It would have to be spatially highly organised. The 

extracellular matrix of adults differs most substantially from fetus extracellular 

matrix in the high concentration of hyaluronic acid at the fetal wound site. The 

exogenous application of hyaluronic acid onto a scratch wound (not full thickness) in 

rats, resulted in no scarring (Abatangelo et al 1983). Healing rate was accelerated.
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Burd et al in 1989 studied the composition of hyaluronic acid (HA) extracted from 

human skin, and demonstrated that tissue extracted HA inhibited fibroblast 

replication in culture, whereas recombinant HA purified by fermentation did not. 

These authors proposed that HA-protein complexes play a significant role in the in 

vivo organisation of scar tissue. It was suggested that HA may act as a protective 

carrier to deliver growth factors and other proteins to the wound site. This may 

highlight a benefit for the use of hyaluronic acid as backing material for fibronectin 

cables to be applied to a wound.

There is no inflammation in fetal healing. Manipulation of the growth factor profile 

by the use of anti inflammatory agents to reduce inflammation, has served only to 

slow down the healing rate, and has not successfully reduced scarring (Armstrong 

and Ferguson 1995). The alteration of specific growth factor levels may also be 

important. Cutaneous scar prevention evidently depends on a slight alteration of the 

ratio of TGF-P 3 (transforming growth factor) compared to TGF-p 1 (Armstrong and 

Ferguson 1995). Scarring has been reduced by neutralising PDGF (platelet derived 

growth factor), and adding exogenous FGF-2 (fibroblastic growth factor) (Armstrong 

and Ferguson 1995). Mannose-6-phosphate may be therapeutic for wound repair as it 

binds to both mannose and mannose-6-phosphate (anti-scarring) receptors. 

Manipulation of the growth factor profile is complex. Overall it is suggested that 

there is a large therapeutic window for improving the quality of adult wound healing 

with reduced scarring (Armstrong and Ferguson 1995).
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3.2.5 Coagulation time versus the tensile strength of hand spun fibronectin cable

The maximum tensile strength (MTS) of cable when coagulated in acid for different 

durations is shown in Figure 23 and Table 5. The relative humidity during the tensile 

tests was kept at approximately 55%. There was an increase in the MTS of cable with 

an increased time in acid to a maximum at 10 min coagulation (600 sec).

Average Maximum 
Tensile Strength 
(N/mm 2 )

100

+ + I

200 400 600 8000 1000 1200

Time in acid for coagulation (sec)

Figure 23 The maximum tensile strength o f fibronectin cable increased with more 

time in acid (0.25MHCl 2% CaC/^ for coagulation. A maximum value was reached 

after 600 sec coagulation.

This work indicates that to achieve a maximum strength, a minimum of 10 min 

coagulation is needed. This is probably because with any lesser time there was not 

enough penetration of agents that fix the structure of the core.
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Table 5. Data o f the average maximum tensile strength (MTS) o f fibronectin cable 

versus the coagulation time. SEM denotes the standard error o f the mean o f the 

average MTS.

Time in HT average MTS 

(N/mm^)

SD SEM

5 sec 

n=7

50.5 16.4 6.2

30 sec 

n=4

50.3 20.8 10.4

1 min

n=3

39 4.6 2.7

5 min 

n=4

80.3 222 111

10 min 

n=5

95.2 47.4 21.2

20 min

n=3

89.7 43 24.8
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3.2.6 Fibronectin cable coagulation time versus the cable structure in cross 

section.

For different Fn cable acid coagulation times, cable structure in cross section showed 

a different number o f concentric banded regions o f coagulated protein (Figure 24) 

ranging from 1 to 4 bands counted. The number increased from 3 bands to 4 bands in 

30 sec, and then decreased to 1 band with a small central core following 10 min.

5 sec • .
+ r
15 sec

Number of 

banded regions 

present in 

cable cross section

30 sec

^  1 min

-  •  * 5  min 
2 min

10 min 30 min
—  • •

1 . 1 1
0 500 1000 1500 2000

Coagulation tim e of cable in acid (sec)

luxure 24. The number o f  prolein coagulation hands o f  Fn cable in cross section, 

changed over time to reach a single amorphous layer with a central core following  

10 mm in acid. Bands were counted from  2 samples at each coagulation time.

The cable coagulation time o f  10 min is therefore necessary, not only to obtain the 

maximum tensile strength (section 3.2.5), but to produce a uniform cable structure in 

cross section. It is likely that one is related to the other.
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3.2.7 Dehydration method versus the tensile strength of hand spun fihronectin 

cable

Fn cable soaked in ethanol or acetone prior to air /freeze drying showed an increase 

in the maximum tensile strength in relation to cables left to air /freeze dry alone 

(Table 6). The greatest increase in strength occurred after soaking Fn cable in 70% 

acetone. The cables had a 'crusty' texture following ethanol or acetone exposure and 

would not stick to glass coverslips to be air dried for gamma irradiation and cell 

culture.

Dehydration medium Average MTS (N/mm^) SEM increase in MTS 

(%)

air 31.0 3.2 -

ethanol 70% 386 2.1 24.5

acetone 70% 50.0 10.3 61.3

Table 6. The maximum tensile strength (MTS) o f Fn cable increased after soaking in 

ethanol or acetone. The largest increase occurred after soaking in acetone. SEM 

denotes the standard error o f the mean. The tests were undertaken at a relative 

humidity o f 65%.

Provided that following dehydration treatment, the cables can support cell 

attachment, spreading and growth, the increase in strength would be favourable. 

Other factors such as brittleness, and elasticity when wet would have to be taken into 

account, along with changes in topography and cable solubilisation.

3.2.7.1 Cell culture on ethanol/acetone dried cables

Cables were stuck down onto the coverslips with transparent stickers (used for 

sticking specimens to aluminium stubs for S.E.M), gamma irradiated and cultured 

with human dermal fibroblasts. As cable adherence to coverslips was assumed to be
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minimal, they were cultured with cells in just enough culture media to cover the 

cables and prevent cable floatation (1ml). Cables did become unstuck in some cases. 

Cells attached to areas of cable not exposed to air (ie. on the side). Cell numbers 

were counted by image analysis but are not shown due to the experiment 

irregularities. However, following dehydration of Fn cables in ethanol or acetone, cell 

attachment did occurr.

3.Z.7.2 Structure of ethanol/acetone dried cables by S.E.M (Figure 25).

Fn cable soaked in ethanol showed a smooth appearance similar to air dried spun 

cable. After soaking in acetone, the cable was slightly grainy and pitted. Longitudinal 

alignment was largely absent, as in the case of all hand spun cables in relation to 

drawn cables which are fibrillarly aligned.

At this stage in cable development, the pitted morphology of fibronectin cable 

dehydrated in acetone would give no directional cue to fibroblasts, could slow cell 

migration and be generally unfavourable.

Figure 25. Scanning electron micrographs showing the surface o f hand spun cable 

following dehydration in ethanol (Image I), acetone (Image 2) in relation to air dried 

hand spun cable (Image 3) and drawn cable (Image 4).
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Figure 25. Image I. The surface structure o f  Fn cable dehydrated in ethanol. The

surface is .smooth and slightly blemi.shed.

Figure 25. Image 2. The surface .structure o f  Fn cable dehydrated in acetone. The 

.surface is grainy and pitted  in appearance.
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Figure 25. Image 3. The surface structure o f  an air dried, hand spun fibronectin

cable. The surface is smooth and non oriented.

Figure 25. Image 4. The surface o f  a drawn fibronectin cable showing surface 

fibrillar alignment running with the length o f  the cable

5 0 m
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3.2.8 Fibronectin tube orientation viewed by polarising microscopy (Figure 26).

Longitudinal cross sections of fibronectin tube, when viewed by light microscopy 

showed fracture marks as artefacts from the slicing process. The area of tube 

representing the lumen surface showed distinct lines running along the tube length 

(arrow A) in a region more darkly stained. The sections did not polarise light. Cable 

wound into tube, in cross section was amorphous in internal structure (arrow B). The 

individual spun cables used to wind into tubes were absent of surface orientated 

along their length. If they did it would be expected that orientation would follow a 

circular pattern down the length of the tube. This would have been the case if drawn 

cables of fibronectin were wound into tubes. As the inside of the cables were 

amorphous, it follows that there was no alignment in the cable core. This is perhaps 

expected as the centre of the cable is not subject to any shear from the orifice as it is 

extruded. Extrusion through a corr^ ted  orifice may produce longitudinal orientation 

of the cable surface down the cable length. The darker staining on the lumen surface 

may be an artefact of the fixing process, or may indicate structural definition such as 

small lines running parallel to the tube length (arrow C) alongside the larger parallel 

running lines (arrow A).
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Figure 26. A section o f  fibronectin tube sliced longitudinally down the tube length. 

The luminal and external surface are indicated. The section was stained with sirius 

red and is at magnification x20. The arrowed points are described in the text.
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3.2.9 Fibronectin tube orientation viewed by S.E.M.

Images 1, 2, and 3 (Figure 27) show at increasing magnifications the tube lumen 

structure. The tubes were cut in half along the length. The joins between coils o f  

wound cable can be seen, fonning the intact tube structure. The luminal tube surface 

showed lines o f alignment running along the lumen length (image 1, arrow A), and 

extending over the cable joins (Image 1, arrow B). The lines were non unifonu over 

the lumen surface, and could be described as 'crinkle' lines (Image 2, arrow C). The 

cnnkle lines would be explained by the folding pattern observed when winding the 

solid, gel-like cables around the needle in tube preparation. Lines o f  longitudinal 

stress caused by friction on the lumen surface (Image 3, arrow D) were also present. 

These results back up the findings by light microscopy o f lines in the lumen running 

parallel with the tube length.

Figure 27. Image I. A low magnification image of Fn tube lumen length cut in 

longitudinal section. Lines running parallel with the tube length can be seen (arrow 

A). Lines existing across the cable joins are also seen (arrow B).

20k V X35
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Figure 21. Image 2. A higher magnification showing the 'crinkle' lines (arrow C) 

existing along the tube length.

I
Figure 27. Image 3. Stress lines run along the length o f  the tube (arrow D)
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3.2.10 Hygroscopic properties of Fn cable

The extent o f  water uptake as a % o f the dry weight was measured for different 

preparations o f fibronectin cable (Figure 28). The original hydration o f the freeze 

dried cable can be taken as negligable following equilibration to the air relative 

humidity (38% RH), as no increase in weight was measured to Img.

100

60
"/o o f dry weight 

increase due to 

distilled water  

hydration

40

2 3 4

(1) Drawn Fn cable

(2) Hand spun 1% alginate Fn cable

(3) Prelim inary machine spun 50%  alginate Fn cable

(4) Hand spun pure alginate cable

luxure 28. The % o f  dry weight increase o f  four different fihronectin cable types 

following full saturation in distilled water fo r  /  hr at room temperature (n 4 

experiments fo r  each cable type tested)

The greatest increase in dry weight by hydration occurred with pure alginate spun 

cable and the least with drawn fibronectin cable. Preliminary machine spun cable 

(Underwood S.A. 1999) containing 50% alginate absorbed more water than hand
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spun Fn cable containing 1% alginate.

3.2.11 Process implications

The properties of the fibronectin material will in future be engineered to make it 

processable by altering the composition of co-polmers. Experiments in this study give 

important points to consider in this development. The use of alginate alters the 

rheology profile of the material, making it more of a shear thinning solution 

(Underwood 1999), and was found to markedly increase the hygroscopic character of 

fibronectin cable. This may have solubility implications, and upon hydration it forms 

a gel-like morphology which may reduce the surface longitudinal alignment of the 

spun cable. Other additives are likely to be investigated in the future, eg elasticity 

agents.

The coagulation time of the spun protein is important to result in maximum cable 

strength, and to produce a uniform 'banded' appearance of coagulated protein in 

cross section. The use of dehydration agents such as ethanol or acetone, would 

increase cable strength in relation to non treated cables. Cable strength (in skin 

replacement therapy) is important for manipulation of the protein onto the backing 

material, and for the forces naturally occuring on the wound by the normal 

movement of the patient and by wound healing processes. The suitability of 

dehydration methods on cell suitability lies in the total removal of any excess 

ethanol/acetone residue as both are known to potently kill cells.
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Section 3.3

Fibronectin tubes

In this section the engineering properties of hollow tubes produced by a hand 

winding method from single fibronectin cables is reported. The in vitro culture of 

endothelial cells in tube lumen forms the second part of this work. The section is 

discussed with a view to further spinning development of fibronectin tubes in the 

light of published work.
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3.3.1 The freeze dried fibronectin tube

Figure 29 shows the appearance o f  the freeze dried tubes o f fibronectin prior to 

testing. The tubes were transparent with opaque areas. Freeze drying produced a 

“glassy” layer on the external surface which may have hardened the structure as a 

result. Tube structure was regular, closely controlled with regard to dimensions, 

and reproducible. The tube wall diameter was 0.16 mm (± 0.05 SD, n=10), and 

the hollow diameter was 0.84 mm (±0.02 SD, n=10).

Wa

%

Figure 29. Freeze dried  fibronectin tubes. The tubes are approxim ately 2cm in 

length (± 0 .4  S.D, n=^20) with a dry weight ofO.OlISg (±1.1x10'''' S.D, n=20).
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3.3.2 Tensile tests

At relative humidity (RH) levels of less than 40% the tube possessed moderate 

tensile strength of llN/mm^ and behaved in a brittle manner. When fully 

hydrated, the maximum tensile strength decreased to 0.98N/mm^ (Table 6). 

Figure 30 shows the maximum tensile strength with increasing levels of humidity. 

Although brittle at a relative humidity of less than 40%, the percentage strain to 

failure increased with increasing hydration to 80.3% (8.6 SEM) at 100% RH. 

Upon hydration, the tubes swelled to 238% (12.9 SEM) of the original wall 

thickness and there was no change in the internal diameter of the tube. The 

hydrated diameter of the tube was used to calculate the maximum tensile stress 

for tubes tested at 100% relative humidity.

Relative 

Humidity %

Average MTS 

(N/mm^)

SEM

33 11.5 1.30

41 7.90 1.23

53 6.90 2.10

64 5.67 2.05

69 4.25 0.14

100 1.22 0.47

Table 7. The maximum tensile strength (MTS, N/mm^) o f  fibronectin tubes 

decreases with increasing relative humidity (To) levels. SEM denotes the standard 

error o f the mean o f the average MTS value.

The fibronectin tubes are highly hygroscopic. Although the strength of the fully 

hydrated tubes is one tenth that of those at less than 40% RH, they were easier to 

handle and were not brittle. This, coupled with no reduction in the internal 

diameter and the ability of the hydrated material to stretch when the tube is 

hydrated, should prove clinically beneficial in terms of material handling.
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Figure 30. A graph showing the maximum tensile strength (N/mm^) o f  fibronectin 

tubes at increasing relative humidity levels.

Although the tubes were reproducible in dimensions, there was a wide scatter of 

points at <40% RH. The mechanical testing of these tubes was undertaken on 

different days, and subtle differences in experimental detail such as background 

electrical interference may have affected the result. As the fracture of the tube 

under tension during maximum tensile strength testing occured at the butted 

junction between subsequent coils of fibronectin cable, the resultant strength 

calculation is an underestimate since the overall thickness of the tube was used, 

which may have been nearly twice the width of the bond at the butted junction.
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3.3.3 Burst pressure

The fibronectin tubes had a mean burst pressure of 187 mmHg (24.6 xlO'^ 

N/mm^/ 24.6 xlO^N/mV 0.25 Atmospheres) (2 SEM), and could maintain a 

constant pressure of 170 mmHg for 84 hr prior to bursting. Increase in hydrostatic 

pressure caused the tubes to balloon to approximately 1.5 times the diameter of 

the hydrated tubes. Once the tube had burst the tube walls relaxed to the normal 

hydrated diameter. Failure of the tube occurred at the butted junction between 

neighbouring coils of fibronectin cable (Figure 31), hence burst pressure is related 

to longitudinal stress which in turn should correlate wth the tensile strength of the 

fully hydrated tube. If the tube had failed by sliting down the length then the burst 

pressure would be related to circumferential stress. From the burst pressure, the 

longitudinal stress of the fibronectin tubes was calculated.

The values of longitudinal stress decreased with increasing wall thickness as 

shown in figure 32.

The burst pressure of the fibronectin tube is over 50% higher than normal resting 

arterial systolic pressure, and is able to hold a 40% higher pressure for over 3 

days. Pressure changes occur in systemic vessels, minimally in capillaries and to a 

much larger extent in the main arteries such as the aorta and arterioles. Peristaltic 

pressure testing would be useful to assess the suitability of the tubes in this form 

for the grafting of bigger vessels. The nature of this method of tube manufacture 

allows for tubes to be made of variable lumen diameter and wall thickness.
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Figure 31. Breakage occurred at the butted junction o f  the tube, between 

neighbouring coils o f  fibronectin cable (arrow A) when subject to burst pressure 

indicating that longitudinal stress predominated.

TENSION TENSION

The burst experiments were carried out in DMEM at room temperature. To assess 

the functional significance of the tubes under physiological conditions the testing 

of the tubes would have to be carried out in a blood equivalent and at 37°C.
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Figure 32. The relationship between longitudinal stress o f the fibronectin tubes 

when assessing burst pressure, and tube wall thickness. The tubes could hold 

higher pressures when the tube wall was thinner

Tube walls were thinner as a result of winding cables with a smaller diameter into 

tubes. The tube walls varied in diameter by ± 0.05 mm (section 3.3.1). The 

longitudinal stress value calculated from the burst pressure (section 3.3.3) was 

approximately 0.013N/mm^. The tensile strength of fully hydrated tubes by 

maximum tensile strength testing (pulling the material at the tube ends) was 

nearly one hundred times this value (average 1.2N/mm^) and is not therefore 

comparable. The type of failure may be different in the two cases as the angle of 

tension is not the same. Also, the tube hydration method used when assessing the 

maximum tensile strength may not have ensured full tube hydration. The tube 

lumen was not subject to hydrostatic pressure and external surface saturation as in 

the burst pressure experiments, rather the tube was hydrated from the external
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surface only.

The burst pressure and the maximum tensile strength are measures oT the strength 

of the adhesive bonds between consecutive spirals of wound fibronectin cable. 

Thinner tube walls were shown to withstand higher levels of circumferential 

stress. As the fibronectin cable used to make these tubes in these circumstances 

had a smaller diameter, more spirals were wound per fixed length and more bonds 

were present, thus acounting for the higher strength. There may also be less faults 

with a thinner tube, with the bond angle more flattened and occupying a larger 

surface area in relation to the full wall diameter of the tube. To increase the 

strength of the tubes, it may be preferable to have one layer of fibronectin cable 

wrapped to form a double layer, or a triple layered tube increasing the number of 

effective bonds per unit area. As thinner wall tubes were stronger it points to the 

conserved use of this protein in tube manufacture, if the spiral tube was the 

configuration used.

3.3.4 Endothelial cell culture in the fibronectin tube lumen

The scanning electron micrographs in Figure 33 show the attachment and 

spreading of endothelial cells on the lumen of the fibronectin tube. Prior to flow 

culture the cells displayed a cobblestone appearance (image 1). As the flowrate of 

media across the cell layer attached to the Fn tube was Iml/min, this represents a 

shear rate of 272 s'', and a shear stress of 0.272N/m^ or 2.72 dynes/cm“ on the 

cells (Appendix 8). The cells were more elongated after 24 hrs of flow culture, 

with long cellular processess extending to form attachments on the fibronectin 

surface (image 2). The attachments proceeded in all directions, as did the 

attached cells. Cellular aligmnent occurred along ridges in the fibronectin surface 

running longitudinally along the lumen (image 3, arrow A). The ridges were 

caused by friction occuring between the tube lumen and the hypodermic needle 

shaft on which the tube was initially wound, when pushing the tube off the needle 

prior to freeze drying. The lumenal layer at this point would not be fully dried and 

therefore susceptible to embossing.
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The fibronectin tubes dissolve slowly but have been shown to be stable in vivo for 

up to 8 weeks (Barker et al 1998). This time would allow for cell growth and the 

laying down of extracellular matrix which may increase graft strength. 

Endothelial cells attached and spread well in the lumen of the fibronectin tube 

(see section 3.3.4). The fibronectin material used in this study has been shown to 

support fibroblast growth and cause alignment of fibroblasts in the orientation of 

the material (Harding et al 1999). Alignment of endothelial cells in the tube 

lumen may not be important so long as a complete monolayer is formed. This can 

be aided by flow culture. Smooth muscle cells form a circular layer around the 

endothelium in systemic vessels (with the exception of capillaries). The spiral 

orientation of the fibronectin tubes may provide topographical and chemotactic 

( ues for the laying down of smooth muscle cells in this orientation.

In conclusion, the fibronectin tubes made by this method have shown 

favourable properties for use in vascular prosthesis and are the subject of further 

study. We are now examining the formulation of fibronectin tubes by 

modifications of the extrusion method recently developed (by Underwood et al 

1999).
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4.0 GENERAL DISCUSSION

4.1 Wound repair and scar reduction

4.1.1 Fibronectin cable use

Alignment of fibroblasts in a wound healing dermal layer by fibronectin would form 

the aligned template for the deposition of collagen. This may lead to a more 

organised and controlled collagen deposition and reduce wound scarring. Orientation 

of collagen is key to the development of many tissues (bone, tendon, ligament, 

cornea), and denotes the success of tissue engineered implants. To understand how 

this may occur and be controlled it is useful to look at development stages in vivo 

where cell and collagen alignment occurs naturally to form a functional organ.

4.1.1.1 Collagen orientation via fibroblasts

Organised matrix is laid down by critical cell-cell, cell-matrix, matrix-matrix 

interactions at very early stages of tissue development enabing cells to respond to 

developmental cues. The annulus fibrosus (outer sheet) of the invertebral disc (ie. 

prebirth) develops firstly by forming sheets of orientated fibroblasts, from which 

orientated lamellae of collagen fibres arise (Ralphs et al 1999). Fluorescence, 

confocal and electron microscopy techniques have shown that orientation of the cells 

is associated with the formation of adherens (anchoring) junctions intercellularly 

involving cadherins and vinculin; and longitudinal stress fibres intracellularly 

involving filamentous actin and tropomyosin. The stress fibres were found to direct 

the initial elongation of cells and controlled the deposition orientation of extra 

cellular matrix via junctional complexes with the matrix. This involves vinculin and 

alpha-5 beta-1 integrin, which in turn induced the formation of orientated fibronectin 

at the cell surface and orientated collagen deposition between cells (Ralphs et al 

1999).
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4.1.1.2 Skin regeneration

In the adult animals of higher vertebrates, organs fail to regenerate when normal 

architecture is disrupted by tissue loss (with the exception of the liver which can 

regenerate from Va tissue loss). A fibro-proliferative response occurs, developing into 

a fibrotic scar. Wound healing is described as “patching up” instead of restoration 

(Clark 1996). Scarring is a clinical problem, affecting function and growth as well as 

being cosmetically undesirable. It occurs through stages of inflammation, 

contraction, and collagen deposition. The application of fibronectin in skin 

replacement therapy would be most appropriate in the restoration of the dermal layer, 

as scarring and contraction are predisposed by the architecture and orientation of this 

layer. It is necessary to use a skin replacement dressing to aid dermal restoration. 

Meshed cadaver skin would be the most suitable, as it mimics the natural functions 

of the skin, provides nutrients and growth factors to the regenerating layers, and 

induces little immune reaction for the majority of cases. The epidermis that is crusty 

sloughs off naturally leaving a good cosmetic result. Problems arise due to limited 

supply, and immune regection problems in some cases. If cadaver skin is not 

available th ^  another skin replacement dressing (eg. Apligraf, an epidermal/dermal 

equivalent by Organogenesis) may be used The structure of skin is complex. It has 

no specific orientation but has a regular architecture that is far removed from the 

random collagenous bundles of fibrotic tissue that forms as part of a scar. Scar tissue 

forms as a quick alternative to leaving a raw open wound.

4.1.1.3 Scar reduction by fibronectin cables

In specific areas such as the face, there are lines and stretch zones in the skin (Lines 

of Langer and Kraissl, Borges and Alexander 1962). Incisions made along these lines 

have been reported to heal with minimised post-operative scarring. These areas are 

where underlying facial muscles contract and relax to perform function and 

expression. Wounds perpendicular to Langers lines undergo increased fibroblast 

proliferation by the effect of local mechanical loads percieved by resident cells, and
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form an elongated, fibrotic scar.

When fibronectin is used, cell generated forces would result in contraction of the cell 

layer on the fibronectin surface. The fibronectin would also regulate the sp^ial and 

synthetic behaviour of attached cells. By knowing this we could hypothesise how 

using fibronectin may be beneficial in a skin replacement therapy system. If cell 

alignment was directed in counter-orientation to the facial stretch orientation, then 

cell alignment by fibronectin would be in opposition to cell re-alignment induction 

caused by the principal strain (by facial muscles). Cells will align to a direction of 

strain, and collagen expression and matrix deposition is strain sensitive (increasing 

strain levels leads to increased collagen synthesis and matrix incorporation)

(Eastwood M. 1997). Countering the main strain may decrease the formation of 

random collagen bundles and alter the expression of matrix remodelling proteases 

(MMP's) to be more beneficial for scar reduction. MMP's cause the breakdown of 

matrix. A balance between these and growth factors aids the realignment and 

remodelling system. MMP-1,2,3 expression is decreased by realignment to strain, but 

upregulated by the prevention of cell alignment (Prajapati et al 1999).

4.1.2 Accessories - cell populations

The dressing proposed of fibronectin cable laid on backing material could either be 

directly implanted into a wound or be pre-cultured with autologous cells to form a 

confluent, aligned layer prior to implantation. The latter option would delay dressing 

the wound by up to 6 weeks. A series of temporary dressings must be used and then 

taken off in this time. Culture of the dressing prior to implantation would give a head 

start and add weight to the balance of alignment of cells to fibronectin vs. the counter 

alignment to stretch zones. Cells used for culture with the Fn cables could be 

obtained by skin explant and cultured by the normal method (section 2.8.1). It has 

been suggested however that cell multiplication and tissue formation can be 

enhanced by the delivering of less mature cells than are present in mature, 

differentiated tissues (Vacanti 1999). It has been suggested that somatic cells 

(distinct, differentiated) could be changed into pluripotent stem cells 

(undifferentiated cells with potential to differentiate into a number of cell types) by
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nuclear transfer (Okarma 1999). Pluripotent stem cells can differentiate into almost 

any cell type in the human body with indefinate self renewal in the un-differentiated 

state. An integration of this system may produce abundant quantities of young, fully 

functional cells able to express HLA antigens of the intended transplant recipient 

(Okarma 1999).

4.1.3 Adhesions and the control of inflammation via fibronectin

Adhesion formation following wounding is associated with a large inflammatory 

reaction. This causes the release of cytokines (proteins that carry signals to cells) and 

growth factors from tissue, resulting in the formation of stiff, collagenous scar tissue. 

Adhesion formation can be reduced in tendons by giving a neutralising antibody to 

TGF-b (transforming growth factor beta), or an antibody to the leukocyte beta, 

integrin VLA-4 which binds a fragment (CS-1) of fibronectin (J<|)rgensen and Crossan 

1999). It is by this growth factor suppresion that adhesion formation was reduced 

following injury to tendon. As the proposed therapy for skin involves fibronectin, this 

may in theory be another mechanism considered in the reduction of hardened scar 

tissue in dermal wound healing.

An important regulatory mechanism in wound repair could be implemented by 

control of the inflammatory response via vitronectin (a matrix protein). This protein 

has a proactive role in the conversion of plasminogen to plasmin in the inflammatory 

reaction. Plasmin breaks down matter eg. blood clots in the circulation. The 

conversion is kept at equilibrium via an activator-inhibitor system. The inhibitor can 

be fixed by vitronectin, favouring the up-regulation of plasmin formation. The 

regulation of the tissue destruction could be controlled by an understanding of this 

process. The conversion of plasminogen to plasmin is the most important mechanism 

of extracellular proteolysis (Vaheri et al 1992, Sack et al 1993). By understanding 

this mechanism, adhesion formation and hence the modulus (elastic properties) of 

skin may be more controlled.

125



4.1.4 Dressing maturation by mechanotransduction

The formation of a cultured monolayer in a static environment would result in initial 

cell alignment to Fn as a confluent monolayer. When implanted other factors would 

take over. The complex environment involving cell-cell, cell-matrix and matrix- 

matrix interactions in vivo is affected by mechanical, chemical and biological factors. 

Cell behaviour with regard to cell spreading, proliferation, and growth factor profile 

could in theory be conditioned to be optimal by mechanotransduction in a culture 

system. Mechanotransduction is the altering of cell behaviour in response to a 

physical cue (Dewey 1984, Wechezak et al 1985). The application of load in a 

number of counter-orientations across the cultured fibronectin cell sheet would give 

indications as to how re-alignment may occur (to facial skin stretch and tension 

zones), and how by mechanical means and altering the profile of growth factors and 

cytokines, an optimal wound dressing could be created. It would be optimal in the 

sense that it could integrate with a specific wound situation in a way to enhance 

wound healing and reduce scarring and contraction.

4.2 Potential of fibronectin tubes for vascular reconstruction

4.2.1 Testing of fibronectin tubes as vascular conduits in vivo

The fibronectin tubes were tested in in vivo rat experiments (Sandra Shurey 1999, 

North wick Park Hospital). Sections of femeral artery were removed. Fibronectin 

tubes were anastomosed using fine 10/0 sutures in an end to end arrangement to 

restore blood vessel continuity. When the vessel clamps were removed and the 

blood allowed to flow through the fibronectin tube, the pressure was held with no 

leakage (4 mins) with no thrombosis occurring. However the tube burst as a result 

of flexing in situ. The manual bending of the tube represents a number of 

pressures applied to the tube. The mechanical tests carried out in this study 

involved separate strength and burst testing. Although this gave relevant 

indications of material strength it was non representative of the dynamic pressure
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system in vivo. It is unlikely that a scalable method of fibronectin tube 

manufacture would involve tube preparation in a spiral orientation as in this 

work. The spiral tubes provided biological function and preliminary mechanical 

data concerning the suitability of the fibronectin material as a blood vessel 

scaffolding material. The in vivo work highlighted that the material is suturable. 

The strength of the tubes would be more optimal in theory as a solid hollow tube 

in a longitudinal orientation. The hand-wound tubes rely on adhesions between 

subsequent coils for strength. Hollow tubes could be spun as a continuous fibre 

using the spinning process patented by UCL (Sarah Underwood 1998). Spinning 

technology widely available in the commercial sector could be incorporated to 

optimise the process. It is clear that physical factors such as strength and elasticity 

are important. As with the spinning of single cables, engineering the properties of 

the material would involve development of the rheological profile with flow 

enhancers and additives, with the addition of an elasticity agent (eg a gum). This 

work would need to be carried out alongside biological testing of the material to 

ensure that cells attach, spread and proliferate satisfactorily.

4.2.2 Future mechanical-property testing of tubes

A technique has been developed to test the viscoelastic properties of vascular 

grafts (Goldner et al 1999) to form an optimised in vitro evaluation. The 

technology involves the use of a vessel wall Doppler tracking system and a Miller 

pressure tip catheter. The viscoelastic properties are calculated from changes in 

the tube diameter and pulse pressure. They report advantages of pre

conditioning' grafts in the pressure system, and claim faster promotion of luminal 

endothelialisation, thinner intima formation, and reduced intimai formation occur 

as a result. The use of such a test system would allow a quantative approach to 

assess the mechanical strength of the tubes with the'pre-conditioning' serving to 

increase graft strength.
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4.2.3 Tube conditioning by mechanotransduction

The increase in graft strength by 'mechanotrasduction' has been investigated in a 

number of research groups. Niklason and Langer (1997) designed small calibre 

arteries from PGA/PLGA and seeded them with bovine aortic endothelial cells 

and smooth muscle cells. They were grown under pulsatile pressure replicating 

the situation and intraluminal flow, and they reported good cell densities. They 

increased the strength of the graft by applying specific pulsatile stretch forces 

during the culture period. Stretch has been shown to increase the contractile 

apparatus of smooth muscle cells and serves to potentiate cell proliferation (Osol 

1995). Following 3 weeks Niklason and Langer found the grafts to be fluid tight 

but not strong enough to withstand arterial pressure. To increase graft strength 

they suggested adding cytokines such as TGF-beta 1. This cytokine encourages 

collagen formation and smooth muscle cell contraction (Niklason, Langer (1997).

However, the group has not succeeded in preparing reproducable, systems as yet.

Nerem R. (1999) reported the growth of smooth muscle cells over a tubular 

mould of PGA/PLA, and over a piece of inflatable silicon. The tube initially 

ruptured at 150mmHg. Following tube 'exercise' by forcing pressurised air 

through the tubes every second for 8 days, they reported denser packing of the 

cells and the capability of holding a burst pressure of up to 300mmHg. Maximum 

blood pressure during exercise can be >200mmHg. The tubes prepared by Nerem 

thus would be capable of holding arterial pressure. In this study the fibronectin 

tubes had a burst pressure of ISOmmHg (average) and would therefore not be 

strong enough. Arteries have been grown from bovine vascular tissue in a 

bioreactor (Niklason 1999), which has been reported to be beneficial in the 

prevention of graft rupture. The grafts were prepared using a static or pulsed 

system and tested over a 4 week period. The non pulsed grafts showed signs of 

thrombosis in 3 weeks whereas the pulsed grafts showed no thrombosis for the 

full duration of the study. The use of a pulsed culture system for Fn tubes may 

also aid the prevention of thrombosis formation by whatever mechanism it serves 

to aid. This may include the formation of a fully confluent, functional endothelial 

monolayer. The effects of mechanical loading on endothelial cells have been
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widely documented. Chen et al (1999) reported that a shear stress of 12 

dynes/cm^ resulted in a host of cellular responses. In our system the shear stress 

was a fraction of that mentioned (2.72 dynes/cm^ or 0.272N/m^) and so would 

invoke little response. The flow system was operated only to provide continual 

nutrition to cells and carry away waste). Effects of mechanotransduction on cell 

response and remodelling follow a series of steps involving realignment of cells 

and increased cell growth. These mechanisms serve to remodel the cells and 

extracellular matrix to adapt to the new surroundings regarding mechanical forces 

and cell signalling.

4.2.4 Graft patency and the advantage of fibronectin for endothelial cell 

attachment

Synthetic vascular grafts of < 6mm diameter have shown on the whole poor 

patency rates (patency means hollow', if a graft is no longer patent then it does 

not have a lumen. Poor patency rates' implies that the lumen gets blocked up, 

probably with a thrombus) (Yeager et al 1982). This is especially true below the 

knee, where there is a low blood flow and high resistance, increasing the 

likelihood of thrombosis. Attempts to increase patency have involved 

pacifications with protein coatings to minimise blood/graft interaction (Williams 

et al 1994). It is clear that performance of vascular grafts relies on the formation 

of a functional endothelial monolayer in the graft lumen. A problem found with 

using artificial materials is the non-retention of endothelial cells under shear 

stress due to lack of adhesion (L'Heureux et al 1998). Methods of overcoming 

these problems have included using materials in ' honeycomb' morphology to 

enhance endothelial cell retention, and by investigating optimal seeding densities 

(high, usually >10 million cells/cm^), and optimal incubation times, with cells of 

high viability. Polymers may be chemically modified to exhibit selective cell 

adhesion properties. An example of this is the treatment of the tubes composed of 

PGA (Langer 1999) with sodium hydroxide. This increases the number of free 

hydroxyl groups which enables more cells to attach. Proteins have been used to 

coat material surfaces and increase cell adhesion such as fibronectin, and
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pronectin-1 which is a recombinant protein that promotes cell adhesion. A 

vascular graft composed of fibronectin has the obvious advantage of being 

primarily composed of a cell attachment protein with cell binding motifs on the 

molecule for binding a host of cell types. This pertains to roles of fibronectin in 

vivo including cell attachment and the directional aid of cell migration. In this 

work fibronectin has been a substrate for the attachment of fibroblasts and 

endothelial cells. It has been a well documented cell attachment protein for a 

number of cell types, and as it is a normal matrix protein has potential to be the 

attachment substrate for every living cell in the body.

4.2.5 Thrombosis considerations

A report by L 'Heureux et al (1998) highlighted an interesting development of 

vascular graft that was constructed around a tubular support, which when 

removed left a biological, tissue engineered blood vessel composed of a number 

of cell layers only. It comprised of separate cultured sheets of fibroblasts and 

smooth muscle cells, peeled from the culture dish and wrapped around a tube, 

forming an adventitia and media respectively. The tube was then cultured to allow 

cell maturation, the tube removed, and the lumen seeded with endothelial cells.

Following another culture duration, the tube was comprised of 3 defined, 

differentiated cell layers and had a burst strength greater than any previous tissue 

engineered vascular graft (over 2000 mmHg). It is clear this method of tube 

preparation involves a lot of manual work and may have little scalable 

manufacture potential. It is true that the elimination of using an artificial material 

as a cell support would decrease the infection probability (as this is a widely 

reported problem), but the culture of separate cell sheets and the manual assembly 

of the tube is likely to invoke greater problems regarding sterility. This tube was 

later reported to be unsuccessful as a graft as blood leaked between the sheets of 

cells and the grafts got plugged up with blood clots (Langer 1999). The 

fibronectin tubes tested in vivo did not clot (Sandra Shurey 1999, Northwick Park 

Hospital). Clotting would have been immediately apparent (seconds). Tubes left 

for longer periods in vivo would give more relevant information on Fn tube
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thrombogenicity.

4.2.6 Potential for gene therapy

A common problem of transplanting veins to bypass blocked arteries is that 

within 5 years, one third of all grafts are blocked. A large number of these fail due 

to thrombosis formation, and the switching on of genes that cause abnormal cell 

growth and inflammation which causes atheroschlerosis and neointimal 

hyperplasia. To prevent these effects it may be possible to use gene therapy. One 

option is for a virus to deliver antisense DNA to bind to transcripts of problem 

genes, preventing their translation into proteins. There is firstly the concern of 

using viruses albeit inactive for gene therapy; and virus transfection/gene delivery 

has been reported to be non effective at delivering DNA to smooth muscle cells of 

veins (Mann and Dzau 1999). The use of high pressure to force antisense DNA 

into cells of blood vessels prior to implantation has been described (Mann and 

Dzau 1999). Fragments of DNA capable of binding the IL-6 gene (one of the 

genes that cause inflammation) were forced by pressure into smooth muscle cells. 

Following a set duration it was found that in 90% of the cells the gene was 

blocked. Pressure is claimed to alter the structure of the cell membrane, allowing 

the entry of DNA. A problem noted was that of evenly applying the DNA. 

Vascular grafts using fibronectin as a scaffold could potentially encompass such 

gene therapy, along with other development factors such as mechanotransduction 

(mechanical loading/cell stimulation) and optimal culture conditions.

Tissue engineering as a whole encompases biological, chemical, and physical 

development factors which all interact and play a role in the eventual outcome 

and success of the tissue engineered graft.
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5.0 The conclusions can be rounded in a number of points:

(1) Fibronectin will orientate human dermal fibroblasts in culture, and can be defined in 

terms of alignment widths alongside each cable, and orientation index (S). This means that 

fibronectin laid onto a backing sheet in parallel spacings (of x cm) can be seeded with cells 

(of X number) and form alignment band widths (of x cm) and with an Orientation index of 

(S = x). The term x could be defined in each case. Hence there is a quantitative test system 

for cell alignment around fibronectin or any other contact guidance protein, and the culture 

can be modified with a predicted outcome. This would be useful for example if there were 

only a small number of cells available to seed the sheets. We would know that the 

fibronectin cables would need to be closer (by x cm) and cultured for 7 days to produce a 

defined extent of alignment.

(2) Fibronectin was wound into tubes of defined dimensions and tested for mechanical 

strength and cell attachment properties. The weaknesses in the material were evident and 

pose questions for further development. The tubes represent the weakest morphology of 

prepared tube (ie the longitudinal strength defined by the bonds between protein 

coagulated prior to winding), and it could be hypothesised that a tube prepared prior to 

coagulation would eliminate these weaknesses. Despite the weakness of the tubes, they 

were still very strong and show good development potential. As the majority of the end 

product will comprise of the extracellular matrix, it can be hypothesised that the strength 

of the eventual tubes will be at least that of the higher quoted burst pressures referenced to 

date.



5.0 CONCLUSIONS

Due to the contact guidance and chemotactic properties of single cables of 

fibronectin, fibronectin has been shown to have the capacity to orientate cells and 

potentially healing tissues. The orientation of cells to fibronectin can be quantified, 

along with cell proliferation on fibronectin and potential backing materials on which 

fibronectin could be laid for application. Autologous cells could be seeded on 

fibronectin cables derived from the patients own blood, and implanted onto a bum 

wound in counter-orientation to stretch movement to reduce scarring. Fibronectin has 

shown potential in tube form with regard to cell attachment, for the use of this 

protein as a vascular scaffold material. The spinning of fibronectin tubes in a 

longitudinal orientation as a continuous tube would increase strength, and when 

subject to mechanotransduction could make the graft optimal regarding the in vivo 

situation. The quantitation of fibronectin function will make possible, following the 

optimisation of a scalable spinning process, details of validation assessment of 

function in real terms for the use of fibronectin in these (and other) areas of tissue 

engineering.
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Future work:

(1) The development of a scaleable spinning process for the production of fibronectin 

tubes.

(2) Image analysis and quantitation by flow cytometry of cell proliferation numbers on the 

tubes.

(3) Mechanical testing by the methods in this thesis and by pulse-pressure measurements 

(Goldner et al) for the testing and conditioning of fibronectin tubes prior to in vivo 

implantation.

(4) An investigation into the use of copolymers to improve the spinning properties of the 

material eg. methyl cellulose, glycerol; and components to increase the elasticity of the 

material eg. elastin.

(5) A study on dope rheology to define point (4).

(6) A study to investigate the strength of cell attachment by physical and competitive 

ligand assays on the various morphologies of material to test topography and biochemical 

attachment aspects.

(7) Investigations into the production of fibronectin molecules/fragments by fermentation.



6.0 Appendices

1. a. Hematoxylin and eosin histological staining for nuclei and fibronectin 

respectively:

1, Submerge samples in Meyers hematoxylin (standard concentration) (5 min)

2, Wash in running tap water until clear (3 min)

3, Submerge in Scotts tap water (2 min)

4, Submerge in eosin solution (standard concentration)(5 min)

5, Wash in running tap water until clear (3 min)

6, Agitate in acid alcohol (6 s)

7, Dehydrate in 70% ethanol (30 s)

8, Dehydrate in 100% ethanol (2x30 s)

9, Mount in DPX and view

b. Sirius Red stain for polarisation work

1, Stain the sample in Sirius Red/picric acid for 60 min (0.3g of sirius red in 300ml of 

saturated picric acid)

2, Rinse briefly in water (1 min max.)

3, Dehydrate (alcohols for 30 sec max.) and mount in DPX

c. Toludene blue staining to see coagulation protein bands in Fn cable cross 

section

1, Stain the sample in Toludene blue (concentrated) (3 min)

2, Rinse in water to eliminate most of the dye (30 min-2 hr)

3, Dehydrate (alcohols for 30 sec max.) and mount in DPX
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2. Image analysis with the Magiscan system (Joyce Loebl, UK)

Operations:

Genias package 

Task mode:interactive 

Environment load filenameipmlO 

Capture and use grid stage control 

Apply linear stretch, alter brightness 

Threshold - computed histogram 

Output - add calibration bar: 500 microns 

Print the binaiy image 

To measure: object measures - single image 

-nesting levels 0

Quit to measure objects individually: cell=l object

fh cable=l object

Initiate statistics summary

3. The orientation index S

Equation: S=2(cos^a)-I

This equation has been used previously in work concerning the orientation of 

collagen fibres in histologic sections by a light scattering technique (Ferdman and 

Yannes 1993). The equation was adapted from Herman (Herman 1948) to describe: 

a as the angle between the individual collagen fibre and the mean axis of the fibres 

(a line was drawn through the centre of the section),

and (cos^a) relating to the square cosine of a averaged over all the fibres in the 

sample. An orientation index value (S) could be applied to relate to the angles 

between constituent fibres and a mean fibre axis on a two dimensional plane. In this 

study the alignment of fibroblasts on a 2D plane to fibronectin cable (the mean axis) 

was measured as an angle, and the index applied in the same manner.

134



Original derivation;

If N (a) represents the number of fibres at the angle a, then (cos^a) can be expressed

in terms of N (a) by the weighted integral: 

(cos^a) = ^N(a)cos^a da

f̂"N(a)da

d: average fibre diameter

Assuming fibres are independent light scatterers, and no multiple scattering, then 

scattering intensity is a sum of intensities due to individual scatterers. If the 

distribution N(a) is not a function of fibre diameter, intensity can be expressed as:

I(P0)=N(a)I(0)

where 1(0) is the intensity as a function of the scattering angle 0 at a fixed azimuthal 

angle (measured from the point of peak intensity) p.

The intensity when plotted at a fixed scattering angle 0 is proportional to the angular 

distribution of fibres about their mean fibre axis.

As the measurement of I (p) must be performed at a scattering angle I (0) not= 

0,under such conditions the azimuthal intensity distribution is proportional to the 

distribution functional of N (a). At an azimuthal angle of 0 ,1(P) = constant 

Amending the variables, orientation index fi'om data can be calculated from the 

equation:

S=2 L^^lm icpsldP -1

i(P)dp
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4. Media for time lapse photography:

Distilled sterile water

10% lOx concentrated DMEM complete

25mM Hepes buffered saline

5. Time lapse image analysis-operation

A time lapse image analysis system allowed images of cell culture to be taken at 

given time points like a photograph, and stored on computer. For each experiment, 

images were taken on a loop of 30 min, the programme running for 24 hr. After each 

experiment, the stored images were viewed consecutively. Cells were individually 

marked between images and the distance of movement measured. This allowed 

accurate cell velocity measurements (pm/hr) to be taken for individual cells. The 

field of view was an area of 900 pm^, at xlO magnification. The programme was set 

to record images at the side, and extending away from fibronectin cables to a 

maximum of 700pm. As the field of view was small, and in one experiment only one 

field could be recorded, it was necessary to do a number of experimental repeats. 

Experiments were set up for each of the four different experimental parameters. A 

control experiment of cells cultured alone with no fibronectin was conducted also. 

Within each experiment, a total of 25 cells were measured for cell migration 

distance. The experiments represent the first 24 hr of culture at a low cell seeding 

level (25k cells/cm^).

Manipulations for Improvision image analysis (time lapse studies)

1, Allow sample to incubate for at least Ihr prior to initiating time course 

automations

2, Initiate "Improvision open lab" package

3, Click on video camera and focus sample on the screen (alter phase contrast to get 

the best image, the lowest light preferable)
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4, Go to "automations"

5, Select "1st time course automations"

6, Go to windows

7, Select "palettes" - 1st time co. on controls

8, Check the "start, loop, capture"cycle

9, Fix the loop for how many measurements required

10, Fix the delay in sec for each loop (1800=30 min)

11, Press "Start" and "run" (and see mouse running on the mill)

12, leave for duration of expt.

13, Save on Mackintosh HD as a "liff'file

To measure time lapse images - speeds of cell migration;

1, "open lab" and open file on HD

2, Go to windows - palettes - show all

3, Go to first liff layers

4, Click on Quick time video control

5, Calibrate measurements from the eyepiece - focus a graticule down the eyepiece of 

the microscope (each square = 200 microns)

6, Calibrate the tool bar to magnification (x20)=200 microns

7, Check no of pixels=microns

8, Use paint tools to measure straight line distances from cells to cable

9, Label the cells with [A] = writing

10, Measure cell migration distances in consecutive liff files

By knowing the distance of cell migration (pm) between the loops (30 min each) the 

migration velocity (pm/hr) is calculated.

6. Vinculin staining of attachment plaques between cells and Fn

The samples of Fn cables and cells were fixed on the glass coverslips.

1, Wash the sample, 5 min on an automated rocker (PBS)

2, U antibody, 1:300 dilution in 0.5% BSA / 0.5% tween 20 / PBS - Ihr
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3, Wash 3x5 min on an automated rocker (PBS)

4,2° Ab 1:50 dilution in BSA/Tween/PBS - 30 min in dark

5, Wash 3x5min on an automated rocker (PBS)

6, Mount in citiflur, view immediately.

7, Protein constituents of Fn - batch Oil - anti D

Total protein 4.8mg/ml 

Fn 3.4mg/ml 

Fgn 1.3 mg/ml 

Albumin 0.5-0.6 mg/ml 

PEG 0.5 mg/ml 

Thrombin <0.015 U/ml 

Factor Xm <0. lU/ml 

U= 1 unit/ml

To prepare a hand spinning solution:

Typically add 1ml 6M urea to dissolve Ig of fibronectin precipitate;

Ig of solid fibronectin precipitate = 0.25g solids + 0.75g water 

0.25g solids = 0.15g protein + 0. Ig PEG

0.15 (protein) /1.75 (0.75g water + 1ml urea) = 0.0857 xlOO = 8.6% protein

For a spinning solution of 1% alginate, 1% of the solid protein weight is added prior

to dissolving the precipitate in urea:

add 0.015g sodium alginate per Ig of Fn precipitate
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8. CALCULATIONS

1, Fibronectin Tubes (section 33.2)

The cross section area (A) of Fn tube was measured on a travelling microscope:

d,

A (mm^) = 7i/4 (d/-do^)

The maximum tensile strength (MTS) of Fn tubes:

MTS = Force (N) measured from an X/Y plotter / A (mm^) 

=N/mm^

Burst pressure (section 3.3.3)

Burst pressure was measured by a mercury filled U tube (mmHg)

-the units converted to N/mm^ (as 760mmHg= 10^/m^ = 1 Atmosphere)

The tube: 1

P '

P = pressure (N/mm^) 

t = wall thickness (mm)

1 = length (mm) 

d = hollow diameter (mm)

1
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circumferential stress (N/mm^) = F/A = Pld/2It = Pd/2t

longitudinal stress (N/mm2) = F/A = P7cdV4 / Tcdt = Pd/4t 

Longitudinal stress is half the value of circumferential stress 

2, Fibronectin cables (sections 3.2^, 3.2.6)

Cross section area (A) of the cable was measured from a travelling microscope:

|b (mm)

a (mm)

A (mm^) = 71 a X b/4

Maximum tensile strength (MTS) of Fn cable

MTS (N/mm^) = F/A (Force (N) was measured from an X/Y plotter)

3, The shear stress exerted on endothelial cells attached to fibronectin in the flow 

system (section 33.4)

The flow rate of medium in the flow system was O.lml/min (or 0.1 x 10"̂  / 60 mVs) 

(1)

The cross section area (mm^) of the needle (0.5mm diameter) = 7td^4

= 71 (0 .5x10^ /4  (2)

The flow rate (V, m/s) = (1) / (2) = 8.5 x 10'̂  m/s

Shear (average) = 8V / D = 8 x (8.5 x 10' )̂ / 0.5 x 10'̂

= 136 s'̂
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At the surface exposed to the cells, the value is approximately twice this value (or 

approx. 272 s ')

The shear strain x = viscosity ̂  x stress = 272 x (the media is like water) 10'̂  

= 0.272 n W  (or 2.72 dynes/cm^)
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