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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 quantifyihg 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 10N/mm? (at 34% RH) which decreased with
increasing relative humidity. Tube burst pressure was 187mmHg (24.6x107
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, skiﬁ, 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 bumns; 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.
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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
functions. 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 a/ 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 et al 1993).
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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 es a/ 1986). In normal wounds the provisional fibrin
matrix may promote cell recruitment into the defect by providing essential
scaffolding for cell migration (Ciano et a/ 1986, Brown et al 1993). Fibrinogen-
fibrin, its derivatives, and fibronectin may promote cell migration (Clark ef a/ 1988,
Leavesley et al 1992), and proliferation (Michel and Harmand 1990, Gray et a/ 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-B), 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
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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).

L - o [ | - o
30K 40K 20K 75K 35K Cell 30K Do
o
S
60K .
M ] | — v ,_\__,}'—\:
Heparin  Collagen/  Matrix Cell Heparin  Fibrin
Fibrin gelatin assembly
"Matrix assembly

Figure 1. The modular domain structure of fibronectin. The numbers indicate the
approximate molecular weights ((K)Kilo Daltons) of each domain. Along the bottom are
listed the major ligand(s) bound. Fibronectin is a glycoprotein, and is depicted as a dimer of
similar but not identical subunits. The subunits are linked by a pair of carboxy-terminal
disulfide bonds, the subunits held at a flexible angle of 70°. '
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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. ef 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 dysfunction, septic shock, trauma and
thermal injury (Saba 1980). Following intravenous injection of radiolabelled plasma
fibronectin, clearahce from the circulation occured with a half life of 24-72 hours in a
healthy individual (Mosher et a/ 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 er a/ 1989, Brown

et al 1993).
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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 er a/ 1983, Mosher 1989, Hynes 1990). The fibronectin
molecule is comprised of three general types of homologous repeating units, termed
types LII, and Il (Kornblihtt et a/ 1985). Each repeating module in the gene of the
type I or II homology unit is encoded by a separate exon. There are twelve type I
repeats, two type Il repeats, and fifteen to seventeen type III repeats. Type III repeats
are larger than types I and II, and require the contribution of two exons each. Two
type III repeats exist as a single exon however, and both can undergo alternative
splicing (Patel er 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 Il modules are found in the collagen binding domain only
(Ingham et al/ 1989). Type 11l 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-f) (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-3 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-at),
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).

1.3 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 III (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

reticular dermis

papillary dermis

basal lamina

lamina lucida and around cells

forms a microfibrillar network, enmeshing nerves and vessels

<[l <[ =] g -

anchoring fibrils

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

Elastic fibres, composed of amorphous elastin and 10nm 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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1.3.1 The epidermis, dermis, and hypodermis

The epidermis consists of a modified, stratified, squamous epithelium that arises
from basal, germinal, columnar keratinocytes. The keratinocytes 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 hory 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 keratinocytes through dendritic processes. Skin
pigmentation forms protection against harmful ultraviolet radiation.

The dennis‘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 III, 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. Keratinocytes 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 a/ 1982). Studies have demonstrated
ﬁbronectin—mediafed platelet spreading on collagen (Grinnel ef 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 a/ 1982) and neutrophil
adhesion to material surfaces (Barber er 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 III collagen in large amounts
(Grinnel er al 1981). Fibronectin has stronger affinity for binding type III 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 a/ 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 a/ 1983).
Following all the migration of cells to the wound site, fibronectin may promote the
reorganisation of the basement membrane underlying the epidermis (Browr;el et al
1981). Fibronectin accumulates at times of increased vascular permeability and is

produced by blood vessels in response to injury (Clark et a/ 1982).
1.3.3 Skin replacement therapy

Following major burn 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 mosf ambitious skin replacement therapies available commercially
include Apligraf™ (Graftskin, Organogenesis. Eaglstein ef 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 a/ 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 matenals 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 a/ 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 er al 1996, Brown et al 1994, Wojciak Stothard et al 1997,
Whitworth et a/ 1996). Subsequently, single cable forms of fibronectin (Fn-cables)
have been made to orientate wound repairing cells (Underwood ef 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 burn wounds by structurally organising cells and for other

tissue eéngineering purposes such as nerve repair.
1.4 BLOOD VESSELS

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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