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Abstract

There is aclear clinical need for small diameter blood vessel grafevious studies have
shown that decellularised porcine arteries have potential for future development and clinical
translation. However, in order to overcome the problemsttmbombogenesis anéncourage
endothelialisation in small diameter applicatioris,will be necessaryo devise innovative
approachesin this study it was hypothesised tha bioactivepeptide could be sekassembled
within the decellularised tissue to overcome the problems of thrombogenesid@aad and
enhance reendothelialisatbn. A method forselfassembling théape formingpeptide, P-4
within decellularised tissuewas developed. The study then went ondrplorethe P, series

of peptides as materials for tissue engineeridy examining biocompatibility and
haemocompatibity and demonstratd the use of selhssembled peptide coatings to prevent
thrombus formation and enhance fendothelialisation The selassembly of peptide {24
within decellularised porcine internal carotid artery was assess#aga range of microscopic
and spectroscopic techniqueBluorescent microscopy was used to show the penetration of
the peptide throughout the decellularised conduit. Se#sembly of the peptide was assessed
by FTIR spectroscopysing CLSM and MPLSM it wheven that the peptide selassembled
around the extracellular matrix of the acellular tissue. Fluorescent microscopy was used in
conjunction with a speclly designed flow cell to shothat the peptide coating remained in
the decellularised vessel for ovéd daysunder model flow conditionsThe biocompatibility
and haemaompatibility of a library of 4®eptides was assessdd identify ideal candidate
peptides for use and to develop design characteristior the applicationof seltassembling
peptidesin biomedical settingsTesting wasarried outusingcytotoxicity testing, the Chandler
loop thrombosis modela haemolysis assagnd a complement inhibition assaylhe results
showed hat large polycationic peptids were norbio or haemo compatible, largeeutral
peptides enhanced thrombosis formation and that pedyionic peptids with hydrophobic
cores inhibited the complement systerReptide coatings of 124, R;-8 and R;-12 were
shown to decreaseand in the case of,R12 prevent thrombus formation showing potential

for application insmall diameteracellularblood vessed. Peptide R:-4, functionalised with
cyclic RGDyas shown to enhance the attachment and retention of ovine endothelial oglls
the decellularised vesseallemonstrating the potetial of functionalised peptide to enhance-re
endothelialisation.In conclusion, this study has demonstrated the potential of self assembling

peptide technology for improving the function of acellular porcine arteinegtro.
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1 Introduction

1.1 Clinical need

Cardiovascular disease (CVD) is the main cause of mortality in the UK with almost 200,000
deaths a year attributed to CV[@apewell et al.2008. Over 100,000 people a year in the UK
are diagnosed with peripheral artery dase (PAD), a major indicataf widespread
atherosclerosigBelch et al., 2007 Around 40 % of people who are diagnosed with PAD are
symptomatic and regine some form of intervention ranging from lifestyle changes to surgical
bypass dependent upon the severity of the disedBelch et al., 2007 Medication and
vascular stenting are widely used to control and treat vascular diséaseever,in some cases
there is no other option than to perform a vadau bypass graft. In the Ubver 29,000
coronary artery bypass grafts (CABG) are performed each(f#ander et al., 2008 Medical
intervention techniques have had reasonable success with large diameter (>6 mm) grafts
maintaining high long term patency ratedowever small diameter (<6 mm) grafts often fail
due to thrombosis and occlusion. There is currently a high demandmall diameter grafts

which have high patency rates and remain fully functional.

1.2 Blood vessels

1.2.1 Structure

Arteries and veins with a diameter less than 6 mm are taken to be small blood Vi&smhg

et al., 2007. Capillaries whilst small in scale have significantly different structures and
functions and are not the target of surgical interventions. The basic structure of an artery and
vein is similarKigurel.1) with the only differences being related to the elastin content, vessel
size and thickness with veins also having valves to prevent thefloaclof blood. Arteries
handle higher pressures than veins and so have thicker layers of muscle; in a similar,manner
the level of elastin in an artery is higher than that found in a vein and reduces the further away
from the heart the artery gets as theessel is required to handle less pressure. The structure

of a large blood vessel is the same as the structure of a smaller béssel: ashe vessel size



decreases, saloes the thickness of the layers that make up the blood ve@gelvany and
Aalkjaer, 1990 The vessel is composed of three layers, the tunica interna (intima), the tunica
media (media) and the tunica externa (adventiti@hang et al., 2007 The intima is the inner

most layer of the vessel and is constructed of a longitudinal monolayer of vascular endothelial
cells that are in contact with the blood flow. The endothelial cells are attached to a
subenddhelial layer that is comprised of connective tissue that is interlaced with an internal
elastic lamingBouGharios et al., 200&Zhang et al., 20097 The elastic lamina is a membrane
comprised of elastic fibres that anastomose with each other forming a netlike structure that is
found inbetween each of the layer@ouGharios et al., 20Q04/enkatraman et al., 2008The

media is the middle layer of a blood vessel; it is comprised of circumferentially arranged layers
of vascular smoottmuscle cell{Bou-Gharios et al., 200&hang et al., 2007 The number of
smooth muscle cell layershanges with the sizefdhe vessel and the location in the body
(Mulvany and Aalkjaer, 1990The smooth muscle cells are surrounded by extracellular matrix
(ECM) made up of collagen, elastin and fibrillin, that is rich in proteoglycans aadtatéd in

the same direction as the cellouGharios et al., 2004 The adventitia is comprised of
connective tissue, collagen and elastin, separated from the media by an external elastic lamina
and primarily contains adventitial fibroblas(BouGharios et al., 2004Zhang et al., 2007
Nerves are believed to play a major role in vascular function, however, nerves are sparse in
blood vessels and are limited to the adventitia and do not peaie into the other layers

(Mulvany and Aalkjaer, 1930

Endothelium
(Intima)

Subendothelial
layer
(Intima)

Tunica media
(media)

Tunica externa
(adventitia)

Figurel.1l; Schematic of blood vessel structure



1.2.2 Extracellular matrix

The structure and compdsin of the ECMs specific to each tissue and locatiitisbet et al.,
2009. The ECMof a blood vessel is made of a range of fibrous proteins (collagen and elastin
being the most abundant)inker proteins (fibrillin, fibronectin, laminin, etc) and space filling
glycosaminoglycans important to normal vessel function. Timeskeculesare ordered into a
3-dimentional network via selassembly and cell directed assembly/remodelli@hen and
Hunt, 2007. The ECMalso acts as a reservoir for soluble macromolecules (growdtors,
cytokines etc) and acts to control the diffusion of soluble fac{@isen and Hunt, 20Q07The
different constitients of the ECMf blood vessels have different turnover rates; overtilée

blood vessel ECM has a slow turnover ti(Béock et al., 2001Bou-Gharios et al., 2004 The

different layers of a blood vessel hadiéferent ECMcompositions

Of the many different types of collagen known to exisblimod vesselscollagen types | and lll

are the major fibrillar collagens in the vessel repming 60 % and 30 % of tredllagen
respectively(Jacob et al., 2001 The remainingcollagensfound in blood vesselare fibrillar
collagen type V, fibrhssociated collagens with interrupted triple helices (FACIT) type Xl and
type XIV, micrdibrillar collagen type VI, basemeniembrane collagen type IV and collagen
type Vlli(Jacob et al., 2001

Elastin is the major component that imparts elasticity to tissues. Elastin forms part of an elastic
fibre and requires the presence of other extracellular proteins to assemble outside the cell
(Wagenseil and Mecham, 20p9Most of the elastin in a bt vessel is found in theedid
layerand is arrangedilamellae with collagen fibres aayers ofproteoglycan rich ECM with
smooth muscle cells in between; the elastic lamellae are connecteetim&nsionswith thin
elastic fibres which also connect the lamellae with the smooth muscle ¢gHdgenseil and

Mecham, 2003

There is a distinct difference between elastin and elastic fibres: elastin is an amorphous gel like
material, whereaselastic fibres are complex structures made of elastin and microfiRibsk

et al., 2004Kozel et al., 2005Vagenseil and Mecham, 200Microfibrils are made of fibrillin
molecules and are needed for the formation of elastic fibres; microfibrils are present in the
body without elastin but rarely is elastin found without microfibff&ock et al., 2004 o0zel et

al., 2005 Wagenseil and Mecham, 2009The mammalian elastin gene encodes a protein
called tropoelastin which is around 6&r0 kDa; tropoelastin has an arrangement of

hydrophobic sequences alternating with lysioentaining crosdinking motifs (Rock et al.,



2004, Kozel et al., 2005Wagenseil and Mecham, 20p9n the ECM>80 % of the lysine
residues in tropoelastin are modified to from covalent crbsks (Rock et al., 2004Kozel et

al., 2005 Wagenseil and Mecham, 2009t is the crosdinked form of tropoelastin that gives
the functional form of the protein. The large number of elastin cilodss is responsible for the
recoil properties that contribute to the mechanical properties of a blood vessel; the-cross
linking is also responsiblerfthe insolubility and longevity of the protein, where <1 % of total

body elastin is turned over in one yg&vagenseil and Mecham, 2009

It is believed that tropoelds released from cells is crofinsked by lysyl oxidase to make
StradAyT StlLaday A& GKSYy aOKILISNRYySRE 02
microfibrils assemblento elastic fibres Kigure 1.2)(Rock et al., 20Q4Kozel et al.,, 2005
Wagenseil and Mecham, 20090ther ECM proteinsildronectin, vitronectin, laminin,
entactin/nidogen, tenascin and thrombospondin play essential roles in the struauoce
function of the ECM, comprising a medidbmain structure that could enable the interaction of

cells and other ECM componeriacob et al., 2001

Cross-linking B Microfibrils
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Lysyl Oxidase 0
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Figurel.2; Schematic of lassical model of elastogenesi8, Tropoelastin released from cells and
crosst AY1 SR Ayid2 StlradiAye .o 9ftladAy Y2fSOdzZ Sa aOK
microfibrils assemble to form elastic fibres. Taken frafoore and Thibeault, 2012

There are numerous proteoglycans contained in the vascular: Veje aggregating

proteoglycans such asggrecan and versican, sthaon-aggregating proteoglycans including



biglycan, decorin and fibromodulin andlicassociated proteoglycans suchsysdecanJacob

et al., 200). Aggrecan and versican belong to a family of hyalurdriading proteoglycans
that play importat roles in ECMstructure, biomechanical properties analso influence
cellular belaviour (Wight, 2002. Versican expression is upregulated in vascular smooth muscle
cells by mitogenssuch as plateletlerived growth factors which contribute to the expansion of

pericellular ECM neextl for smooth muscle cell migration and proliferatidiight, 2002.

It has been reported that biglycan, secreted from endothelial and smooth muscle cells, binds
to collagen and is actively involvadthe control of collagen deposition. Mutations in biglycan
gene expression have been observed to result in abnormal collagen fibrils in tendons; the
effect upon the vasculature is unknowiHowever, high levels of biglycan have been observed

in diseased ®deries (ShimizuHirota et al., 2004 Biglycan has been reported to increase the
migration and proliferation of vascular smooth muscle cells and the overexpression of biglycan
in transgenic mice has shown resultant thickening of the medjarléshimizuHirota et al.,
2004). Normal arterial media and intima are rich in biglycan but have little to no decorin which
is found in the adventitigRiessen et al., 1994High levels of biglycaand decorin have been
observed in atherosclerotic plaque linked to collagen types | and lll. Nonetheless, no biglycan
or decorin have been observed linked to collagen type IV, indicating that these proteoglycans

are not part of the basement membrariRiessen et al., 1994

Fibromodulin regulates collagen fibril formation binding to a different site on collagen than
decorin (Hocking et al., 1998 Fibromodulin and decorin interact with collagen to inhibit
fibrillogenesis and control fibre diameter resulting in thém fibre diametergHocking et al.,
1998. Syndecas are heparin sulphate proteoglycans that can interact with a wide range of
growth factors, cytokines, chemokines, and ECM molecules involved in cell growth and
attachment(Alexopoulou et al., 20Q7Results from experimental models show that syndecans

are involved in endothelial cell growth and migrati@iexopoulou et al.2007).

1.2.3 Cells

The vascular ECM synthesised by three cell types: intimal endothelial cells, medial smooth
muscle cells and adventitial fibroblagt¥acob et al., 2001 Smooth muscle and endothelial

cells show a range of functionality and diverse phenotypes. The cells may exhibit different



characteristics such as diffeent morphologies, behaviour, biochemical or physiological

properties and different development pathwagBou-Gharios et al., 2004

The endothelial cells ofngall arteries form a continuous cover and are reported to project
through fenestrations in the elastic lamina and make contact with the smooth muscle cells in
the media layer, allowing for endothelial control of vascular contract{dtulvany and
Aalkjaer, 1990 In the intima the endothelial cells produce and attach to a basal lamina that is
supported on the internal elastic lamirf/agenséd and Mecham, 2009 Vascular endothelial
cells produce elastin and so are believed to contribute to the formation and maintenance of
the internal elastic lamingWagenseil and Mecham, 2009Whilst endothelial cells maintain
some fundamental features regardless of their origin, -specific differences can be seen
between endothelial cells from different location®urphy et al., 1999. As well as the
different makeup of the ECM affecting the cellndothelial cells residing in different
mechanical environments have been demonstrated to have different character{$tqggper

and Gimbrone Jr, 199®%erem, 2000Chiu et al., 20090'Keeffe et al., 2009The differences
between endothelial cells relates not only to their metabolic activity but also to their response
to inflammation andtissue damage(Murphy et al., 1998 As suchit is believed that

endothelial cell dysfunction is one of the key initiators in CVD.

Around 70 % of the volume of the tunica media comprises mainly smooth musldéSidC)
(Mulvany and Aalkjaer, 1990The number of smooth muscle cell layers in the tunica media
decreases with decreasing vessel ¢Malvany and Aalkjaer, 1990The smooth muscle cglin

the tunica media are arranged circumferentially with a slight pitch angle (< 2°) and are
connected by membranous contadfglulvany and Aalkjaer, 1990t has been reported that

the embryonic origins of vascular SM&ise from different distinct sources dependent upon
the vessel location and even from different sources in the same vd®¥$afjenseil and
Mecham, 2009 Coronary SMCdisplay a highly differentiated phenotype. However, SMCs
from other vascular beds, aorta and lliac arteries, show greater phenotypic heterogeneity
(Patel et al., 2000 Vascular smooth muscle cells can become activated by several mechanical,
haemodynamic or infectious factors that lead to a change in the cellular compositidimeof

vessel, which in turn is associated with several Q¥B! et al., 2000

The cells found in the adventitia are mainly fibroblasts, mast cells and macrophages with a
small number of Schwann cells that are associated with nerve akdusany and Aalkjaer,
1990). Fibroblasts are the predomant longlived stromal cell type, the main feature of which

is ECM production. Fibroblasts are a heterogeneous cell population and can vary widely in



smooth musclea-actin content, morphology, and organisation of structures involved in
adhesion,in vitro (Sartore et al., 2001 Adventitial fibroblasts in models of vessel injury have
been observed to be converted into smooth musithe cells(Sartore et al., 2001 Activation

of fibroblasts induces contraction that correlates to smooth musclactin content and the
development of a micrdilamentous cytoplasmic system, fibronexus junctions and other
smooth muscle cell properties leading to the formation of hybrid cells called mypbfasts
(Sartore et al., 2001 The tunica advdtitia has a high collagenontent produced by a
heterogeneous population of adventitial myofibroblasfg/agenseil and Mecham, 2009
Adventitial fibroblasts can migrate and overgrow medial SMCs to become myofibroblasts that
display a-SM actin expressior(Patel et al., 2000 Stimulation of coronary adventitial
TAONROflFada NBadzZ 6§SR Ay OKIl yI@atelda 2000 f & |

The cells of a blood vessel play a major role in vascular repair with sevetsmsas for this
proposed. One idea, based on observations of cultured vascular SMCs losing their contractile
FSFGdzNBa |yR 0SO2YAy3d aaeyikSiaOe OStftaz |aa
and that all medial SMCs modulatteeir phenotype in response to stimulatiofPatel et al.,

2000. The second conpe suggests an heterogeneity of medial SMCs with only a fraction of
the cells being able to rapidly respond to stimulati®atel et al., 2000 The third concept is

that vascular repair is due to nenuscle cells, adventitial fibroblasts, that proliferate and
migrate from the adventitia into the medial and intimal layéPatel et al., 2000 Whilst there

is much debate as to which concept is corrdtigy are not mutually exclusive. Regional
differences have been observed in arterial repair suggesting that different vessels may repair
in different ways dependent upon the function of the different vascular phenotypPasel et

al., 2000. Medial smooth muscle cells and adventitial fibroblasts have a high capacity to
synthesie new ECMand protease inhibitors, lthough new ECMrom repair is never as

organised ashe ECM synthesised during developméddcob et al., 2001

1.2.4 Mechanical properties

The ability of the vasculature to respond to the flow of blood has been well documented.
There is conclusive evidence that biomechanical forces haveeat dffect on endothelial
structure and function(Resnick et al., 2003 Arteries have many different mechanical

properties all of which contribute to the normal health of the vesséhe main mechanical



force placed on the vasculature is stress. Stresses on a vessel wall include shear stresses from
the flow of blood across the vessel, longitudinal stresses from surrounding tissue and
circumferential stresses from the blood pressiygagenseil and Mecham, 200Mechanical
d0AYdAZ A OFly 0SS GaSyaSRé |yR NBO23ayAaSR o8
used to transduce mechanical stimuli into biochemicalagrCeltelkjunction molecules that
undergo changes in response to mechanical stimuli can change cell interaétitimes.ence
junctions in endothelial cells caimteract with the cytoskeletonand transfer information
intracellularly. Membrane structuresuch as flow activated ion channels, flow activated
receptors, caveolae (cholesterol rich areas of the membrane with high numbers of signalling
molecules) and machanotransducing G proteins can also function as mesbasargResnick

et al., 2003Chatzizisis et al., 2007

In healthy individuals a shear stress in the range of¢®5Pa is normally experienced by the
endothelial cells as a result of blood flgResnick et al., 200®iao & al., 200§. Changes in

the artery structure ca create regions of reirculated flow where the shear stress can vary
greatly. This can lead to vascular remodelling and even disease states such as atherosclerosis
(Resnick et al., 2003Atherosclerosis may be linked with shear stress as attubgmsis is
most likely in areas of the vasculature like branch points, the outer wall of bifurcations and the
inner wall of curvatures, where disturbed blood flow occ(@hatzizisis et al., 20R7It has
been reported that endothelial cells require shear stress to adopt the correct characteristics
for formation of healthy endothelium and that loss of this shear stress could result in
endothelial dysfunctiorand so trigger atheroscleros{Resnick etl., 2003 Chatzizisis et al.,
2007).

Circumferential stress is important to aartery@ ability to handle the changes in blood
pressure as blood moves through the vasculature in a pulsatile fashion. The circumferential
stress in a vessel wall is dependent upon the force being applied by the blood, and the
thickness, composition and uniforrgitof the vessel wall. In disease statesuch as
atherosclerosis and aneurystie uniformity of the vessel wall is severely compromised and
can lead to changes in the circumferential stresses within the vesse(®@ahg et al., 1993

Lee et al.,, 1996 It is believed that one of the factors that can contribute to rupture of
atherosclerdic lesions is the buildp of circumferential stresg-dowever,rupture does not
always happen at the site of highest stress suggesting that other factors are involved as well

(Cheng et al., 1993 ee et al., 1996



Vascular distensibility is the resistance presented by a vessel to stretching and swelling.
Arterial distensibility is compk. The internal mammary artery has been shown to have a
distensibility of between 56 and 47 Pa at pressures between 50 and 150 rf@hidmiotClerc

et al., 1998. When the vessel is relaxed, the distensibility is dependent upon the amount,
arrangement ad characteristics of the connective tissue. When under pressure the
distensibility is dependent upon the amount and type of connective tissue, the fraction volume
and activity level of smooth muscle cells all of which is influenced by the intravascudaupge

(Mulvany and Aalkjaer, 19%0

The widest reported measuref blood vessel YSOKI yAOFf LINBPLISNIASA
The saphenous vein has a burst pressure of 1599 + 877 mmHg (n=7) and the internal
mammary artery has a burst pressure of 3196 + 1264 mmHg (n=16), both commonly used in
coronary artery bypass surgery, where the coronary artery has a burst pressure > 2300 mmHg
(Lamm et al., 2001Conklin et al., 200Xonig et al.2009. Most blood vessels will normally

only handle arterial pressures in the range of hundreds of mmHg and so blood vessels can
withstand much higher presires than experienced giving a degree of safety. This means that
the vessels are unlikely to burst or plastically deform under noimaivoconditions(Nerem,

2000.

Arterial compliance is the change in blood volume due to a given blood pressure and is an
index of the elasticity of arteriesnternal mammary artery and common femoral artery have
been shown to hava compliance of 5.4% to 9.8% dilation at pressures leetw50 and 2000
mmHg(ChamiotClerc et al., 1998Nilshaw et al., 201)1IEndothelial dysfunction can cause a
reduction in compliance as can hypertension and aging; some diseases such as diabetes can
cause a reduction in compliance as can smoking cigar@@misn, 2001 A reduction in arterial
compliance can causar exacerbate hypertension, can aggravate atherosclerosis and is a risk
factor and indicator of CV[ITohn, 200} It has been shown that arteries respond to changes

in blood flow by remodelling the diameter of the vessel to keep the wall shear stress the same.
Where compliancesi mismatched in bypass grafts, the flow rate of blood is changed and
intimal growth can be stimulated to increase the wall shear stress; this can ultimately lead to
the narrowing and occlusion of the vessel, resulting in failure of the ¢B&ftvart and Lyman,
1992. Compliance mismatch can also cause the degradation of the graft and result in
aneurysm formationThe biomechanical properties of an artery are important stimuli for the
growth, development, remodelling and maintenance of arteries and are required for normal

vessel function.
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The mechanical properties of the coronary artery have been shown to change dependent upon
age and sex. Below the age of 50 it has been shown thatdhenary artery dilates about 10%
when subjected to physiological pressure @40 mmHg) over the age of 50 there is a
decrease in compliang®zolanta et al., 1998 The elastic modulus of the arterial walls slowly
increases with age going from around 1 MPa to around 4 MPa, thiesaisee in elastic modulus

is higher after the age of 50 and is higher in men than in wo(@=zolanta et al., 1998

The mechanical properties of bypass grafts are important to the success of the graft. If the
bypass graft is not able to match the mechanical properties of the natussel¢his can lead

to intimal hyperplasia, aneurysm formation, celluldysfunction, thrombus formation and
graft failure. This can be seen in the failure of early attempts to use synthetic grafts which did
not possess the correct mechanical properties.ddwf the focus on the design of grafts is on

matching the mechanical properties.

1.3 Arterial disease

Cardiovascular disease is the biggest killer in the developed world and has many different
forms. Most forms of vascular disease have been linked to ommamy occur as a result of
atherosclerosis. Atherosclerosis is the formation of a lesion in the vessel wall. Initially,
atherosclerosis was considered to mainly be caused by the accumulation of lipids within the
arterial wall as high levels of cholesteriol particular lowdensity lipoprotein (LDL) cholesterol,

is the primary associated risk fact(®tary et al., 1994Epstein and Ross, 1999 second

theory linked atherosclerosis to damage: it is believed that atherosclerosis is the oésigt
pSaasStQa NBalLkRyaS (2 AyedaNEZ Ay LI NIAOdzZ | NJ
endothelium (Stary et al., 1994Epstein and Ross, 1990ibby et al., 200 There is much

debate over the causes of atherosclerosis, however, advances in the understanding of cellular
YR Y2fSOdz I NJ YSOKIyAaya KlFa (B82RaSI2602 AyAd
hypothesis.

Atherosclerosis is a series of highly specific cellular and molecular responses and reactions that
can be best described as an inflammatory disease. Most of the data available on
atherosclerosis is related to the coronary arés and aorta as this is the area in which major

life threatening conditions occuyStary et al., 1994 The different stages of the disease can be

considered as three distinct lesions that represent a stage in the chronic inflammation of the
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arterial wall (Epstein and Ross, 199%9bby et al., 2002 There are many possible causes of
atherosclerosiselevated LDL cholesterol, free radical damage (mainly caused by cigarette
smoking), hyprtension, diabetes, infectious microorganisms (herpes virusglslamydia
pneumoniaetc), genetic mutationsand combinations of these and other factdEpstein and
Ross, 199). The damage or dysfunction of the endothelium results in a change in the
homeostatic properties of the vessel, allowing the increased adhesion of leukocytes to the
vessel wall and causing increased endothelial permealfitipgein and Ross, 199%.ibby et

al., 2002. Endothelial dysfunction also results in a change from the endothelium having
anticoagulant properties to pragoagulant properties. The attachment of these cells and
various factors forms the initial lesion most often observed in children or in areabeof t
vasculature not prone to lesion formatiofihe lesion initially consists of lipidden monocytes

and macrophages along with T lymphocytes; as the lesion becomes more distinctly defined it

becomes known as a fatstreak(Figurel.3) (Stary et al., 1994 pstein and Ross, 1999

If the initial response is not effectively neutralisede secretion of growth factors, cytokines

and other nflammatory products from the monocytes, lymphocytes and macrophages can
cause the migration and proliferation of SMEpstein and Ross, 1999The inflammatory
response auses medial SMCs to express enzymes that degrade the collagen and elastic fibres
of the ECM and permits the penetration of SMCs through the elastic lamina and into the lesion
(Libby et al., 2002 The SMCs become intermixed with the area of inflammation to form an
intermediate lesionEpstein and Ross, 1999There are areas of the vasculature, the coronary

arteries for example, where lesion progression is more lietgry et al., 1994

As the SMCs proliferatethe lesion thickens and the artery wall compensates by
dilating/remodelling(Epstein and Ross, 199%Xxpansion and continued inflammation results

in the recruitment of higher numbers of macrophages and lymphocytes which migrate from
the blood and multiply within the lesion. These cells release more enzymes, cytokines,
chemokine and growth factors which cause further damage. This reaction forms a cycle of
mononuclear cell recruitment followed by SMC migration and proliferation that leads to the
formation of more fibrous tissue causing the expansion of the lesion into an advanced
complicated lesior{Figurel.3) (Epstein and Ross, 1999 he progess of a fattystreak lesion

into an intermediate and advanced lesion involves the formation of a fibrous cap thatoffalls
the lesion from the lumen and contains a reservoir of leukocytes, lipids, debris and can contain
necrotic tissuéEpstein and Ross, 1999 he lesion eventually grows too large and begins to

alter and obstruct blood flow as the artery cannot compensate.
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The distinctions that separate the individdasion types are based on constant morphological
characteristics that represent a temporary or permanent stabilisation. As the lesions can
stabilise at each steghe progression from fattgtreak to intermediate lesion to advanced
lesion may require an atitional stimulug(Stary et al., 1994 Some lesions are stable and have

a uniform dense fibrous cap, while others are unstable and pose a major health risk.

Rupture of the fibrous cap often results from enzymatic action that can be stimulated in many
different ways. The most implicated cause is an immune response where activated T cells are
known to stimulate macrophages in the lesion to produce metalloproteinggestein and
Ross, 1994ibby et al., 2002 The action of the T lymphocytes on the macrophages causes the
heightened expression of prooagulant tissue factofLibby et al., 2002 Rupture of the
fibrous cap can lead todemorrhage from the vasa vasorum, from the lumen of the artery and
the release of tissue factor resulting in thrombus formation and occlu$igurel.3). Rupture

of the lesion is responsible for the most acute complications of arthrosclerosis with as much as
50 % of acute coronary syndromes and myocardial infarctions being caused by plaque rupture

and resultant thrombosi¢Epsten and Ross, 1999ibby et al., 2002

B e Leukocyte Smooth- T_-celll
permeability | o\ kocyte adhesion muscle Foam-cell  activation
migration migration formation
Endothelial dysfunction Fatty-streak lesion

Plaque

Macrophage\ — Fibrous-cap ~ Thinning of
accumulation Formation of rupture Haemorrhage fibrous-cap
necrotic core from lumen

Advanced lesion Ruptured lesion

Figurel.3; Schematic of endothelial dysfunction, fattgtreak lesion, advanced lesion and lesion
rupture in atherosclerosis adapted frorEpstein and Ross, 1999
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Aneurysms are a majaoncern in CVD. Aneurysms can be fatal themselves if they rybuwitre

they can also be sites for the formation of thrombus that lead to strokes. An aneurysm is a
localised swelling or bulging of the blood vessel wall. The most common site for aneuoysms t
form is in the aortabut they are widely seen at the base of the brain and can be found in any

vasculaturgVirmani et al., 1986

Aneurysm is the result of an injury overcoming the capacity of smooth muscle cells or
adventitial fibroblasts teynthesisenew ECMand repair the damage to the vesgédhcob et al.,

2001). The balance between proteases and their inhibitors is temporally destroyed by the
expresion of matrix metalloproteinase genes and the secretion of enzymes from

inflammatory cell{Jacob et al., 2001

Aneurysms of the artery are characterised by abnormal, localised or diffuse dilation of the
arterial wall and can be caused by a range of conditions including but not limited to:
atherosclerosis, that narrows anéltdens the arteries weakening the walls; hypertension, that
expands the vessel wall beyond its elastic limit; injury, that thins and weakens the arterial wall;
congenital anomalies, where weaknesses are created or exist in the vessel wall as a symptom

of adisease or disorder; or by ageing, where the vessel is weakenedimmeer

Aneurysms can be congenital or acquired; the majority of adults with aneurysm suffer from

the acquired condition(Virmani et al., 1986 Acquired aneurysms in children are most

O2YY2yfte& RdzS (G2 Yl gl al1AQa RAASIA&SS  dteri®AaSlh a

aneurysms are commonly found alongside atherosclerosis suggesting that there could be a link
between atherosclerosis and arterial aneurygkfirmani et al., 1986 The cause of arterial
dilation and aneurysms is widely debated with suggestions that it is directly caused by
atherosclerosis. Others propose that weaknesses in theelesall could be present from
childhood and that factors such as hypertension and atherosclerosis may only play a role in the

rupture of an aneurysniVirmani et al., 198@<amitani et al., 2000

There are many disease states that are involved in aneurysms. What is not clear is the actual
role these differentdiseases have in aneurysm formation and rupture. This is further
complicated by the observable differences dependent upon the location of the aneurysm in
the vasculature. Arterial aneurysm is a progressive degenerative disease that, if left

uncorrected can result in rupture and in many cases death.

It is likely that increased production of matrix degrading enzymes such as matrix

metalloproteinases plays a key role in the pathogenesis of arterial aneufipsifietto and
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Khalil, 2008 The expression of matrix metalloproteinases in patients with aortic aneurysms
has been observed to be significantly increased and transgenic animals with deficiencies in
matrix metalloproteinases have been shown to be protected from experimentally induced

aneurysm(Raffetto and Khalil, 2008

The most common matrix metalloproteinase, MMP has been shown to be the most
abundantly expressed enzyme in aneurysms and is mainly produced by andofitsaiing
macrophagegRaffetto and Khalil, 2008 Matrix metalloproteinases have been observed to
prevent the contraction of SMCs; SMC contraction basn shown to contribute to the
structural integrity of the arterial wall. Matrix metalloproteinasmve also been showto
induceinhibition of SMC contractioandmay therefore contribute to further weakening of the
arterial wall(Raffetto and Khalil, 2008

There are a range of treatment methods dependent upon the location of an aneulnic
or peripheral aneurysms tend to be treated by replacement with bypass giattscranial
aneurysms are treated with surgical clips or endovascular coiling. Endovascular coiling involves
placing a platinum coil in the aneurysm via a catheter, resultinganfarmation which, if

successful, eliminates the aneurysm.

1.4 Approaches to developing small diameter blood vessel

replacements

1.4.1 Autografts

Ly dzi23NIFG A& GKS GNIXyaLxXryaldazy 2F | GA3
the case olvascular surgeryan artery or vein is removed from a site of easy access and used

for the purposes of a bypass or to repair damaagein the case of an aneurysm. An autograft
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are comparedReix et al., 200Arima et al., 2005Leask et al., 200%Vang et al., 200)cThe

choice of vess for autograft is dependentipon the intended use. Thgtandardvessel used

for the repair of a popliteal artery aneurysm is the saphenous (Reix et al., 2000 In the

case of a coronary artery bypadke graft of choice is the left internal thoracic artery, also

known as the internal mammary arte(ffigurel.4) (Arima et al., 2005Baguneid et al., 2006
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Figurel.4; Schematic of bypass graft

Bypassgrafts are placed at as shallow an angle as is possible when being implanted as to
reduce the disturbance to the flow of blood which has been linked to the development of
severalCVDslt is possible to use the saphenous vein for coronary bypass surgery but the use
of arteries is favoured where possible. Comparison studies have shown that saphenous vein is
more prone to intimal thickening and atherosclerosis than arterial grafts, such asttdreal
mammary artery; arterial graftalso have a higher rate of losigrm patency(UydesDogan et

al., 1996 Taki et al., 1997 Current saphenous vein autografts suffer from a 30 % to 50 %
occlusion rate after teryears, whilst arterial grafts have a failure rate of around 5 % in the
same period(UydesDogan et al.,1996 Taki et al., 1997Wang et al., 2007c The use of
saphenous vein is more complex and prooddilure as the tributaries to the vein have to be

tied off and the valves removeadrima et al., 2005_eask et al., 20Q5Arteries havalsobeen

shown to respond to vasodilators, an important medicatiorstpaperatively to treat graft
spasm that has been related to an increased risk of morbidity and mortaljigesDogan et

al., 1999.

Autografts are known to fail due to surgical difficulties. They are often subject to intimal
thickening at he anastamosis due to graftall shear stress and surgical trauma at the points
of suture(Leask et al., 20Q05Autologous vessel transplant still remains the gold standard in
vascular surgery; the main problem with autografts is the limited availability of viable grafts as
a third of patients are not suitable for autografts due to fenesting vascular disease or prior

graft harvest(Wang et al., 2007 Cittadella et al., 2013
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1.4.2 Allografts

An allograft is the transplantation of a tissue from a genetically-identical member of the
same species. Allografts are more often thought of in terms of whole organ transplantation.
The lackof available autografts means that alternative graft material must be considered for
vascular replacement. Allograft transplantation is the next logical step as it provides an
endothelium lined human biological conduit with the correct -mechanical proprties

(Carpenter and Tomaszewski, 1988hner et al., 2006

Fresh vascular allografts are, however, subject to frequent and early fdtakbow, 1996
Bilfinger et al., 1997Carpenter and Tomaszewski, 199&mm et al., 2001Fahner et al.,
2006). Fresh allografts have been shown to be unusable &g sffer from rapid rejection and
failure due to immune rejectiorfCallow, 1998 One of the main limitations to the use of
allografts is tissue sourcing, unlike an autograft that can be collected just beforanitatibn,
an allograft has to be collected, transported and possilbyest for long periods of time. Using
a range of techniques allografisave been preserveénd many have been reported to
demonstrate superior performance compared to fresh allogrdftg in many casestill suffer

from early rejection and failuréCallow, 1995

Several techniques have been investigated for the storage of allografts, the favoured method
being cryopreservation. Cryopreservatiamlike cold storage and freezing is intended to
maintain cell viability and offer long term stora¢@allow, 1996Fahner etal., 200§. Clinical

trials using cryo preserved vascular allografts have highlighted several problems. A number of
studies have demonstrated that immusejection has a major role in graft failure. Allografts
have been demonstrated to produce a stronglkmediated immune response; endothelial

cells beinghe locus of strong antigenicitfCarpenter and Tomaszewski, 1998he failure of
allografts has been relateatthe inability of the endothelium to modulate the adherence of

leucocytegBilfinger et al., 1997

Even with a great deal of carthe best preservation techniques will not maintain normal cell
function (Callow, 199% Where the endothelium is losthere is an increasethfiltration of T-

cells and intimal thickening related to the loss of endothelial cell regulation of smooth muscle
cells (Carpenter and Tomaszewski, 19%hou et al., 2009b It has been suggested that
cryopreservation may even accelerate graft occlusion due to non immunogenic mechanisms
involved in fibrosis and the loss of contractile funct{iller et al., 1993 Poor patency rate

and other associated complicationBave rendered cryopreserved saphenous veluman
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umbilical artery and other arterial allografts unacceptable for routine (Baguneid et al.,
2006. In whole organ transplantatigrgreat effort is taken to match the histocompatibility
antigens of the donor and recipient to reduce the risk of transplajection. This has been
applied in vascular grafts and has been shown to improve thenggiteates of the allografts;
this is not practicable due to demand and sourcing restraj@arpenter and Tomaszewski,

1998 Fahner et al., 2006

Immunosuppressive drugs have been exploiadan attemptto prevent graft rejection.
Immunosuppression and antibody crossatching have been shown to lower the failure rates
of allograftsbut the grafts still suffer from accelerated degradation and fail(Méler et al.,
1993 Randon et al., 2030 The problem with these approaches is that immunosuppression
does not always eliminate rejection and the economic and health costs of long term
immunosuppression make it unjustifiable faise withvascular allograft§Callow, 1996Fahner

et al., 2008.

Initial attemptsto overcome the problems of allografts used fixation to main@aEMintegrity

and mask immunogenic antigens. This proved to be a problem as it was reported that fixation
caused a loss of mechanical properties, in particular compliance, which resultadurisanal
degradation of the scaffold&€Courtman et al., 20Q1Conklin et al., 200ZSchaner et al., 2004

The main issue with fixation is that masking of the antigens does not completely remove the
immune respose. The antigens are still present, but just inaccessible until the vessel is
naturally degraded overtime: this can possibly lead to a H@mgn inflammatory response
(Courtman et al., 20QXonklin et al., 2005chaner et al., 2004

1.4.3 Xenografts

A xenogratft is the transplant of tissue from one species to another. The ability to use animal
tissue would remove the complications of graft sourcing. The use of animal tissues would
however raise concerns, mainly refn and interspecies disease transmisg8ohaner et al.,
2004). Hyperacute rejection of a xenograft is an inevitable consequence of the transplant of
tissue between phylogenetically distinct spediefatt et al., 1991 This means that any animal
tissue that has foreign antigens wallicit an immune response and suffer rapid rejection. In
theory, the immune response can be overcome by decellularising the scaffold to remove all

the cells and so remove the antigens that cause the immune response. Decellularised
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xenografts have shown potential in animal models as blood vessel replacements as they have
been shown to retain the mechanical properties of the vessel once decellularised and are

easier to source than auto/allograf®lartin et al., 2005 Roy et al., 2005Williams et al.,

2009. Xenografts which have not been successfully decellularised would however still run the

risk of immune rejection and carry the risk of interspecies disease transmission, such as

porcineendogenous retrovirusePERVsnd BSE; this concern may limit or prohibit xenograft

use(Prabha and Verghese, 2008

1.4.4 Synthetic biomaterials

The need for vascular grafts has created an interest in the use of synthetic polymers for tissue
engineering such grafts. There are two maiotential uses of polymers in vascular bypass
grafts. The initial, and most widely reported, use of polymers is as vascular prosthesis devices.
In a synthetic polymer vascular prosthesisiostable polymer is used to create a conduit that
can be used toestore normal blood flow. The prosthesis does not interact with the body and
does not allow for the restoration of normal vascular function or eventual integration with the
body. The second use of synthetic biomaterials is in the creation of tissue erigipecaffolds

that use bieresorbable polymers that will eventually be replaced by natural ECM and have the

potential to eventually restore normal vascular function.

1.4.4.1 Prostheses

The use of synthetic polymer vascular prostheses in the replacement of large blood vessels (>6
mm) has been a success with polyethylene terephthalate (Dacron)eapdndedpolytera
fluroethylene (ePTFEyrafts having a high level of patency after ten ye@ieerstrup et al.,

2001, Conklin et al., 200Bujan et al., 200AVang et al., 2007)c Dacron and ePTFE are -bio
stable polymers that are used to create grafts that have a long lifetime in the body. When
Dacron and ePTFE are, however, usadsioall calibre graftsthey occlude due to platelet
activation and thrombosi@Hoerstrup et al., 200XConklin et al.2002 Bujan et al., 200ANang

et al., 2007¢Desai et al., 2001 A wide range of patency rates have beepaded for small
diameter (<6 mm) Dacron and ePTFE prostheses dependent upon the location the graft was

inserted and the use of antilotting agents; on average patency rates tend to be below 50 %
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after five yearqWang et al., 2007c Dacron fails due to intimal thickening and thrombosis at
the point of attachment causing graft occlusion and fail(@enklin et al., 2002/enkatraman

et al., 2008. ePTFE does not interact well with blood, this has been shown to contribtite to
formation of thrombosis anantimal thickening at the point of attachmerfKue and Greisler,
2003.

One of the major problems with synthetic grafts is endothelialisation; most reported results
show ePTFE and Dacron grafts fail to develop a full endothelial layer, other reported results
show the seeding of cells and the coating of scaffolds with materials such as fibrin allow for the
development of an endotheliuniZilla et al., 1993Bujan et al., 2004Meinhart et al., 2005
Tatterton et al., 2012 The combination of synthetic and natural materials is addressed later in
Section 1.4.4.3 Another major problem with biostable grafts imfection. Prosthetic grafts

have beerreported to have increased rag@f infection compared to autografts that can lead

to life threateningsituations and can bedifficult to treat (Cittadella et al., 2013 Stable
synthetic grafts are also a problem in paediatrics as the vessel needs to be able to grow with
the patient; this means that children given biostable grafts often need replacement surgery as

they grow(Cittadella et al., 2013

There are a range of other bgiable polymers that have a history of use in thedy, such as
polyurethane. Polyurethane has been tested as a vascular graft material as it can be made to
match the compliance of a blood vessel, whereas Dacron and ePTFE grafts (@amand
Greisler, 2003Wang et al., 2007cVenkatraman et al., 2008 Initial results showed that
polyurethaneselongated and degraded over timiitial attempts at vascular replacements
with polyurethane lead to high rates of aneurysm and thrombosis compared to ePTFE and
Dacron graftdDesai et al., 2001 This lead to the development of polycarbonate, polyester

and silicone based polyurethanes.

It has been reported that polycarbonate based polyurethanes have better mechanical
properties and are more resistant to hydrolytic and oxidative dam@ge and Greisler, 2003
Venkatraman et al., 20Q08Polyester based urethanes have been demonstrated to have good
mechanical properties and blood compatibili¢@oldani et al., 2000 Most polyurethanes,
however, suffer from platelet adhesion leading to graft failure and this lead to the
develogment of silicone based polyurethanes that are reported to have -aditiesive
properties(Taite et al., 2008Soldani et al., 2000 These different based polyurethanes have

also been mixed together to combine their different properties. It has been demonstrated that
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bio-stable polymers tend to elica foreign body response by the recipient immune system and

are known to cause mild inflammatigrigurel.5) (Venkatraman et al., 2008

-

Implant biomaterial Biomaterial coated in

layer of proteins Q p Q
F | J
Cells fuse to form giant (o) @

cells and secrete cytokines [
Neutrophils and

macrophages interrogate
biomaterial

Fibroblasts arrive and synthesise
collagen that encapsulates biomaterial
i

)

Figurel.5; Schematic of foreign body response

1.4.4.2 Regenerative

An alternative to a bisstable polymer is a biodegradable polymer which is broken down by
enzymatic and hydrolytic action in the body. As biodegradable polymers are degraded by the
body andremoved the source of any lonterm foreign body response is eliminated.
Biodegradation also allows for the formation of a fully functioning natural ECM which is

preferential to a norresponsive polymer.

For a polymer to be used as a tissue engineeraafsld the degradation products produced
cannot cause a toxic or inflammatory respor{seeed et al., 1994 A range of biodegradable
polymers have been used in the lab and in animal models as vascular grafts; the most common
biodegradable polymers are polyglycolic acid (PGA), polylactic acid (PLA) and pobgdacti
glycolic) acidPLGAcopolymers. PLA and PGA are broken down into lactic acid and glutamic
acid which can then be metabolised by the body, other polymers tested include degradable

polyurethanes, polycaprolactone and polydidigeed et al., 1994Gunatillake and Adhikari,
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2003 Yang et al., 20Q9artina and Hutmacher, 20Q0%Guelcher, 2008Pankajakshan et al.,

2008 Pektok et al., 2008 There is concern over the brafkvn of biodegradable polymers
causing an increase in acidity and the lower pH causing a toxic effect. This lower pH also runs
the risk that the degradation rate of the polymers could be increased by autocat@lgsikor

et al., 1994Hoerstrup et al., 200lHemmrich et al., 2008.ee et al., 2009

The biodegradation characteristics of a polymer are affected by the glass transition
temperature (Tg); as the Tg decreasd® degradation rate imeases. The problem with
changing the Tg to improve degradation is that the mechanical properties of a material are
heavily influenced by T@Vu et al., 2006 Watanabe et al., 2009 Tailoring a polymer for
mechanical ad degradation properties is therefore complex and often involves compromising
2yS 2F (GKS NBadzZ GFyd YFGSNALFEf Qa LINRPBLISNIASaO®

This is further complicated by the loss of mechanical properties as the polymer degxages
and Greisler, 20Q3Venkatraman et al., 2008PGA, PLA, PLGA and polyurethanes have been
shown to degrade too quickly under physiological conditions: this would lead to aneurismal
dilation making them unusable without further modificatioPektok et al., 2008
Polycaprolactone has the required degradation and mechanical properties but suffers from
chondrioid metaplasia, calcification, following on from a foreign body immune response

(Pankajakshan et al., 2008ektok et al.2008).

There are a range of other polymers which are being explored such as poly (diol citrates) which
are biphasic polymer which form tubular saffolds. Their mechanical properties and
compliance closely match that of a natural blood vessel: they are biodegradable and allow for
cell attachment(Yang et al., 2005 Anti-thrombogenic materials that biodegrade have also
been explored for engineering of vascular grafts; polyurethane based -camposite
polyhedraloligomericsilesquioxangoly(carbonge-urea) urethane (POSECU) is a leading
example which has been shown to be biocompatible and have the correct biomechanical
properties needed for a blood vessel graft having been used in lower limb vascular bypass
grafts (de Mel et al., 2009Ahmed et al., 2011Cittadella et al., 2013 Attempts have been
made to overcome the limitations of polymers by the addition of growth factadhesion
ligands and antihrombogenic factorgHoerstrup et al., 2001Xue and Greisler, 200Bujan et

al., 2004 Wang et al., 20076/enkatraman et al., 2008
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1.4.4.3 Composite materials

There is a large amount oésearch in the literature in which Dacron has been coated with
various combinations of collagen, heparin, fibrin, gelatine, and various growth factors and
attachment ligands. There have been some positive experimental results in animals where a
fully formed endothelium has been creatgeesulting in an increase in the patency rate of the
grafts(Zilla et al., 1993Meinhart et al., 2005 Some experimental results showed an increase

in the patency of a grafthowever, the graft still failed to form an endothelial layer and
occluded(Venkatraman et al., 2008 There are cases in which hybrid composite materials
have been made with other polymers to improve biocompatibility and to incorporate anti
adhesive properties to improve patency apposedto the development of an endothelium

(He et al., 2005Pankajakshan et al., 200Baite et al., 2008

1.4.5 Natural biomaterials

Natural biomaterials can be used to create scaffolds for the tissue engineering of vascular
grafts. Natural biomaterials have several advantages over synthetically derived biomaterials:
they are more responsive to the surrounding environment, allow foryeagegration and
repair upon implantation, should exhibit little to no foreign body immune reaction and should
allow for cellular remodelling of the grafit'heureux et al., 199@oland et al., 2004 Natural
biomaterials can contain ligands that can be bound by cell adhesion molecultte farrpose

of cellular adhesion and that can act as templates for cell growth, proliferation, migration and

function (Schmidt and Baier, 2000

There are a wide range of naturblomaterials that could be used with the most obvious
choices being those materials thadroprise the ECMf a natural blood vessel. Collagen and
elastin are the main constituents ofi¢ vascular ECMCollagen provides strength against the
rupture of the Bood vessel and elastin provides the elastic recoil properties that resist

elongation and deformatioFigurel.6) (Buttafoco et al., 2006
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Figurel.6; Schematic of the structure of collagen and elastin

Fibrin is another obvious choice for use in scaffold creation as it can be derived from a
LJ- G A Sy G QaJokeényfoevel fe2a®, ROP1 On their own natural biomaterials have a
limited potential as they lack mechanical strength. This can be overcome by using
combinations of natural materials to create composites that more clossdgmble the ECM
(L'heureux et al., 1998uttafoco et al.,2006. Unmodified natural materials are subject to
rapid chemical and enzymatic degradation and so require the material to be modified prior to

use(Schmidt and Baier, 2000

Crosslinking the naturally derived biomaterials increases the resistance to enzymatic and
chemical degradation. There are several ways in which the natural materials can be cross
linked. Glutaraldehyde has been used extensively for the dnolsiig of maerials but has
several limitations: it can compromise the mechanical properties, it is cytotoxic and the
treated material is prone to calcificatiofschmidt and Baier, 200®uttafoco et al., 2006
Polyepoxy compounds (Denacol) can be used for dnoking and are less cytotoxic than
glutaraldehydeand have a reduced rate of calcification. A preferred method is dinssg

using dye mediated photooxidation. Photooxidation uses a dye photosensitiser, added to the
biomaterial, which oxidises amino acids such as tryptophan, histidine, tyrosine, and
methionine when exposed to visible light. The dye biomaterial mixture is exposed to the
correct wavelength of light to trigger crofisking; the level of crosknking in the biomaterial

is a result of the exposure time. Photooxidation has no toxic efféectsot known to calcify and

has a limited detrimental effect on the properties of natural materials and biomechanical

integrity of the vesseglSchmidt and Baier, 20D0
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There are varios methods by which natural scaffolds can be prepared. Foams, hydrogels and
fibrous scaffolds can be created by a range of techniques. Freeze drying, gas expansion,
knitting, weaving, and crodsking can all be used to create scaffolds with differentgenies

and structures. One area of current interest is electrospinrtiigurel.7). Electrospinning of
natural biomaterials creates a nemoven meshthat has fibre dimensions that closely
resemble the natural structure of the ECM. It is possible to electrospin multiple materials at
the same time and create a composite material. The-n@mven mesh can then be modified

and cross linked to improve mechaal properties and cellular interactiorfButtafoco etal.,

2006).

Syringe with
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1

Figurel.7; Schematic of electrospinningreproducedrom (Badami et al., 2006

Random topography is known to enhance cellular attachmbat this is not necessarily an
advantage in scaffold desigBadami et al., 2006 Cells that attach to orientated scaffold are
influenced by the underlying structure. The organisation, migration, proliferation and activity
of cells has been shown to be changed by the orientation of the scafiiti® et al., 2004
Murugan and Ramakrishna, 2007The natural extracellular matrix in blood vessels is
orientated in different directions in the differémayers and so this is of importance for normal

vessel and cellular functigiBoland et al., 2004

Blood clot ad thrombus formation are still a major problem with natural materials as platelets
are activated by interaction with a number of these Jommlecules in normal wound healing. As
such a confluent layer of endothelial cells or awtdbtting agents are needkto prevent blood
clot formation (Boland et al., 2004 Nonetheless, natural materials have an advantage with

regard to cellular interactions: fibronectin, vitronectin and laminin mediate contact between
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endothelial cells and collagen. The use of these and other afbiecules has been shown to
aid in the formation of a confluent endotheliu(@ixit et al., 2001 Another method is to seed
cells on to the scébld. Cell seeding of natural scaffolds has been shown to enhancedaong
function, prevent thrombus formation and allow the graft to develop into a responsive living
tissue(Schmidt andBaier, 2000

One concern in the use of natural biomaterials is tissue shrinkage. As the cells interact and
remodel the biomaterial, it has been shown to contracted and shilimkiivg this should be

less of a problem but fom vitro, production and development may prove to be a major
concern(Jockenhoevel et al., 20R10ther concerns about the use of biomaterials and cells
include: intimal thickening, due to a lack of regulation of smooth neusell proliferation; cell
sourcing; the sourcing of the natural biomaterial and the time taken to grow sufficient
numbers of cells and seed the scaffolds. Many of the biomaterials used in laboratories are
derived from animals and could carry disease deiteRn immune response. Some natural
biomaterials such as fibrin can easily belased from a patient while the collection of
collagen and other materials is more complheureux et al.,, 1998oland et al., 2004

Hasegawa et al., 2007

Natural biomaterialcan be useful as scaffoldsut a large focus has been placed on their use
with synthetic scaffolds to improve cellular interactions and increase cell migration and
proliferation (Dixit et al., 2001 Hasegawa et al., 20Q7Fibrin is an example of a natural
biomaterial that has been added to synthetic polymer scaffolds to create ositgs, in which

the fibrin has been used to promote cell migration and proliferatfplasegawa et al., 2007
Tschoeke et al., 2009This method can be used to overcome the problems with mechanical

properties but does ot addresghe problems ofourcing and thrombogenesis.

1.4.6 Cell derived replacements

Instead of using a scaffold to tissue engineer a small diameter blood yit$wed been shown

that an alternative is to tissue engineer a scaffold directly from cells. A construct composed of
cells surroundedy secreted ECMas the advantage of being highly responsive, of being able
to selfrepair, remodel and react according émvironmental stimuliL'heureux et al., 1998
Tissue engineered blood vessels using cells have been producediyd cell sheets or by

the template layering of cells. In cell sheet tissue engineegelis are grown in conditions
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that promote the poduction of ECM, for examplén ascorbic ad to promote collagen
synthesis. fie cells are culturedntil they haveformed a sheetf cells bound in ECM proteins
The cell sheets are then rolled on to porous tubes and cultured to allow for fusion into
cohesive tissue¢Figure1.8). Many different cells types, different sources of cells, different
growth techniques and handling methods have been explored in order to decelbpased

replacements; mosiollow the simiar method of growing and rolling cell sheets to form tubes.

i
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Figurel.8; Schematic of cell sheet formation of replacement blood vessel

To create an ardihrombogenic surfaceendothelial cells have been seeded on the inner layer

of the cell sheets to create the luméh'heureux et al., 1998senberg et al., 20Q6."Heureux

etal., 200 Y2y A3 SG Ftod YR [ QI SdzZNBdzE @Q'heurbuk ® dzi ¢
et al., 1998L'Heureux et al., 200 Konig et al., 200dsenberg et al. used both smooth muscle

and fibroblast cells to create different cell shedisenberg et al., 200® [ QI §dzNB dzE
demonstrated how multilayered vessetould be created by rolling multiple cell sheets
together (L'heureux et al., 1998 'Heureux et al., 2007 This construct was shown to have

burst pressure properties similar to natural arteries. The construct was, however, not ideal as

the layers were composed of fibroblasts which are typically not found in the medial layer.
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Konig et al. created an internal membrane free of viable cells by dryinghe internal
fibroblast cell sheet. A new layer of fibroblast cells was then rolled over the initial construct to
create the adventitia and endothelial cells were seeded onto the construct to create a
confluent endothelium(Konig et al., 2009 At the time of implantationit was shown that

these tissue engineered vessels had burst pressures similar to native arteries. Furthermore, the
compliance of the vessels was significantiwdr at the time of implantationbut after six

months the vessel had achieved a compliance métamig et al., 2009

Isenberg et al. reported the creation of a cell sheet of sthanuscle cells to mimic the media
layer and a sheet of fibroblasts to create the adventitia. The two layers were allowed to fuse
and endothelial cells seeded to the inside of the vessel to create the I{fsenberg et al.,
2006). The vessel produced by Isenberg et al. was shown to behaathbogenic and had a
similar burst pressure to native arteries. Gauvin et al. showed that the mechanical properties
of these cell sheets can be further improved bycedturing the two cell skets together into

one larger sheet which was then rolled up leading denser ECNGauvin et al., 2000

A compliance mismatch between the tissue engineered blood vessels and native artery has
been reported for gveral of the celbased sheetpproaches. n tissue engineered vesselss

is a major problem as compliance mismatch has been attributed to the development of intimal
hyperplasia(lsenberg et al., 2008-Heureux et al., 2007 The major limitation of cell sheet
tissue engineering of blood vessels is tiglity of the ECMproduced. The ECHh the cell
sheets lacks the correct fibre alignment that gives native blood vessels some of their
biomechanical prperties; the ECMproduced by the cell sheets is also composed of different
amounts of ECNproteinscompared to natural tissyeften having lowr levels of elastin. This
difference is important and is likely the cause of the compliance mismathkeureux et al.,
1998 Isenberg et al., 20Q6&onig et al., 2009 'Heureux et al., 2007 The differingevels d
different ECMcomponents highlights the importance of the source of cells: the same cell type
from different locations may produce different quantitieadatypes of ECMGauvin et al.,
2010.

Recet studies have focused on cell atissue culture using biomechanical stimulation. Using
bioreactors Hoerstrup et al demonstrated the acceleration of tissue formation using a
pulsatile flow system similar to the nativiessue® biomechanical environmentHoerstrup et

al., 2000 Barron et al., 2008 This produceda tissue that when analysed showed histological
features closer to the native tissue than when compared to tissue without mechanical

stimulation(Hoerstrup et al., 200Hoergrup et al., 2001Barron et al., 20083
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It has been reported that dynamic mechanical conditioning of tissue cultures leads to an
improvement in the mechanical properties and histological organisation of tigSed&tar et

al., 2000 Sodian et al., 2002Barron etal., 2003. Dynamic mechanical stimulation may
overcome some of the problems associated with-babed techniques and may even speed up
tissue growth However, the need to create an enclosed bioreactor capable of the correct
mechanical stimulation vastly increases the risk of infection and the sensitivity of the culture

environment.

The templating methods involve the ordered layering of cells to create shaaeter tubes.

This method often uses spheroids of cells to layer and create the tissue engineered vessels
(Figurel.9) (Norotte et al., 2009Mironov et al., 2009 The advantage of using a template to
order the cells is that a vessel of varying shape and size can be constructed -witift in
branching. The disadvantage is that it is hard to maintain sterility in the templating process

(Norotte et al., 2009Mironov et al., 2009
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Figurel.9; Schematic of cell printing
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actions to create an autologous vessel. A foreign material implanted into the body will produce

a host response that will result in the formation of a cellulapsule that surrounds the
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material (Campbell et al., 199%'Heureux et al., 20071t has been shown that by implanting a
silastic tube into the peritoneal cavity of rats that a layer of miywfblasts, a collagen matrix

and a mesothelium monolayer will be formed on the outside of the tube after two weeks
(Campbell et al., 19991t was shown that theube could be removed and the resultant layer

of cells inverted to create an artirombogenic mesothelium. In rats, this approach produced

a replacement vessel that remained patent for four mon{@ampbell et al., 1999The graft
grown in the body potentially overcomes the need to isolate and expand the cells from
biopsies. However, the graft is composed of myofibroblasts and mesothelialraslismooth
muscle ad endothelial cells. The resultant vessel also lacks the structure and biomechanical

properties found in the native blood vesg€lampbell et al., 1999

Thereare two main problems with the use of célhsed tissue engineered constructs. Cell
sourcing is a major problem as the availability of autologous vascular cells is limited due to
poor vessel quality in patients needing vascular grafts. The isolation arificaion of
vascular cells is limited by technical ability and the isolated cells have a poor proliferative
capacity and have been shown to change phenotype when cultiredtro (Krenning et al.,
2008. The isolation of autologous cells also requires that a blood vessel or skin biopsy be

taken and this introduces a new site of trautfi@enning et al., 2008

The sourcing of cells from bone marrow and the extraction of progenitor cells from the blood
is a possible solution to this problerbut this is still in the early stages of investigation
(Krenring et al., 2008 The main problem with thé vitro use of cells is the time taken to
culture and grow the cells needed for any application. The growth of cell sheets takes time as
does the development of spheroids. This may be acceptable when tinma Bn issue but in

the case of trauma and emergency situatiowhere time is a factor, the isolation and growth

of cells is not viabldL'heueux et al.,, 1998Krenning et al., 20Q8senberg et al., 2006
L'Heureux et al., 20QNorotte et al., 2009Konig et al., 2009

1.4.7 Decellularised scaffolds

The immunological problems associated with the use of allograd xenograft tissues and the
structural limitations of the biomaterial scaffolds have lead to the development of
decellularised scaffolds. The idea is that by removing the cells from natural tissue the

immunogenic molecules will be removed whilst maintag the structure othe natural ECM
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(Wang et al., 2007c Since a decellularised vessel will have the same structure as the natural
vessel it should have similar mechanical perties and be resistant to rupture. The ideal
vessel for decellularisation and for use in arterial bypass is an artery as its mechanical
properties and compliance will most closely match that of the natural ve&smikin et al.,

2002 Schaner et al., 2004

Decellularised tissues may also serve as structural supports, providing attachment sites for
recellularisation and a reservoir for growth factors and other-miolecules. It is possible to
decellularise a tissue in many ways: chemical, mechanical and enzymatic techniques can be
used to remove the cellsnost commonly by cell lys{§igurel.10) (Schmidt and Baier, 2000

The cellular debris then needs to be removed from the scaffold as cellular components and
lipids are known to cause calcification and an inflammatory respg8sémidt and Baier,

2000. Washing procedures are used to remove the cellular debris left following cell lysis;
proteaseinhibitors may be useduring washingo prevent degradation of the extracellular

matrix and DNase and RNase enzymes are used to remove residual encoding DNA and RNA

(Figurel.10) (Meyer et al., 2006Wilshaw et al., 2008a

Cell Lysis

f"

Protease inhibitors to e 3
prevent enzymatic Cell debris, lipids, proteins,
damage to extracellular DNA, RNA etc.
matrix
DNase and RNase
added to remove DNAj

and RNA

Cells in extracellular matrix

Wash in detergent to
remove remaining
cell debris

Decellularised scaffold Cell debris, lipids, proteins

with out DNA or RNA

Figurel.10; Schematic of decellularisation process



31

Platelet activation, thrombus formation and intimal hyperplasia are problems that have been
observed with the use of decellularised scaffolds in animal mdéeitel et al., 200,AVang et

al., 2007hCai et al., 200Zhou et al., 2009b The lack of an endothelium activates platelets, a
natural response to damage to the blood vessetl ®&xposure of theunderlying ECMthis
causes blood clotting and thrombus formatiRendu and Brohar8ohn, 2001Conklin et al.,

2002 Wang et al., 200b, Zhou et al., 2009tZhou et al., 2011

The lack of endothelial cells and the release of inflammatory products mayt liesthe
uncontrolled prdiferation of SM@ resulting in intimal hyperplas(€ai et al., 2009 It has been
shown that cellsare slow to recellularise acellular scaffolds vivg mainly migrating through

the scaffold at its cut edgéSimionescu et al., 2006It has been reported that the arterial
geometry and structure change due to the removal of the cells causing a release in the pre
stresses present in the normal tissuhis has been shown to be reversed under pressure
when the voids left by the removed cells are filled with fl(Rady et al., 2006

It has been shown that there is no significant difference between the burst pressure, stress
modulus and compliance of decellularised vessels compared to natural véSseder et al.,

2004, Martin et al, 2005 Roy et al., 2005Wilshaw et al., 2008aGui et al., 200p It has,
however, been reported that there may be an increase in the stiffness of the vessels following
decellularisation(Roy et al., 2005Williams et al., 2000 This is likely due to small aiges in

the ECMgeometry and structure as a result of the removal of the cells. An increase in fibre
mobility and a loss of collagen crimping has been associated with an increase in vessel stiffness

(Williams et al., 2009

The burst pressure of common femoral arteries decellularised using the same method
described in &ction 2.2.3has been shown to have no significant difference compared to the
native human arteries with burst pressures of 3214 mmHg and 2562 miasfgectively
(Wilshaw et al., 2011 Using the same method it was also found that following tensile testing
there was no significant difference in the transition stress and strain, ultimate tensile strength
and failure strain in igher circumferential or axial direction between decellularised and native
arteries(Wilshaw et al., 2011 The same study also showed there was no significant difference
in the compliance of the decellularised and native artemath dilation of 9.8% and 7.9%
respectively at 200 mmH@Vilshaw et al., 2011 Others have shown that decellularisation of
other tissues such as pericardium resulted in no ultrastructure damage and that there was no
significanteffect on fracture tension and percentage strain at fracture compared to fresh

tissue (Wilson et al., 1995 It is believed that the early mechanical failures of decellularise
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tissue was due to damage to the ECM and the use of didsag agents. It has been
demonstrated that crostinkingtissue with glutaraldehyde or other cross linking agents failed

to preserve tissue mechani¢d/ilson et al., 1996

There has also been reported a loss siime ECMcomponents due to the different
decellularisation methods usefHeine et al., 201)1 At the same time, different techniques
have been shown not to affect the majority of natural proteoglycans and growth factors

present in the scaffol§Courtman et al., 194, Badylak, 2004

The source of natural tissue for the creation ofdecellularised scaffold is of importance.
Arteries and veins can be obtained fratlogeneiocor xenogeneiaonors. It has been reported

that allograftselicit little to no immune response once decellularised, as the immune response
is instigated by antiges on the cell surface@\llaire et al., 1997Courtman et al., 2001 The
response observed once decellularised allografts have been implanted in animals has been
reported to be similar to the inflammatory response observed for autografts and to be

significantly less than fordsh allograftg§Martin et al., 2005Ketchedjian et al., 2005

Acellular xenografts have demonstrated a range of different results. Some investigations into
the use of xenografts have reported that xenografts elicit an immune response once
decellularised due to interspecies differences in the primary structure ofetkteacellular
matrix componentgAllaire et al., 199,/Courtman et al., 20QITakagi et al., 20Q@ergmeister

et al., 2008. Once implanted in animal modeldecellularised xenografts have beemosvn to
develop deposits of immunoglobulin, IgM and IgG, with the presence of macropfraitpEse

et al., 1997 Courtman et al., 200X Cai et al., 2009 The monocytes have been shown to cause
damage to the elastin and release factdtmt promote SMQproliferation causing intimal
hyperplasia(Courtman et al., 20Q1Cai et al., 2009 An immune response to decellularised
xenografs in animals has also been shown to result in the formation of mural thrombus and

lead to vessel occlusid@ourtman et al., 2001

It has been reported that the immune response to decellularised xergigeissue can be
overcome by crosBnking (Bayrak et al., 20000thers report a lowering of immune response
but attribute it to the crosdinking preventing the penetration of macrophages and other
inflammatory cells into the tissue andrgventing the degradation(Chang et al., 2005
Bergmeister et al., 20081t has also been reported that decellularised xenogenic grafts in
animal models elicit no immune respong€onklin et al., 2002Wang et al., 2007b

Bergmeister et al., 2008 Whilst there are reported interspecies differences in the primary
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strudure of the ECMcomponents, tiis also reported that major ECEbmponents such as
collagen and elastin are highly conserved in higher species and so slobelause an immune
responsgConklin et al., 2002Vang et al., 2007b

The range of results obtained in the analysis of decellularised allogenic and xenogenic grafts
can be explained by the different efficiencies of the decellularisation protocols used. An
inability to remove cellulardebris can lead to an immune response and inflammation
associated with the danger signals released by the dead cells remaining in the scaffold
(Badylak, 2004 Some decellularisation protocols will remove more cellular debris than others,
and different speies will have slightly different vessel sizes and structures. A vessel harvested
from one location will hava different ECMstructure and composition compared to a vessel
from a different locatior(Ketchedjian et al., 20QRieder et al., 20Q6Villiams et al., 2000

Calcification is also a problem associated with inadequately decellularised scaffolds as lipid and
cellular remnants provide nucleation sites for the formation of calcium cry§Gasrtman et

al., 1994. Developments made inssue engineering have presented an alternative method of
producing a decellularised scaffold. Natural vessel like structures can be formed by growing
cells on biodegradable polymer scaffolds or by using rolled cell slreef$ro (Quint et al.,

2012. This artificially produced scaffold may then be decellularised to leave the extracellular
matrix produced by the cells behin@uint et al., 2012 The artificial scaffolds have the
advantage of being producedsimg human cells to result in allogeneic tissue and so eliminate

the problems associated with sourcing allografts.

When implanted into animal models, decellularised scaffolds have been stowogxhibit ECM
turnover and the formation of endothelidike structures on the implant surfagBahan et al.,
2012. Reported attempts to overcome thrombogenesis have involved theelealarisation of
the graftsin vitro and the use of ariclotting factors to prevent clot formation, growth factors
and adhesion ligands to improve cell migration and proliferatemd use of antibodies to
catch and bind progenitor cells from the blood stream, all with the aim to improve re
endothelialisationof the scaffold(Patel et al., 200AWang et al., 2007BCai et al., 2009Zhou

et al., 2009b.

The use of decellularised scaffolds seeded with cells before implantation has been
demonstrated in several animal and preclinical studike patency and lifetime of the grafts
have been significantly improved by the gimation of an endothelium{Zhao et al., 2010

Heine et al., 201)1 Cell seeding has also been shown to reduce the problem of calcification in
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decellularised grafts known to calcifitoenreker et al., 201 Anticlotting agents such as
heparin have been added to decellularised grafts and this has the observed effect of lowering
the level of platelet adhesion to the graft and slowing the onset of thrombosis formé&fioou

et al.,, 201). A major problem facing vascular grafts is pastgical infection. Decellularised
grafts perform well hee, having been shown to be more resistant to infection than synthetic

materials such as Dacron and eP{JeEnigan et al., 200& ow et al., 2006

1.4.8 Advantages and limitations to current approaches to vascula r tissue

engineering

The search for a viable replacement for small diameter blood vessels has been compared to
GKS &SFNODK F2N) 6KS aK2fté& ANI At éd b2yS 2F (K
a graft that is able to matchll the requirements of a small diametgasculamgraft. Autografts

remain the gold standard for blood vessel replacements. However, their limited availability

and associated complications has lead to the need to develop other sources of graft material.
Allografts are the next logical choice but, due to the immune responsecéssd with foreign

tissues andhe unjustifiable costs and risks of immusappression, are severally limited.

Synthetic materials have potential as materials for future use in vastigfare engineering;
however, there remain significant obstacles that need addressing before any future
application. A synthetic material that allows for cell attachment and growth that maintains
patency and sterility and has the required mechanical prdperts needed but is currently

unavailable.

A lack of processability, mechanical strength and tailorability limit any potential use of natural
biomaterials. Natural biomaterials have potential when used in conjunction with synthetic
materials to provide aomposite scaffold for tissue engineering a replacement blood vessel,
but problems with thrombus formation and platelet activation still need to be addressed.
Cellular derived scaffolds can be made to closely resemble natural blood vessels; the problem

isthe sourcing of the cells and the time required to construct the artificial blood vessel.

A decellularised scaffold has the required biocompatibility and mechanical properties for a
blood vessel replacementout the lack of an endothelium has been showm lead to

hyperplasia and thrombosis.
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Allogeneicsourcing of tissues for decellularisation could pose a problem due to limited
availability. This could be overcome by the us@eiogeneidissue which results suggestith

the correct decellularisation techniqueould provide a scaffold that does not elicit an immune
reaction. There are also problems to overcome with the usgesfogeneidissue. Failure to
correctly decellularise the scaffold could result in seveneune rejection and interspecies
disease transmission is still a concern. As long as a method for preventing thrombus formation
and intimal hyperplasia can be foundecellularised scaffolds have the potential to provide

G2FF GKS &aKSTt T wil naintaidfdattibnslty AndlloAgitedim pat&nky .

1.5 Development of decellularised small diameter blood vessel graft s

Decellularised grafts are a promising candidate for a viable-termy small diameter blood
vessel graft. There are a wide range of@lkdarisation methods that could be used to develop
decellularised small diameter blood vessel grafts. The major problems associated with

decellularised materials are disease transmission, sterilisation and thrombosis formation.

1.5.1 Decellularisation method s

Physical, chemical and enzymatic technigues can be used to decellularise a tissue. Physical
techniques include sonication and agitation, mechanical compression, high pressure
environments and freezing. These techniques are designed to physically baussis of the

cells within the natural tissue. Freezing creates ice crystals within the cells to rupture the cell
membrane. High pressure and compression cause cell deformation and cell (Geébrt et

al., 2006. Sonication and agitation have been demonstrated to aid and improve the
decellularisation of tissues. Chemical and enzymatic techniques rely upon the use of a

chemical reaction or enzymattleavage that acts to disrupt cell membranes.

Early attempts at decellularisation concentrated on the use of freezing techniques and
enzymatic washes. Freezing techniques were shown to be limited as the rate of temperature
change had to be very carefuttgntrolled to rupture the cells but not cause extensiverdae
to the ECM(Gilbert et al., 2006 A number of studies have investigated the use dyenes

such as trypsin for the removal of cells from tissues; whilst the enzymes have been shown to
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successfully remove cellsonsiderable daage to the ECMhas been reportedYang et al.,
2005.

One of the most successful techniques uses hypotonic and hypertonic solutions to change the
osmotic pressure within the cell, disrupting the cell membrane and killing thé\ejler et al.,

2006 Wilshaw et al., 2008aHypotonic and hypertonic washes are however unable to remove
cellular debris and so other washing steps are needed to remove all cell remnants. There are a
range of detergents that can be used to aid in the rema¥alellular debris; Triton-X00 and
sodium dodecyl sulphate (SDS) are common choices for use; T+il0@ &nd SDS are used to
remove lipids, proteins and DN&chaner et al., 200€hang et al., 200%artin et al., 2005

Roy et al., 2005Vieyer et al., 2006Rieder et al., 2008Nilshaw et al., 20088Bergmeister et

al., 2008 Gui et al., 2009Williams et al., 2009other detergents such as-lduroyl sarcosinate

and 3[(3-cholamidopropyl)dimethylammonie]-propanesulfonate (CHAPS) have also been
used to remove cellular debr{getchedjian et al., 200%silbert et al., 200%

Triton X100 is a non ionic detergent that will disrupt ligidid and lipidprotein interactions

but not affect proteinprotein interactions as such that the ECM should not be affected by its
use. Triton XLO0 has been used with differing degrees of success in cellular removal
dependent upon the tissue being decellularised. Studies have shown that the use of Friton X
100 did not resulin a fully decellularised blood vessel even after prolonged treatn(@itibert

et al., 2008.

lonic detergentssuch as SD&re known to disrupt ptein-protein interactions and have been
shown to successfully solubilise nuclear and cytoplasmic memb(&ikert et al., 2006 This

use of SD$as the potential to disrupt and damage the ECM. The action of SDS has been
shown to be concentration dependentlamage to the ECM increased the concentration

and time period ovewhich SDS was usedcreased(Courtman et al., 1994Grauss et al.,
2005. Low concentrations of SDS have been reported to successfully remove cellular debris
(Rieder et al., 2004Gilbert et al., 2006Koenneker et al., 20)0There are however concerns
over residual detergent left in the decellularised material causing cytotoxicity effects
(Ketchedjian et al., 2003ilshaw et al., 2008alt has also been argued that damage to the
ECM is responsible for poor cell in growth and taffectsas opposed to detergent toxicity

(Gratzer et al., 2006

Many early stage attempts at decellularisation resulted in damage to the ECM as the solutions

used did not contain protease inhibitors. The ECM has the potential to be degraded during
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decellularisation by the proteases released from the lysed cells. Tocawe protease
degradation of the ECM it has been suggestkdt tprotease inhibitors such as disodium
ethylenediaminetetra acetic aciEPTA should be added to the wash solutions used during

decellularisation.

1.5.2 Sterilisation & Disease transmission

Transnission of infectious agents is a major risk in the use of any naturally derived biomaterial.
The risks can be reduced by samingthe tissue sourcebut the transmission of undetected
agents or any contamination from processing requires a terminal seidin step and the
removal of all coding DNA. There are a number of different techniques that can be used for the
sterilisation of soft tissues; gamniaadiation, ethylene oxide and peracetic acid have been

shown to be effective in removing bacteria,uses, spores and fungi.

Gammairradiation has been shown to produce structural damage to biological tissues, causing
crosslinking of collagen fibres and a reduction in mechanical prope(Beslylak et al., 2009
Ethylene oxide has been observed to cause structural dapmagehere are major concerns
about the safety of its reportedly mutagic reaction productglLucas et al., 200Badylak et

al., 2009. Both gammarradiation and ethylene oxide have been widely used in the

sterilisation of medical products and devices.

Peracetic acidalso known as peroxyacetic acid a colourless liquid that has the chemical
formula CHCQH. Peracetic acid isleal for use as an antimicrobial agent as it has a high
oxidising potentialFraise, 1999Lomas et al., 20QFreytes et al., 20QKitis, 2004 Hodde et

al., 2007 Zanetti et al., 200 Microorganisms are killed by oxidation and the subsequent
RAANHzZLIGAZY 2F GKSANI OStf YSYOo NI y il reddtiviith G K S
any oxidisable compound in its vicinity and can damage virtually all types of macromolecules:
carbohydrates, nucleic acids, lipids and amino adfésise, 1999 Hodde et al., 2007
Vandekinderen et al., 200Rarhis means that peracetic acid has the potential to damage the
ECM. It has been reported that peracetic agil not remove or affect collagen; it has also
been reported that pereetic acid will affect or remove collagem particular collagen IV, and

elastin in the ECNHuang et al., 20Q9erham et al., 2008
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The antimicrobial properties of peracetic acid have been known for some time, but recently
there has been an increasing interest in the potential for peracetic acid as a sterilising agent.
This is due to its potential for easy use with limited residualtammation. Peracetic acid
breaksdown into hydrogen peroxide and acetic acid both of which are-teaic and can be
metabolised by the bodyFraise, 1999Kitis, 2004 This makes peracetic acid a preferred
choice over other sterilising agents that have toxic brdalwn products(Cowan et al., 1993

Maffei et al., 2005Vandekinderen et al., 2009%andekinderen et al., 2009b

Onemajor concern in the use of decellularised tissue is the potential for the transmission of
diseases such as HIMor cross species transmission of viruses such as porcine endogenous
retro viruses (PER\(Kpllenbach et al., 2004Some studies have shown that up to 2 % of
vascular DNA can survive some decellularisation procgksdienbach et al., 2004&ilbert et

al., 2009.To prevent the transmgon of viruses or the risks associated with leaving encoding
DNA and RNA behind, DNAse and RNAse enzymes are used in decellularisation processes to
breakdown and destroy any coding DNA diAfBrody and Pandit, 2007 The removal of RNA

and DNA also removes a potential nucleation point that can lead to calcification.

1.6 Thrombus formation

Thrombosis can be caused by the composition of the blood, changes to the blood vessel wall
or by changes to the flow of blood. Hypercoagulability or thrombophilia is caused by
congenital/genetic disorders or by acquired disorders sucbras the case oautoimmune
conditions that change the composition of the blood and cause increased blood clotting.
Disturbances in the flow of bloggarticularly at points of injury and vessel compressicam

cause stagnant blood to coagulate. Damage or dysfunctiaerfendothelium is the major
cause of thrombus formatiofollowing injury or surgical interventions anddssociated wh
several disease stat€kroll and Schafer, 198%u and Thiagarajan, 1996lcNicol and Israels,
2003.

Blood clotting is one of the most complex events in nature with a careful balance needing to
be found between the prevention of blood clotting in healthy blood vessels and ¢kd to

trigger rapid haemostasis in the result of injury or trauma. Blood coagulation is a highly
conserved process throughout biology. Mammals all have a blood coagulation pathway that

involves both a cellular (platelet) and protein (coagulation factorppgonent. Blood clotting
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involves a wide range of cellular, protein and enzymatic actions to result in the formation and
maintenance of a blood clot: the human blood clotting pathway is one of the most widely

studied in biology and yet is still not fullpderstood.

In a healthy individuathe main concern regarding the implantation of any foreign material is
the formation of a thrombus. Thrombosis is also the major concern regarding those with CVD.
There are two independent pathways to platelet activation that can work together or
separatdy to result in thrombus formation. The main trigger for haemostatic thrombus is the
loss or dysfunction of the endothelial cell barrier. Platelets also become activated by minimal
stimulation from the sukendothelium and artificial surface@Ruggeri, 2002Gorbet and
Sefton, 2004

Coagulation begins almost immediately at thie sif platelet activation where platelets come
into contact wit different ECMcomponents or associated secreted molecules; von Willebrand
factor (VWF), laminin, collagen afidbulin (Ruggeri, 200R Platelets tend to bind directly to
collagen with collagespecific glycoprotein la/llasurface receptors which are further
strengthened by binding to VWF. The vWF is an adhesive glycoprotathesised by
endothelial cellsit is secreted and stored ia-granules of plateletaind in the ECMAndrews

et al., 1997. The glycoprotein HiXV complex on the platelet plasnmaembrane mediates the
initial deposition of platelets on the sedndothelium via the binding of the glycoprotein with
vWF on the ECMr in high shear stress with vWF in the plasfAadrews et al., 1997 There

are many different platelet adhesion receptors, glycoprotein Ib and dbH#ve the highest
densities; glycoprotein Ib binds to immobilized vWF where glycoprotein llb will bind to both
mobile and immobilized vWorbet and Sefton, 20Q4Platelets respond to an antagonist in
three integrated phases that involve adhesion, activation and aggreg@iodrews et al.,
1997, Ruggeri, 200X50rbetand Sefton, 200AMackman, 2008

Platelet activation results in the release of intracellular granules that contain platelet factor 4,
thrombospondin, b-thromboglobulin, ADP anderotonin. Pselectin a glycoprotein that
mediates adhesion of platelets with neutrophils, monocytes and lymphocigexpressed on

the membrane aftera granule secretionand platelet micreparticles form that are rich in
factor Va and platelet factoB (Gorbet and Sefton, 2004 This initial primary binding state is

then accelerated to form a plug at the site of activation.

Activation changes the shape of the platelets through the release of ADP, a weak antagonist

that directly induces only shape changes and reversiblesl@aggregation(Ruggeri, 2002
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Gorbet and Sefton, 2004Mackman, 2008 This shape change promotes platefdatelet
contact and adhesion and releases prothrombinase complexes on phospholipids; additional
platelets then bind through receptor mediated binding to the attached platelets resulting in

platelet aggregatiorfRuggeri, 200250rbet and Sefton, 200Mackman, 2008

Platelet aggregation in the secondary state is caused by ADP induced synthesis of
thromboxane A2 and acts as the aifiphtion step that within minutes leads to the
accumulation of platelets into a thrombu®&Ruggeri, 200R Platelet activation involves the
cleavage and activity of G protélinked platelet receptor PAR1, thrombin receptor, by the
protease a-thrombin generated on the membrane of stimulated plateléRuggeri, 2002
These newly activated platelets then release the contents of granules that further promote
platelet recruitment, adhesion, aggregation and activatidiackman, 2008 Plateletbinding

to adhesive ligands causes enhanced adhesive andgagulant properties through signalling
pathways(Ruggeri, 2002 The binding of VWF to platelets triggers an intracellular signalling
pathway and a calcium flux that activates a calcium depehdeembrane aggregation
receptor for fibrinogenAndrews et al., 1997 The crosginking with fibrinogen aids in platelet

aggregation and completes the primary stage of haemostasis.

The secondary stage of haemostasis occurs simultaneously with the primary stage and has two
protein base& pathways that lead to the formation of fibrin strands that strengthen and help
maintain the platelet plug. The intrinsic, contact activation pathway, and extrinsic, tissue factor

pathway, are activated in different ways and involve different proteinsitbun the serum.

The intrinsic pathway is a series of stepwise reactions that convert proteins in the plasma into
serine proteases by proteolysis and is involved in the growth and formation of fibrin in the
coagulation cascadé¢Figure 1.11) (Davie et al., 1991 The intrinsic or contact activation
pathway is actiated by contact with negatively charged surfaces and the formation of primary
complexes on collagen types | anidaihd other ECMomponents or artificial materials. Factor

XIl is auteactivated and undergoes a conformational change due to cleavage adimh@iupon
auto-activation (Colman and Schmaier, 199Tontact with negatively chargedréaces and
ECMalso results in the activation ofrgkallikreinand the cleavage of kininogdfailani and

Renne, 200y

These procsses are involved in the activation of several plasma -te&tnces, in fibrin
formation, complement activation and thrombus stabil{{gailani and Renné, 20D Factor XII

becomes factor Xlla that acts on factor XI to convert it into factor Xia. Factor Xla then acts on
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factor IX and produces factor IX@avie et al., 1991Colman and Schmaier, 1993ailani and
Renné, 200y Factor IXa and its cofactor factor Vllla form a tenase complex that binds to
factor X and in the presence of Cmnsandconverts factor X into factor Y& shown irFigure

1.11 (Davie et al., 199X Colman and Schmaier, 1993ailani and Renné, 2007

The physiological and pathological importance of the intrinsic coagulation pathway is not fully
understood with no evidence of factor XlI deficiencies being related to bleeding disorders
However other studies have shown that the intrinsic pathway is imed in several vascular
diseaseqGailani and Renne, 20pMDeficiencies in factor Xl in mice does not cause adbss
haemostasis whereas factor 1X deficiency does. Still, comparisons of factor XI null mice and IX
null mice in arterial injury show similar protection from thrombus formation. This finding
suggests that the intrinsic pathway is not critically involvechviiemostasis but is critical to

thrombus formation(Gailani and Renné, 2007

The main role of the extrinsic pathwaor tissue factor pathway is to rapidly form large
amounts of thrombin that is important for the initial activation of blood clotting and is used as
a feedback mechanism in coagulation activat{bavie et al., 1991Gorbet and Seétn, 2004
Gailani and Renne, 20pTissuedctor (TF) forms the other pathway platelet activation and
involves thrombin generated by the action of tissue factor found in the vessel wall or free in
the blood. The release of tissue factor is one of the ways atherosclerotic plaque rupture is
believed to trigger thrombosigEpstein and Ross, 199Ribby et al., 2002Furie and Furie,
2008.

The extrinsic pathwainvolves the formation of a tenase complex that converts factor X into
factor Xa(Figurel.11). The tenase complex is produced when factor Vlla, from the circulation,
comes in contact with and forms a complex withaBFshown irFigurel.11. TF is found on the
membrane of cells in the subendothelial layers of blood vessels, is expressed on the surface of
damaged cells at the site of vascular injury and can be found free in the (Boodet and
Sefton, 2004Gailani and Renne, 20P7TF activates clotting when blood vessels are damaged
and the underlying cells are exposed to blood fl@ailani and Renne, 20P7The extrinsic
pathway is believed to be short lived due to the presence of a-fipbein-associated
coagulation inhibitor or extrinsicgthway inhibitor that inactivates the factor Vitssue factor
complex(Davie et al., 1991Gailani and Renne, 20P7The short lived nature of the extrinsic
pathway means that the intrinsic pathway becomes the primary mode for the continued

growth of fibrin clotgDavie et al., 199XGailani and Renne, 2007



42

The intrinsic and extrinsic pathways converge at the common pathway where factor X is
activated and is conveed to factor Xa. Factor Xa activates fihmombin conversion to
thrombin in the presence of cofactor Va and subsequently the conversion of fibrinogen into
fibrin by thrombin(Gailani and Renne, 20P7he fibrin that is formed in the common pathway

is then crosdinked by factor Xlll to stabilise the clgigurel.11) (Gorbet and Sefton, 2004

/ Xl — Hageman factor, serine protease \
SHREEE T Xl —Plasma thromboplastin, serine protease
IX — Christmas factor, serine protease
VIl — Stable factor, serine protease
Xl =3 Xlla XIIl = Fibrin stabilising factor, transglutaminase
\L PL — Platelet membrane phospholipid
Ca?*- Calcium ions
Xl == Xla \FT- Tissue factor (a = active forp)'
‘1‘ TF:Vlla < Tissue damage
IX =3 IXa
(Vi, PL, Ca?*) l, l

\_ X o XA €= X J

(V1, PL, Ca?*) X1

Prothrombin :I'hrombln Xllla
(serine protease)

Stable

Fibrinogen Fibrin fbrin clot

Figurel.11; Schematic of intrinsic and extrinsic pathways blood clot formation

There are a number of cofactors that are involved in several of the blood clotting cascades.
Calcium is a key cofactor and is involved in the binding of several factors to platelets and the
action of the tenase complexes formed by the extrinsic and intripathways(Mann et al.,

1990 Gorbet and Sefton, 2004ailani and Renne, 20p/Removal of calcium from collected
blood by the addition of citrate is a widely used method to prevent blood coagulation. Blood
coagulation can be restored to citrated blood by the addition of excess calcium.iVikais an
important cofactor involved in many different metabolic pathways. Several of the complexes
involved in the blood coagulation pathway, most notably the tenase complexes from the
intrinsic and extrinsic pathways, involve vitamindé&pendent enzyme to create the

appropriate serine proteasefMann et al., 199D Warfarin an anticlotting agent works by



43

reducing the leel of available vitamin K and its effects can be reversed by the addition of

excess vitamin K to treated blood.

There are many different mechanisms that are used to regulate blood coagulation. Protein C is
a major physiological anticoagulant that degradestor Va and VIIIgEsmon, 198p Protein C

is activated by the binding of Protein C and thrombin to a thrombomodulin receptor; the
receptor vastly accelerates the activation of ProteifESmon, 198p Activated Protein C
forms a complex with Protein S and several lipids to form a serine protease that inactivates
factors Va and Vllla by proteolysis of several peptide bonds imaged factor Va and Vllla
(Esmon, 198p

The majority of coagulation factors are serine proteases. Plasma contains several protease
inhibitors, al-protease inhibitor,a2-macroglobulin, heparircofactor Il and antithrombin IlI,
which are involved in the modulation and inhibition of coagulation in healthy vasculature
vivo (Gorbet and Sefton, 2004 Antithrombin is the most common serine protease inhibitor
that inhibits the action of thrombin and the factors involvadthe intrinsic pathway, factors

Xa, IXa, Xla and X(@avie et al., 1991 Antithrombin forms a on¢o-one complex with these
factors and blocks the site of emmatic activity. In the presence of heparin or similar
sulphated glycosaminoglycarke inhibitory effect of antithrombin is greatly increasédavie

et al.,, 199). Antithrombin plays an important part in preventing thrombodBeficiencyin
antithrombin can be inherited or acquired but leads to hypercoagulable diseases and often

death from thrombophilia if not carefully treate@an Boven and Lane, 1997

The mainregulator of the extrinsic or tissue factor pathway is the tissue factor pathway
inhibitor (TFPI). TFPI inhibits the activity of the factor-VRacomplex towards factor X and

a lesser extentto factor IX in what is believed to be a two step mechan{Broze Jr, 1995
Panteleev et al., 2002 TFPI binds to factor Xa near or on the active site of the enzyme and
inhibits further progression through the common pathway. It is believed that the-X&PI
complex then binds to the factor VITeEE complex and blocks its activity rapidly deactivating
the extrinsic pathwayBroze Jr, 1995Panteleev et al., 2002Platelets carry around 10 % of
the total TFPI in the blood and release it following stimulation by antagonists such as thrombin

(Broze Jr, 1995

Several of the regulatory mechanisms target platelet activity. Prostacyclin is released from
platelets upon activation and is involved in the negative feedback regulatiplataiet activity

(Ruggeri, 200R Prostacyclin is a potent stimulator ofclicadenosine monophosphate AMP
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accumulation in platelet rich seruncdAMP inhibits platelet divation in many different ways;
preventing granule release, preventing the exposure of aqmagulant phospholipid surface
and preventing platelet adhesion angygregation(Krishnamurthi et al., 1984waal et al.,
1984). It is believed that this is brought about by the lowering of cytoplasmic calcium in the
platelets that has been shown to be critically involved, directly or indirectly, with platelet

activation(Krishnamurthi et al., 1984

Fibrinolysis is one of the key maintenance mechanisms involved in blood clotting and starts to
degrade a clot within a few hours. In the presence of newly generated fibrin tissue
plasminogen activators catalyze plasminogen into plasmin, which breaks down(Dbxie et

al., 199). Slow fibrin turnover allows for tissue remodelling and repair and the intrinsic
pathway likely acts as an antagonist against fibrinolysis to create a slow rate of fibrin turnover
(Davie et al., 1991 This adds to the belief that the intrinsic pathway is more closely involved

with thrombus formation.

Thrombi formed in arteries and veins differ in their composition. Venous thrombi tend to be
fibrin and red blood cell rich and relatively poor in platelets where arterial thrombi tend to
have high levels of platelets. The intrinsic pathway is involved in fibrin formation in venous
thrombosis. The role of the intrinsic pathway in arterial thromaisois not as cledfailani and
Renné, 200y As such arterial thrombi differ from venous thrombi in their targetaofion,
anti-arterial thrombosis treatments target platelets and amdnous thrombosis treatments

target the proteins of the coagulation casca@iéackman, 2008

1.6.1 Thrombus prevention

There are two main ways by which to prevent thrombus formationa healthy blood vessel
thrombus formation is prevented by a layer of endothelial cells that form an- anti
thrombogenic layefNerem, 2000RémyZolghadri et al., 20Q4Nilliamson et al., 2007 in et
al., 2009. In the case of medical interventipblood clot formation is often prevented by
treatment with anticlotting agents such as heparin, dipyridamole and warfamirby the use

of anti-fouling surfacegUyama et al., 1998Aldenhoff et al., 2001Liem et al., 2001Crowther

et al., 2002Knetsch et al., 20Q4ittkau et al., 2008VNang et al., 2007b
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1.6.2 Non-fouling surfaces

There are a wide range of ndauling materials, mainly synthetic polymers, which have been
produced for use irbiomedical applications. Polyacrylamilas been shown to have a low
level of platelet interactionPolyvinylpyrrolidonehas been used to coatigaces to reduce the
adsorption of fibronectinand wly N, Ndimethylacrylamidehas been shown to work as a
coating that will remain unfouled for extended periods of tirffldyama et al., 1998 Roly
ethylene dycol (PEG has been the main focus of abuling surfaces in vascular graft
replacements. PEG has been incorporated into a wide range of materials and extensive testing
has revealed a sharfour subunit long PEG that has been found to be the most inert form in
interactions with blood; PEG has also been modified with RGD and other ligands to allow for

the attachment of cells to the surfagelyama et al., 1998-ittkau et al., 200b

The use of antfouling surfaces works but is not an idealwion for preventing thrombus
formation since the modification of the surfaces can lead to changes in chemical and
mechanical properties. Degradation of the surface will naturally occur in thet@ynguse of a
vascular replacement and the loss of thetigouling coating will allow for the formation of
blood clots if a fully functional endothelial layer has not formed. Natural extracellular matrix
regulates the binding and release of proteins and various factors from the biibedloss of
this functioncould negatively impact on cellular interactions and negate one of the reasons for

using naturally derived scaffolds as vascular grafts.

1.6.3 Anti-clotting agents

In thrombotic disorders such as deep vein thrombosis, blood clots are formed and lead to
thrombus that occlude the blood vessel and cause serious problems. Blood clotting disorders
are treated with anticlotting agents to prevent the initial blood clot formation. In the same
manner, anti-clotting agents could be used to prevent thrombus formatiorvascular grafts.
There has been much interest in the use of aaagulants that are released from or attached

to vascular replacements. Artlotting agents that are used systemically can often lead to
complications, especially as patients requiringcudar grafts often have some form of vascular
disease making long term treatment with awtbtting agents undesirabléSaltzman and

Olbricht, 2002Nagai et al., 2006
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Controlled delivery or immobilisation is a preferable method of treatment as it is more
efficient, being able to directly deliver to the required site means that lower overall doses are
needed and there are Wer potential riskqWissink et al., 20Q0rattori and Piva, 200Ruong

Van et al., 2006 Heparin is dighly-sulphated glycosaminoglycan that is a naturally occurring
anti-clotting agent. Commercially available heparin has a molecular weight of around 12 kDa

15 kDa (native heparin is between 3 kDa and 50 kDa) and is highly negatively charged.

o\S

Heparin

" 1
€ | -
Thrombin / Thrombin

Heparin

Thrombin

Figurel.12, Schematic of the action of heparin on the formation of thrombamti-thrombin complex;
Heparin binds to antithrombin and catalyses the reaction with thrombin, the affinity of arthrombin
for heparin s reduced and heparin is released.

It has been demonstrated that heparin works by accelerating the action otteotinbin, an
inhibitor that neutralizes thrombin, by increasing the rate at which thrombin and- anti
thrombin complex (Rosenberg, 1974Bjork and Lindahl1982. Once the thrombinanti-
thrombin complex has been createthe heparin is released from the complex as it is not

consumed in the reactio(Figurel.12) (Bjork and Lindahl, 1982

The use of heparin on Dacron has been extensively explored as a method of improving
patency. Heparin has been shown to increase the lifetime of vascular grafts by reducing the
rate of thrombus formation without affecting mechanical propert{®gang et al., 2007b The

use of heparin has been shown to have no effect on the attachment of endothelial cells and
has also been demonstrate® significantly increase endothelial cell dengii§netsch et al.,
2004). This could be caused by direct stimulation of endothelial cell growth or by the

potentiation of growth factors, where under the rigbbnditions heparin binds such growth
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factors as vascular endothelial growth factor or basic fibroblast growth factor, increasing the

proliferation of the endothelial cell&netsch et al., 2004

Heparinincreases the time a graft remains patehtit the loss of heparin as this released or

lost from the surface of the graft eventually leads to thrombus forma@&ne and Greisler,
2003 Venkatraman et al., 2008 Dipyridamole is an anfilatelet drug. Dipyridamole is
believed to act in two possible ways. One way is blocking the uptake of adenosine into
platelets. The other mechanism is by inhibitittie enzyme phosphodiésrase, that breaks
down AMP, leding to higher levels of AMP, so preventing platelet coagulatigiloncada

and Korbut, 1978Gresele et al., 1986 Dipyridamole has been shown to reduce thrombus
formation and platelet activation, increasing the lifetime of vascular grgftdenhoff et al.,
2001). An endothelial cell layer can attach aswrvive on dipyridamole, but dipyridamole has
been shown to significantly slow cell growth by reducing the rate of DNA synthesis which could
cause problems with rendothelialisation and long term paten¢ldenhoffet al., 2001 Liem

et al., 200).

Warfarin has been used for the treatment of thrombus formation. For this purpose, low levels
of warfarin are used as it has been shown to carry a high risk of haemor(@amether et al.,
2002. Warfarin works by inhibiting peroxide reductase that diminishes the level of vitamin K
and therefore prevents the synthesis of vitamin K dependent clotting fa¢Bel et al., 200R
Warfarin has been shown to increase the lifetime of grafts but does not prevent eventual
failure due to thrombosigCrowther et al., 200R It has been shown that the presence of
warfarin has no significant effect upon the attachment and normal function of endothelial

cells(Liem et al., 2001

Recently there has been increased interest in thise of DNA aptamers in the prevention of
thrombus formation. On screening a collection of randomly synthesized DNA segiheres

found that a single strand of DNA will bind to thrombin with high affi(Rgviv et al., 2008

The DNA segment GGTTGGTGTGGTTGG is able to bind to exosite 1, the fibrin binding site, of
thrombin and prevent thrombin catalyzed fibrin clot formati¢Bock et al., 1992Dougan et

al., 2003. The DNA aptamer has been shown to fully displacebptend thrombin from
preformed clots and aid in, but not directly cause, the breaking up and removal of blood clots
(Raviv et al., 2008 The aptamer has also been shown to prevent the binding of thrombin to
proteaseactivated receptors and so prevent platelet activatigtaviv et al., 2008 The main

problem concerning the use of DNA aptamers is the lifetime of free DNA in the blood due to

serum nucleases that will destroy the aptamer within a matter of miny®@sugan et al.,
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2000. The lifetime of the aptamers can be extended by adding caps to the end of the DNA

sequence to prevent enzymatic degradati@ougan et al., 2000

The use of lsw release antcoagulants and antioagulant coatings allows for the prevention

of clot formation and platelet activation. The problem with using &fiiting agents is that
they do not replace the natural endothelial layer. Additionally, if the -aosigulant is fully
released or removed from the surface of a scaffold by degradation and a fully formed
endothelial layer has not formed, platelets will become activated and blood clots will form.
This is the reason for the number of reported cases in whitfclotting agents were able to
increase the lifetime of the vascular graft, but unable to prevergntualthrombus formation

and failure.

1.6.4 Endothelium formation

Another approach to deal with thrombus formation is the creation of an endothelial layer. This
is the approach taken when scaffolds are cellularigediitro and the presence of a fully
formed endothelium is used to prevent platelet activation and thromborgnation. In situ
cellularisation attempts to increase the speed and efficiency at which a fully formed and
functional endothelial layer is created in order to prevent thrombus formation. This can be

achieved by the use of cell attachment ligands andwindactors.

1.6.4.1 Growth factors

There are a range of different growth factors that have been identified to be involved with
endothelial cell maintenance. Basic fibroblast growth factor (bFGF) belongs to the family of
fibroblast growth factors and is involgeén angiogenesis and wound healing. bFGF is found in a
membrane bound form on the basement membrane and subendothelial layers of blood
vesselgThomas, 19870rnitz and Itoh, 2001 It has been reported that bFGF is a mitogen for
fibroblasts, endothelial and smooth muscle cdAsahara et al., 199Dixit et al., 200L An
increase in the penetration of cells into scaffolds andridathelial cell proliferation has been
observed with the use of bFG&nd it has been demonstrated to work in a dose dependent

manner (Chen et al., 1997Wissink et al., 20Q0Simionescu et al., 200dhe lifetime of
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fibroblast growth factors have been shown to be increased by the introduction of heparin
which increases resistance of fibroblast growth factors to thermal degradéfiommas, 1987
Wissink et al., 20Q@rnitz and Itoh, 2001

Vascular endothelial growth factor (VEGF) is a subset of the platelet derived growth factor
family; it is a key regulator of angiogenesis and vasculogenesis and has been implicated in
wound healing, endothelium maintenance and endothelial cell surv{Zaichary, 1998 _uo et

al., 1998 Dorafshar et al., 20QFerrara et al., 2003Matsuno et al., 2003Cursiefen et al.,

2004, Zhou et al., 2009b VEGF has been reported to be a powkrhitogen and chemo
attractant of endothelial cells, working on endothelial cells to increasing their rates of
proliferation and migration(Asahara et al., 199%achary, 1998 uo et al., 1998Matsuno et

al., 2003 Zhou et al., 2009b

There are different forms of VEGF: factor A has been associated with migration and
proliferation of endothelial cells and linked to the creation of the blood vessel lumen; factor B
has been shown to be involved with embryonic angiogenesis; factor C hagdyarted to be
linked to lymphangiogenesis; and factor D has been linked to angiogg@esisary, 1998
Ferrara et al., 20QMatsuno et al., 200Cursiefen et al., 20Q08hardwaj et al., 2005

VEGF is highly specific to endothelial cells and acts by promoting the expression of
plasminogen activators, metalloproteinase and interstitial collagenase which provide the
environment needed for cell migration and proliferatigDvorak et al., 1995Asahara et al.,

1995 Luo et al., 1998-errara et al., 20Q3atsuno et al., 2008 Cellular invasion and vascular
remodelling is also promoted by the expression of urokinase receptors triggered by VEGF
(Ferrara et al., 2003 VEGF has been shown to accelerate thendothelialiséion of vascular
scaffolds and prevent thrombus formatidAsahara et al., 199%.emstrom et al., 20Q2Drury

and Mooney, 2003arara et al., 2003Zhou et al., 2009b

A variant of VEGF, VEGF165, has been found to have the highest mitogenic activity and to
promote faster reendothelialisation(Zhou et al., 2009b High local levels of VEGF are needed

to promote reendothelialisation because of the short lifetime of VEGF in the blood. The
lifetime of VEGF can be increased by the presendeephrin which improves stability and

bioactivity (Drury and Mooney, 20Q3/atsuno et al., 2003&hou et al., 2009b

The use of growth factors has been shown to greatly improve thendothelialisation of
vascular grafts. Howevethere are several problems associated with the use of growth

factors. Fibroblast growth faots are able to promote the proliferation of endothelial cells,but
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as they are not cell specifithey also promote the proliferation of smooth muscle cells which
is linked to intimal hyperplasia. VEGF is cell specific but is reported to be closelywittked
tumour pathogenicity and spreadin@achary, 198, Dorafshar et al., 20Q3errara et al.,
2003 Cursiefen et al., 2004

1.6.4.2 Attachment ligands

For in situ reendothelialisation, it is important not only tdiswulate cell proliferation but also
cell migration and attachment. Migration can be triggered by growth factmrsthis is heavily
dependent upon the presence of attachment ligands to facilitate attachment and retention;

this is of particular importanci flow conditions.

RGD (Arginin&lycineAspartic acid) is a naturally occurring attachment motif; it is often in the
form of RGD, PRGDS or YRGDS and is known to enhance cell attachment to gBunface
and Mooney, 2003Chen andHunt, 2007 Wang et al., 2008 The inclusion of RGD on vascular
scaffolds such as Dacron and POBSU, hasbeen shown to enhance cell migian,
attachment and retention; it has been suggested that RGD could have catch and hold
characteristicgPatel et al., 200/AWang et al., 2008de Mel et al., 200p RGD sequences are
reported to be easily incorporated into scaffolds either by direct binding of the amino acid
groups, the physical adsorption of the RGD peptide sequence onto the scaffold or the
incorporaton of RGD into the structure of synthetic grafi8alluscheck et al., 199¢€ittkau

al., 2005 Patel et al., 200y

Studies using RGD motifs have highlighted the importance of distribution and density on cell
function. It has been demonstrated that the presence and density of attachment ligands can
control cell growth and function. Low condestions of RGD result in poor cell migration,
retention and function. High levels of RGD have been shown to significantly increase cell
attachment but have been reported to hawedetrimental effect upon cell migration and
proliferation. At the appropria¢ concentrations RGD has been shown to enhance cell
attachment and retention whilst stimulating cefligration and proliferation; it haslsobeen
shown to increasehe cellsresistance to shear stresséd/alluscheck et al., 199&hen and

Hunt, 2007 Norman et al., 2008

Other naturally derived attachment ligands have been investigated, such as YIGSR and

RYVVLPR from laminin and TAGSCLRKFSTM from collagen. All have been shown to improve the
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attachment and migration of endothelial cell to scaffolds, but not as well as (R@&y and
Mooney, 2003 Genové et al., 2005 YIGSR has been found to increase cell migration whilst
not causing blood clottindJun and West, 2004 A mixture of RGD and YIGSR hasn
reported to have a higher rate of cell adhesion and retentitvan either of the two ligands
individually, without affecting the cell spreading behaviofftittkau et al., 200p This indicates

that a combination of different attachment ligands may yield the best results.

There has &en interest in the possible use of antibodies for the selective capture and
retention of cells from the blood stream. Endothelial progenitor cells are a {poaeow
derived subset of CD34+ cells that can differentiate into endothelial type (é#iltsch and
Dimmeler, 2004Ao0ki et al., 2005Rotmans et al., 20Q%atel et al., 200,7Yin et al., 200P In
normal vascular biologyendothelial progenitor cells contribute to +endothelialisation but

only to a small exten{Urbich and Dimmeler, 20041t has been reported that antibodies
against CD34+ cells may be used to capture and attach endothelial progenitor aillthér
blood stream. Using antibodigbe numter of progenitor cells attached to the scaffoldsha
beenincreased the progenitor cellthen contribute tq and acceleratere-endothelialisation
(Aoki et al., 2005Patel et al., 200,7Yin et al., 200P This technique has been used to attach
cells and form a layer afells on the surface of a replacement blood vessel. The antibodies
have been shown not to adversely affect the metabolic activity of the endothelial aalls

normal growth and differentiation has been observ@aki et al., P05, Yin et al., 200p

There are possible problems with the use of antibodies against CD34+ cells; endothelial
progenitor cells are just one subset of CD34+ cells. Because of this, the attached cedl has th
potential to differentiate into other cells rather than endothelial cells, such as smooth muscle
cells(Urbich and Dimmeler, 2004&Rotmans eal., 2005. As the antibodies used must be anti
human CD34+ antibodiethey could elicit an immune response if they have been developed in

animals,as in the case ahice (Aoki et al., 200b

Due to the immune response and range of cells that can be attached to antibodies against
CD34 cell markers there is research into the development of aptamers that are specifically
targeted to one cell type. An example is a DNA aptamer developed by Hoffman et al. that binds
endothelial progenitor cells. Similarly, Veleva et al. have developed &dpepptamer, with

amino acid sequence of TPSLEQRTVYAR, that selectively binds to blood outgrowth endothelial
cells(Hoffmann et al., 2008Veleva et al., 2008 Cell ligand interactions are complex and the

function of the ligad is dependent upon the ligarehvironment(Barker, 201}
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Proteolysis and mechanicstimulation of the ECM has been shown to potentially expose or
alter conformationallysensitive ligand domains that have different effects in different
conformations(Barker, 2011 Proteolytt fragments of the ECM have been shown to have an
enhanced mitogenic activity; this effect results in a new class ofmoiecules called

a Y+ G NA(Baksf,2@14 The inclusion of cell atthment ligands has the potential to aid
and accelerate the formation of an endothelial cell layer to aid in the prevention of thrombus
formation. It is worth noting thateven though the addition of the attachment ligands will
accelerate endothelialisatig there is a time period before the fully functional endothelial

layer is formed where the vessel will be prone to blood clot formation and thrombosis.

1.6.5 Advantages and limitations of current methods associated with thrombus

prevention

There are manyifferent ways of preventing thrombosis that have been researclyet no

ideal approach has been found. The use of-fmuling surfaces has been well explored for the
creation of a range of medical devices. Nonling surfaces have been shown to successfully
prevent thrombus formationbut, due to the properties of thenaterials that make them nen
fouling, these materials are unable to facilitate normal cellular function. The controlled release
of anti-clotting drugs and their coating of surfaces has been shown to increase ttemide

and patency of vascular graftshd@ use of anttlotting drugs should allow for normal cellular
attachment and function; howevercoatings and controlled release devices have a limited
lifetime until the drug hasvorn off the surface ohasbeen fully released. If a fully formed and
functional endotheliumis not presenthen thrombosis catccur. It is also not desirable to use
anti-clotting agents unless necessary as their use can lead to complications. The idea of
forming a fully functional endothelium on a scaffatdvitro should mimiche natural method

of thrombosis prevention. The sourcing of the pat@nbwn cells, the time and cost of
growing the endothelium and the risks of infection limit the potential application of this

technique.

The idea of forming an endotheliunm vivois very attractive andif successfylit should
provide a natural antthrombogenic barrier which will allow for lortgrm graft patency and
lifetime. The problem within vivorecellularisation is that the endothelium will take time to

form and before the mdothelium is fully formed the graft will be highly susceptible to
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thrombosis formation. To prevent thrombogenesiss desirable to have an endothelium that

can interact and regulate blood clotting.

Because of the issues witin vitro recellularisation it is preferable to usein situ
recellularisation to form the endothelium. To prevent thrombosis formation before the
endothelium can be growin sity some form of antclotting function is needed. As nen
fouling surfaces tend to disrupt or prevent cattachment and migrationtheir use would be
counterproductive to the formation of an endothelium layer. The use of-elotting agents is

one possible method of preventing thrombogenesis; however, their use is not ideal due to the
possibility of associatl complications. The ideal situation would be the addition of a material
or coating to the decellulésed vessel that acts to passivatiee surface and aids in cell

attachment and migration.

1.7 Self-assembled peptides as biomaterials for tissue engineering

1.7.1 Self-assembly

Selfassembly is the spontaneous organisation of molecules into well ordered and structurally
defined arrangements that are stabilised through remvalent interactions. SeHfssembly is a
major field of research in nanotechnology andhis basis of bottorrup nanotechnology. The
best examples of seissembly can be found in biology. The cell membrane is a double layer of
lipid molecules that selissemble into a membrane due to hydrophobic interactions. Similarly
the proteins that constute the capsid of a virus are synthesised by the host cell and then self
assemble around the viral nucleic acids. -@efembly is possible with a wide range of
polymers, lipids, DNA, peptides and proteins; the structures of these molecules can be
rationaly designed to control the structures that are formed and the conditions that will
trigger selfassembly(de Loos et al., 2005 The most basic form of seEsembly is self
complementary; where two identical molecules, designed to have alternating charges, align
alongside each other in a parallel or ap#rallel arrangement and are joined by hydrogen

bonds(Aggeli et al., 2001
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1.7.2 Nucleated and non-nucleated 1D self -assembly

The most basic form of sessembly is the organisation of molecules in one
direction/dimension into an ordered structure. Saésembly can either be nucleated or ron
nucleated. Nomucleated seHassembly otherwis&known as isodesmic equilibrium is where
monomers are added together in a stgpse fashion and the addition of every monomer is
governed by a single equilibriugBmulders et al., 2009 Nucleated or cooperative self
assembly has an unfavourable activation step requiring the formation of a nuctasathich
chain elongation and growth happef&hen, 2005Smulders et al., 2009The formation of a
nucleus occurs by sedfssociation and will onliiappen above a critical concentration. Below
this concentration, the molecules will be monomeric with the presence of unstable seeds
(Chen, 200k Isodesmic selfissembly is a slow and gradual process with an increase in
concentration resulting in an increase in chain length and number. Nucleatedsselinbly

has a bimodal distribution of monomer and elongated chains, this can be seen as a steady

increase in chain length with concentrati@mulders et al., 2000

1.7.3 Complementary self -assembly

Complementary selissembly happens when two different molecules combine together to
create an ordered structure. Two molecules that have the opposite electrostatic ch@ge
selfassemble whemixed arean example of complementary selfsembly. The molecules
that will selfassemble complementarily have a 1:1 stoichiometric ratio and will only self
assemble if they are correctly charged under the same conditidageli et al., 2003a
Complementary selissembly most commonly happens due to Coulombic attraction between
the two oppositely charged monomers; when mixd¢ide monomers will spontaneously self
assemble. Complementary sadsembly is attractive due to the ease of triggering -self
assembly and the increased stability of the structures formed.-ceefiplementary self
assembled structures are mainly held together by hydrogen bondiogiplementary sel
assembled structures areeld together by electrostatic interactions as well as hydrogen bonds

increasing the stabilityAggeli et al., 2003a
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1.7.4 Peptide self-assembly

Peptides have great potential as biomaterials fisgsue engineering. The use of the natural
material, amino acids, in peptide design should allow for the creation of a biocompatible,
biodegradable and neimmunogenic biomaterial. As with natural protein foldjrthe two
main conformations that peptidesan assume ar@-helix andb-sheet. Peptides can self
assemble to form a wide range of different structures includirgheets b-hairpins,a-helices,
monolayers, nanotubes (vesicles) and there are peptides that can switch betweesheet
and a-helix conformation (Zhang ad Altman, 1999Zhang, 200 The wide range of amino
acids that can be used to make aptide sequence mean that @nge of material properties
can be achieved by varying the peptide sequence and letigitias been found that the most
important factor when designing a peptide to be eitheethelix orb-sheet is periodicity; an
alternating sequence of polar and ngolar amino acids will preferentially form lasheet

structure(Xiong et al., 1995

1.7.4.1 b-Sheet

Due to their biological relevancpeptides that formb-sheets are of particular interest for the
formation of biomaterials but also for their pathological significance in the misfolding of
proteins and the formation of amyloid plaqudssheet forming peptides can be considered as
chiral rods that selbssemble in one dimension to create elongated peptideheet tapes
(Aggeli et al., 2001Aggeli et al., 2003Carrick et al., 2007

The surfaces of &-sheet forming peptide have differences in hydrophobicity. This causes
tapes to stack, one on top of the other, above a certain concentration tatera range of
higher ordered structure¢Zhang ad Altman, 1999Aggeli et al., 2001 The concentration
dependence of peptide sedfssembly results in a hierarchy of structures being forrffegbeli

et al., 2001 Carrick et al., 2007 As the peptides are chirgh twist is induced in the peptide
tape. As the concentration is increased the ribbons stack to create a fibril, the fibril size is
limited by the twisting of the ribbon@~igurel.13). Fibrils then interact edge to edge and twist
together to create fibreg¢Aggeli et al., 20Q1Aggeli et al., 2003Carrick et al., 2007 Fibril size

and width is related to the competition between the free energy gain and the elastic cost of
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untwisting, since dibril has to untwist slightly to permit further stackirfgggeli et al., 2001
Carick et al., 200).

J
/4
BV \Z2\|

Ribbon Fibril

Monomer Stable Nucleus

Concentration

Figurel.13; Hierarchy of {sheet selfassembly

1.7.4.2 b-Hairpin

b-Hairpin peptides are formed from twb-sheet strands joined together by la&turn. The
strands are made of alternating hydrophobic and hydrophilic amino asid$ as lysine and
valine. The formed peptide will fold into an amphiphitiehairpin when the electrostatic
repulsion between strands is reduced. The amphiphilic hairpin will tredfhassemble via
hydrophobic interactions to form a fibrillar structure that excludes the hydrophobic amino
acids from aqueous solutigifrigurel.14). The lessening of the electrostatiepulsive forces on
hydrophilicamino acids can be achieved in basic conditions, deprotonating and neutralising
the charged side chair{Schneider et al., 200Dzbas et al., 2004The electrstatic charge on
the hydrophilicamino acids can also be screened by the presence of sah, @sysiological
conditions (Ozbas et al., 20Q04HainesButterick et al., 200 The amphiphilich-hairpins
naturally form noncovalent crosdinks between fibrils. These crebsks are sempermanent

and are forned by both hydrogen bonding and hydrophobic interacti@@gbas et g, 2004.
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i~ Lateral Association

MAX1: VKVKVKVKVPPPTKVKVKVKV-NH,
MAX8: VKVKVKVKVPPPTKVEVKVKV-NH,

Figurel.14; (A) Schematic of folding and subsequent selésembly when MAX1 and MAX8 peptides
are placed in physiological solutiorfB) Peptide sequences of MAX1 and MAX8. Reproduced from
HainesButterick et al (HainesButterick et al., 2007.

1.7.4.3 p - Ptabilised b-sheet

Fmocdipeptides have been demonstrated to sasemble and form stable selfipporting

gels with a reduction of solution pH. Fmdipeptides seHassemble in two ways; Fmoc
dipeptides form antparalld b-sheets but also form antiJr NI fcf"Stadl Ol ad ¢ KS
conformation that allows for both states to exist is the formation of cylindrical structures
formed by the interlocking of anparallelb-a KSS G & (0 K NPcdza KA yiilSING NIGA 2 Y
aromatic groups on adjacent sheei&igure1.15); these cylindrical structures then align to

form a flat ribbon(Smith et al., 2008 Work on Fmo@A peptides has skn that Fmoegroup

"¢ aGlrOlAy3 LXlea GKS 1S& NPt S-asaeyblad pdptialdst AT A
(Mu et al., 2012

Figurel.15, Left: FmoeFFb-4a KSS (G &> 0 A y-Rétacked pheaWPrdrde and Fmoc groups
(purple); Right: side view of FmeEF aggregate. Adapted from Smigt al (Smith et al., 2008
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1.7.4.4 a-Helix coiled coils

A coiled coil is made ugf two or more supercoileé@-helices. These comprise two or more
peptide chains designed to @ssemble resulting in an offsea-helix dimer with
complementary ends(Figure 1.16). The complementary ends allow dimers to assemble
longitudinally into a fibril. Througbarefuldesign, the fibrils are made to align by hydrophobic
and hydrogen bonding interactions into thick fibres. The use of hydrophobic interactions
favours the hydrogelation of these peptides when mixed. As long as these peptide are mixed in
the correct condibns, selfassembly follows theomplementary selthssembly pathway and

no additional trigger is needed except for the mixing of the pepti@swell et al., 2009

Figurel.16, Schematic of Alpha helix forming peptide coiled coil architecture. Reproduced from
Banwell et al(Banwell et al., 200

1.7.5 Peptide biocompatibility

1.7.5.1 RAD-based peptides

At the time of writing RAIased peptidesdeveloped byZhang and cevorkers are the
subject of the majority of the literature on peptide selésembly. The RAased peptides are
modelled on a peptide sequence from a yeast protein and undergo hydrophobic stacking into
b-sheets. Thesb-sheets then stack further into ribbons antrils (Zhang et al., 1993Whilst
several vaations of the RAased peptide have been developdtie main interests lies in

RAD161, Ac(RADA)}CONH, which has been commercialised under the name PuraMatrix.

Several applications for RAD1éave been investigated. RAD1éhas been shown to support

the growth of neural cells and the formation of new functional synajgskdmes et al., 20Q0
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EllisBehnke et al., 2006 RABbased peptides have beedemonstrated to support the growth
of endothelial and myocardial celland have been shown to be better for recellularisation
than Matrigel (Davis et al., 2005 It is reported that RAD16 has immediate haemostatic
properties and has been shown to support favourable tigguwsvth and rep& in a wound site
due to the 3dimentionalmatrix formed as the peptides sedssemblegMeng et al., 2009
RAD16l has also been shown to increase tissue repair byelimg the number of
macrophages and astrocytes at the wound, cells known to be causes of secondaryGujary
et al., 2009.

The immunological properties of RAD1fhave been tested. When injected into rats, rabbits
and goats RAD16 showed no inflammatory ormimune response even having been
conjugated with a carrier protei(Holmes et al., 2000 Attempts have been made to enhance
the biological properties of RAD6by the addition of functional groups YIGSR and RYVVLPR.
Attachment ligands shown to pramte cell adhesion, migration and tubular formation have
been added onto the end of RAD16and have been shown to increase the number of

attached cells and increase cell grow@enoveé et al., 2005

1.7.5.2 Ps; series of peptides

The R; peptides are a range of aund 30 peptides developed #®ggeli and cavorkers at the
University of Leeds. This series of peptides are all 11 amino acids in length and are designed to
form anti-parallelb-sheet structures following the hierarchy of nucleated ssenbly (Figure

1.13). Some of thes@eptides have bee designedo selfassemble by a chae in pH or ionic
concentration(Aggeli et al., 2003KCarrick et al., 2097 Several of the peptides have also been
designed to remain monomaeriand seHassemble by complementary sel§sembly(Aggeli et

al., 2003

The main focus of the work around the, Beries of peptides has been on the development of
design criteria to produce superior peptides for the purpose of tissue engineering and
regenerative medicine. It has been found that for this class of peptidgsaharge is need for
selfassembly in physlogical solutiongMaude et al., 2011a(Personal communication from

Dr D. Miles, University of Leedd) has been shown that serine and threonine based P
peptides interact with model cell membranesdithat amino acid sequence is important to

peptide/phospholipid membrane interaction®rotopapa et al., 2009 It has been reported
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that the positively charged peptides:FB, Ri-12, R;-16 and I;-18 are non cytotoxic to L929
murine fibroblasts. However, only#8 supports ceélgrowth and proliferation ir8-dimentional
culture (Maude et al., 2011a It is believed that this is due to the stability of the different
peptide gels as 28 remains stable where the other peptides degrade preventing cell
attachment and normal cell functio(Maude et al., 2011a All of the positively charged
peptides show inferior levels of cell growth and proliferation when compared to a collagen gel
(Maude et al., 2012aThis could be due to the higher levelstigfiuoro acetic acid TFAin the
positively charged peptides.

It has been shown that the negatively charged peptidgsAPR -9, R:-15, R;-17 and R;-20

are non cytotoxic to L929 murine fibroblasts éBsonal communication from Dr D. Miles,
University of Leeds). Peptideg 8, R;-15, R;-17 and I;-20 appeaed to have supported the
growth and proliferation of the cells: most noticeaj;-4 supportedsimilar levels ofgrowth

to the collagen controlTesting with primary human fibroblasts has been reported to show no
cytotoxic effect for P-4 and R;-8 (Wilshaw et al., 2008bt has been shown that lymphocytes
from mice immunised with peptide showed no response tp4Por B:-8, however, when the
peptides were conjugated withkeyhole limpet hemocyanimn antibody titre of 1/64 was

measured against both peptidé@/ilshaw et al., 2008b

1.7.5.3 b-Hairpin

Several selassemblind-hairpin peptides have been developed by Schneider andariers.

Most widely reported in the literature at the time of writing are MAX1 andX8. MAX1 and
MAX8 are very similar with one of the lysine residues in MAX1 being replaced with glutamic
acid to reduce the gelation timéHainesButterick et al., 200 MAX1 and MAX8 are both

designed to selassemble in cell culture mediughlainesButterick et al., 200)/

It has been reported that MAX1 is nagitotoxic to fibroblastsand allows for cell attachment

and proliferation whilst maintaining its mechanigaroperties (Kretsinger et al., 2005 The
capacity for a pranflammatory response has been assessed; it is reported that macrophages
will grow on MAXland MAX8 gels and show no significant secretion ofipilammatory
cytokine TNfa indicating that the peptide gels are nenflammatory(HainesButterick et al.,

2008). It has been suggested that MAX1 may be of increased interest as it shows antibacterial

properties against both Gram positive and negative bactéiaick et al., 2007 MAX1 has
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been shown to inhibit the growth and proliferation &.colibelow a certain concentration,
above this concentration the surface of the gel is covered and the cell remnants allow for the

shielding and attachment of other microorganis(@salick et al., 2007

MAX1 and MAX8 have been reported as possible cell encapsulation gels for cell delivery. With
a reduced gelation timéVIAX8 has been reported to be able to entrap cells throughout the gel

without the cells settling to the botton{HainesBultterick et al., 200)

1.7.5.4 Fmoc-dipeptid es

There are a range of Fmalpeptides that will form selassembled structure<Of particular
interest is Fmodiphenylalanine (FmeEF) as it will form gels at low concentrations at a
physiological relevant pkZhou et al., 2009a The first reported use of Fmdéd- was by Gazit
and coworkers; the majority of the work on biological use of Frtde has been reported by

Ulijn and ceworkers.

FmocFF has been reported to have a wide range of mechanical properties. It is believed that
these observed differences are due to different preparation methods and solution pH used to
achieve a ggHelen et al., 2011 A number of different cells have been grown in and on Fmoc
FF peptide gels. It has been reported that chondrocytes growpaoiiferate on the surface of
FmocFF gels and can be encapsulated in a 30Jgghwarna et al., 2002hou et al., 2009a

Yan et al., 2010 It has been shown that other cells, 3T3 and human dermal fibroblasts, die
when grown on the surface of Fm&éd& peptide gel@layawarna et al., 2009lt was reported

that when Fmod-F was mixed with other Fm@cotected peptides these problem®uald be
overcome. The addition of other Fmamino acids and FmeRGD can allow growth of 3T3
and human dermal fibroblastgayawarna et al., 200Zhou et al., 2009a FmoeFF has been
suggested as a possible drug delivery mechanism; konjac glucomannan (KGM) has reportedly
been mixed with Fmoe€&F in solution and sedissembly triggered to form an Fmé&KGM
peptide-polysacharide composite that is able to be tailored to give different release profiles

(Huang et al., 2011
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1.7.5.5 a-Helix

An example of coiled coils reported by Woolfson andworkers uses a pair of 28 amino acids
long peptides, hSAfaw, to forma-helix coiled coils. This pair of peptides can be used to form
hydrogels that are stable in physiological solutigBanwell et al., 2009Neural cellgrown in
hSAFaaw peptide gel have been reported to show cell growth, proliferation, differentiation
and neurite outgrowthbut cells grown on Matrigel showed better resuf8anwell et al.,
2009.

Other peptides that selissemble into coiled coilsakie been developed, modified and
explored for biological usdt has been reported that adding an RGD containing regiontivéo

helix destabilises the peptide gel; when the peptide was used to coat other materials the RGD
containing peptide was able to drease cell adhesiofVillard et al, 200§. However RGD
containinga-helices in solution were shown to bind to RGD receptors and inhibit the binding
of other ligands to the receptoVillard et al., 2006 This binding could prove problematic as
the peptide gel breaks down; the binding could also be used as a potemgihiod for slow
release targeted drug delivenfVillard et al., 2006 This has implications in the development

of a-helix functionalisegbeptide gels

1.7.5.6 Peptide amyloidogenicity

One of the major concerns about fibrillar forming peptides is their similarity to pathological
amyloid fibrils. Fibrillation of amyloid proteins is associated with the pathogenicity of amyloid
diseases. Fibrillation is a twstep process involving a slowitial lag phase where nucleation
seeds are formed followed by comparatively rapid fibril propagation from the s@d<et al.,
2008. The same as what is sérved in peptide nucleated sedifsemblyThere is an increased

risk that sefassembling peptides could cause increased amyloid deposition by acting as
nucleating seeds. There are a number of tests for amyloid deposition; ibagiico tests use
Congo ed and thioflavin staining which can be tested for using microgampspectroscopic

techniqueswhile animal models of amyloidosis have also been developeid favotesting.

A mouse model of Aamyloidosis which is triggered by the injection of silu#rate has been

used to study the deposition of amylofibers in the presence of a range of peptide gels
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(Westermark et al., 2009 Testing of RAD16 in the mouse model showed the potential for
these peptides to reduce the time taken for amyloid development; it should however, be
noted that not all the mice in the test developed amyloid formatiqMgestermark et al.,
2009.

A wide range of materials have been shown to reduce amyloid deposition time; natural
amyloidlike fibrillar materials such as Bombyx mori silk, curli frBrmoliand artificial materials

such as nangarticles have all been shown to reduce the lag timeaaiyloid fibrillar
formation (Linse et al., 20Q0&Vu et al., 2008Westermark et al., 20091t should also be noted

that stains such as thioflavin and Congo red not only bind to amyloid like strudiutedso

bind to connective tissues such as elastic fibers, mucopolysaccharides and RNA and DNA, an
increased detection of these stains does not necessarily indaratdoidogenicityKhurana et

al., 2009.

1.7.6 Rational design and modification of peptides

The design of a peptide will be dependent upon the desired properties and responsiveness.
Peptides can be designed to be responsive to different stimuli. An example is a peptide that
has sidechains that are able to be protonated and-geotonated: the pgtide will respond to
changes in the pH as the side chains are protonated angral®nated, such that self
assembly can be triggered and reversed by changing th@gidrel.17) (Aggeli et al., 2003b
Carrick et al., 20QMaude et al., 2011 A peptide can be designed that responds to ionic
concentration; a peptide designed not to sasemble at neutral pH due to repulsive charge
interactions will sekassemble wheithe ionic concentration is changed as the ions shield the

repulsive charge€Chen, 2005Carrick et al., 200 Maude et al., 2011p
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Figurel.17, Left) Schematic modle of pH control over 4 selfassembly Right) Selfassembly of 6.3
mol.m* of P-4 under different conditions. (a) Percentagesheet of R;-4 as a function of pD in f®
(by FTIR). (b) Percentagesheet of R;-4 as a function of pD in 130 mol fiNacCl in RO (by FTIR).
Modified from (Aggeli et al., 2003bCarrick et al., 200)7

Varying the length of the peptide and the amiaoid sequence allows farontrol over the
energetics and dynamics of the peptide; this control allows the tailoring of a peptide to have

specific physical and chemical propert{@ggeli et al., 1997Then, 200p

Peptides can be obtained in a number of different ways. They can be cleaved from naturally
obtained proteins, synthesised chemically or can be recombipaxpressed. The advantage

of peptide seHassembly is the ease with which functional groups can be added to the peptide
sequence. Ab-sheet peptides selissemble face to face the C and N termini are exposed on
the outside of the peptide tape and makke ideal location for modificatiofiGenové et al.,

2005 Gelain et al., 2006Gelain et al., 2007Jung et al., 2009 Othe peptide conformations

can be modified by the inclusion of functional groups into the peptide sequence, as they are

found in nature, or by modification of exposed side chains.

The addition of the motif can impact upon the safisembly and mechanical properties of the
peptide (Jung et al., 2009in some cases there is no noticeable eff@elain et al., 2006and

in others the selassembly of the peptide is affecté@enové et al., 20Q%/illard et al., 2006
The modified peptide can then be mixed with unmodified peptide andasd&émbled; as long
as the addition of the motif does not interfere with the sasembly the modified peptide will

be incorporated into lhe selfassembled structure and will not leach ofdung et al., 2009
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This ability to mix modified peptide anshmodified peptide allows for the inclusion of multiple

functional groups.

1.7.7 Advantages and limitations of peptides as biomaterials for tissue

engineering

There are a wide range of different sasembling peptides that have potential as scaffolds
for tissue engineering. The most widely used peptide in tissue engineering is RADII®
results showing good cellular growth and function for a range of different cell types. One
possible complication with the use of RABILGs the reported haemostatic propées of the
peptide. An effect upon the blood clotting pathway will make a peptide unsuitable for use in

contact with blood, especially in the development of a tissue engineered blood vessel.

FmocFF is attractive due to it being cheap to make. Howeveficdify with controlling
gelation and material properties coupled with the mixed results for the growth of different cell
types on and in FmeEF gels severally limits the potential applications and raise concerns over
long term toxicity and peptideell nteractions. Alpha helix coiled coils show good
compatibility but are not as good at supporting cell growth and function as commercial
products like Matrigel. The cost and difficulty of synthesising two 28 amino acid long peptides

also makes coiled coilsdscommerciallydesirable.

The antibacterial properties dif-hairpin peptides MAX1 and MAX8 make them very attractive
peptide for tissue engineering applications, especially with problems associated with post
operative infection. The mechanism of this tibacterial activity needs to be better
understood. Testing is needed on the antibacterial properties as several possible mechanisms
could impair normal cellular function. The size and associated cost di-tHarpin peptides

could potentially limit theimpplication.

The R, series of peptides have a wide range of potential due to the different material
properties expressed by the range of peptide sequences. The shorter size of;teeries
compared to theb-hairpin anda-helix peptides makes them modesirable commercially but
less so than the cheaper/shorter FmBE. The limited data on the immugompatibility of
some of the P, series of peptides and the results showing good cell growth and proliferation

show the potential of some of these peptide&.large amount of work is needed on self
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assembled peptides to develop peptidézat are optimisedfor specifictissue engineering
applications. Whilst the majority of peptides have demonstrated potential, more detailed work
is needed with comparisons tomologically and commercially relevant controls to truly assess

selfassembling peptides for potential application.

1.8 Hypothesis

A fully decellularised vascular graft will be free from problems of infection, immune response,
calcification, mechanical srnatch and aneurysmbut will still suffer from thrombus
formation. A seHassembling peptide could be salfsembled within thelecellularised tissue

to passivatethe surface and prevent initial thrombus formation. Theeredothelialisation of

the decelllarised graft could be aided and enhanced by the addition of functionalised

peptides designed to aid in cell attachmemtd retention

1.9 Aims and objectives

The aim of the work undertaken in this thesis is to test the hypothesis that decellularised
vascular tissue and sedssembling peptides can m®mbinedto overcome the limitations of

both materials in the application of blood vessel tissue engineering.
Obectives

1 Investigate the possible sedssembly of peptide with a decellularised vascular
conduit

1 Assuming that selissembly in decellularised vessel woidkavelop a protocol
for the production of vessel peptide hybrid materials

1 Test a range of peptidder biocompatibility

I Test arange of peptides for haemocompatibility

1 Analyse results of biocompatibility and haemocompatibility testingassess
for any design criteria for biocompatible peptides

1 Test antithrombogenic properties of seissembled peptide

I Test attachment of cells to functionalised safisembled peptide
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2 Materials and methods

2.1 Materials

2.1.1 Equipment

A list of laboratory equipment used throughout the study and UK suppliers is presented in

AppendixTableA-1.

2.1.2 Glassware

All laboratory glassware was obtained from Fisher Scientific (Loughbourgh, UK) unless
otherwise stated. Glassware was cleaned by immersion in a 1 % (v/v) solution of dée@tra

for one hour and was then rinsed with tap water and dried or sterilised using dry heat.

2.1.3 Plastic ware

All sterile and nossterile disposable plastic ware was purchased from Scientific Laboratory
Supplies Ltd. (Nottingham, UK) unless otherwise stafddplastic ware was stored as per
adzLILX ASNARQ AYyadNHzOGAZ2Y ®

2.1.4 Chemicals

A list of all Chemicals and reagents used in this study can be fodqupandixTableA-2.
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2.1.5 Cell biology reagents and solutions

2151 $01 AAAAT 8O0 DPET OPEAOA AOAEAOAA OATETA j$0

One tablet of DPBS per 100 ml was dissolved in distilled water and the pH adjusted to pH 7.6.

The DPBSa was sterilised by autoclaving and stored at raopetature for up to one month.

2152 2ET1 GAOGO Oi 1l OOET |

C2dzNJ wAy3ISNRa GlFo6fSaa
¢KS wAy3aISNna azftdziazy

one month.

2.1.5.3 Tris buffered saline (TBS)

Trizma base, 6.05 g to achéwa final concentration of 5@ol.m® and 8.76 g of sodium
chloride to achieve final concentration of 15fol.m* were dissolved in 1 L of distilled water
and the pH adjusted to pH 7.6. The TBS wtasilised by autoclaving and stored at room

temperature for up to one month.

2.1.5.4 Tryptone phosphate broth 50 % stock solution (TPB)

Tryptone phosphate, 50 mg, was dissolved in 100 ml of distilled water and filter sterilised in a

class Il safety cabinet arstbred in aliquots of 10 ml a0°C.

2.1.5.5 3T3 culture medium

Foetal bovine serum, 20 ml, 2 ml efjlutamine to achieva final concentration of 20fol.m?

and 4 ml of penicillin/streptomycin to achieve a final concentration of 100 Ywetre added
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to 174 Y € 2F 5dZ 65002Qa Y2RATASR 9 3fSa YSRAddzY

medium was stored for up to one week at 4°C.

2.1.5.6 2X 3T3 culture medium

Foetal bovine serum, 20 ml, 2 ml afjlutamine to achieva final concentration of 40Mmol.m*
and 4 ml of peicillin/streptomycin to achieve a final concentration of 200 Umvere added
to 74 ml of DMEM and mixed. Once prepared the medium was stored for up to one week at

4°C.

2.1.5.7 BHK culture medium

Foetal bovine serum, 10 ml, 10 ml of tryptone phosphate brotitlsisolution to achieve a final
concentration of 2.5 % TPS, 2 ml aflitamine to achieve final concentration of 20fol.m*
and 4 ml of penicillin/streptomycin to achieve a final concentration of 100 Uwere added

to 174 ml of Glasgow minimum essi&h medium (GMEM) and mixed. Once prepared the

medium was stored for up to one week at 4°C.

2.1.5.8 2X BHK culture medium

Foetal bovine serum, 10 ml, 10 ml of tryptone phosphate broth stock solution to achiival
concentration of 5 % TRPR ml ofL-glutamine to achieve arfal concentration of 400nol.m*
and 4 ml of penicillin/streptomycin to achieve a final concentration of 200 Uwete added
to 74 ml of GMEM and mixed. Once prepared the medium was stored for up to one week at

4°C.

2.1.5.9 Endothelial cell culture medium
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Foetal bovine serum, 40 ml, 4 ml of penicillin/streptomycin to achieve a final concentration of
100 U.m', 30 U.nifof heparin sulphate and 75 ug.mof endothelial cell growth factofE CGF)
were added to 156 ml of Mediush99 (M-199) and mixed. Once prepared the medium was

stored for up to one week at 4°C.

2.1.6 Cells and biological tissues

2.1.6.1 Cells

All mammalian cell lines used in biocompatibility assays are shown beldwbie 2-1 and
were received as frozen cultures. Cells were expanded, subcultured and cryopreserved in

liquid nitrogen until use unless otherwise stated.

Cell Type Origin Isolation method Supplier
3T3 Fibroblast Swiss Mouse | Trypsin digestion| Health Protection
Embryo Tissue Agency Culture
Collections
BHK21 Epithelial Baby Syrian | Trypsin digestion| Health Protection
Hamster Kidneys Agency Culture
Collections

Table2-1; Cells used throughout the study including supplier

2.1.6.2 Biological tissue

Porcine internal carotid arteries were procured from Graystone Ltd (Hull). Vessels arrived
frozen and were defrosted, dissected and washed in DPBSa. DRBSmssed through the
vessels using a syringe to remove remaining blood before use. Vessels not used immediately

were wrapped in tissue soaked in DPBSa and store2Dac.

Ovine legs were procured from John Penny and Sons abattoir (West Yorkshieg)s Alirived
fresh having been slaughtered that morning. All procedures involving the ovine legs were

carried out on the day of arrival.
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Citrated sheep blood was obtained from Harlan Laboratories. Bloodniae] with trisodium
citrate 10% (w/v)upon harvesting and shipped under refrigerated conditions. Blood was

received, stored at 4°C and used within 5 days.

Normal human serum from pooled normal clotted human blood, tested Hmpatitis
associated antigen and HIV, was purchased from MP Biomedicals EGenpen arrived as a

frozen sample, was stored é20°C and was defrosted at room temperature before use.

All animal tissue and biological fluids were disposed of following established procedures in

place at the time of experimentation.

2.1.7 Antibodies

A listof antibodies used throughout the study and suppliers information is present@dlie
2-2,Table2-3 and Table2-4.

Antigen Type Clone number| Isotype Dilution Supplier
Red Blood Cell| Rabbit anti - IgG1 1:200 | Sigma Aldrich}
Stroma sheep
Von Willebrand| Rabbit anti - Polyclonal | 1:200 Dako UK Ltd
Factor human
a Smooth Mouse anti 1A4 IgG2a 1:400 | Sigma Aldrich]
Muscle Actin human
Smooth Muscle| Mouse anti N1/5 1gG1 1:100 Chemicon
Myosin Heavy human International
Chain
Endothelial Cell Mouse anti CO.3E1D4 19G2a 1:100 AbD Serotec
CD31:FITC sheep

Table2-2; Primary antibodies used throughout the study
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Antigen Type Conjugate Dilution Supplier
Mouse Whole Goat anti Alexa Fluor 488 1:200 Invitrogen Ltd
antibody Mouse
wlk 60Ad Goat anti Alexa Fluor 488 1:200 Invitrogen Ltd
fragment rabbit

Table2-3; Secondary antibodies used throughout tretudy

Antigen Host Isotype Dilution Supplier
Aspergillus niget Mouse IgG2a As Primary Dako UK Ltd
glucose oxidase
Aspergillus niget Mouse IgG1 As Primary Dako UK Ltd
glucose oxidase

- Rabbit Immunoglobulin| As Primary Dako UK Ltd
fraction
Aspergillusiiger Mouse 19G2aFITC As Primary | MBL international

glucose oxidase

Table2-4; Isotype control antibodies used throughout the study

2.1.8 Peptides

All R series peptides and peptides hSAkw P1 and P2 were purchased from Polypeptide
group, Fmodiphenylalanine was purchased from BACHEM and the Hoohgpeptides were
purchased from Sigma Aldrich; all peptides were tested for purity on arrival using elemental

analysis and were over 95 % pure.
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2.2 General Methods

2.2.1 Sterilisation

2.2.1.1 Dry heat sterilisation

Items to be sterilised were placed in suitable containers or wrapped in tinfoil and placed into a
hot air oven at a temperature of 190°C for 4 hours. Items were allowed to cool and then

removed from he oven taking care to maintain sterile conditions.

2.2.1.2 Moist heat/ autoclave sterilisation

Solutions and items not suitable for dry heat sterilisation were sterilised using an autoclave.
Items were placed into suitable containers or placed into autoclavgs tand labelled with
autoclave tape. Items were autoclaved at 15 psi at 121°C for 20 minutes. Items were allowed

to cool and were then removed from the autoclave taking care to maintain sterility.

2.2.1.3 Gamma irradiation sterilisation

The peptides used in bimjical experiments were weighed out into glass vials and sterilised as
a dry powder as the peptides could not be autoclaved or sterilised using dry heat. Gamma
sterilisation at 25 kGy was carried out by Synergy Health using standard methods developed

for the sterilisation of medical products.

2.2.2 Measurement of pH

The pH meter was calibrated using purchased solutions of pH 4, 7, and 10. The pH of solutions
was measured at room temperature using temperature compensation. The pH of solutions
was changed by tha&rop-wise addition of 6 M hydrochloric acid (HCl) or 6 M sodium
hydroxide (NaOH) whilst stirringnless otherwise stated
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2.2.3 Decellularisation of porcine arterial conduits

Reagents

Disinfection

solution

EDTA solution

Hypotonic
buffer

SDS solution

SDS hypotonic
buffer

Washing buffer

Vancomycin hydrochloride, 50 mg to achieve a final eatration of 0.05
mg.mi*, 500 mg Gentamicin sulphate to achieve a final concentration o
mg.mi* and 200 mg polymyxin B to achieve a final concentration of
mg.mi* were added to 100 ml of DPBSa and the pH adjusted to pH 7.4
solution was passkthrough a 0.2 um pore size filter and made up to

using sterile DPBSa.

Disodium ethylenediaminetetra acetic acid (EDTA), 74.4 g to achiéval
concentration 0f200 mol.m®, wasdissolved in 1L of distilled water and tt
pH adjustedo pH 7.4. The EDTA solution was sterilised by autoclaving

stored at room temperature for up to one month.

Trizma base, 1.21 g to achées final concentration ofmol.m?>and 1 g of
EDTAto achievea final concentration of 2.7nol.m® were added to 1 L o
distilled water and the pH adjusted to pH 8.2. The hypotonic buffer
sterilised by autoclaving and stored at room temperature for up to «
month. Aprotinin, 1 ml to achieve a final concentration of 10 KIU.mwias
added béore use.

Sodium dodecyl sulphate, 10 g to achieve a final concentration of :
(w/v), was dissolved in 100 ml of distilled water and was passed throu
0.2 um pore size filter. The solution was stored at room temperature fo

to sixmonths.

SDS solution, 10 ml to achieve a final concentration of 0.1 % (w/v),
added to 990 ml of autoclaved hypotonic buffer and stored for one vate

4°C if openedseptically.

Ten G2 AR 5dzf 6 SOO24nd 1 g of EDTALD axtiieSenafinal
concentration of 2.7nol.m* were dissolved in 1 L of distilled water and t
pH adjusted to pH 7.4. The wash buffer was sterilised by autoclaving

stored at room temperature for up to one month.
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Nuclease Trizmabase, 6.1 g to achieve @l concentration of 5anol.m® and 2 g
solution magnesium chloridgo achieve a final concentration &0 mol.m?* were
dissolved in 990 ml of distilled water and the pH adjusted to pH 7.6.
nuclease solution was sterilised by autattey and stored at roon
temperature for up to one month. Bovine serum albumin, to achieve
pg.ml*, DNAase to achieve 50 Uhdnd RNAase to achieve 1 U'mtere

added and the solution used within 10 minutes.

Hypertonic Trizma base, 6.06 g chieve a final concentration of 5ol.m* and 87.66
solution g sodium chloride to achieva final concentration of 1.5 X3fol.m* were
dissolved in 1 L of distilled water and the pH adjusted to pH 7.6.
hypertonic solution was sterilised by autoclaving and stored at rc

temperature for up to one month.

Sterilising Peracetic acid, 3.14 ml to achieve a final concentrati 0.1 % (v/v), wa:
solution added to 1 L of autoclaved DPBSa and the pH adjusted to pH 7.4

solution was used within one hour of production

Procedure

Following dissection of the vessel from surrounding tissue or defrqstiigm lengths of the
porcine arteries were placed in plastic pots and washed using 150 ml of the disinfection
solution for 30 minutes at 37°C. All washes were carried out with agitation on a shaking table
at 110 rpm. Following disinfection the vessels evarashed in 150 ml of EDTA solution at 4°C
for 24 hours. The arteries were then removed and washed in 150 ml of hypotonic buffer at 4°C
for 24 hours. To further remove cells and cellular debris the arteries were washed in 150 ml of
SDS hypotonic solutiort 87°C for 24 hours then washed in 150 ml of hypotonic buffer at 4°C
for 24 hours. The vessels were washed in 150 ml of washing buffer containing 10dtJ).ml
aprotinin over the weekend (486 hours) at 4°C followed by a further wash in 150 ml SDS
hypotonic buffer at 37°C for 24 hours. The vessels were washed three times using 150 ml of
DPBSa at 37°C for 30 minutes each and then washed using 150 ml of the nuclease solution at
37°C for 3 hours. The vessels were washed three times in 150 ml of washingcoutizning

10 KIU.nit of aprotinin at 37°C for 30 minutes each. The vessels were added to 150 ml of the
hypertonic solution at 37°C for 24 hours then washed three times in 150 ml of the washing

buffer containing 10 KIU.fbf aprotinin for 30 minutes ach. The vessels were sterilised using
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150 ml of the sterilising solution at 27°C for 3 hours; further manipulations were carried out
aseptically in a class Il safety cabinet. The vessels were washed using 150 ml of the washing
buffer containing 10 KIU.mlof aprotinin at 37°C for 30 minutes each then washed with 150

ml of DPBSa at 4°C for 24 hours. The decellularisation of the vessels was assessed using
histological techniques described in Sect®2.4 and the vesselsvere stored in 150 ml of

DPBSa at 4°C for up to three months.

2.2.4 Analysis of decellularisation

2.2.4.1 Paraffin wax embedding of tissue samples

Samples were placed into small plastiassettes (Histosette®) and dehydrated using an
automated tissue processor. The automated tissue processor sequentially immersed the
samples in 70% (v/v) alcohol for 1 hour, 90% (v/v) alcohol for 1 hour and three changes of
100% (v/v) alcohol for 1 hour el. The samples were then immersed in two changes of xylene
for 1 hour each. The cassettes were then immersed in molten paraffin wax for 1 hour then
transferred to fresh paraffin wax for a further hour. Once the processor had finished the
samples were kepin molten paraffin wax until removed. Wax block moulds were filed with
molten paraffin wax and the samples quickly removed from the cassettes and orientated in the
wax block moulds using heated forceps. The molten paraffin wax was allowed to cool and once

fully hardened the moulds were removed and the excess wax trimmed.

2.2.4.2 Sectioning of paraffin wax embedded samples

The paraffin wax blocks were sectioned at, 80 uM using a microtome. The sections were
floated in a water bath at 40°C for mounting on asglalide. The glass slide with three sections
on was placed on a rack to dry. The slides were then placed on a hot plate for 20 minutes to
further dry and melt the wax, fixing the sections to the slide. After drying the slides were left to

cool and then @ced in a slide holder for storage.
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2.2.4.3 De-waxing and rehydration of sectioned paraffin wax embedded samples

The slides were deaxed by submersion in two changes of xylene for ten minutes each to
remove all the wax. The slides were then placed in troleanges of 100 % (v/v) ethanol for
three, two and two minutes respectively. The slides were then submerged in 70 % (v/v)

ethanol for two minutes and washed under running water for three minutes.

2.2.4.4 Haematoxylin and Eosin staining

Haematoxylin stains cell olei and eosin is used to stain cytoplasm, collagen and muscle
fibres. The devaxed and rehydrated sections on slides were placed into a metal slide holder
and immersed in haematoxylin for one minute. The slides were then removed and washed
under running vater until it ran clear and all excess stain had been removed. The sections
were then immersed in eosin stain for three minutes. Sections were then immediately

mounted as is Sectiah2.4.6.1

2.2.4.5 DAPI staining

Reagents

Dye Buffer Trizma base, 1.211g to achéeu final concentration of 1Mol.m?, 0.3724 g
of EDTA to achieve a final concentration ahal.m?and 5.8 mg of sodiun
chloride to achieve éinal concentratiorof 1 mol.m* were dissolved in 1 L ¢
distilled water and sterilised by autoclaving. ™atution was stored at roon
temperature in the dark for up to six months the ptds adjusted to pH 7.

before use

DAPI dye stock DAPI, 10 mg, waadded to 10 ml of nuclease free water and stored in 2(

aliquots at-25°C for up to six months

Working dye DAPI dye stock solution, 40 pl to achieve a final concentration of 0.1 g

was mixed withl00 ml of Dye buffer in a dabottle andused imnediately.
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Procedure

51t L Aihidin@Zphenylindole forms fluorescent complexes that bind strongly with A

T base rich regions within DNA. The sections having beawmaded and rehydrated (Section
2.2.4.3 were placed in a metal slide holder and immersed in DAPI solution for ten minutes in
the dark then washed three times using DPBSa for ten minutes each in the dark. The sections
were mounted using DABCO:glycerol (Secti@®.5, then imaged under a fluorescent

microscope using a DAPI filter.

2.2.4.6 Mounting of sections

2.2.4.6.1 Mounting of stained sections using DPX mountant

Following staining sections were submerged in 70 % (v/v) ethanol for five seconds and taken
through three changes of 100 % (v/v) ethanol for one, two and three minutes respectively. The
slides were then submerged in two changesctifan xylene for ten minutes each and the
sections mounted using DPX mountant and glass cover slips. Slides were left to dry for a
minimum of four hours and imaged using an upright microscope and images captured using a

digital camera and Imagero Plus %.1.

2.2.5 Mounting of sections using DABCO:glycerol

Reagents
Mounting DABC{1,4-diazabicyclo octan€).5 % (w/v), 10 ml, was added to 90 ml
solution glycerol and mixed. The solution was stored in the dark at 4°C for up
months.
Procedure

Following cryostat sectioning or staining the sections were mounted using the mounting
solution. A small drop of mounting solution was placed in proximity to each section and a glass

cover slip placed on top. Slides could be immediately imaged or lefthendark for a
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maximum of 24 hours. Samples were imaged using an upright microscope and images

captured using a digital camera and Im&y® Plus v 5.1.

2.2.6 Triggering peptide self-assembly

Rationale

Peptide seHassembly can be triggered in a number different ways. One dimensional
nucleated selassembly is a concentration dependent reaction thus-as$embly can be
triggered by changing the concentration of peptide in solution, however, it is difficult to
control concentration when switching betweesn monomeric and selissembled state. By
using peptides that are charged and can be protonated angrdeonated it is possible to
trigger selfassembly by a pH change or change in ionic concentration. Dependent upon the
amino acids used in the peptidegeence and their associated pKa values high or low pH can
trigger selfassembly or disass®ly. A concentration of 18@0l.m?, approximately 30 mg.ml

! of P, peptide, was used as a standard concentration for the formation of asaelforting

peptide gé.

2.2.6.1 Peptide monomer solution

To ensure the peptide formed a uniform gel upon saéembly the peptide first had to be
monomeric in solution to ensure an even distribution of peptide. A monomeric/soluble
aggregate solution of peptide was made by incregshre pH of the solution tol 8 using 1 M
NaOHor by decreasing the pH to pH 5 usitmncentrated HCllependent upon the designed
responsiveness of the peptide. For example4was monomeric at pH 8 and sasembled

at pH 5 where R-8 was designed fothe oppositeresponseand was monomeric at pH 5 and
selfassembled at pH 8. The peptide solution was vortexed after each addition. The pH of the
solution was then changed to pH 7.6 using concentrated HCI or 1M NaOH, vortexing after each

addition. A new pl reading was taken using a pH meter after every acid or base addition.
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2.2.6.2 Seltassembly triggers

2.2.6.2.1 pH trigger

As the pH is changed amino acids are protonated eprd¢onated removing or restoring the
repulsive forces between the peptide monomers triggergafassembly or disassembly. A
monomeric solution of peptide was made in water as in Se@i@r6.1 To use pH as a trigger

for selfassembly the pH of the solution was decreased using concentrated HCI to pH 5 or
increased to pH 8 using 1M NaOH, dependent upon the designed responsiveness of the
peptide, vortexing after each addition. The peptide solutigas left overnight to allow for self

assembly to fully occur.

2.2.6.2.2 lonic trigger

As the ionic concentration is increased a screening effect removes the repulsive forces
between the peptide monomers triggering seksembly. There are a number of biolodical
relevant salt solutions in which peptide should sedtenble. PBSs a very common salt
solution that was chosen for use as it is widely used in biological applications, another solution

GKFG 61&8 OK24Sy T2NJ d&a S Adogicalsgf@®NDRE 32 dzi A 2y

Water, 0.9 ml (9/10 final volume) was added to peptide to make a monomeric solution as in
Section2.2.6.1 Selfassembly was iggered by the addition of 0.1 ml (1/10 final volume) of a
10X solutioroft . { 2NJ wWAY3ISNRa az2tdziazy G2 ONBIGS wm

solution. The peptide solution was left overnight to allow for-ses$embly to fully occur.

2.2.7 Peptide self-assembly in decellularised porcine internal carotid artery

Rationale

The seHassembly of peptide within the decellularised porcine internal carotid artery first
required that the peptide was able to penetrate the material. The artery was naturaittyug,
however, to ensure that the peptide penetrated into the acellular vessel the peptide was

added to the decellularised artery in a monomeric from unless otherwise stated. This was the
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same whether the seldissembly was triggered by a pH change or byirerease in ionic

concentration.

Procedure

A monomer solution of peptide was made (Sectib8.6.] the acellular vessel was added to
the solutbn and left overnight to allow the peptide to fully penetrate into the vessel.- Self
assembly was then triggered as described in Se@i@r6.2or in Section2.2.6.2.2dependent

upon which trigger was being used. The vessel was left in the peptide solution overnight to

allow for selfassembly® occur.

2.2.8 Inclusion of fluorescently labelled peptide for fluorescent microscopy

Peptide Py;-4 was labelled with a fluorescein taging a-alanine spaceto show the presence
of the peptide within the decellularised vesgEluoresceibA-Q-Q-RFEW-EFEQ-Q-NH,). It
was found that a ratio of 1:30 of fluorescein taggeg4to untagged B-4 gave strong high
quality fluorescent images. Following saffsemblywithin decellularised vessel as described in

Section2.2.7the samples were left in the dark until use.

2.2.9 Fourier transform infrared (FTIR) spectroscopy

Rationale

The BorrOppenheimer approximation allows molecular rotatdn translational and
vibrational motion to be considered separatéhfollas,2004 Griffiths and De Haseth, 207
FTIR spectroscopy works on the principle that the differences between vibrational energy
levels are in the range of infr@d radiation (IR). The IR frequenclygsarbed by a bond is
influenced by the vibrational frequency of the bond; the vibrational frequency of the bond is in
turn influenced by the mass of the atoms and nature of the bonds. This means that for a
particular molecule the precise absorbance of adhas governed by thaffect different atoms

in the molecule haven the bonding andn inter/intra-molecular effects such as hydrogen
02YRAYA RBAYRO1AYy3IO®
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As b-sheet and a-helix both have different hydrogen bonding patterns the secondary
structures observed in peptide selbsembly can be identified using FTIR. There are significant
differences in the hydrogen bonding inaahelix structure compared to bB-sheet structure;

this gives rise tahe characteristic amide | (160§ 1700 cnt) and the amide Il (1506 1600

cm?) absorption bandgSeshadri et al., 1999 The amide | band is mainly due to C=0

stretching where amide Il is mainly due teH\bending

The key component of an FTIR spectrometer is titerfierometer. The interferometer is an
optical device with a beam splitter used to split and recombine the beams produced by the
source. After being split the incident radiation hits one of two mirrors; both mirrors are at right
angles to each other andne is fixed in position and one moves position. As the radiation
beam hits the mirror it is reflected back and-eaters the beam splitter, part of the beam is
then reflected back at the source and part is directed towards a detector. As the movable
mirror is moved an interference pattern is produced as the waves from the fixed and movable
mirrors are recombined. The recombined beam is then passed through a sample before it
reaches a detector. An interferogram of the sample is produced as the intensityeolRt
radiation reaching the detector is measured as the mirror is moved. This interferogram is then
analysed using Fourier analysis which splits a curve into its component wavelengths, this
analysis gives a spectrum which is the Fourier transform ofrtteeferogram(Griffiths and De
Haseth, 200Y.

Proedure

To provide quantitative evidence that the peptide was sasl$embling in the acellular vessel
FTIR analysis was carried out. Decellularised porcine internal camiy @&ections were
placed in 10 ml of deuterium oxide and left over night. The delegised vessel was removed

from the deuterium oxide and placed in 10 ml of new deuterium oxide and left over night. This
was repeated once more to remove any residual water that could affect the FTIR scan. Peptide
was selassembled within half of the etellularised vessetections using the method
described in Sectior?.2.6.2 replacing water in all solutions with deuterium oxide. The
remaining ecellularised gssel sectionsvere kept in deuterium oxide and taken through the
same pH changes as the vessels added to the peptide solutions. The peptide coated vessel
sectionsand decellularised vessskctionswithout peptide as a control were compress

between two calcium fluoride optical disks and an FTIR spectrum taken. The sample was then



83

moved between the disks to take a spectrum of a different area of the vessel. The spectra from

the random locations of the samples were combined into a singletsp® and analysed.

2.2.10 Field emission gun scanning electron microscope (FEGSEM) imaging

Rationale

A scanning electron microscog8EN works by scanning a high intensity beam of electrons
over the surface of a sample using magnetic coils to control the beam of electrons. When the
electron beam hits the target secondary electrons, backscattered electrons aagsXare
produced. The maiimaging in the SEM uses secondary electrons, which are electrons from
the sample that have been ionised by the interaction with the electron beamayX and
backscattered electrons are used to gather data on the composition of the sample. FEGSEM
refers tothe method by which the electron beam is produced; a field emission gun uses a large
potential gradient to pull electrons from a tungsten tip. The field emission gun produces a
beam of electrons that is smaller in diameter and is more coherent with ulprée orders of

magnitude greater current density (brightness) than a normal SEM.

ECMwill collapse and lose its structure when the water is removed; normally biological tissue
is dried by changes of organic solvents like methanol and ethanol, howeeanséhof peptide

prevents the use of organic solventsthe peptide would be removeih these solvents.

Procedure

In order to maintain the structre of the ECMections of vessel decellularised as described in
Section2.2.3were fixed in neutral buffered formalin for 4 hours and washed in three changes

of 20 ml of sterile PBS. Peptide was then-asfembled within the samples (Secti@r2.7).

The peptide coated fixed vesselgre dried in vacuum overnight to ensure the removal of all
water before imaging in the FEGSEWhe samples were aithed to SEM stubs using double
sided stick carbon pads and coatedai® nm layer oplatinum andpalladium(50:50)using a
Cressington 108 sputter coater. The samples were then imaged using a Gemini LEO 1530

FEGSEM at 3 KeV.



84

2.2.11 Fluorescent microscopy imaging

2.2.11.1 Sectioning of fluorescent samples

The samples were embedded inryostat embedding solutio(Cryoembed, Bios Europe L)
-30°C. Once the embedding solution had fully &t $amples were sectioned @&tum using a
cryostat. Three sections were collected a glass slide, covered and allowed to air dry in the
dark. Sections were mounted with DABCO:glycerol mountant (Se2iib§ and kept in the

dark until imaged.

2.2.11.2 Fluorescent imaging

Sectioned samples were imaged within 24 hours of sectioning using an inverted fluorescent
microscope with a FITC filter. Images were captured in black and white using a digital camera

and colour added using Imag&oPlus v 5.1.

2.2.12 Confocal laser scanning microscopy (CLSM) and multi -photon laser scanning

microscopy (MPLSM)

The key feature of both the CLSM and the MPLSM is the ability to acafiireLimimages from
different depths, a process known as optical sectionifige CLSM does this by using a laser
that is focused onto a small area of the sample. The fluorescent and reflected light is
recollected by the objective lens and part of the light is split off into the pluetiector using a

light splitter. The light paes through ailter that blocks the reflectedight but not the
fluorescence. After passing through a pinhole aperture the light intensity is measured using a
photo-detector. The pinhole aperture blocks out light raiming from the focal pointput of

focus light is suppressed meaning thhe CLSM provides sharper imaghan conventional
fluorescent microscope techniques and is capable of gatheriagisZ stacks through the
sample. MPLSM works by using &ufted excitation light; this means that forfluorophore

to emit light, two photons have to be absorbed. The probability of absorbing two photons at
the focal point of the microscope is significantly higher than for any other area in the sample

and as single stray photons will not cause fluorescaheearea that is imaged in a multi



85

photon microscope has less background noise and higher resol@Egure 2.1). One

advantage of the use of MPLSMdBCLSM is the imaging of live wet samples.

Confocal Multi-photon

T > g >

Focal point

\V

Background
excitation

Figure2.1; Schematic of CLSM and MPLSM excitation

2.2.12.1 Confocal laser scanning microscopy (CLSM) imaging

Decellularised vessel was coated in fluorescein tagged Bs described in Sectidh2.8 Self
assemblywas triggered using an ionic triggas in Sectior2.2.6.2.2 The peptide coated
decellularised vessel was left in the excess peptide gel in a hydrated state until use. The
samples were imaged in a wetase and were placed on a gaslide with aover slipon top.

To reduce the refractive index mismatch and improve the image quality an oil immersion
objective lens was used rather than a dry objective ignsken Gibson and Lanni, 199The
samples were imaged using a Zeiss LSM 510 META inverted confocal rpenesiog a FITC
filter. Images were collected using the associated image soft(@eel Zeiss ZENhd were

analysed using LSM image browser.

2.2.12.2 Multi -photon laser scanning microscopy (MPLSM) imaging

Decellularised vessel was coated in fluorescein tagged Bs described in Sectiéh2.8 Self
assembly was triggered using a change in ionic concentration as in S2A@iémR2.2 The
peptide coated decellularised vessel was left in the excess peptide gel in a hydrated sate until

use. Samples were imaged by technicians at the University of ¥on a Zeiss LSM 510 NLO
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on an Axiovert 200M microscope stand with a coherent Chameleon Ultra TiSa tuneable laser.

Images were taken and analysed using LSM image browser.

2.2.13 Cell culture

2.2.13.1 Resurrection and culture of primary cells and cell lines

Cells were rmoved from liquid nitrogen storage and rapidly defrosted at 37°C in a water bath.
Supplemented cell culture medium (10 ml) prarmed to 37°C was added drop wise to the
cells. The cells were centrifuged at 150 g for ten minutes, the supernatant discandetthe

cell pellet resuspended in 5 ml of supplemented cell culture medium. The cell suspension was
transferred to a 25 chtissue culture flask and incubated in 5 % (v/v), @Cair at 37°C. The
medium was removed and replaced with 5 ml of supplementdtiazdture medium every 48

hours until the cells became confluent.

2.2.13.2 Sub-culture of primary cells and cell lines

The culture medium was removed from the flask and the cell layer was washed using 10 ml of
I y1Qa olFflyOSR al t i agnesizin ey 2 B iiufeLtioziHanksl f O A c
balanced salt solution was removed and replaced with trypsin/EDTA solution (1 ml in & 25 cm
tissue culture flask, 2.5 ml in a 75 Ttissue culture flask and 5 ml in a 175°dissue culture

flask) and incubated in % (v/v) C@in air at 37°C for no more than five minutes. The cells
were dislodged from the surface of the flask by gently tapping the surface. The trypsin was
neutralised by the addition of 5 ml of supplemented medium, containing at least 10 % (v/v)
foetal calf serum. The cell suspension was transferred to a sterile universal tube and
centrifuged at 150 g for ten minutes. The supernatant was removed and the cells resuspended
in 5 ml of supplemented medium. The total number of viable cells was determisied the
trypan blue method (SectioR.2.13.3. The cells were seeded into a larger tissue culture flask
or split 1:3 into the same size tissue tank flasks with 5ml of supplemented cell culture
medium for a 25 crtissue culture flask, 10 ml of medium in a 75¢tissue culture flask and

15 ml of medium in a 175 citissue culture flask. The cells were incubated in 5 % (v/y)rCO

air at 37°C wh the medium changed every 48 hours.
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2.2.13.3 Trypan blue estimation of cell viability and number

Rationale

The trypan blue exclusion test works on the principle that a viable cell will have an intact
membrane and is there for not permeabie the dye. When celfieath occurs the membrane
begins to lose integrity and becomes permeable to the dye. The cells that remain unstained

are viable whilst unviable cells are stained blue.

Procedure

The cell suspension (90 ul) was mixed with the trypan blue dye (10 plitdihed suspension

was loaded onto a haemocytometeFigure 2.2) and was observed under an inverted
microscope. The number of unstained cells was cedrdénd in order to make the counts
accurate the cell suspension was diluted such that the total number of cells in each chamber

was between 30 and 300 cells.

Figure2.2; Schematic of area cells amounted on a haemocytometer

The mean cell count was calculated by dividing the number of cells counted by the number of
1 mnt squares counted. The total number of viable cells per ml was calculated using the

following:

Number of cells.mi= Mean cell cont x 1d x Original dilution (10/9)
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2.2.13.4 Cryopreservation of primary cells and cell lines

Cells were harvested from culture as described in Se@i@ril3.2 The cell suspension was
transferred to a sterile universal tube and centrifuged at 150 g for ten minutes. The
supernatant was removed and the cells resuspended in 5 ml of supplemented methan
total number of viable cells was determined and the cell suspension was transferred to a
sterile universal tube and centrifuged at 150 g for ten minutes. The supernatant was removed
and the cells resuspended in medium containing 20 % (v/v) foetabealm and 10 % (v/v)
dimethyl sulfoxide (DMSO), which was filtered before use, at a density appropriate for the
growth of the cell type in a 25 gntissue culture flask. Aliquots of 1 ml the cell suspension
were placed into cryovials then placed in a Mireezy pot containing isopropanol. The Mr
Freezy pot was placed in-80°C freezer overnight and the vials then transferred to liquid

nitrogen for longterm storage.

2.2.14 Biocompatibility testing

Rationale

Cells will not grow in a toxic environment; herlmegrowing cells in contact with a material or

in an extract of a material, the material may be tested for any potential toxic effects. Cell
growth is easily measured in a number of ways. A simple method, used here, was the-ATPLite
M® assay. When the levef ATP from the cells grown in the presence of the extract was
compared to the negative and positive controls it was possible to asses for any toxic effects.
Toxic effects would be shown by a reduction in the level of ATP produced by the cells in
comparisonwith the negative control. As not all the peptides could be tested by contact
cytotoxicity testing, the assessment of biocompatibility was based on extract cytotoxicity

testing.

Procedure

Each peptide was weighed and following sterilisation was addeGMEM and DMEM to
create test solutions that would give a final concetibn of 0.3mol.m?> of each peptide

during the cytotoxicity testing.
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Two cell lines, 3T3 and BHK cells, wereautured and resuspended in cell culture medium;
DMEM based medium f@BT3 cells (Sectiod.1.5.5 and GMEM based medium for BHK cells
(Section2.1.5.7). Cells were seeded at an appropriate cell density to achieve 80 % confluence
in a 96 well plate. The cell suspension (200 pl) was added to the wells of a 96 well plate and
incubated for 48 hours at 37°C in 5 %)MCQ in air. The cell culture medium was aspirated
from the cells and replaced with 100 pl of fresh 3T3 and BHK cell culture medium with double
the concentration of additives (Sectiosl.5.6and2.1.5.9. To this, 100 pl of test solution or
control (positive, standard cell culture medium with 40 % DMSO; negative, standard cell
culture medium) was added and incubated at 37°C in 5 % (v/y)rC&r for 72 hours. Six
samples of each peptide were tested. The level of ATP was then measured using the-ATPLite
M® assay described in Secti®i2.14.1 The results were collected and graphed as the mean
value with 95 % confidence limits (Secti@®2.21.). Data was analysed for significant

difference by oneway ANOVA.

2.2.14.1 ATPLite-M® assay

Rationale

Adenosine triphosphate plays a key role in energy exchanges in all living cells; cell injury or
nutrient depletion results in a rapid decrease in cytoplasmic (€Fuch et al., 1993ATP can

be measured using arinescence assay. The ATRM® assay uses the luciferase enzyme
from fireflies that reacts with luciferin to produce light. MgATébdnverts the luciferin into a

form that is oxidised by luciferase in a high yield chemiluminescent reaffioouch et al.,

1993. Cellula ATP can be measured by lysis of the cells and reaction with ludiferfiarase

leading to luminescence emissi@@rouch et al., 1993

Procedure

ATPLiteM® assay reagents, lyophilised substrate solution, substrate buffer and mammalian
cell lysis solution, were allowed to equilibrate to room temperature. The vial of lyophilised

substrate solution was reconstituted by the addition of 5 ml of substatffer.

The medium was aspirated from each well of the 96 well plate and replaced with 100 pl of

fresh cell culture medium. To each well 50 pl of mammalian cell lysis solution was added and
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shaken at 500 rpm for five minutes. To each well 50 pl of satessolution was added; the
wells were covered to prevent photisleaching and shaken at 500 rpm for five minutes. The
f dzZyAySaoSyOS ¢4+ a RSGSNNYAYSR dzaAy3a ¢2LY 2dzyin

recorded and the results transcribed into Microsoft@&él 2007 .

2.2.15 Chandler loop thrombosis model

Rationale

The Chandler loomodel was developed to create a model thrombiis vitro that could be
dZaSR G2 dzy RSNEGFYR GKNRBYodza F2NXYIFGA2Y | YR
(Chandler and Jacobsen, 196futch et al., 2009 There are many different variations on the
Chandler loop model but the basic model uses a logplatic tubing to model a blood vessel.
Whole blood is added to the loop and rotated at a rate to model normal blood flow in a vessel.
This produces a standardised thrombus that can easily be removed from the plastic tubing and
analysed. The Chandler lodprms thrombi that are very similar in morphology to arterial
thrombi formedin vivocomprising dense plateletnd leukocyterich upstream sectionsyhite
heads, and red blood cell aribrin rich downstream sectionsed tails(Stringer et al., 1994
Robbie et al., 1997 It has been shown by electron microscopy that the platelets in thrombi
formed in the Chandler loop contained only mitochondria, indicating that platelet de
granulation had occurred and that there was a polarised distribution of leukocytes
predominantly n the white heads of the thrombi similar tine distribution seen in arterial
thrombi (Stringer et al., 1994 Thrombosis in the Chandler loop model is characterised by the
formation of small platelet aggregates followed by the formation of fibrin and largaelplta
aggregates that eventually will occlude the lo@gcClung et al., 200jbThrombogenesis in

the Chandlerloop model has been attributed to the formation of thrombin in the loop
(Hornstra, 2009 This model can also be modified to test the interactions of materials with
blood and the effet this has upon thrombus formation. The modified Chandler loop model is
widely used to test stents and bypass grafts by introducing the stents to the tubing or by
adding in a graft material as part of the lof@hristensen et al., 200Weber et al., 2002Tepe

et al., 2006 McClung et a).20073.



91

2.2.15.1 Chandler loop model for testing addition of material to blood

Rationale

In this study the Chandler loop model was modified to test the effect of a solution containing
peptide monomer or soluble aggregate on thrombus formation. The Chandler loop model
creates a thrombus of uniform size but normally does not involve total obptif all the blood
added to the loop. Adding a clotting agent suchaathrombin will cause total clotting of the
blood and produce a significantly larger thrombus. As the thrombus normally produced is
uniform in size the effect of a material on thrombigsmation can be observed by a difference

in the mass of the thrombus produced. If a material has an@atting effect no thrombus or

a smaller thrombus will be produced. If a material is thrombogenic the size of the thrombus
will be larger and similaio the thrombus produced with the clotting agent. If the material has
no to little effect on thrombus formation then no difference in the size of the thrombus

produced will be observed.

Reagents

Calcium chloride  Calcium chloride dihydrate, 3.68tg achievea final concentration of
solution 250 mol.m?, was dissolved in 100 ml of distilled water and the
adjusted to pH 7.4. The calcium chloride solution was sterilise(

autoclaving and stored at room temperature for up to one month.

Dilute dhrombin  Humana-thrombin, 20 pl, was added to 980 pl of distilled water a

solution mixed by inversion.

Procedure

Medical gradepolyvinyl chloride PV(Q tubing with an internal diameter of 3 mm and an
external diameter of 4mm was cut to 33 cm lengths. The tbias cut at both ends using a
scalpel to leave straight cut edges which joined together leaving no visible gaps. Lengths, 2 cm,
of medical grade PVC tubing with an internal diameter of 4 mmaamexternal diameter of 5

mm were cut and used to connect thends of the 3 mm tubing together. Peptide was

dissolved in distilled water at a concentration to achieve a finateatration of 0.3mol.m*



92

when added to the bloodDistilled vater was used as the negative control and diluted human
h-thrombin as the positive control. TB&6 ml| (Section2.1.5.3 and 50 pl of calcium chloride
solution were mixed together with 0.9 ml of citrated sheepdal and 100 pl of the peptide

test solution or controls. The blood mixture was then added by syringe, using a large gauge
needle to prevent damage to the blood cells, to the loop of PVC tubing. The tubing was then
placed on a rotator and spun at room teemature (27°C) at 30 rpm to achieve a sheer rate of
428s" (Figure2.3).

Chandler
loop

Air Connector

Blood

spinner

L—

Rotate at 30 rpm

Figure2.3; Schematic oChandler loop model set up

This sheer rate modelled flow in a blood vessel; the loop was spun for 90 minutes. Six samples
of each peptide were tested. At the end of 90 minutes the loops were immediately emptied
and the thrombus removed using smooth tipped forceps and weighed ofiguié balance.

The results were recorded in Microsoft® Excel 2007, averaged and grapltee mean value

with 95% confidence limits (Secti@?2.21.). Data was analysed for significant difference by

one-way ANOVA.
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2.2.15.2 Modified Chandler loop model for testing the thrombogenicity of the

decellularised artery

Rationale

The modified Chandler loop model is widely used to test stents and bypass grafts by
introducing the stents to the tubing or by adding in a graft material as part of the loop
(Christensen et al., 200Weber et al., 2002Tepe et al., 2006McClung et al., 200JaThe
Chandler loop model was used to test the abilitfy the peptide coating to passivatine

surface of the decellularised vessel and reduce or prevent thrombus formation.

Procedure

Porcine internal carotid artery with an internal diameter of 5 mm was decellularised (Section
2.2.3. The decellularised vessel wagt nto 5 cm lengths and 18.810l.m* of peptide was
selfassembled within the vessel (Secti@r2.6.2.3. A loop of PVC tubing with an internal
diameter of 3 mm and an external diameter of@m was cut to 33 cm lengths; 5 cm was
removed from the middle of each loop. The tubing was cut at both ends using a scalpel to
leave straight cut edges which joined together leaving no visible gaps. Decellularised vessel
controls and peptide coated vessels were placed over the ends where the 5 cm length of
tubing had been removed and secured in place using silk sutures. Lengths,of roedical

grade PVC tubing with an internal diameter of 4 mm and an external diameter of 5 mm were
cut and split down the middle so that they could be opened out. The larger tubing was placed
over the decellularised vessel to maintain the loops shapesaedred in place with cable ties.
Lengths, 2 cm, of medical grade PVC tubing with an internal diameter of 4 mm and an external
diameter of 5 mm were cut and used to connect the ends of the 3 mm tubing together to form
the loop. The 5 cm length of PVC tupiemoved from the loop was reinserted in the controls

in place ofthe decellularised vessel. TBS ml| (Section2.1.5.3 and 50 pl of calciumhtoride
solution were mixed together with 0.9 ml of citrated sheep blood. Huraghrombin, 2 pl,

was also added for the positive control. The blood mixture was then added by syringe, using a
large gauge needle to prevent damage to the blood cells, tdabp of PVC tubing. The tubing

was then placed on a rotator and spun at room temperature (27°C) at 30 rpm to achieve a
sheer rate of 4285 The loop was spun for 90 minutes. At the end of 90 minutes the loops

were then immediately emptied and the produced clot removed using smooth tipped forceps
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and weighed on a 7 figure balance. The results were recorded in Microsoft® Excel 2007,
averaged ad graphedas the mean valugvith 95% confidence limits (Secti@i2.21.). Data

was analysed for significant difference using -oveey ANOVA.

2.2.16 Haemolysis assay

Rationale

Haemolysis is the rupturing of erythrocytes and the subsequent release of their contents into
the surrounding environment. Haemolysis can be caused by the interaction of erythrocytes
with foreign materials. This lysis action is tiatited to erythrocytes but can affect different
cells; erythrocytes are used to test for this destructive membrane interaction as the release of
haemoglobin into solution is easily detected. The principle behind the haemolysis test is
simple; the erythraytes are incubated in contact with a test material. If the materials cause
haemolysis then high levels of free haemoglobin will be detected in solution; if the material

has no haemolytic activity then no excess haemoglobin will be detected.

2.2.16.1 Washed erythr ocytes

INBOKNROB(GSa @USNBE 200FAYSR FTNRBY OAGNYGSR af
a2fdziaz2y G | NrXGA2 2F W LINIHa of22R 02 o
inversion and centrifuged at 600 g for 10 minutes. The supernatant waardexd and the
erythrocytes washed a further two times. After the final wash the erythrocyte mixture was
centrifuged at 900 g for 10 minutes to pack the cells. The erythrocytes were resuspended in
WAY3ISNDa az2fdziazy G2 YL { Srythrocyes, i3 5 rdl @fkpaoked & 2 £ d
erythrocytes resuspended in 45 ml of Ringers solution. Washed erythrocytes were kept at 4°C

for a maximum of 24 hours.
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2.2.16.2 Haemolysis assay

t SLIWIARS gl a RAA&2f OSR Ay wAy 3 Sadlfinal ondedtiatirndl A 2 Y |
of 0.3molm®2F LISLIWIARS Ay SIFIOK GSadod ¢Sad a2t dzia:
solution (negative control) and distilled water (positive control) were added to 500 pl of
washed erythrocytes. The erythrocyte suspensions were enbieinversion and the mixture

was incubated at 37°C. Samples, 160 pl, were taken at 6, 12, 24, 48 and 72 hours and
centrifuged at 1500 g for 5 minutes to pellet any intact erythrocytes. Supernatant, 100 pl, from
each test sample was added to 100 pl otitlesd water in a flat bottomed optical 96 well plate

and the absorbance of the samples measured at 540 nm using a microplate
spectrophotometer. Six replicates of each peptide were tested and the results exported to
Microsoft® Excel 2007 and saved as aksfoeet. The results were averaged and graphed

the mean valuavith 95% confidence limits (Secti@2.21.). Data was analysed for significant

difference using onavay ANOVA.

2.2.17 Complement inhibition assay

Rationale

The pinciple behind the complemendissay is that when complement containing serum is
incubated in contact with antibody sensitised erythrocytes the classical complement pathway
is activated and haemolysis occurs. The level of haemolysis is easily detected and is dependent
upon the concentation of complement present in the serum. A standard test to determine the
level of complement in serum is the 50 % complement haemolysis (CH50) assay. In the CH50
assay serum is diluted and incubated with sensitised erythrocytes; as the serum becomes more
dilute there is less complement present to cause haemolysis. Serial dilution of the serum

allows the dilution at which 50 % of the erythrocytes are lysed to be determined.
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2.2.17.1 CH50 assay

Reagents

Antibody Lyophilized antsheep red blood celitroma antibody was reconstituted wit

solution 2 ml of sterile deionised water. Reconstituted antibp@yml, was added to 1.
Y £ 2F aid SNR{ S(1:1M dijutibs MREstoréd2at2dxG n 2ym!
aliquots.

Procedure

The assay used washed sheep erythrocytes which were prepared as described in Section
2.2.16.1 Erythrocytes were sensitised by adding, dwige, a equal volume of antibody
solution to washed erythrocytes all the time mixing the solutions together to prevent
agglutination. The erythrocyte antibody mixture was incubated at 37°C for 30 minutes, mixing
the cells after 15 minutes. Sensitised erythrogyteere kept at 4°C for a maximum of 24

hours.

0.5 ml 0.5ml 0.5 ml 0.5 ml 0.5 ml

Serum Serum Serum Serum Serum
1ml
Serum

0.5 ml 0.5 ml 0.5 ml 0.5 ml 0.5ml
Ringer’s Ringer’s Ringer’s Ringer’s Ringer’s
solution solution solution solution solution

Figure2.4, Schematic of serial dilution of serum for CH50 test

Normal human serum from pooled blood was serially diluted &Sigure2.4. Diluted serum,

100 pl, 100 pl of water as a total lysis control (positive control), 1@ wA Yy ISNR& &2 € dzi
blank control (negative control) and 100 plsgfrum incubated for 180 minutes at 60°C to heat
inactivate the omplement (negative control) were added test tubes with 100 pl of

sensitised erythrocytes as kigure2.5 and were gently mixed. The samples were incubated at
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37°C for 30 minutes gently mixing after 15 minutes. Six samples of each serum dilution and
control were tested. The samples were then centrifuged at 1500g for 5 minutes to sediment
the erythrocytes. Supernatant, 100 pl, was added to 100 pl of distilled water in a flat bottomed
optical 96 well plate and the absorbance of the samples measured at 540 nm using a
microplate spectrophotometer. The results were imported into MicrosoftRelE2007 and
converted into a line graph. From the graph the dilution of serum needed to achieve 50 % lysis

of the sensitised erythrocytes was calculated.

Antibody Washed
Solution Erythrocytes
'or ' ) ' ) ' W
Water Ringer’s Diluted Heat
Solution Serum Inactivated
Serum '
100 pl
Sensitised
100 pl Erythrocytes

Test
Mixture

Figure2.5, Schematic of set up of CH50 assay

2.2.17.2 Modified CH50 complement inhibition assay

Rationale

The principle of the CH50 assay can be modified in order to test for the inhibition of
complement activation. When sensitised erythrocytes, serum diluted to give 50 % lysis and a
test material are mixedogether the effect of the material on the complement system can be
assessed. If the test material has no effect on the complement system then 50 % cell lysis will

still be observed, however, if the test material inhibits the complement system the level of
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lysis in the sample will be below 50 %. Since the level of haemolysis observed was dependent
upon the concentration of complement in the serum it was not possible to test for

complement activation using this assay.

Procedure

The assay used washed sheegyterocytes which were prepared as described in Section
2216 t SLIWIARS 4l a RA&&A2f JSRa fingd concenfr@i&NaR@E3 & 2 £
mol.m?*in the test mixture. The peptide solution, 1 ml, was added to 1 ml of antibody solution

and mixed ly inversion. Erythrocytes were sensitised by adding, dvise, an equal volume of
antibody-peptide solution to washed erythrocytes all the time mixing the solutions together to
prevent agglutination. The erythrocyte antibogeptide mixture was incubatedt 37°C for 30

minutes, mixing the cells after 15 minutes. Sensitised erythrocytes were kept at 4°C for a
maximum of 24 hours. Sensitised erythrocytes for the controls were prepared as in the CH50

assay (Section.2.17.].

2ml '

Diluted

100 pl
Serum

Washed
Erythrocytes

Antibody 1 m]

Solution
1m
100 pl

Antibody- Peptide
Peptide Sensitised .
Solution Erythrocytes Mixed
| | sensitised
\_/ erythrocytes
Peptide and serum
Solution

Figure2.6; Schematic of set up of modified CH50 complement inhibition assay

Normal human serum from pooled blood was seriallytdd as inFigure2.4 to the dilution

determined using the CH50 assay. Diluted serum, 100 pl, was added to 100 pl of antibody
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peptide sensitised eryirocytes and gently mixed as Figure2.6. Diluted serum (dilution
determined by CH50 assay), 100 pl, as a 50 % lysis control, 100 pl of water as a total lysis
control (positive control), 100lof wA Y 3 SN A & 2 £ dzi A (Begative &onttol) and | y |
100 pl of serum incubated for 180 minutes at 60°C to heat inactivate the complement
(negative control) were added ttest tubes with 100 pl of sensitised erythrocytes asHigure

2.6 and were gently mixed. Six replicates of each mixture were made and the samples were
incubated at 37°C for 30 minutes gently mixing after 15 minutes. The samples were then
centrifuged at 1500g fob minutes to sediment the erythrocytes. Supernatant, 100 pl, was
added to 100 pl of distilled water in a flat bottomed optical 96 well plate and the absorbance
of the samples measured at 540 nm using a microplate spectrophotometer. The results were
imported into Microsoft® Excel 2007 and saved as a worksHdwt.results were graphed as

the mean value with 95% confidence limits (Sec2dh21.). Data was analysed for significant

difference using onevay ANOVA.

2.2.18 Isolation and growth of ovine endothelial cells

2.2.18.1 Isolation of ovine arterial endothelial cells

Reagents

Antibiotic solution Penicillin streptomycin, 6 ml to achieve a final concentration @
U.mi*, was added to 100 ml of sterile PBS with calcium
magnesium. The solution was made aseptically and used withi

hours of production.

Collagenase stock  Collagenase type Il (2273 Ul 50 mg, was reconstituted in 5 r
solution (1%) sterile PBS without calcium and magnesium. Solution was n

aseptically and was stored €20°C.

Working collagenase Collagenase type Il stock solution (1% wi/v), 1 ml, was added to 9
solution (0.1%) PBS without Calcium and magnesium. The solution was r

aseptically and was used immediately
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Procedure

All procedures were carried out in a class Il safety cabinet to reduce the chance of infection.
Ovine legs delivered fresh from slaughter that morning were placed in the class Il safety
cabinet. The legs we dissected to find the end of the superficial femoral artery. The ends of
the vessels were clamped to reduce the chance of infection. The branches of the vessels were
tied off with sutures or surgical clips as the vessel was removed. Once fully diskeatetthe

ovine legs the superficial femoral arteries were placed in antibiotic solution and incubated at
37°C for one hour. The vessels were washed through with antibiotic solution using a syringe to
remove any blood or blood clots. One end of the ves&ss closed with a clip or silk suture

and a blunt ended needle was placed in the other end and secured with a silk suture. A syringe
containing working collagenase solution (0.1% w/v) was attached to the needle and used to fill
the vessel. The needle wasein removed and the suture tightened to contain the collagenase
solution. The vessel containing the collagenase was then incubated at 37°C for 30 minutes.
Following incubation the vessel contents were emptied into a sterile universal tube and the
vessel wahed through using 10 ml of sterile PBS without calcium or magnesium added. The
cell suspension was centrifuged at 250 g for ten minutes. The supernatant was removed and
the cells washed with 20 mI {199. The cells were then resuspended in 5 ml of endahegl|

culture medium(Section2.1.5.9 and placed in a 25 chiissue culture flask. The cells were

incubated at 37°C in 5 % (v/v) £@air chaging the culture medium every 48 hours.

2.2.18.2 Subculture of ovine arterial endothelial cells

¢ KS OdzZ 6§dzZNB YSRAdzY 46l a NBY2OSR FTNBY (GKS Ffl
balanced salt solution without calcium and magnesium. Afte¢ 8 minutes the Hanks

balanced salt solution was removed and replaced with trypsin/EDTA solution (1 ml in & 25 cm
tissue culture flask, 2.5 ml in a 75 Ttissue culture flask and 5 ml in a 175%dissue culture

flask) and incubated in 5 % (v/v) £@ air at 37°C for @ more than three minutes. Having

isolated the cells there is a need to purify the cell population. It has been observed that after 3
minutes trypsin digestion small polygainendothelial cells detached wteas larger flatter

smooth muscle cells were stidttached (Ryan, 1984 Others have reported that endothelial

cells were subcultured in trypsin for2minutes as that is all the time endothelial cells needed

to detach in trypsi(Gimbrone et al., 1974 After three minutes the endothelial cells detached

but any smooth muscle or fibroblast cells remained attached to the bottom of the tissue
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culture flask. The trypsin was neutralised by the addition of 5 ml of supplemented medium,
containing at least 10 % (v/v) foetal calf serum. The cell suspension was transferred to a sterile
universal tube and centrifuged at 180 g for ten minutes. The swgiant was removed and

the cells resuspended in 5 ml of supplemented medium. The total number of viable cells was
determined using the trypan blue method (Secti@r2.13.3. The cells were seeded into a
larger tissue culture flask or split 1:3 into the same size tissue culture flasks with 5ml of
supplemented cell culture medium for a 25 ttissue culture flask, 10 ml of medium in a 75
cn? tissue cultwe flask and 15 ml of medium in a 175 tissue culture flask. The cells were
incubated in 5 % (v/v) G@n air at 37°C changing the medium every 48 hours. Isolated cells
were purified by successive subculture, taking advantage of the difference in detath
times for endothelial cells, short @3 minutes, and smooth muscle cells, longeb4minutes
(Ryan, 198%

2.2.18.3 Cryopreservation of ovine endothelial cells

Isolated endothelial cells were cryopreserved as described in Sezi®h3.4using medium

M199.

2.2.18.4 Characterisation of ovine arterial endothelial cells

Ovine arterial endothelial cells were subcultured (Sec#dh18.. Cell suspension, 20 ul, was
added to the spots of a muiipot glass slide and incubated for 4 hours. The medium was then
aspirated and the slide coved in 5 ml of endothelial cell culture medium and incubated for 48
hours at 37°C in 5 % (v/v) €0 air. Cell culture medium was removed and the cells fixed for
one minute in 1:1 acetone and methanol. The slides were air dried for five minutes and
washedin running tap water for 10 minutes. The slides were washed TBSor five minutes

and tapped to remove excess saline.
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2.2.18.4.1Indirect immunofluorescent antibody method

Reagents
BSA stock Bovine serum albumifBSA) 2.5 g, was dissolved into 50 stkerile PBS
solution The solution was passed through a 0.2 um pore size filter and store«

20°C for up to six months.

Antibody diluent Sodium azide (1%), 6 ml, 300 pl of BSA stock solution and 40 ml steri
were mixed together. The pH of the solution wadjusted to pH 7.6 anc
the volume made up to 60 ml using sterile TBS. The solution was stol

4°C for up to three months.

TBSTween 20 Tween 20, 500 pl, was added to 1 L of sterile TBS. The pH of the sc
was adjusted to pH 7.6. The solution wasret at room temperature for

up to three months.

Dye buffer Trizma base, 1.211g to achéea final concentration of 1Mol.m?®, 0.3724
g of EDTA to achie a final concentration of ol.m® and 5.8 mg of
sodium chloride to achiee a final concentration fol mol.m® were
dissolved in 1 L of distilled water and sterilised by autoclaving. The
the solution was adjusted to pH 7.4 before use and stored at rc

temperature in a dark bottle for up to six months.

DAPI dye stock DAPI (10 mg) was added to &0 of nuclease free water and stored in :

pl aliquots at-25°C for up to six months

DAPI working DAPI dye stock solution, 40, jib achieve a final concentration of O.
solution ug.ml*, was mixed witl00 ml of Dye buffeandwas used immediately.
Procedure

Primary antibody solutions against von Willebrand factor, smooth muscleaesitin and
myosin heavy chain were made at the manufacturers recommended dilutions in antibody
diluent; AnttvWF 1:200, anta-actin 1:400 and aninyosin 1:100. Primgrantibody, 20 pl,

was added to each spot of cells on a mafibt slide and incubated in a moist environment for
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one hour at room temperature. The slides were washed twice irTMERn 20 for 10 minutes

each on an orbital shaker at 40 rpm. The slides weea washed in TBS for 10 minutes on an
orbital shaker at 40 rpm. Secondary fluorescently labelled antibody solutions were made using
antibodies against the primary antibodies host species. Alexa Fluor 488 labelled geat anti
mouse antibody (whole antibodiydiluted 1:200 against ané-actin and antimyosin primary
antibodies and Alexa Fluor 488 labelled goat-&iti 6 6 A G0 | YGAO2R& 6CHI 0 QU
1:200 against antvWF antibody. Fluorescently labelled secondary antibody, 20 pl, was added
to each pot and incubated in a moist environment for 30 minutes in the dark. The slides were
washed twice in TBBween 20 for 10 minutes each on an orbital shaker at 40 rpm. The slides
were then washed in TBS for 10 minutes on an orbital shaker at 40 rpm. Skdesthen
immersed in DAPI working solution and incubated at room temperature for 10 minutes in the
dark. The slides were washed with DPBSa three times for 10 minutes each in the dark. Slides
were mounted with a glass slide and DABCO: glycerol mountartigi$@c2.5 and stored in

the dark for a maximum of 24 hours then imaged using an upright fluorescent microscope and

appropriate filters. Images wercaptured using a digital camera and imdye Plus v 5.1.

2.2.18.4.2 Direct immunofluorescent antibody method

Reagents

Reagents as above in Secti2.18.4.1

Procedure

Primary antibody solution against CD31 was made at the manufacturers recommended
dilution, 1:100, in antibody diluent. Primary antibody, 20 pl, was added to the each spot of
cells and incubated in a moist environment for one hour at roomgerature. The slides were
washed twice in TBBween 20 for 10 minutes each on an orbital shaker at 40 rpm. The slides
were then washed in TBS for 10 minutes on an orbital shaker at 40 rpm. Slides were then
immersed in DAPI working solution and incubatédcamm temperature for 10 minutes in the

dark. The slides were mounted and visualised as above in S@ckdiB.4.1
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2.2.19 Endothelial cell attachment and proliferation

Porcine internal carotid artery was decellularised (Sectib®.3. Following histological
assessment (Sectiof.2.4 the decellularised vessel was cut into 1.5 cm lengths and cut
horizontally to open the vessel and create sections of vessel with the intayat Exposed.

Peptide R-4, 60 mg (18.8nol.m>), and 60 mg (18.&0l.m") P-4 mixed at a ratio of 1:50

with Py;-4-cRGD was weighed and added to 1.8 ml of sterile water and a monomer solution
made. The sections of decellularised vessel were added topéptide monomer and left
overnight. Peptide selff aaSYofe gl a GNRAIISNBR o6& GKS | RF
solution (Sectior2.2.6.2.3. Setions of decellularised vessel were added to 1.8 ml of sterile

g GSNI FyR tSTFG 2@SNYAIKGE now Y 2F wmn- wA
overnight & a control. Fousamples of the control and each peptide coated vessel sections
were placedat the bottom of 6 wells of a 12 well plate for each time point and a seeding ring
placed on the vessel section and pressed down to create a seal. Endothelial cell growth

medium without ECGF, 300 pl, was added to each seeding ring and incubated for 8tour

37°C. The endothelial cell growth medium without ECGF was aspirated from each seeding ring.

Endothelial cells were subcultured akescribedin Section2.2.18.2 Cell numbers were
estimated (Sectior2.2.13.3 and the cells resuspended in endothelial growth medium at
25,000 cells per ml.ridothelial cell suspension, 200 pl, was added to each seeding ring to give
5000 cells per seeding ring and incubated at 37°C in 5 4vQin air for 4 hours. After 4
hours the medium was aspirated and the seeding rings removed. Sterile PBS, 1 nddeds a

to each well and removed after 1 minute to remove any unattached cells. Endothelial cell
growth medium, 1 ml, was added to each well and incubated at 37°C clgatiggnmedium

every 48 hours. Fowsamples for each test condition were removed at 4 ho@# hours and

72 hoursfor analysis. A solution ofhol.m? calcein AM and ol.m? ethidium homodimerl

was made in sterile PBS (2 pl of calcein AM and 8 pl of ethidium homedime8 ml of PBS).

The culture medium was aspirated from each well and replaced with 0.5 ml of PBS containing
calcein AM and ethidium homodimérand incubatedt 27°C in the dark for 40 minutes. The
PBS containing calcein AM and ethidium homodihevas removed and replaced with 1 ml of
sterile PBS which was removed after 1 minute. Each sample of decellularised vessel was turned
over and stored in the dark uhtimaged. Samples were imaged using an inverted confocal
fluorescent microscope (Sectich2.12.). Six images were taken of each sample at random
and the number of live and dead cells present counted, recorded and analysed using

Microsoft®Excel 2007Results were shown as representative images and graphed as the mean
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value with 95% confidence limit2.2.21.). Data was analysed for significant difference by

two-way ANOVA.

2.2.20 Flow cell model of flow over luminal surface in small diameter blood vessels

used to test peptide stability under flow

Rationale

The peptide stability under flow in a small diameter blood vessel was judged by the design and
use of a flow cell system that modelled the flow rate of blood over the luminal surface of the
vessel. A flow cell was designed such that a sectiorpfige coated vessel could be placed in

a well with a lamina flow of salt solution being passed over the top of the luminal face of the
vessel. The flow cell used a reservoir that was the same width as the test well; the reservoir
filled up with test solubn to be level with the surface of the test material and test solution
flowed over the whole sample surface and down into a second reservoir at the end of the test

well resulting in lamina flow.

e

Figure2.7, Crosssection schematic of flow cell

Reagents

Test solution Ringers solution with 0.02 % (W/V) sodium azide gNaN
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Procedure

Decellularised vessel was cut in half to expose the luminal face of the vessel and fluorescently
tagged peptide selhissembled within the vessel as described in Sec@? The peptide
coated vessel was placed in the bottom of the flow cell. A peristaltic pump was used to
circulate test solution through the flow cell. The normal flow rate of blood over the surface of
the vessel could be modelled ihe flow cell by setting the pump to a revolution speed of 65
rpm and using tubing with an internal diameter of 5 mm. The flow cell system was covered and
set running in a dark room as not to pheideach the fluorescently tagged peptide. A separate
flow cell was set up for each sample of vessel being tested. After 1, 2, 3, 4, 7 and 14 days the
vessel was removed from the flow cell, sectioned and imaged as described in Se2tidn1

and Sectior.2.11.2 The intensity of fluorescence for three different locations for each image
was determinel and recorded in Microsoft® Excel. The fluorescent intensity was averaged for
each timepoint at each magnificatior®5%confidence limits determined as in Sectipr2.21.1

and the mean valuand95 %confidence limits graphed.

2.2.21 Statistical analysis

2.2.21.1 Confidence limits

Confidence limits were calculated at 95 % for all applicable data with a minimum of three

replicates using the equation;

Confidencdimit ="YO 0o
SHStandard error) = e

SD = Standard deviation of a sample
) =t-value

Confidence limits were determined using statistical package on Microsoft® Excel 2007.



107

2.2.21.2 Statistical analysis

For the comparison of data for one test condition with more than two groups a one way
analysis of variance (ANOVA) was carried out using data analysis tools. For the comparison of
data for two test conditions with more than two groups a two way analysivasfance
(ANOVA) was carried out using data analysis tools. Individual differences between means were

then determined by calculating the minimum significant difference (MSD) at p=0.05 using the

T-method.
MSD = Critical value x SE
SE =
Critical value = [K,v] from table of studentized range at Q=0.05
K = Number of groups

\% = Degrees of freedom of MS within
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3 Development of methodologies and testing of peptide self -

assembly in decellularised arteria | conduits

3.1 Introduction

Peptide b-sheet seHassembly and arterial decellularisation have been extensively studied.
Previous work done within the Institute of Medical and Biologicaliieering (iMBE) at the
University of Leeds has developed and testgzhtented method of decellularising tissues that
has been adapted and applied to blood vesgéfdshaw et al., 201,10wen et al., 2012 The
peptide group at the University of Leeds has studied theasdembly properties of a range of
peptides and has started to apply these peptides in biological applicatkggeli et al., 2001
Kirkham et al., 200™aude et al., 2012a The purposef this work was to study the self
assembly of a model peptide within decellularised porcine internal carotid artery, to ascertain

if the peptide would selassemble within the acellular scaffold.

3.1.1 Peptide self-assembly

The peptides developed at the University of Leeds are eleven amino acids long and self
assemble by a one dimensional nucleated process. The effects of the environment upon the
energetics of the selfissembling process have been explored in depth in ordedevelop
design characteristics for the production of safisembling peptides. Knowledge from protein
folding has shown that an alternating sequence of hydrophobic and hydrophilic residues will
create ab-sheet structure regardless of the propensity bétamino acids in the chain to form
a-helix orb-sheet(Xiong et al., 1995 It has been identified that peptides selfsembled in
antiparallel b-sheet tapes when there were an odd number of amino acids in the peptide
sequence as this encouraged a morengbete register and better spatial positioning of the

adjacent strands and hydrogen bon@daude et al., 2011a

The structures formed by the selfsembling peptides have been explored and fotmdbe
the result of the concentration of peptide in solution forming a hierarchy ofasdembled
structures which resulted in the formation of peptide hydrog@ggeli et al., 2001 The effect

of changing, pH and ionic concentration a rang of different peptides wastudied for the
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effect on the nucleation, gelation and the hierarchy of the -ssdembled structures formed
(Aggeli et al., 2003 Carrick et al., 2007 The pKa of the different amino acids in the peptide
allows for switchable selissembly as the residues are protonated andpdetonated, this
behaviour has been well documentédhang et al., 199&chneider et al., 200Zarrick et al.,
2007). It has also been reported that the natural repulsive charges between the peptides can
be overcome by charge screening from an increase in ionic concent(@arick et al., 20Q7
Maude et al., 2011a It was reported that he change in the Debye length when the ionic
concentration wa altered resulted in the seffssembly of the peptide at lower energies and

did not affect the structure of the peptide aggregates fornf€arrick et al., 20097

Design characteristics that have been found for the peptides developed at the University of
Leedghat showed a net charge was needed to stabilise ffbriination (Aggeli et al., 2003alt

was further established that in biological conditions a net charge 02 froduced the most
stable seHassembledpeptide gels(Maude et al., 201DgPersonal communicatio®r D. Miles

University of Leeds)

3.1.2 Peptide P1:-4

Selfassembling peptides lie between two material classes, they are not natural proteins such
as collagen and elastin but are comprisefdnatural amino acid¢Maude et al., 2018 The
primary difference between a peptide and a protein is size; peptides are typically less than 50
amino acids long where proteins consist of several polypeptide chains. Unlike proteins that can
fold to form complex tertiary and quaternary structures the P11 series of peptides are limited
to secondary structuréb-sheets; consequently sedfssembled peptids are held together,
predominantly, by hydrogen bonding where the tertiary structured proteins are held together
by other bonds such as disulphide bridges. The main difference betwedndheets found in
proteins and setassembled peptides are thHesheets found in proteins tend toe connected
together and be part of the same protein chain where theheet structures formed by

peptides are made up of individual monomers.

The peptide selected to test sedtsembly within acellular scaffolds was-# (Figure3.1). This
peptide is a rationally designed peptide comprising eleven amino acid€ ({HQ-R-FEW-E
FEQ-Q-NH,). The P11 series of pepéd typically use alternating polar and aromatic residues

to drive antiparallel b-sheet selassembly(Maude et al., 2018 It has been shown that
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peptides of 7-40 amino acids will have a propensity towatuisheet formation(Bell et al.,
20006). It is believed that an odd number of amino acids allows faximisation of the
enthalpy of the peptide subunits aiding in sasembly (Personal communication from Dr
Robert Davies University of Leeds). PeptigedRvas designed to form fibrils and gels at low
pH and is converted to a monomeric state at high gt material change is driven by the
protonation and deprotonation of glutamic ac{@arrick et al., 2007 Selfassembly of peptide
P-4 can also be triggered by a change in ionic concentraRapulsive charges interactions
prevent peptide association and s@l$ésemblywhen the ionic concentration is changed self
assembly occurs as the ions shield the repulsive chai@een, 2005Carrick et al., 20Q7
Maude et al., 2011 P;;-4 was designed to have a resultant charge-dfin physiological
conditions; this has been identified as the ideal charge forasd&émbly to occu(Personal

communication, Dr D. Miles,niversity of Leeds)

P;-4 was chosen as it has been studied for biological applications and found to be
biocompatible(Protopapa et al., 20QMaude et al., 2011a P,;-4 was designed to form fibril
structures with a left hand twist at low pH and to be monomeric at high pH. In sofigth a
concentration of 6.3nol.m® of P-4 selfsupporting gels were observed between pH 2.0 and

pH 3.2, at pH 3.2 to pH 5.0 flocculation occurred and at pH 5.0 to pH 7.0 viscous nematic fluids
were found. This could be changed by changing the concentratigemide, for example at
12.6mol.m?, twice the concentrationnematic gels were found at pH 5.0 to pH 7A@geli et

al., 2003

Figure3.1; Stick image of peptide R-4 with amino acids labelledcreated using HyperChem 7.



111

3.1.3 Decellularisation

Decellularisation is a logical progression in the development of immunocompatible biological
scaffolds from allogenic and xenogenic grafts. The idea behind decellularisation is that by
removing all the céd, cellular debris and coding DNA adlARhe antigens that cause immune
rejection are removed whilst leavirtpe ECM The ECM retainte same biomechanical and
structural properties as the native tissue. Cellular debris needs to tved as it maybe
immunogenic. Cellular debris has also been shown to be a potential site for calcification to
occur (Courtman et al.,, 1994 The removal of all coding DNA and/ARis important in the
prevention of possible disease transmissioDNA is not removed from a decellularised tissue

it is possible that coding fragments of retroviruses might be pre¢erabha and ®rghese,
2008. The response of a host to a decellularised scaffold has been shown to be largely
dependent upon the decellularisation method and the decellularised tigBaglylak, 2004
Badylak et al., 2009Methods that resulted in the removal of the majority of cells and cellular
debris have shown the bestsalts as there was little to no immune reaction. Where immune
and detrimental reactions were seen a large amount of debris was present in the tissue
following less successful decellularisation. Decellularisation has beé&reskjin more detail in
Section1.4.7. Blood vessel is a naturally porous material but in theory the vessel is more

porous following decellularisation as voids will remain where the cells have been removed.

3.1.4 Aims and objectives

The aims of this chapter were to investigate the sal§embly of a model peptide P4 within

decellularised porcine internal carotid artery.
Specific objectives:

a) To determine if B-4 will selfassemble within the decellularised vessel
b) Should the peptid selfassemble in the decellularised vessel;
I. To develop a protocol for the sedssembly of peptides within an
acellular vessel
Il. To evaluate how -4 selfassembles within the acellular vessel

lll. To test the stability of the peptide structures formed
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3.2 Methods

3.2.1 Histological evaluation of decellularised porcine internal carotid artery

Porcine internal carotid artery was decelitised as described in Sectidh2.3 After
decellularisation a 1 cm length sample from the ends and middle of all the vessels were taken
and processed for standard histological evaluation as described in S@c®dneach sample

was sectioned at 5 pm, and sections were air dried overnight. Three sections were placed on
each slide and a minimum of 4 slides were made for each sample. Two slides for each sample
were stained umg haematoxyh and eosin $ection2.2.4.9 or were staingl using DAPI

(Section2.2.4.9 and imaged.

3.2.2 Evaluation of peptide self -assembly triggers

The affect of different selissembly triggers was assessed at 4 different concentrations of
peptide R:;-4. Monomer solutions of peptide, 0.5 mkere made in deionised water at 30
mg.mi* (18.8mol.m®), 15 mg.nit (9.4 mol.m?), 5 mg.mt (3.13mol.m?) and 1 mg.mt (0.63
mol.m?), as describedin Section2.2.6.], for testing the effects of changing the pH. The
samples were adjusteto pH 8 by the addition of hol.dm® NaOH and left overnight before
making observations and capturing images. The pthe@fsamples was then lowered to pH 7

by the addition of concentrated HCI and left overnight before making observations and
capturing images. The pH of the samples was then lowered to pH 5 by the addition of
concentrated HCI and left overnight before makiobservations and capturing images. To test
the effects of changing ionic concentration monomer solutions of peptide were made in
deionised water at 9/1@inal wanted volum&0.45 ml=9/10 final volume of 0.5 ml) to achieve

a final concentration of 30 mal™ (18.8 mol.m?), 15 mg.nit (9.4 mol.m?), 5 mg.mf (3.13
mol.m?® and 1 mg.mt (0.63 mol.m® as in Sectior2.2.6.1 The different concengtion
samples for testing of biological salt solutions were made as described in SBQi6rR2.2
dzaAy3a t.{ 2N wAy3aSNDRa az2fdziraz2y o ¢dessembiylandLI S a
were then imaged and observations recorded. Inversion of the glass vials allowed for visual
assessment of the peptide state. Visual inspection of the peptidiéis & polarised light

allowed for the assessment of selésembly by the presence of birefringence.
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3.2.3 Cross sectioning and imaging of fluorescent peptide penetration into

decellularised vessel

A monomer solution at 9/10 the final volume was madeatthieve a final concentration of 30
mg.mi* (18.8mol.m®) of B;-4 at a ratio of 1:30 of fluorescein taggeg-® to untagged RB-4

as described in Sectiod2.8 One end of three 5 cm lengthof decellularised vessel were
sealed using silk sutures and 0.45 mlpefptide monomer solution was placed inside the
vessel. The other ends of the vessels were sealed with a silk suture and each vessdl was lef
overnight in 15 ml of deionised water to cover the vessel. Observations were made of the
vesse$ and the surrounding deionised water. Easlesselwas opened at one end and self
assembly was triggered by the addition of 0.05 mLOXRIngS N a aRctiodZiA62y. 0
The vessalwerel KSy aStf SR F3FAYy FyR LXIFOSR Ayt mp Y
to allow for selfassembly tooocair. The vessel wereremoved from solution, emptied of
excess peptide gel and 1 cm length samples were taken from the middle of thesvasdel
sectioned using a cryostat as in Sect®2.11 The sections were stored in the dark and
imaged. Controls of decellularised porcine internal carotid artery were put through the same

pH and solution changes without any peptide present.

3.2.4 FTIR spectroscopy and analysis of peptide presence in decellularised vessel

Decellularised porcine internal carotid artery was cut into three  settions and taken
through three changes of deuterium oxide (10 ml) as described in Setfdh Peptide -4

at a concentration of 30 mg.fmI(18.8mol.m?) in deuterium oxide was seffssembled within
decellularised vesel using pH as a trigge®dction 2.2.6.2.). Three sections of decellularised
vessel were taken through the same pH and solution changes without any peptide present.
The controlvesseland peptide coated vessel sections were compressed between calcium
fluoride optical lenses and spectra taken of different areas of the control \weasdl R;-4
coated vessalas described in Sectidh2.9 Three samples of each test condition were used
and the calcium fluoride optical lenses cleaned using methanol in between the collection of

each spectra.
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3.2.5 Field emission gun scanning electron microscopy (FEGSEM) imaging of

peptide in decellularised vessel

Six 1 crh sections of decellularised porcine internal carotid artevgre fixed in neutral

buffered formalin for 4 hoursPeptide P-4 at concentrations of 10 mg.th{6.26 mol.m?), 5

mg.m™ (3.13mol.m*) and 1 mg.mt (0.63mol.m®) in deionised water were sedfssembled in

samples of the fixed decellularised porcine internal carotid artery, upidgas a trigger
(Section2.2.6.2.). The peptide coated vessel along with uncoated vessel as a control was
dried under vacuum overnight and processed for imagingdescribedin Section2.2.1Q

Samples were placed in the Zeiss LEO 1530 Gemini FEGSEM and imaged using secondary
electron imaging at 3 KeV. Images were recorded using the associated software and analysed

using Image J.

3.2.6 Confocal laser scanning microscopy (CLSM) imaging of peptide in

decellularised vessel

Peptide R;-4 in deionised water at a concentration of 30 mg'n{tL8.8mol.m?) at a ratio of

1:30 of fluorescein tagged,f4 to untagged R-4 was seHassembledwithin three 1 crd
aSO0iA2ya 2F RSOStfdzZ F NAASR LR2NODAYS AYyWSNy|I €
(Section2.2.6.2.2. Three contols of decellularised porcine internal carotid artery were put
through the same pH and solution changes without any peptide present. Samples for imaging
in the CLSM were removed from the peptide gel and placed on a glass slide and a cover slip
placed on t@. An oil emersion objective lens was used as described in Setfai2.1 A

range of scans were taken of the samples and sevesalszstackshat allowed for images to

be taken at different depths within the sample. Images were collected and recorded using ZEN

v7.1 and analysed using LSM image browser.
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3.2.7 Multi -photon laser scanning microscopy (MPLSM) imaging of peptide in

decellularised vessel

Peptide R-4 in deionised water at a concentration of 30 mg-r(il8.8 mol.m?) at a ratio of

1:30 of fluorescein tagged, P4 to untagged B-4 was sekassembled within a 1 chsection of
RSOStfdz F NARAaSR LIR2NOAYS Ayl SuNdhlas a tigdeN@dctolR | NI
2.2.6.2.2. A control of decellularised porcine internal carotid artery was put through the same

pH and solution changewithout any peptide present. The samples were stored in the dark

and transported to the University of York where they wémaged as described in Section
2.2.12.2 Images werdaken usingsecondary harmonic autfluorescenceand an FITC filter;

images wereghen analysed using LSM image browser.

3.2.8 The effect of concentration on peptide distribution throughout

decellularised vessel

Three 1 crisections of decellularised vessel were added wnomer solutions oPy-4 at a

ratio of 1:30 of fluorescein tagged P! to untagged R-4 in deionised water at concentrations

of 30 mg.mil (18.8mol.m?), 15 mg.nit (9.4 mol.m?), 7.5 mg.nit (4.7 mol.m?), 3.75 mg.mt

(2.35 mol.m® and 1.87 mg.mll (1.18 mol.m® made as described in Sectich2.6.1
Decellularised vessel was left in the monarselutions overnight and se#fssembly triggered
using Ring NDa & SettiorilR B.9.3. Samples were then stored in the dark until
sectioningusing a cryostat and imaged as describedentiBn 2.2.11 Three 1 cri controls
sections of decellularised porcinaternal carotid artery weregut through the same pH and
solution changes without any peptide present; this control was used to check for vessel auto

fluorescence.

3.2.9 The effect of self-assembled state on peptide penetration into decellularised

vessel

Monomer solutions of peptide 24 in deionised water at a ratio of 1:30 of fluorescein tagged

P-4 to untagged R-4 were made at concentrations of 30 mgngl8.8mol.m?), 15 mg.nit
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(9.4 mol.m?), 7.5 mg.mt (4.7 mol.m?), 3.75 mg.mt (2.35mol.m®) and 1.87 mg.rfl (1.18
mol.m®) as described in SectioB.2.6.1 Selfassembly was triggered by the addition of
Rind N & aSkdtiaZiA62y. Thiree 1 crasections of decellularised vessel were added
to the peptide gel/solutions and left overnight. Samples were then stored inddr& until
sectioning using a cryostat and imaged as describeedtidh 2.2.11 Three 1 crisections of
decellularised porcine internal carotattery as controls were put through the same pH and
solution changes without any peptide present; this control was used to check for vessel auto

fluorescence.

3.2.10 Evaluation of peptide stability in decellularised vessel under flow

Decellularised porcine inteal carotid artery was cut into sections to fit the flow cell chamber

(2 cm by 1.5 cm) and added to a monomeric solution,g#Hn deionised water at a ratio of

1:30 of fluorescein tagged,f4 to untagged B-4 at a concentration of 30 mg.l(18.8
mol.m®) made as described in Secti@®R.6.1 Peptide selassembly was triggered by the
FRRAGAZ2Y 2F wAiAyaASNRa axri6.az Reptide stallity RS deQddlad S R
described in Sectio.2.20using the flow apparatus. The peristaltic pump was switched on
and the flow cell experiment covered and placed in a dark room. Vessel was removed from the
flow cell and sectioned using a cryostat after 1, 2, 3, 4, 7 and 14 days. Sections (7 um) were
takenfrom the middle of the sample to discount any effects due to the edges of the flow cell.
Decellularised vessel and peptide coated vessel that had not been in the flow cell were used as

controls of the vessel with and without sel§sembled peptide.

3.3 Results

3.3.1 Histological evaluation of decellularised porcine internal carotid artery

Following staining sections were imaged, recorded and analysed to assess the success of
decellularisation. Results of histological analysis of decellularised vessel are praadfitrade

3.2 along with images of control fresh vessel.
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Figure3.2; Histology images of fresh andiecellularised porcine internal carotid artery, Images 1&2
stained using H&E, images 3&4 stained using DAPI; 1&3 Fresh porcine internal carotid artery, 2&4
Decellularised porcine internal carotid artery. S = subendothelial layer, M = medial layer, A =

adventitial layer.

Imaging of the sections iRigure3.2 showed the presence of the characteristic three layered
structure of a blood vessel. An endotta layer should not be present on the decellularised
vessel but should be present on the fresh vessel; however, no endothebuid be seen on
either the fresh ordecellularised vessels. The subendothelial layer could be seen on both the
fresh and decdlilarised sections irFigure3.2 images 1 and 2. The presence of a densely
packed and organised ECM in the medial layer could be seen in the both the fresh and
decellularised vessel sections. The adventitia can be distimegiisom the medial layer by the

presence of less dense and less organised ECM.

Haematoxylin and eosin staining of tissue sections showed the presence of cells throughout
the different layers in the fresh vessel. The DAPI stainifggare3.2 image 3 showed the
presence of DNA in the fresh vessel; the location of the staining suggested that the DNA was
located in the cell nuclei.hE presence of cells or DNA could not be seen in the sections of the

decellularised vessel suggesting that the removal of all cellsveudlly detectable DNA had



118

been successful. Haematgin and eosin staininghowed there had been no visual effect upon

the structure of the ECM within the subendothelial, medial and adventitial layers following
successful decellularisation. Having been decellularised the different layers of the vessel could
still be easily distinguished with no obus defects present ithe ECMThese results showed

that decellularisation appeared to have been successful with no detrimental effects.

3.3.2 Evaluation of peptide self -assembly triggers

Observations of peptide sedfssembly at a range of concentrations at different solution pH
and in different biological salt solutions were made and images recofdpdendixFigureA.1

andFigureA.2). Results and observations are summarised and presentédhle3-1.

Solution 30 mg.mt" 15 mg.mt* 5 mg.mi* 1 mg.mf*
Condition

18.8mol.m* 9.4mol.m? 3.13mol.m? 0.63mol.m?

pH 8 Clear fluid Clear fluid Clear fluid Clear fluid

pH 7 Selfassembled Seltassembled Cloudy fluid Clear fluid
gel gel

pH5 Seltassembled Seltassembled Part assembled  Cloudy fluid
gel gel gel/Cloudy fluid

PBS Seltassembled Cloudy fluid Clear fluid Clear fluid
gel

PAERS  Selfassembled  Selfassembled  Part assembled Clear fluid
solution gel gel gel/Cloudy fluid

Table3-1; Observed results for selhissembly method for different concentrations of, P4

The results showed that in deionised water at pH 8 peptide4Rvas a monomer or soluble
aggregate at all concentrations tested. At pH déionised water B-4 formed a stable self
supporting gel at concentrations of 30 mgh{L8.8 mol.m®) and 15 mg.mi (9.4 mol.m®).
Peptide R:-4 at a concentration of 5 mg.th(3.13mol.m®) in deionised water at pH 7 started
to form visible aggregatebut failed to form a selissembled gel and at a concentration of 1
mg.mi* (0.63 mol.m®) P-4 appeared to be a monomer or soluble aggregate in solution.

Peptide P-4 at a concentration of 30 mg.th{18.8mol.m?) and 15 mg.mi (9.4 mol.m®) in
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deionised water at pH 5 formed a stable sslfpporting peptide gel; at a concentration of 5
mg.mi* (3.13mol.m®) P-4 formed a viscous flowing peptide gel that was not-saffporting.
At a concentration of 1 mg.ml(0.63mol.m?) at pH 5 P-4 started toform visible aggregates

in solution but failed to form a peptide gel.

At physiological pH peptide;4 made in phosphate buffered saline (PBS) formed a self
supporting gel at 30 mg.mI(18.8mol.m?®). At 15 mg.mt (9.4 mol.m®) P-4 started to from

visible aggregatem PBSut did not form a gel. -4 in PBS at 5 mg.m(3.13mol.m®) and 1

mg.mi* (0.63mol.m?) remained as monomers or soluble aggregates in solution. Peptide P

G LKeaAz2t23A0Ft LI YI RSasseyibledgdlsyaB3d M et (188 € dzii A :
mol.m® and 15 mg.mi (9.4mol.m®. Ri-n Ay wA Yy 3ISNDa JR1Brelim®2 y | 0
formed a seHassembled viscous fluid/gel which was not seipporting and remained as

monomers or soluble aggregates in solution ang.mi* (0.63mol.m?)

These results showed that at high pH-# was a monomer or soluble aggregate in solution at

all tested concentrations. At low pH peptide, B started to seHassemble in a concentration
dependent manner and formed a salfipporting peptide gel above a concentration of 15

mg.mi* (9.4mol.m?) just below physiological pH. The results showed that ionic concentration
could be used to trigger sedfissembly of model peptide, P4; the addition of PBS triggered the
formation of selfsupporting gels at 30 mg.MI(18.8mol.m* | yR GKS T RRAGA 2
solution triggered the formation of setfupporting gels at 30 mg.th(18.8 mol.m®) and 15

mg.ml* (9.4mol.m?).

From the results it was decided a standard concentration of 30 rig(f8.8 mol.m®) of
peptide would be used in further studiasless otherwise statedAt this concentration the
peptide has been shown to form a stable smlpporting gelwhen selfassembly is triggered
above this concentrationthe peptide will seHassenble above neutral pH due to the
concentration dependence of peptide salésembly and be difficult to make a monomer
solution (Aggeliet al., 2001 Carrick et al., 2007As low pH is known to adversely affect the
components of the ECM was decided selissembly would be triggered in further studiby
0KS FTRRAGAZY 2K wawdefid® tNad pH wodd beziise® ag a trigipethe
sample preparation foFTIR and FEGSEM analysis wheressxsalt had greater potentisb

interfere with the observed results.
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3.3.3 Cross sectioning and imaging of fluorescent peptide penetration into

decellularised vessel

Following sectioning images were collected and analysed. For all peptide coated sections there

was a distinct difference compared to the control decellularised vessel. Results are presented

asrepresentative images iRigure3.3 at different magnifications.

Control DPICA DPICA + fluorescently tagged peptide

--

10 X Maghnification

20 X Magnification

Figure3.3; Cross section image @iiorescently tagged peptide f2-4 (ratio 1:30 fluorescein tagged; P
4 to untagged P:-4) in decellularised porcine internal carotid artery with control decellularised
porcine internal carotid artery at 10X and 20X magnification. S = subendothelial layler, medial
layer, A = adventitial layer.

Having been left overnight, following the addition of the monomer solution of peptide, the
deionised water around the outside of the vessel had changed colour taking on a yellow tint.
The fluorescently tagged pégde solution was optically yellow in appearance suggesting that
some of the peptide from the inside of the vessel had penetrated through the vessel and out

into solution. The images ikigure3.3 showed that the decellularised porcine internal carotid
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artery was not autefluorescent in the same range as the fluorescein tagged PThe images

of the crosssectiors through peptide coated vesseshowedthat in a monomeric state the
peptide had fully penetrated through the subendothelial, medial and adventitial layers of the
vessel and sefissembled. A greater fluorescence was observed at the luminal surface and in
the adventitia. The peptide on the mid layer appeared to show the fibrous structure of the

ECM.

3.3.4 FTIR spectroscopy and analysis of peptide in decellularised vessel

Following the collection of spectra from different areas of the samples the spectra were
combined into a single average speutr and graphed. Results are presentedrigure3.4 as

absorbance against wavelength with selected peaks highlighted and labelled.
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Figure3.4; FTIR spectrum in the amide | and Il region (1500000 cm') showing difference between
two averaged spectra; Blue) combined spectra of decellularised porcine internal carotid artery, Red)
combined specta of decellularised porcine internal carotid artery and 30 mg-h(L8.8mol.m?) of P;-
4.

The average FTIR spectrum for decellularised porcine internal carotid ert@mpared to the
average FTIR spectrum for decellularised porcine internal cardgdyavith 30 mg.mf (18.8
mol.m?) seltassembled R-4 in the region of amide | (16a01700 cnt) and amide 1 (1500
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1600 cn1). As shown irFigure3.4 a difference can be seen between the two spectra with a
peak for the peptide coated vessel at 1618 crithis corresponded to the region whele
sheet hydrogen bonds are known to absorb between 1615 and 1642 The majority ob-
sheet globulaproteins absorb between 1625 and 1643tim an FTIR spectrum, a lower value
between 1615 and 1625 chis believed to represent anparallel b-strand pairing/sel
assembly as they have shorter hydrogen bonds than typically founoksineet globular
proteins (Seshadri 1999).

The FTIR spectrum shownRigure3.4 provided evidence that the peptide was present in the
decellularised vessel and was fongian antiparallelb-sheet structure that is known to be
formed by R:-4 when seHassembled. This demonstrated that the peptide was not only in the
vessel but was also selssembling in the vessel and not just forming a coating on the vessel

ECM.

3.3.5 FEGSM imaging of peptide on the surface of decellularised vessel

Following dryig and coating in platinum arghlladium(50:50)the uncoated and B-4 coated
samples of decellularised vess@tre imaged and the secondary electron images recorded and
analysed. Results are presented as representative imagesFigure 3.5 at the same

magnification.



123

200 nm Mag= 60.00 KX
EHT = 3.00 kV

Y

\ ¥

E . . . ~ \.
=, - —ay
. ; /
o +
200 nm Mag = 60.00 KX , > = X 200 nm Mag = 60.00 K X
1 Enr=s00kv ) i N 1 EnT= 300kv A
N N 3
{ « ‘

Figure3.5; FEGSEM images of decellularised porcine internal carotid artery withasdembled B-4; A) No peptide, B) 1 mg.r'ﬁ(o.63mol.m'3), C)5 mg.m'f (3.13
mol.m®), D) 10 mg.nif (6.26mol.m™®), images taken at 3 KeV at 60,000X magnification.
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Fixed decellularised porcine internal carotid artery without peptide, showed the teeliof
the ECMin the decellularised vessdtigure3.5 image A). The collagen fibre bundles could be
identified by the characteristic banding structure seen in the image. The fibrdusenaf the
ECMcould be seen. Fixed decellularised porcine internal carotid artétly Wmg.mi* (0.63
mol.m®) of selfassembled peptide /24 showed the collagen fibre bundles but the
characteristic collagen banding was no longer presEigure3.5 image B). Fixed decellularised
porcine internal carotid artery with 5 mg.mi3.13mol.m?) of selfassembled peptide ;24
showed fewer collagen fibre bundles on the surface of the vessglie3.5 image C). Fixed
decellularised porcine internal carotid artery with 10 mg'rt6.26 mol.m®) of selfassembled

peptide R;-4 showed a rel@vely thick surface coatindg-{gure3.5image D).

The different surface coatings that were present on the surface of the vessel formed by the
different concentrations of peptide ;24 were clearly evident irFigure 3.5. The fibre
arrangements present in images A to C were not present in image D. The loss of fibre
characteristics and definition appeared to be related to peptide concentration; as peptide
conentration increased a thicker layer of peptide was observed on the surface of the
decellularised vessel until only the peptide surface coating was seen and none of the fibre

arrangements underneath.

3.3.6 CLSM imaging of peptide in decellularised vessel

Folloving peptide selassembly samples of acellular vessel were removed from the excess
peptide gel and imaged in the confocal laser microscope. The peptides coated sections were
distinctly different compared to the control decellularised vessel and contrgkige gel.

Results are presented as representative imagdsgare3.6.
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Figure3.6; CLSM images ¢A) Peptide gel 10 mg.mi* (6.3 moI.m'3) of fluorescently tagged R-4
mixed with P,;-4 at a ratio of 1:50(B) Decellularised porcine internal carotid artery with 10 mgifnl
(6.3 mol.m’s) of fluorescently tagged R-4 mixed 1:50 with R;-4, peptide gel,(C & D) Zxis stack of

decellularised porcine carotid artery with 10 mg.fﬁ(6.3 moI.m"S) of fluorescently tagged R-4 mixed
1:50 with R-4, peptide gel; highlighted region shows peptide coating of a horizontal structure taken
at different depths (zaxs). Magnification 40X

As shown irFigure3.6 image A, fluorescently tagged peptide control, the fluorescently tagged
peptide gel formed a randomlyrdered gel that had little visible structure. As shown in image

B the fluorescently tagged peptide appeared to have-asfembled around the outer dace

of the ECMcoating the bundles of fibres. As shown in the images C and D the fluorescently
tagged pgtide appeared to haveoated the ECMthe highlighted region of the image show a

Z-axis stack through a horizontal bundle of fibres, it was apparent that the peptide had acted
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to fill the gaps in between thdibres in the bundleand appeared to have theformed a
coating of similar thickness over the whole surface of the bundle. This coating whilst not
smooth appeared to be nearly uniform over the surface, it was not possible determine
whether the coating covered all the fibre bundles or not as the preseriche bundles was

only inferred by the outline created by the peptide coating.

3.3.7 MPLSM imaging of peptide in decellularised vessel

Following peptide selissembly samples of decellularised vessel were removed from the
excess peptide gel and imaged iretmulti-photon laser microscope. The peptides coated
sections were distinctly different compared to the control decellularised vessel. Results are

presented as representative imagesHigure3.7 and Figure3.8.
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Figure3.7; Multi-photon images of decellularised porcine internal carotid artery coated in 30 md.(iB.8mol.m™) of fluorescently tagged R-4 peptide at a ratio of
1:50 with untagged P-4. Images show the same area with the twilnorescent signals separated and combined. Top images are at 63X magnification bottom images
are at 20X magnification.
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Figure3.8; Zaxis stack of multiphoton images ofdecellularised porcine internal carotid artery coated in 30 mg'.]nml8.8mol.m'3) of fluorescently tagged R-4 peptide
at a ratio of 1:50 with untagged f2-4. Images show fluorescein fluorescence at 2 um intervals in the same x,y, location. Imagesaak&x magnification.
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The secondary harmonic auftuorescence from collagen, the fluorescence from the
fluorescein labelled f£4 peptide and the two images combined are seerFigure3.7. The

20X magnification image shows a scan near the surface of the sample that covered a large
area. The collagen autftuorescence showed the characteristic coiled structure associated
with collagen and showed the fib bundles were aligned in the same direction as seen in a
blood vessel. The image of the fluorescein taggaétBhowed that the collagen fibre bundles
appeared to have been coated in safsembled peptide. The peptide also appeared to have
coated otherextracellular structures in the vessel. A mesh like layer, likely the elastic lamina,
was seen on top of the collagen fibre bundles. An area of high intensity fluorescence that
lacked any clear structure was seen on the surface of the vessel, this wadikatysexcess
peptide gel on the surface of the vessel. The combined image showed that the majority of the
collagen autefluorescence was covered by the fluorescein fluorescence; however, the
collagen autefluorescence showed through in some areas. Thghh63X) magnification
images from within the vessel showed that the peptide did not form a space fijjgh@n the
ECMbut rather selfassembledaround the ECMstructures. The image of the fluorescein
tagged P-4 showed the clear coimg of the ECMstructures with seHassembled peptide and
provided better evidence that not only the collagéut other extracellulacomponents were
coated with seHassembled peptie as an ECMtructure could be seen coated in peptide but
showed no collagen autfiuorescence. The comparison of the two images showed that not all

of the collagen fibre bundles were coated in ssstembled peptide.

A Zaxis stack through the vessel is showrrigure3.8. The zaxis stack showed the psence
of an extracellulanet-like structure on the surface of the vessel, most likely the elastic lamina.
As the zaxis went deeper into the vessel the presence of orientated fibre bundiakl de

seen below the netike structure.

3.3.8 Effect of concentration on peptide distribution throughout decellularised

vessel

Following peptide selissembly samples of acellular vessel were sectioned and imaged. The
images were recorded and analysed. Tgeptides coated sections were distinctly different
compared to the control decellularised vessel. Results are presented as representative images

in Figure3.9.
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Control — 30mg.ml (18.8 MM) e 15 mg.ml1 (9.4 mM)
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Figure3.9; Images showing effects of concentration on peptide safsembly in decellularised poine internal carotid artery Fluorescent cross section images of
decellularised porcine internal carotid artery andecellularised porcine internal carotid artery coated in 30 mg'.Janl8.8moI.m'3), 15 mg.m11 (9.4 mol.m's), 7.5 mg.m’l1
(4.7mol.m?), 375 mg.mi* (2.35mol.m™) and 1.87 mg.nit (1.18mol.m™) of fluorescently tagged R-4 peptide at a ratio of 1:50 with untagged;P4. 10X magnification.

S = subendothelial layer, M = medial layer, A = adventitial layer.
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The control image ifrigure3.9 showed that the vessel had little to no aufimorescence at the
wavelengths associated with fluorescein. At all concentrations high fluemescintensity was
observed in the adventitial layer of the vessel. A high level of fluorescence was also observed
on the subendothelium at peptide concentrations between 30 mg.(h8.8mol.m?) and 3.75
mg.mi* (2.35mol.m®). At a concentration of 30 gimi* (18.8mol.m?®) P;-4 had penetrated
throughout the vessel and hacbated the ECMf the media layer with the structure dhe
coated ECMiisible in the fluorescent image. At a concentration of 15 m§ (@K mol.m?®) and

7.5 mg.mf (4.7 mol.m®) peptide R:-4 was seercoating the ECMf the media layer. As the
concentration was decreased the fluorescent intensity decreased and less of the vessel
structure could be seen. At a concentration of 3.75 mg.(8l35mol.m®) P-4 was seen on

the outside, subendothelium and adventitia layer, of the vessel but not clearly on the inside of
the vessel. Peptidé®;;-4 at a concentration of 1.87 mg.rhl(1.18 mol.m®) was seen in the

adventitia but not through the rest of the vessel.

3.3.9 Effect of self-assembled state on peptide penetration into decellularised

vessel

The state of the peptide when the decellularised porcine internal carotid artery was
introduced could significantly affect the observed results. The decellularised vegsgbus in
nature. The penetration of the peptide into the vessel will be dependent upon the size and
stability of the hierarchy of structures formed when sa#lsembly is triggeredlhe stability
andsize of thehierarchy of structures will predominantbe controlled by the concentration of
peptide present(Aggeli et al., 2001 The energetics of the system will also have an effect such
that pH and ionic concentratiowill also affectwhich structures are formednd there stability
(Aggeli et al., 2003kCarrick et al., 20Q7The seHassembly opeptide R;-4 is a concentration
dependent reaction. The effect of different concentrations of -ss$embled peptide 24
within decellularised porcine internal carotid artery was explored by adding sections of
decellularised vessel to selsembled pefide P;;-4. Images were taken, recorded and
analysed. The peptide coated sections were distinctly different compared to the control

decellularised vessel. Results are presented as representative imagigsiia3.10.
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7.5 mg.ml (4:7 mM) 3.75 mg.ml? (2.35 MM) ey [ s ; P g.ml1(1.18 mM)

Figure3.10; Effect of seHassembled state on peptide penetration into decellularised porciiméernal carotid artery.Fluorescent cross section images of decellularised
porcine internal carotid artery andiecellularised porcine internal carotid artery coated in 30 mg:h¢lL.8.8mol.m™), 15 mg.mf" (9.4mol.m®), 7.5 mg.mt (4.7mol.m?),
3.75mg.mfl (2.35mo|.m'3) and 1.87 mg.rfﬂ (1.18mo|.m"3) of fluorescently tagged R-4 peptide at a ratio of 1:50 with untagged; P4. 20X magnification. S =
subendothelial layer, M = medial layer, A = adventitial layer.
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The control image ifrigure3.10 showed that the vessel had little auftuorescence at the
wavelengths associated with fluorescein. It was known that at 30 riigb8.8 mol.m?) P-4
would form a stable selupporting gel; as the concentration decreased the stability of the gel
decreased as the length of thesheet tapes formed decreased. A large amount of peptide
was observed on the outside of the vessel in the caessgion of the 3amg.mI* (18.8mol.m?)
sample. A relatively small amount of the peptide appeared to have penetrated into the vessel.
As the concentration of the peptide and as accordingly the size of thasstinbled peptide
aggregates, decreased more of the vesseldtire became clear as more peptide was present
in the media layer of the vessel. At 15 mg'n®.4 mol.m® and 7.5 mg.mi (4.7 mol.m?) of

P-4 a large amount of peptide was observed on the outside edges of the vessel with
significantly less peptidin the media layer. At 3.75 mg.ih(2.35mol.m®) and 1.87 mg.rl
(1.18mol.m?) of R-4 the peptide appeared to be evenly distributed throughout the vessel.

The results ifFigure3.10 showed that when a stable; P4 peptide gel was formed the peptide
was unable to fully penetrate the vessel wa$ the peptide concentration was decreasdide
selfassembled structures became less supported andllsmia sizemeaningthe peptidewas

able to penetratanto the decellularised vessel.

3.3.10 Peptide stability in decellularised vessel under flow

Following removal from the flow cell samples of decellularised vessel were sectioned and
imaged. The images werecorded and analysed. The peptides coated sections were distinctly

different compared to the control decellularised vessel. Results are presented as
representative images iRigure3.11 and Figure3.12. The average fluorescent intensity of the

collected images are shown as a graph for each magnificatibigime3.13.
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Control

Figure3.11; Stability of peptide P14 at o, 1, 2, 3, 4, 7 and 14 days in a model of fluid flow in a blood vessel showing peptide stability uadecdhditions.
Fluorescent cross section images of decellularised porcine internal carotid arterydaellularised porcine internal carotid artery coated in 30 mg:hflL8.8mol.m™) of
fluorescently tagged B-4 peptide at a ratio of 1:50 with untaggeB;;-4. 10X magnification. Arrows indicates subendothelium/lumerface
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Figure3.12; Stability of peptide P14 at o, 1, 2, 3, 4, 7 and 14 days in a model of fluid flow in a blood vessel showing peptide stability under flow conditions
Fluorescent cross section images of decellularised porcine internal carotid arterydaellularisedporcine internal carotid artery coated in 30 mg.ih{18.8mol.m™) of
fluorescently tagged B-4 peptide at a ratio of 1:50 with untagged;P4. 20X magnificationArrows indicates subendothelium/lumen.
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Figure3.13; Average fluorescent intensity of sectioned decellularised porcine internal carotid artery

(DPICA) coated in 30 mg.ﬁ1P11—4 (fluorescently tagged R-4 1:50 with R-4) at 0, 1, 2, 3,4, 7 and 14

days. Data is presented as the mean (n=6) #8%onfidence intervals. Blue 10X magnification, Red
20X magnification

The control images of decellularised vesseFigure3.11 and Figure3.12 showed that the
vessels hado visual autefluorescence. In the images kigure3.11 and Figure 3.12 the
subendothelial/luminal surface that was direct contact withthe fluid flow is indicated by
white arrows. The sections from the vessel are shown at 10X magnification and 20X
magnification respectively ifigure3.11 and Figure3.12. Comparing the images of peptide
present in the vessel before testingigure3.11; Day 0) and after 1 dayigure3.11; Day 1)
there was a noticeable reduction in peptide present ie tlessel yet a large amount of peptide
was still present as the pége coated ECMtructures could still be seen . Little difference was
seen between the day 1, day 2 and day 3 imadegufe3.11). After 4 days there was a
noticeable reduction in fluorescent intensity, however, the vessel structure could be seen with
a clear fluorescence from the medial layer. At day 7 there was a further reduction in
fluorescent intensity, however, peptide was clearly still present throughout the vessel. After
day 14 there was little fluorescence left in the vessel and the majority of the fluorescence left

in the vessel came from deeper in the vessel that was furthayairom the fluid flow.

The fluorescent crossections at day 0 shown figure3.12 indicated that the peptide had
formed a thick layer of selissembled peptidaround the ECMomponents in the vessel. It

was observed that after 1 day in flow conditions a large amount ef ghptide had been
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washed away, however, there was still clearly a coating of peptide present throughout the
decellularised vessel. At d&ythe peptide was still present on thaugace of the ECMThe
fluorescently tagged 24 coating at day Boked tobe less uniform with clear areas of higher
intensity fluorescence. At days 3, 4 and 7 the peptide was still present throughout the vessel
however the fluorescence intensity decreased over time. At day 14 there was little peptide left
within the vessel howeer a noticeable fluorescence was observed in the adventitial layer and
on the luminal surface of the vessel. Comparing the imagésgare3.11 and Figure3.12 it

was clear that the peptide was being removed by the flow of solution over the luminal surface
over time. This loss of peptide appeareu dffect the whole vessel and not just the luminal

surface.

The average fluorescence intensity averaged from the images of the cross section samples at
each time point is presented iRigure3.13. The graphs shosd that there was a steady
reduction in the fluorescent intensity over time even when the images shovignre3.11

and Figure3.12 were indistinguishable from each other. The comgan of the intensity at day

14 with the negative decellularised porcine internal carotid artery control showed that there
was still peptideleft in the vessel aéir 14 days but around 80 @f the peptide had been

removed.

3.4 Discussion

3.4.1 Histological analysis of decellularised porcine internal carotid artery

The results of the haematoxylin €osin and DAPI staining showed that all visible cells, cellular
debris and DNA had been removed from the arteries. The results showed the decellularisation
process developed at the University of Leeds worked on porcine internal carotid artery; this
resulthas also been reported by others on different allogenic and xenogenic arterial matrices
(Wilshaw et al., 201,10wen et al., 201R
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3.4.2 Evaluation of self -assembly triggers

Testing of peptide selissembly triggers demonstrated that peptide;-B responded to
varying pH; at high pH 4 wasa monomer or soluble aggregate at the concentrations tested.
At low pH peptide B-4 selfassembled in a concentration dependent manner and formed a
seltsupporting peptide gel above a concentration of 15 mg.if9.4 mol.m?) just below

physiological pH.

The results showed that ionic concentration could be used to triggerasedmbly. The

addition of PBS triggered sefsembly and the formation of a self supporting gel at 30 my.ml
(188molm®. ¢ KS | RRAGAZY 27F wA Yy 3aS9edRly and Brinetlaiselfy G NJ
supporting gel at 30 mg.mi(18.8mol.m?) and 15 mg.nit (9.4 mol.m?). The sekassembly of

peptide R;-4 in solutions of varying pH and ionic concentrations corresponded to previously
observed resultgAggeli et al., 2003Carrick et al., 2007

An unusual effec & 204 SNIBSR ¢KSy O2YLI NAy3dI (GKS dza$
trigger selfF 8aSyYofed wAyaSNRa az2ftdziazy |yR t.{ 02i
KFIR RAFTFSNBYy(G O2YLRaAlGAZ2yad wiAy3aISNRa a2t dzi
chloride and contained calcium; PBS contained phosphate salts. The difference between
wWAYISNRa az2fdziAzy FyR t.{ tSIR G2 I RAFTFSNBY
GKFG GKS aftA3akKaGte KAIKSNI £ SJS tlutiod Tead do2ndredzy OF
charge screening and so the formation of a-selpporting gel at a lower concentration. The
presence of the calcium ikKtS wA Yy 3SNR & ahave imicsd yhe dh@gizbcReening a 2
effect. It is possible thathe presence ofhe phosphate in PBS could have interfered with the
selfassembly of the peptidelt is also possible that a mixture of these possible effects could

have happened and so triggered sel A Syof & | d | £ 26SNJ 02y OSy (NI

The concentrationelectronic structure, valence and hydration of counter ions have all been
shown to have a significant effect upon saffisembly(Stendahl et al., 20Q&Cui et al., 201D
¢l1Ay3 GKS O2yRAGA2YA 2F §KS no@ BBSI SNl thay &4 A \
the different concentrations and compositions were responsible for the observed difference in

selfassembly.
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3.4.3 Peptide penetration into decellularised vessel

The fluorescent cross sectioning of the vessel showed that the peptide had fully penetrated
throughout the decellularised vessel. The observed colour change in the water surrounding the
vessel indicated that the peptide was able to diffuse through the decellularised vessel. The
vessel was naturally porouand the peptide as a monomeric solutigrwas very small in
comparison hence the peptide was free to diffuse through the vessel. Thevedrabthe cells

from the arterywill have increased the permeabilif the conduitas the endothelium that
normally limits and controls vascular permeability hazkb removedFukumura et al., 2001
Vessel thickness has to be taken iattcount when selassembling peptide into a vessel as the

diffusion rate will decrease as the vessel thickens increases.

3.4.4 FTIR analysis of peptide self -assembly

An FTIR spectrum of the decellularised vessel showed no discernible peaks in the amide | (1600
¢ 1700 cm') and the amide Il (15001600 cn1) absorption bands. As these bands are where
absorbance peaks associated with the hydrogen bondibgerved inb-sheet seHassembly

are seen it was possible to use FTIR analysis tosi§she peptide within the decelluldsed

vessel was selissembledSeshadri et al., 1999The peak absorbance observed at 1618'cm

in the decellularised vessel with;Pl has been identified as the peak associated with-anti
parallelb-sheet sefassembly. This peak has been obserard reported in FTIR spectra using

the same and similar peptidggggeli et al., 2003&Aggeli et al., 2003Carrick et al., 20Q7

Maude et al., 2011a This result and previous corresponding results showed that the peptide

had selfassembled within the decellularised vessel.

3.4.5 FEGSEM imaging of peptideon decellularised vessel surface

The results of the FEGSEM imaging showed the build up of a surface coating on the
decellularised vessel as the peptide concentration was increased. As the only difference
between the samples imaged was the concentration of the peptide; it could be assiimaied

the surface coating was made up of setsembled peptide. The FEGSEM images did not allow
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for verification that the peptide had sedissembled as the peptide could have dried around the
ECM. This assumption was based on the excess peptide in sdintioimg a seHassembled

gel and the FTIR results. The build up of peptide was first observed on the FEGSEM images at
low peptide concentrations, seen by the loss of the characteristic banding typically attributed

to collagen fibregOttani et al., 2001

As the peptide concentration increased a thickeyer of peptide was observed on the surface

of the decellularised vessel until only the peptide surface coating could be seen and none of
the fibre arrangements underneath. The initial loss of fibre definition and structure likely
resulted from the presnce of seHassembled peptidearound the ECMas the peptide
concentration increased the more peptide was present in the decellularised vessel and so the
peptide coating became thicker obscuring more and more of the ECM structure. The thick
surface coatigs observed at higher concentrations were likely the result of excess peptide gel
on the surface of the decellularised vessel that had collapsed down into a thick layer when

dried in vacuum.

3.4.6 CLSM and MPLSM imaging of peptide within decellularised vessel

Confocal laser scanning microscopy and nplititon laser scanning microscopy allowed for
the imaging of the peptide within the decellularised vessel in a wet state. The CLSM and
MPLSM images showed the ECM baén coated in a layer of peptide. In the @Ligages it

could be inferred that the ECM fibre bundles had been coated in a layer of peptide. It was not
possibleto see the ECMis there was no observable adfidorescence, however, structures
could clearly be seen in the negative space surroundeduoyescently tagged peptide. The
CLSM images demonstrated that the ECM was coated in an evenly distributed peptide layer.
The peptide coating appeared to have filled the gaps between the ECM fibre bundles and
formed a coating over the whole surface of thendles. In the MPLSM images it was possible

to see that the collagen fibre bundieand other ECMomponents had been coated in a layer

of selfassembled peptide gel. The adaorescence of the collagen fibres could clearly be
seen in the MPLSM imagesdathe corresponding presence of the peptide coating could be
seen when the fluorescently tagged peptide was imaged. Combing the two images it is possible
to see that not all the collagen was coated in peptide and tithepextracellular structures

were ako present that could not be seen in the adloorescence images.
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The peptide selssembled on the ECM forming a peptide coating and not inisal@idrming

a space filling gel. It is, however, possible that a-asdembled network of peptide fibres
formed between the ECM but was too small to be seen in the CLSM and MPLSM images. The
selfassembled peptide coatings on the ECM wiéeely due to the difference in the energetics

of the selfassembling systerim solution and at a solitiquid interface. Wien the peptide and
surface could interact and the charge on the peptide and surface was correessethbly

would have started on the surface as the attraction to the surface became larger than the

repulsive forc§Wattenbarger et al., 1990

The surface interface could have acted as a template for nucleation by lowering the energy
barrier that needed to be overcome fmeltassembly to start. Thus the peptide would
preferentially seHassemble at the surface of a material as the energetics of the system are
lower than in solution(Taylor and Osapay, 199@attenbarger et al., 1990 This would
explain why the majority of the ECM was coated in-asffembled peptide. The filling of gaps
between the bundles of fibres seen onet CLSM can also be explained by this as the peptide
would have preferentially seissembled between the two surface interfaces rather than in

solution or on just the one surface interface.

The presence of uncoated collagen bundles could be explaindidebgiose packed riare of

the ECMwhere the surrounding bundles of fibres protected some bundles from being coated
in peptide. It was also possible that some property of the uncoated ECM was preventing the
initial association of the peptide with the suda of those fibres. Different collagen types have
been shown to have different physical and chemical structures with differences in properties,
functions, structure and composition, for example the distribution of hydrophobic residues in
the protein sequene (Bornstein and Sage, 1980These differences could have caused
differences in the interaction ahe peptide with the ECM; thisoald have prevented the self

assemblyof the peptde on those ECNibres.

3.4.7 Effect of concentration on peptide distribution in decellularised vessel

The results demonstrated that the concentration of the peptide in solution affected the
coating of the peptide in the decellularised vessegjiHioncentrations of peptide, 30 mg.ml
(18.8 mol.m?), formed a peptide coating throughout the vessel; as the concentration was

decreased the peptide was observed in the adventitia and luminal surface layers but
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decreasingly in the medial layer. The adfita and subendothelium being on the outside of
the vessel could have come into more contact with the peptide in solution. This could be the
result of preferential selassembly on the different surfaces. The adventitia and luminal
surface were more operstructures whereas the medial layer had a more compact and
organised structuréBou-Gharios et al., 20Q&Zhang et al., 2007 A less dense structure could
have been surrounded by more of the peptide allowing for preferentialasdembly around

the adventitial and subendothelial layers. It is also possible that the different ECM components

of the different layers allowed fqoreferential peptide selassembly.

3.4.8 Effect of the self-assembled state of peptide on distribution in the

decellularised vessel

The need to add the decellularised vessel to monomeric peptide then triggeasssmbly

was ascertained by studying the et that the seHassembled state had on the diffusion of

the peptide throughout the vessel. It was shown that in a-asffembled state the peptide was
unable to fully penetrate into the decellularised vessel. As the peptide concentration was
decreased itvas observed that the peptide was able to start to penetrate into the vessel and a
more even distribution of peptide was seen. This was the result of the concentration
dependence of the hierarchy of structures formed when the peptideasdembledAggeli et

al., 200). At high concentrations larger longer peptide structures were formed which were
unable to penetrate into the decellularised vessel. As the concentration was decreased these

structures decreased in size and length allowing the peptide to diffuse ietodhbsel.

3.4.9 Peptide stability in decellularised vessel under flow

Peptide stability will be of key importance to any potential application. Havingaseéfimbled

the peptide within the decellularised vessel the results showed that the peptide was slowly
lost from the decellularised vessel over time but that peptide still remained in the vessel after
14 days in a model system. The results showed that peptide was primarily lost from the
luminal face of the vessel but peptide was also lost from the wholesVasswell. This suggests
that whilst peptide removed by the force of the flow of solution over the surface may account

for some of the peptide loss that this is not the whole picture.
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The loss of peptide from the whole vessel was likely the result ofveein which the peptide
selfassembledIn nucleated selassembly there is a concentration of peptideatiremains
monomer in solution; above the critical concentration for sedfssembly the same
concentration of peptide remainas monomer in solutiorfAggeli et al., 200IMaude et al.,
201139. As the monomer was removed by the flow #edfassemblegeptide disassembled to
maintain the concentration of monomer in solution and so diodisassembled throughout

the vessel. This means that the time the peptide remained in the vessel was dependent upon
the critical concentration of seissembly and the concentration of the peptide present in the

vessel.

As the peptide selfassembled wh preference at the surface interface the critical
concentration br seltassemblywas lower at the interface and therefore the peptide would be
lost in a staggered manneExcess peptide would first be lost from the surface of the vessel
where the critich concentration for sethssembly was lower. Once the peptide started to
disassemble from around the ECM the only limiting factor would be the diffusion rate of the
peptide through the vessel and out into the solutidn. vivothis effect would undoubtedly

become more complex with the involvement of serum proteins.

3.4.10 Summary

Peptide P-4 wasshown to seHassemble within decellularised porcine internal carotid artery.
It was shown that the peptide preferentially sedissembled around the ECMf the vessel. It
wasestablished that the peptide libto be added to the decellularised vessel as a monomeric
solution for the peptide to fully penetrate throughout the vessel.was shown that the
thickness of the peptide coating on the decellularisedsel ould be controlled by varying the
concentration of peptide introduced into the vesselwdas also established that the peptide
was still presentin the decellularised vessébr over 14 days under flow conditions that

modeled the situation in asmall diameter blood vessel.
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4 Systematic study of peptide biocompatibility and

haemocompatibility

4.1 Introduction

Peptide seHassembly has been widely studied and design characteristics have been developed
enabling peptides to be intelligently designedhave certain materials properties once self
assembled. Peptides are of great interest as potential materials for use in tissue engineering
applications and many groups have explored the potential of peptides as tissue engineering
scaffolds. Zhang et dlave shown that PuraMatrix (RAD1p supports the growth of a range

of different cell types and Allen et al, demonstrated that PuraMatrix supported blood vessel
developmentin vitro (Zhang et al., 20Q%llen et al., 201l Jayawarna et al presented results
showing that Fmodliphenylalanine (FmeEF) hydrogels supported the growth of
chondrocytes and Banwell et al have demonstrated that alpélax forming peptide hSARcw

P1& 2 will support the growth and differentiation of PC12 cell liifBanwell et al., 2009
Jayawarna et al., 2009These results show the potential of peptides however there have been
no reported attempts to define design characteristics fdlhe haemocompatibility and

biocompatibility of seHassembling peptides

If a selfassembling peptide is used in a medical application it will exist in two forms in the
body. The peptide will exist at the site of implantation as a gel but will also disseminate as a
monomer or soluble aggregate carried away from the sitengblantation in the blood or
lymph. The monomer or soluble aggregate exists at a concentration below the critical
concentration for selassembly in all peptide gels that sa¥sembly using nucleated self
assemblyAggeli et al., 2001 The monomebor soluble aggregatexists at equilibrium witkhe

peptide gel and will be removed by the movement of fluids in the body and by diffusion.

Testing a peptide as a monomer has several advantages; it reduces the cost of the testing as
less peptide is needed and monomer canaoieled to standard test solutions with no need to

modify tests to allow for the testing of gels. Whilst it is possib& both the monomeric form

and the gel form of the peptideould be toxic it is unlikely that a peptide would be toxic as a
gelbutnott & | Y2y 2YSNX Ly ! 1T KSAYSNDa FRssanbled S A
fibrils made up of Amyloid BAb) peptides are toxic, however, it has also been shown that the

soluble smaller amyloid aggregates are also toxic and could represent tharprpathological
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mechanism in amyloid diseag€lein et al., 2001Lacor et al., 2007Glabe, 2008 If a peptide
monomer is toxic anchon-haemocompatible the peptide will not be suitable for biomedical

application.

4.1.1 Biocompatibility

.A202YL) GAoAfAGE OFy 060S RSTAYSR |a aGKS oA
without a clinically significant host response in a specific Zgpl (i @BIAsg, £ 1999
Biocompatible materials should not be toxic nor have an injurious effect orolagical

system. Biocompatibility is the corner stone of biomedical research; if materials are not
biocompatible then there is no potential for these materials to be used in any biomedical
application. The testing of biocompatibility has been standardisel5O 10933, Biological

evaluation of medical devices Part 5: Testdrforitro cytotoxicity.

4.1.2 Haemocompatibility

Haemocompatibility is the ability of a material or device to interact with blood and have no
detrimental effect on blood clotting and éhcomplement system. Haemocompatibility also
refers to the ability of a material or device to be in contact with blood cells and not cause
significant damage. Haemocompatibility is of vital interest when attempting to introduce
artificial materials into tke human body. If a material is not haemocompatible then the range
of potential medical uses for that material will be limited. Materials that are -non
haemocompatible can still be used in medical applications that arebimyd contacting.
Testing of haemaampatibility has been standardised in 1ISO 1049Biological evaluation of

medical devices Part 4: Selection of tests for interactions with blood.

4.1.3 Thrombus formation/blood clotting

A thrombus is formed in flowing blood and differs from a blood clot tbimstagnant blood.

Thrombi formed in flowing blood have a distinct organised structure and constituents; clotted
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stagnant blood has a more random arrangement and is made up of all the constituents of
blood in their normal concentration&handler, 1969 Thrombus formation has been explored
in Sectionl.6.

When considering the haemostatic response to biomaterials it is important to know how these
materials in general can lead to thrombosis. The presarice foreign surface in contact with
blood results in a complex interlinked series of events involving protein adsorption, platelet
and leukocyte activation and adhesion, activation of complement and coagul@&nbet and
Sefton, 2004 Immediately following contact betweemée blood and biomaterial a boundary
layer of proteins from the plasma is formed that is deposited and displaced; the amount of
bound individual proteins varies on different biomaterials dependent upon the materials
surface propertiegBasmadijian et al., 199Hong et al., 1999 Protein adsorption is the first
event in blood material interactions and may result in the activation of the intrinsic pathway,
suggesting that the intrinsic pathway plays a role in the thrombotic activity of materials
(Gorbet and Sefton, 2004An important protein involvedithis is factor XII which binds to the
surface of the biomaterials and in an active state converts factor Xl into fact¢Ba@eadijian

et al., 1997 Gorbet and Sefton, 2004No madter how inert a surface is trace amounts of
bound factor XIl will lead to a significant initiation of the intrinsic pathégasmadjian et al.,

1997).

tfrGStSia @Attt O0OAYR 2N ao62dzy0OS 2FF¢ |t &SI
glycoprotein GPIIb/llla interaction with fibrinogen and GPIb/lla and von Willebrand factor,
however, absence of adhesion does not preclude platelet activd@Gambet and Sefton, 2004

Adhrerent platelets generated by contact with biomaterials have been shown to be pro
coagulant (Gorbet and Sefton, 2004 It is often presumed that platelet activation by
biomaterials is caused by the generation of thrombin due to the activation of the intrinsic
pathway, however thanability of thrombin inhibitors to reduce platelet activation suggests

that activation is in part mediated by other antagonigtSorbet and Sefton, 2004 The
thrombogenic consequences of platelet attachment and activation have been explored in

greater detail in Sectiof.6.

Material characteristics and absorbed proteins modulate the level of leukocyte adhesion and
activation; as the biomaterial is larger than can be phagocytised the leukocytes release an
array of oxygen metabolites and proteolytic enzynt€®orbet and Sefton, 2004Leukocytes

are dficient cells in the vasculature that initiate and amplify coagulation through a regulated

change in disparate membrane proteins and the aske oftissue factor TH (Altieri, 1993
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Gorbet and Sefton, 2004Circulating leukocytes will adhere to adherent platelets and further
contribute to localized trombogenesigGorbet and Skon, 2004. The presence of leukocytes
in a thrombus has been shown to significantly contribute to fibrin formagltieri, 1993
Gorbet and Sefton, 20Q1Studies on leukzyte expression of TiR patients with ventricular
assist dewdes, in baboosshunt models andn vitro clotting assays have shown material
induced TFexpression results in fibrin formation enhancing coagulat{@orbet and Sefton,
2002).

In addition to THeukocytes possess alternative pathways to initiate coagulation and generate
thrombin; this allows the assembly of €actors 1Xa/VIIlI that form a tenase corapland
activate the common pathwayAltieri, 1993. Leukocyte activation has been shown to be
surface area épendent, however, Tlexpression has been shown to be stimulated by a
biomaterial regardless of surface ar@aorbet and Sefton, 2001 TFexpressed by monocgs

and platelets has been suggested to represent a possible activation of the extrinsic pathway
(Gorbet and Sefton, 2004Results show leukocytes could be required for the activation of the
coagulation casade; suggesting the Tdependent extrinsic pathway of activation may apfo
biomaterials (Hong et al., 1999 Inflammatory conditions have often been linked to fibrin
deposits, leukocytes and complement proteins. It has been demonstrated that activation of
complement,in particular C5, causesnaarked increase in Tieleased by activated leukocytes
(Muhlfelder et al., 1979 As discussed in Sectidrl.4the presence of foreign materials can

activate the complement system leading to increased thrombosis.

Mass transport is important to consider in thrombosis as flow enhances the transport of
coagulation factors or inhibitors to the surfacas flow increaseshe conversion of factor XI
into Xlaincreases and conversion then decreaasdlow exceeds a critical val{i@asmadjian

et al., 1997. Surface reactivity and flow are intertwined and have to be considered in unison
when dealing with the intrinsic pathwgfasmadijian et al., 1997The effects of flow on mass
transfer andcell phenotype mean that different flow conditions will favour thrombosis by
either the extrinsic or intrinsic pathwafBasmadjian et al., 199Gorbetand Sefton, 2004
Protein adsoption occurs within a few seconds/minutes whereas tissue factor synthesis takes
over one hourGorbet and Sefton, 2004This means the relative roles between extrinsic and
intrinsic pathways in the thrombogenic activity of a material are likely to depend upon both

the time frane and flow rate.

The common pathway takes place at platelet and leukocyte membranes and involves feed

back loops that act to increadbe levels of thrombin; thrombin levels are affected by flow
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rate as levels of thrombiare increasel with increasing flav rate but decrease as flow exceeds

a critical valugBasmadjian et al., 199.7The dependence of flow rate on thrombus formation

in contact with biomaterials explains why large diameterfigravith higher flow rates are
observed not to occlude as fast as small diameter grafts with lower/intermediate flow rates.
The understanding needed for biomaterial application is limited by a lack of understanding of
how much of an inflammatory and thrormkic response is tolerable or if any changes in

normal haemostasis results in harmful consequences.

There are a number of different ways to test for thrombogenicity. Testing can beidoneo

or in vitro with materials being in planted in animal models ldood being extracted from
animals or humans for lab based testing. Thrombi can be formed in static or dynamic
conditions; given the distinct structure of thrombi, dynamic conditions such as in the Chandler
loop model are preferred. Thrombi can be analysn a number of ways, the simplest method

is gravimetric analysis in which the thrombi formed are weighed in a wet or dried state.

Microscopic analysis of thrombi along with the use of immiateelling can be used to assess
the constituents, structure rd morphology of the thrombi. Experiments can be set up to
analyse the effects of reduction in flow, the percentage occlusion and the time taken for
thrombogenesis. The ideal vitrotest is a dynamic model that does not adversely affect the
blood constitients and allows for the flow of blood. The Chandler loop model allows for the
flow of blood through a closed loop of tubing partly filled with air; this limits the possible flow

rate and potentially introduces artefacts due to the air interffean Oeveren et al., 20).2

The roller pump model uses a closed loop of tubing with no air and circulates the blood using a
roller pump; this compresses the blood and can lead to haemolysis but higher rotation speeds
can be usedvan Oeveren et al., 20)1.2The Hemobile model uses a ball valve placed in a
closed loop of tubing filled with blood; this model has high flow rates and does not induce

damage to the blood but only achieves seritcular maement(van Oeveren et al., 20).2

Another method of testing thrombosis is the use of a thromboelastograph (TEG). The TEG
mimics sluggish venous flote activate coagulatior(Essellet al., 1993. The TEG can test
coagulation function testing as well as platelet function, clot strength and fibrinaliysisg,

2010. The TEG gives more data than the other methddscribed,however, it does not
model arterial flow which is of interest in this studihe most widely used model for the

generation of thrombi and the testing of bypass grafts is the Chandler loop mogeh @Gie
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limited flow rates possible the Chandler loop model is more suited to modelling smaller

diameter blood vessels with lower flow rates.

4.1.4 Complement system

The complement system is a component of the immune system that consists of more than 20
proteins found in the blood and fluids surrounding tissues; it can be activated by
microorganisms, a variety of diseagates and by contact with medical devices and foreign
materials. The complement proteins circulate in an inactive form but become activated i
response to the presence of foreign materials or antigen/antibody complexes. Activation of
the complement system generates several different molecular pathways, enhancing
opsonisation, acting as chemotaxins that attract macrophages and neutrophils,ibeaiged

in the inflammatory response and causing lysis of cell membréftesd & al., 1965 Ruddy et

al., 1972 Ehlenberger and Nussenzweig, 19Féaron and Austen, 1980The complement

system can be activated by three pathways.

The classical pathway is antibody dependent; the antibodies bind to an antigen, C1 (Clq, C1r
and C1s) thebinds to the Fc portion of the antibody. Complement C1 is able to cleave C4 into
C4b, which attaches to the antigen and C4a that is released. Complement C1 cleaves C2 into
C2a, which attaches to the antigen and C2b that is released. The C4bC2a complex then
functions as a C3 convertase cleaving C3 into C3a anqFERive4.1) (Kerr, 1980 Muller-
Eberhard 1988. In the lectin pathway mannabinding protein (MBP) binds to mannose
groups on the membrane of microbes, two proteins called MASP1 and MASP2 bind to MBP
and function in the same way as C1 to create an C4bC2a convertase causing the cleavage of C3

in to C3a and C3fFigured.1) (Muller-Eberhard, 1988Carroll, 2004

The alternative pathway idifferent from the lectin and classical pathways. Complement C3
undergoes spontaneous hydrolysis into C3a and C3b, C3a and C3b will naturally decay unless
C3b binds to the surface components of a cell. Once bound Factor B, an alternative pathway
protein, bnds to C3b and is split by Factor D into Bb and Ba. Factor Bb remains bound to C3b
forming a C3bBb complex, this C3bBb complex is stabilised by Properdin and functions as a C3
convertase cleaving C3 into C3a and @Bigure 4.1) (Fearon and Austen, 198Muller-
Eberhard, 1988Carroll, 2004 As such the alternative pathway can become involved in the

amplification of the classical and lectin pathways.
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After C3 is cleaved the pathway for complemhectivation is the samas for the classical,

lectin and alternative pathways. Complement fragment C3b can incorporate as a subunit in the
existing convertases and form the C5 convertase of the classical/lectin pathway (C4b2b3b) or
the alternative pathwg (C3bBbC3KMedicus et al., 197,6)6zsi, 201)1 Upon activation of the
complement system C5 is cleaved into C5a and C5b by the C5 convertase; C6 binds to a labile
binding site on C5b which is followed by association with C7 exposing a hydroph®bic €i7

that binds to the cell membrane. C8 is then bound and the complex inserts into the cell
membrane(Hadders et al., 2092Up to 16 C9 molecules can bindth® complex and form a
b-barrel pore in the membrand={gure4.1) (Muller-Eberhard, 1988 The complex of C6 to C9

is called the membrane attack complex (MAC).
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Figure4.1; Schematic of pathways of complement activation

The presence of biomaterials is conventionally believed to activate complement by the
alternative pathway. The alternative pathway is triggered by the binding of C3b to surfaces

that do not provide adequate dowregulation of the C3 and C5 convertase; &3&ble to bind
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to proteins and carbohydrates via free hydroxyl or amino gro(fasdersson et al., 2005
Complement C3b tsbeen shown to bind to serum proteins, in particular albumin and 1gG and
that these proteins support binding, convertase assembly and amplification of the alternative

pathway(Andersson et al., 2005

Both the classical and alternative pathway are involved in complement activation in the
presence of biomaterials; at normal complement concentration in serum activation idymain
driven by the alternative pathway with little contribution by the classical pathway, as the
complement concentratiorevelsin serum decrease the contribution of the classical pathway
increases as the alternative pathway decreaégadersson et al., 2005 This supports the
theory that the alternative pathway is being activated on biomaterials by the adsorption of
serum prdeins. This means that in most biological applications complement activation will be
by the alternative pathway. Hydroxyl rich surfadesve been shown to caussubstantial
complement activation and deposition; amine and carboxyl surfd@e been showna
trigger only slight activation of the complement systeffiang et al., 1998 Nonactivating
materials tend to have negatively charged groups such as sulpk#tkc acid and bound
heparin (Gorbet and Sefton, 2004 However, not all known activators of the complement

system conform to this observation suggesting that the mechanism is more complex.

There are numerous reported methods to test for complement activation.
Immunoelectroploresis has been used to assess the presence and levels of complement
fractions C3a and Bb produced by complement activati@raddock et al., 1977
Immunofluorescence and radiolabelling haalsobeen used to assess complement activation
(Atkinson et al., 2006 ELISA assays and radioimmunoassay using antibodies against specific
complement fractions or complexes, for example C3a, have been used to test for theolevels
complement components only produced following complement activati®ogers et al., 1992

Bruins et al., 1997

Animal erythrocytes have been used to test for total complement and C1 and C3 activity using
haemolysis assay{€raddock et al., 197 Rogers et al., 1992Complement inhibition can also

be tested for using thee methods by mixing a known trigger and test material together and
testing for a reduction in the level of detected complement or complexes compared to a
control of activated complemer(Atkinson et al., 2008Hammel et al., 2007 A modificatia of

the CH50 assay described in Secoh17.2was chosen for testop complement activity over

the other methods discussed above. This method was chosen as the CH50 assay is less specific

and includes the whole complement activation pathway where Immunofluorescence,
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radiolabelling and ELISA assays are more specific and target only part of the pathway; e.g. an
ELISA assay against C3a uses antibodies only against C3a. This means that if a material has an
inhibitory effect elsewhere on the complement system this effect may not be noticed asing

more targeted test.

4.1.5 Animal models

All new medical devices and neaials have to be tested in animal models in order to get
approval for sale and any medical use. Whilst there is no one ideal candidate for comparison to
human tests dogs, sheep and pigs are the most widely used. Sheep are the favoured animal
model for vasular research as their blood vessels are similar in size to human vessels, their
coagulatory system is closer to humans than dogs or pigs and the rate that sheep form an
endothelium most closely approximates the situation in hum@earayanaswamy et al., 2000
Ueberrueck et al., 2005Since sheep are the likely animal model for furtkesting of the

concepts developed in this study all tests carried out using blood utilised sheep blood.

4.1.6 Peptides

A number of different peptides have been developed at the University of Leeds. These
peptides were based on an initial design characterigti 11 amino acids in the peptide
sequence to ensure an artarallel b-sheet conformation. The peptides were designed to
investigate the effect of changing charge, polarity and hydrophobicity of amino acid residues
upon the seHassembling properties dhe peptides under various conditions. The same library
of developed peptides were utilised to test the effect of charge, polarity and hydrophobicity of

the amino acid residues on biocompatibility and haemocompatibility.

4.1.7 Peptides from the literature

In order to ascertain if any observed design characteristics were limited to the library of

peptides developed at the University of Leeds or apply to all peptides it was necessary to
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include several peptides from the literature. The widest used and reportgdiges in the
literature is PuraMatrix developed by Dr Shuguang Zhang anglodeers at Massachusetts
Institute of Technology. PuraMatrix is the trade name of peptide RADhat has the amino

acid sequence (RADAPuraMatrix forms ariparallelb-sheet $ructures and has been shown

to be biocompatible. FmeEF has been explored for tissue engineering applications by Dr Rein
V. Ulijn and ceworkers and comes from a family of simple Fradpeptides that have been
shown to selfassemble into hydrogels vim pnterlockingb-sheets(Smith et al., 2008 As the
peptides developed at the University of Leeds, PuraMatrix and fFRaall selhssemble via a
b-sheet pathway a peptide that sedssembles using a-helix pattern was chosen. The
peptides hSAGw P1 and P2 were developed by Professor Derek Woolfson amngdaers at

the University of Bristol; the peptides are 28 residues in length and are designedstifco
assemble when mixedogether. SeHassembly happens longitudinally and forms a-helix
coiled fibril, fibrils can then bundle together to form fibré&anwell et al., 2009 A range of
homo-polypeptides were also chosen as they are larger in size and allow for the demonstration

of anyeffects that are due to particular amino acids.

4.1.8 Aims and objectives

The aims of this chapter were to screen a librargalfassemblingpeptides developed at the
University of Leedsselfassemblingpeptides from the literature and hompolypeptides for
haemocompatibility and biocompatibility in order determine suitable candidate peptides for
use in vascular tissue engineering applications. A secondary aim was to determine design
characteristics allowing for the intelligent design of peptides for a rangebiological

applications.
Specific objectives;

a) To determine the biocompatibility of a range of peptides

b) To evaluate the capacity of a range of peptides to induce thrombus formation

c) To evaluate the haemolytic capacity of a range of peptides

d) To determinethe capacity of the range of peptides for inhibition of the
complement system

e) To determine if a set of design characteristics can be found for future design of

seltassembling peptides for a range of biological applications
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4.2 Methods

4.2.1 Peptides

The sequences, chargéat physiological pHand molecular weights of the peptides used

throughout these studies are givenTable4-1.

Pyl CHCOQ-QRQQQQQEQQNH 0 1497
P2 CHCOQ-QRFQW-QFEQ-Q- NH, 0 1593
Pii-3 CHCOQ-QRFQW-QFQ-Q-Q-NH, +1 1593
P-4 CHCOQ-Q-RFEW-EFEQ-Q-NH, -2 1596
Pi-5 CHCOQ-Q-O-FOW-O-FQ-Q-Q-NH, +3 1522
Pu-7 CHCOSSRESW-SFESSNH, 0 1348
P18 CHCOQ-Q-RFOW-O-FEQ-Q-NH; +2 1567
P19 CHCOSSREEW-ERESSNH, -2 1432
P,;-10 CHCON-N-RFEN-W-N-FEN-N-NH, 0 1510
P12 CHCOSSRFOW-O-RESS NH, +2 1401
P13 CHCOEQEREW-EFEQ-EHN, -6 1571
Py-14 CHCOQ-Q-O-FO-W-O-FO-Q-Q-NH, +4 1508
Py-16 CHCO N-N-RRO-W-O-FEN-N- NH, +2 1511
P17 CHCOT-T-RFEW-ERET-T- NH; -2 1487.6
P-18 CHCOT-T-RFOW-O-FET-T- NH; +2 1457.6
Pi-19 CHCO QQRQOQOQEQQNH,  +2 1469.6
Py1-20 CHCOQ-QRQEQEQEQQNH, -2 1499.5
P-22 CHCOT-T-RFT-W-T-FET-T-NH, 0 1431.6
Py-24 CHCOSSRQEQEQESSNH -2 1335.3
Pi-25 CHCOSSRSESESESSNH, -2 1212.2
P1-26 CHCOQQOQOQOQOQQNH,  +4 1412.8

P27 CHCOQ-Q-EQ-EQ-EQ-EQ-Q-NH, -4 1474.4
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P1;-28 CHCOO-Q-O-FO-W-O-FO-Q-O-NH, +6 1481.4

P.1-29 CHCOQ-QEREW-EREQ-Q-NH -4 1569.6

P1;-30 CHCOESEREW-EFRESENH, -6 1488.5

P;;-31 CHCOSSO-FOW-O-FO-SSNH, +4 1344.5

RAD161 CHCO(RA-D-A)-NH, 0 1712.8

FmoeFF FmocFF -1 534.21

hSARaaw P1 K-l-A-ArL-K-A-KA-A-A-L-K-A-E-A-A-L- 0 2921.5
EW-EN-A-A-L-EA

hSARaaw P2 K- -A-A-L-K-A-K-N-A-A-L-K-A-E-A-AL- 0 2921.5
EW-EI-A-A-L-EA

Polyl-Glutamic (EEEB), Negative 9000

acid

Polyl-Lysine (KK=K=K), Positive 50000

Polyl-Threonine (T-T-T-T), 0 10000

Polyl- (W-W-W-W), 0 3000

Tryptophan

Polyl-Aspartic (D-D-D-D), Negative 10000

acid

Polyl-Arginine (RRRR), Positive 1000

Polyl-Ornithine (G-0-0-0), Positive 1000

Polyglycine (GGGG), 0 2750

Table4-1; Peptides used in the study; peptide name, structure, charge and molecular weight

Since not all the peptides woulidrm stable gels in physiological conditions for extended
periods of time the peptides were tested at low concentrations equivalent to the levels of
monomer /soluble aggregate released from the peptide gel. To ensure that all the peptides
could be compared concentation of 0.3mol.m® was chosen, which correspoed to the
critical concentration for selissembly of R-4, the most significant peptide amongst those
screened for the present project. The same concentration was also used to screen the other
peptides as this concentratiowas below the critical concentration for sedfssembly for the

majority of the peptides.
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4.2.2 Biocompatibility testing

In accordance with ISO standard protocols (ISO 1893@0 cell lines were used to test for
cytotoxicity. Balp hamster kidney (BHI¢lls an adhesive epithelial cell line originally obtained
from 1 dayold hamsters and 3T3 cells originally obtained from primary embryonic mouse
fibroblasts were used. All peptides solutions were made in DMEM for 3T3 cells and 6MEM
BHK cells to achiewefinal concentration of 0.&ol.m>. All samples were mixed by pipetting

up anddown and by vortexing. Peptidsamples which proved difficult to dissolve were
pipetted up and down to create a dispersion of peptide before eachitiatdof peptide
solution to each test. All difficulties with dissolving peps were noted. All biocompatibility
tests were setup and run as per the protocol described in SectB.14 Six replicates for
each peptide were carried out with a maximum of six tests per 96 well plate; one positive
control, one negative control and up to four different peptide samples. Only one cell type was
grown in each 96 well plate to prevent crog®ntamination and all cells were grown in the
same incubator for the same time period. Cells were seeded at approximately 2000 BHK cells
per well and 4000 3T3 cells per well in a 96 well plate. Cells were grown i 8&heall plate

to allow for the monitoring of their growth and to check for any discrepancies before use.
Following incubation in test solutions the cell numbers were assessed using the AV®Lite
assay; this has the advantage that cell viability can ¢sessed by the number of live cells
compared to the control but as a secondary effect increased levels of cell proliferatidrecan

detected.

4.2.3 Chandler loop thrombosis model

All peptide solutions were made in deionised water to achievdinal concentrabn of 0.3
mol.m?. All samples were mixed by pipetting up and down and by vortexing. Peptides samples
which proved difficult to dissolve were pipetted up and down to create a dispersion of peptide
before each addition of peptide solution to each test. difficulties with dissolving peptides
were noted. All Chandler loop tests were sgt and run as per the protocol described in
Section2.2.15.1 Six replicates for each peptide were tested. Six samples were tested at a time
with three loops per rotator. Citrated blood from sheep was used to test for effects upon
thrombus formation. A blood used was tested for normal clotting behaviour and a response

to known triggers of blood clotting before use.
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4.2.4 Haemolysis assay

All peptided 2 f dziA2ya ©6SNB YIRS Ay wAy3ISNDIof @R f dzi A
mol.m®. All samples were ixed by pipetting up and down and by vortexing. Peptides samples
which proved difficult to dissolve were pipetted up and down to create a dispersion of peptide
before each addition of peptide solution to each test. All difficulties with dissolving peptides
were noted. All haemolysis tests were gt and run as per the protocol described in Section

2.2.16 Six replicates for each test condition wearied out and samples were taken at 6, 12,

24, 48 and 72 hours. Erythrocytes were obtained from citrated sheep blood harvested and

shipped the day before use.

4.2.5 Complement inhibition assay

All peptideda 2t dzGA2ya 6SNB YI RS A yafineh goréixdich of 3 f dzi A :
mol.m? as described above (Sectid2.1). All complement inhibition tests were sap and

run as per the protocol desibed in SectiorR.2.17.2 Six replicates for each test condition

were carried out. Normal pooled human serum was used for the test and the CM&0 le

determined before testing using the method described in Se@i@nl7.1

4.3 Results

4.3.1 Effects of peptides on cell growth

Results were collectedyraphed and analysed for significant statistical differences byveae
ANOVA and podtoc analysis (Sectiof.2.21.2). For all results there was a significant
difference between the cellular growth observed for both cell types between the positive and
negative controls. Results are presentedrigure4.2 to Figure4.4 as a series of graphs with 4

test peptides plus the relevant positive and negative controls.
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Figure4.2; ATP levels in cells cultured in the presence and absence of peptides; negative c@¥BM for 3T3 cells, GMEM for BHK cells, positive control 40 % DMSO
in, DMEM for 3T3 cells, GMEM for BHK cells. Data is presented as the mean (n=6) + 95 % confidence intervals. Data was ar@igsed\bgnalysis of variance
followed by determination of he MSD (p < 0.05). * = Significant difference from negative control.





































































































































































































































































