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Abstract

Current clinically used smallameter vascular grafts have been shown to have poor
patency rates mainly caused by thrombus formation due to the absence of the anti
thrombogenic endothelium. Studies of novel srdilmeter deellularised porcine
arteries in large animal models of vascular replacement have also shown poor patency
rates. The aim of this study was to develop a series of bioactiveassdimbled R
peptides as surface coatings to enhanceerelothelialisation of decellularised porcine

external iliac arteries and potentlgimitigate thrombus formation.

Porcineexternal iliac arteries were decellularised and validated for acellularityimnd
vitro biocompatibility These acellular scaffolds lacked the natural-dmdmbogenic
endothelium lining the arterial lumen. The peptides-B, R1-8 and R:-12 were studied

at different concentrations under physiological conditions using Fourier transform
infrared spectroscopy and transmission electron microscopy as possible candidates for
surface coatings. The peptides in their monomeric state were tested for- anti
thrombogenic properties using a Chandler loop model-&embly of peptides within
acellular ateries was then assessed for the ability to form surface coatings by scanning
electron microscopy, fluorescent microscopy and multiphoton laser scanning
microscopy Pi1 peptides were functionalised with bioactive cell attachment motifs
(GRGDS and YIGSRhgi€opper catalysed azigdkyne click chemistry. These motifs
are found in extracellular matrix proteins and can be recognised by endothelial cell
integrins. The effect of functionalisation on cell attachment of isolated ovine femoral

endothelial cells nto acellular artery was assessed by live/dead® assay for 72 hours

The results showed that decellularisation of porcine external iliac arteries was
reproducible with preserve@xtracellular matrixand DNA reduction of > 97 %148,

P12-8 and R1-12 at 20mg.mL:, were shown to have high-sheet proportions and the
former two peptides were shown to form sefipporting gels almost instantaneously.
P11-4 and R:-8 were shown to have anthrombogenic properties when present in
blood potentially reducing ttombus formation. Moreover, the two peptides were
shown to coat theextracellulamatrix structures of the luminal surface of decellularised
porcine external iliac arteriesn vitro, the bioactive peptides GRGPS-4 and YIGSR

P11-4 were shown to enhanceell attachment and retention when compared tioe



v
corresponding scrambled contratoatings, nonfunctionalised k-4 coatings and

uncoated acellular arteries. To conclude, the use of bioactiveassémbling peptides

is a promising approach for improvitige functionality of acellular arterial xenografts.
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1 Introduction

1.1 Clinical Need

In 2012, cardiovascular disease became the secoajr cause of mortality in the UK
for the first time, causing 28 % of deaths after cancer with 29 %. Over 306nmi
medications forcardiovascular diseasesere prescribed to patients in 2013 and
millions of pounds are spent each year as the cost for these presci{fiér8 billion

for cardiovascular diseas#eatment in England 2012/2013). However, surgical
interventions may be required, particularly for complex conditions. For instance,
coronary artery bypass graf{fCABG) remain one of the main surgical treatments for
complex conditions and around 25,002BG procedurese carried out annually in the
UK howeverthese are not coseffective 1. Althoughcardiovascular diseasis no
longer the first cause of mortality in the UKisitstillthe major cause of death for women
and remainsa burden to the UK in terms of health and césfrhe current medical
interventions for medium and largéiameter vascular grafts (> 6 mm) have shown {ong
term satisfactory results, but there is still a demand $maltdiameter vascular grafts

(< 6 mm) due to the poor patency rates caused by thrombosis and occfusion

1.2 Blood Vesselg Structure and Function

Arteries and veins but not capillaries with < 6 mm diameter are referred to as-small
diameter blood vesseld Blood vessels are composed of three main layers, starting
from the internal luminal surface into the external abluminal surface: the intima, the
tunica media and the tunica adventitia. Each layer has a specific structure and function
determined by the cellular and necellular extracellular matrix (ECM) components of
that layer, which also contribute to the functional and mechanical properties of the
blood vessel as a whof®. This basic blood vessel structure is similar in arteries and
veins with varying thicknesses. Arteries also contain elastin in their structure, while

veins have valves in the luminal sftigigurel.1).
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Figurel.1l: Schematic of blood vessel structur®lood vessels are composed of three main
layers the intima, tunica media and tunica adventitia. An endothelial layer forms the lining of
the intima on tke luminal surface. In arteriesiternal and external elastic membranes separate

the intima fromthe tunica media andhe tunica media fronthe tunicaadventitia, respectively.

The intima comprises an endothelial layer and subendothelial basement membtane
The endotheliatells are lined on the luminal surface as a monolay&he endothelium
plays an important role in blood vessel functionality. It acts as antlrdmbogenic
surface and a selective permeable barrier facilitating a laminar blood flow through the
vesseP!! It also acts as a sensor for blood flow, hence shear stress chéaygesying

the signal from the lumen throughout the vedsvall in order to regulatéhe vascular
response to haemodynamic changé% This reglation is achieved by release of
vasodilation andvasoconstrictiorfactors. For instangethe endothelial cells produce
nitric oxide vasodilation moleculesn response tancreased shear stress that diffuses

into the vascular smooth muscle cells inducing relaxatfon

The endothelium also regulates many other physiolodigattionsincluding; adhesion,
activation and aggregation of platelets, leucocyte adhesion and smooth muscle cell
migration and proliferation, all of which are inhibited by nitric oxida inealthy vessel

511 Endothelial cells have WeibBhlade bodies that release von Willebrand factor
(VWWF) and other molecules that contribute to platelet binding, recneimt of
leucocytes and modulat@flammation®. In a normal functioning blood vessel, platelets
are repelled by thenegatively charged glycosaminoglycans (GAGs) from the
endothelium surface®. However, under certain vascular conditions, adhesion,

activation and migration of these cells can be promoted. For example, during
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haemostasis upon vascular injury, circulating platelets adhere to the exposed
subendothelium, beame activatedand overcome the repulsigraggregate promoting
thrombin generationand then develop a stable fibrin clot. Leukocytes also adhere to
endothelial cdls during inflammation, spreadnigrate to underlyingtissue and are

recruited to where they g needed®*%.

Endothelial cells can also produce elastin, possibly contributing to the internaicelast
membrane formatiort®. They are involved in the healing process after inflammation or
wounding and tissue repair, hence eded for angiogenesis, which refers to the

formation of a new blood vessel

Since endothelial cells are involved in many essential processes including regulation of
thrombus formation and inflammation, dysfunction or injury of the endothelium results

in early development of atherosclerosis pladles will be discussed Bectionl.3.

The subendothelial basement membrane to which endothelial cells are anchored
provides structural support to cells. The different components in the basement
membrane such as collagetype 1V, laminin, and fibronectin affect cell adhesion,
proliferation, migration and differentiation. The c&ICM interaction is mediated by
integrin and noAntegrin cell adhesion receptors (more detail on integispresented

in Chapter7, Section/.1.1). Therefore the basement membrane components are

important for regulating normal and pathological blood vessel functionafit?

Collagen type IV is an important component of the basement membrane in the intima
because it contains ligands that haar affinity for endothelal cells, hence it plays a
role in endothelial cell attachment and migratiéf® It is also involved in many other
processes as it limits smooth muscle cell growth, reduog-density lipoprotein
(involved in atherosclerosis) and inhibits calcificatio@ollagen type IV contribusdo

the structural stability of the basement membrafe

[ FYAYAY A& | KSGSNRPRAYSNRARO ahkigsOR tdNBelil SAY
produced by endothelial and smootimuscle cells3. Several cell attachment
recognition sites have been identified in laminin including RGD (argghycee

AL NOIAO F OARUO Ay -sdeBcinkglychiseringt SNB, ALyTDA{yWS 06 (A
chain and IKVAV (isoleuciysinevaline-alaninevaline) near the @ SNXY A ydza 2 F

chains Figurel.2). These peptide sequences are involved in adilesion, migration,
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growth and differentiation of &rious cell types, hence laminin is essential for the
maintenance and organisation of the blood vessel structdfe For example, the RGD
OAYRAY3I aAlGS& YSRAIFGS SyiRRm Kty RisibtegS,t £ 0 A
which are highly expressed on the endothelitinLaminin also facilitasthe adhesion

of the other cell types within the ECKI Laminin is the major biologically active
component of the basement membrane and in addition to mediating-E€M

attachment, it is involved in binding collagen IV and other ECM moletules

a chain HOOC COOH
RGD
YIGSR <— Cell b‘R(;P i Cell binding site
Cell binding site 1 @ ‘o' Pindingsite
B chain i—\\ Y chain '
IKVAV $
Cell binding site
COOH
L
HzN NHZ
Laminin Fibronectin

Figure 1.2: Schematicdiagram showing the ECM cell adhesion moleculdsaminin (left)
composing ofhree chains and having cell binding sites with the peptide sequences: RGD, YIGSR
and IKVAV. Fibronectin (right) composing of several binding sites one of which is the cell binding

site withthe peptide sequence RGD.

Fibronectin is a dimeric multidomain glyagogein that is widely distributed through the

ECM and can be found on the basement membrah€. It iscomposed of two subunits

that are lnhked via a disulphide bond near thet€@minus '° (Figure1.2). It can be
producedby smooth muscle cells and fibroblagts=ibronectin is involved in the cell
ECM adhesion via various integrins through several peptide sequences (cell binding
sites) 150  C 2 NJ S E I5Y idfediiX thafi i Sxpréssed by smooth muscle cells,
endothelial cells and fibroblasts through RGP ¢ Ki$ntedrin also mediates cell
adhesion through REDV (arginigkeitamic aciéaspartic acievaline) and LDV (leucine

aspartic acievaline) 1°. Fibronectin is also important for cell migration, growth and
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differentiation of endothelial progenitor cells that are involved in vascular repair
Other adhesion domainsn fibronectin bind and controlthe deposition and

organisation of various important proteins such as heparin, collagen and ¥brin

An internal elastic membrane separates the intima frdme tunica medial®. In the
tunica media, collagen fibres (types | ant) land smooth muscle cells are
circumferentially arranged and sandwiched between elastin fenestrated sheets that are
interconnected throughout the layer by thin elastic fibi@s!%1¢ Collagen and elastin

are primarily produced by smooth muscle céfté Collagen contributes to the strength

of the vascular wall and elastin distributes stress evenly throughout the vascular wall
and onto the collagen fibre&. Vessel eldiity is contributel to by proteoglycans
secreted by smooth muscle cells, collagen and elastin fibres as wells as elasti®.sheets
Elastic sheets sb contribute to the mechanical integrity of arteries. Elastic fibres are

degraded with aging or diseasgcausinganincreasein arterial wall stiffness.

An external elastic membranesarates the tunica media from the tunica adventitfa

The tunica adventitia contains connective tissue composing of collagen types | and Il
mainly, elastin andibroblasts®’. Collagen, elastin and fibronectin in this layer are
primarily prodiwced by fibroblasts’. The tunica adventitia collagen fibres prevent
rupturing of the vessel at very high pressut@sNerves are also contained within this

layer in large arteries but do not penetrate into the tunica meldia

1.3 Cardiovascular Disease and Treatment

Cardiovascular diseasgone of the major killers in the developing countrigsd can

be caused by smoking, diabetes and obesity but reduced with healthier lifé<tyle
Atherosclerosis is an inflammatory diseabat can lead to cardiovascular disease.
Atherosclerosis is the formation of a lesion or a plaque within the lumen of artériés

It is mainlycausedby irregularities and dysfunction of endothelium in response to an
injury increasing the endothelial permeability and adhesiveness to platelets and
leukocytes'! 20 Plaque formation isnitiated by lowdensity lipoproteincholesterol
coagulating within the arterial waleading to fatty streks.This incites an inflammatory
response involving mononuclear phagocytes and lymphocytegyraiion and
proliferationof smooth muscle celiscaused by the inflammatory responsech as the

release otytokines and other mediators Imgonocytes)Jymphocytes and macrophages
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leadingto arterial wall thickeningTherefore continued inflammatory response results

in progression ofplaque formationleadingto narrowing oreven total blockage of
arteries'®2°, Rupture of plague in an advanced lesimeturring at the thinning fibrous
tissue cap that covers the lesion of accumulated cells, macrophages, leucocytes and
lipids causeshaemorrhage hence rapidhrombosisdue to the releasef tissue factor

20 (Figurel.3).

Endothelial Leukocyte Endothelial Leukocyte Plague Thinning of Haemorrhage from
permeability migration adhesion adhesion rupture fibrous cap  plaque microvessels

Figurel1.3: Schematicdiagram showing the development of atherosclerosig\) Endothelial
dysfunction, that progresses to fatstreak formation, advanced lesion formation and D) plaque
rupture in atherosclerosis. Adapted with permission from RbsSopyright Massachusetts

Medical Society.

The primary treatment method for cardiovascular disease is the use of medication such
asblood glucose control, lipikbweringand antiplatelet therapies’. The use of stents
maybe required for the treatment of more advanced stages of cardiovascular diseases
such as atherosclerosis. Steate metalic tubes that are permanently inserted into the
diseased artery, consequently patients with steaterequired to take antithrombotic

drugs for 6- 12 months followingthe procedure and aspirin fotheir lifetime *°.
However failure of medication omuse of astentmay require surgical intervention using
vascular graft for replacementof the affected arteries For examplein peripheral

arterial disease andoronary heart diseasdoth requirebypass grafting.



1.4 Surgical Grafts

1.4.1 Autograft

Bypass gra#t provide an alternative route forblood flow in an occluded vessel
(Figurel.4). Autograftsare tissuesvhich are transplantedrom onesite inthe patient

to where it is required within the patient themselveSutografts are the gold standard
for bypass grafts includghCABG or other smallameter vascular graftsAutografts
should ideallydisplay the biomechanical properties of the native vessel and contain
autologous cellsminimisingimmunological responses. Examples of auddigrinclude

the saphenous vein and thénternal thoracicartery (also known as the internal

mammaryartery) 2125,

Alternative route l

for blood floV

#

\ Bypass graft

Occluded blood vessel Reduced blood flow

Figurel.4: Schematic ok bypass graftA bypass graft provides an alternative route for blood

flow when the blood vessel is occluded.

For coronary artery bypass griaity (CABG)autologous veins weravidely used but
these were not good substitutes for arteries as they differ in struetuand
biomechanical propertiesTheyhave short patency rates requiring serg after a few
yearsand patients may regire more than one bypass aft 1°. A followup study by
Arimaet al.over ten years reported that the patency rate of saphenous vein grafts for
CABGQGwas lower than kft internal thoracic artery graft$? In general, arteries have
higher patency rates than veins because arteries are stiffianing thatveins have
higher extensibilitywhich might hinder them from accommodating high blood
pressures in arteries due to compliance mismatch, leading to thrombosis or intimal
hyperplasial®?? Thereforethe use ofautologousarteries rather than veins for GG

is now favoured.
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Autograftsremain the gold standard for vasculbypassdue to their higher patency
rateswhen compared tallografts orsynthetic graft$326 However, surgical difficulties
often lead to their failure?s. Additionally,a third of patients are unable to provide

suitable vessels for grafting due poe-existingvascular disease or previous surgeries

21,24,25

1.4.2 Allografts

Allografts are tranglants within the same species. Allografts are used as altemsti
for autografts since they contain the human endothelial cells and have the appropriate

biomechanical properties when using similar sized artéefies

Unlike autografts, allografts need to barvested from the donoprior to requirement

for surgery.Therefore, effective storage procedures and careful handling are needed,
ensuring sterility and integrity dhe endothelium to maintain patency dhe graft %%,
Fresh allografts are prone to rapid rejection dueatdmmune responseand preserved
allograftsmay not maintain normal endotheliaell function causing thrombosisnd

may still elicit an immune respons&arly attempts of allograft preservation used
freezing to causdysis of thecellular elementsreducingantigenicityand facilitating
storage?’. Histocompatibility blood group matching between don andrecipient and
treatment of allograftrecipients wth immunosuppressamst may also improve the
performance of allografts 27. In contrast to simple freezing storage methods,
cryopreservations used for controlled cooling dbnortissuesuch as blood vessels
prevent ice nucleation, preserving cell viability for leéegm use andstorage?’. Long

term storage has been shown to have no impact on structure, regeneration and patency
of blood vessel allgrafts 2°. However the immune responseof the recipientremainsa
major concern resulting in graft failureequiring the use of immunosuppressagtsit

has howeverbeen reported byCarpenteret al. that the use of low doses ahe
immunosuppressant azathioprine witlyopreserved saphenous venous ghaftsdid

not preventgratft rejection. Therefore, stronger immunosuppressants were suggested

to reduce tre host immur responseand reduce the rate of allograft faile 27:%C

Although allografts have improved patency, their use can be associated with problems
such as damage of endothelial cells, whie result ithrombosis?’. Moreover there

may be a shortage dfuman donortissueto provide allograftsl. Another concern is
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the immunological response that can be caused duth&presenceof viable cells in

allografts,resulting in frequent failure at early stagkslowingimplantation?’3C

1.4.3 Synthetic Grafts

Over the years polymeric materiatgve beenemployed for vascular implantation.
Polymeric materials have many advantages over natural materials: they are easily
produced in large scaleeadily available, their mechanical and biochemical properties
can be controlled at the time of manuface and their properties are easily

manipulated®32

The use of ynthetic graftsfor replacement oflarge-diametervesselsvhen autografts
are unavailabldhas beershown to be successfélt. The mostlinicdly usedsynthetic
non-degradable polymers are expanded poltetrafluoroethylene (ePTFE)Dacron®
(polyethylene terephthalateand polyurethane®34 In contrast to ePRE and Dacron®,
polyurethane can be manufactured to match the compliance of native blood vé&s¥el
For such materials to be used as vascular grafts, particularly-draaleter vessels,
they must not introduce an infection to the vessel and they must allow endatfmeli
formation on their luminal surface®. The use of synthetic grafts without any pre
treatment for smaHldiameter applicabns often leads to low patency and failure thie
graft. This is caused by early thrombus formation because of platelet adhaéseto
an absence of endotheliumor other complications3>%, For example,intimal
hyperplasiaat the suture sitegesulting from migration and proliferation afmooth
muscle cells from the tunica media to the intima, hence ECM depositod
compliance mismatch between the graft atiek native vessel at the suture poifitThe
patency rates of ePTFE used for CABG have been showmetaeduced from
approximately 60 % after ongear to <30 % after twoyears, compared towologous

graft that remained > 90 %#atent after two years.

Biodegradable polymers such as polycaprolactand polyethylene glycol (PEGgve
been reported to be used with other polymeia vascular graftsand seeded with cells
prior to use as vascular grafts. The advantage of using biodegradable polyrniess is
ability to support the release of various bioactive molecules sugr@sth factorsand

also support cell infiltrationHowever, their use is challenging due to cell sourcing and

limited longterm patencycaused by compliance mismatéh
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Synthetic polymerare readily availabldut lack ofspontaneous endothelialisation and
cell signalling components that are crucial faell adhesion, proliferation,
differentiation and migration results in low patency and failuresghtheticgrafts in
smalldiameter applicationsthough this does not affect the performance of large
diameter vascular grafts-333738 Another limitation for synthetic grafts is that they are
more prone to infectiorthat can be lifethreateningwhen compared to autografts and
residues of degraded polymers may display cytotoxic efféct*® For improvement

of patency of suclgrafts,seeding of the luminal surface with endothelial cells or using
a combination of synthetic polymers and natural materials that enharsce

endothelialisationmay potentially preventthrombus formation3#3,

1.4.4 Xenografts

Anincreasing demand for tissue implantation and the shortageuman donor tissue
has ledto the use of xenogneic tissuewhichis tissue thatis transplanted from one
species to another#142 Porcine tissue is very similar to human tissues hence

commonly used for human imghtation 4L,

The majorlimitation in using xenogeneic grafts is the hyperacute rejection of the
implanted graft caused by thenmune system of théost to xenoantigensThe action

of pre-formed antibodies triggers the complement cascade leading to various
complications includingapidthrombus formation henceausing loss of patenayithin

a few minutes or hours of implantatiof'#>43 For examplethe interaction of anti
DFfhomZooDIf IYydAo2RASAE GKIG FNB LINBaSy
0KS DIFfhomZo0DIE TYydA3aSYyas o KAandgenr resiS F 2 dz
TNRY (KS OGA@GAGe 2F GKS hmZo 3ILflrOG2aet i
galactosyltransferase gene. This gene is found in aHgnonate mammals but found in

an unexpressed form in humansence is inactivated. Such inteteon causes lysis of
xenograft celldeading tofailure of the graft®#4 One way to overcome this interaction

is by inhibiting the activity of the gen@ K & | OG A @I (i S & geindiGlly DI £ h
modified donor pigsThe other way is to prevent hyperacute rejectidny, inhibiting
complement activation byexpressinggenes forhuman complement regulatorsn
genetically modified donor pig$. In an attempt to prevent this regmse, Cozat al.

expressed human regulators of complement activation on-haman cellsn vitroand
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the use ofregulatorswas suggested t@revent cell lysis upon activation of human
complement 41, Another concern of using xenografts is crepscies disease

transmissiorsuch agorcine endogenous retrovirus (PERY)

Although xenografts are promisirggandiddes for the reconstruction oblood vessels
in humans due to their availability, the hyperacute rejection causeddnpoantigens
and crossspecies disease transmission remaigjor issus 31443, Therefore, a more
advancel approachto prevent the immune response to xenogeneic tissues the

removal ofthe immunogeniwiable cells from théissue to be graftedh a process called

decellularisation.

1.5 Decellularisation

Allografts and xenografts contain antigens that are recognésefibreigrby the hostas
well as viable cellsactivating inflammatory and immunological responsegon
implantation This leads to graft rejectidrecauseallografts and xenografts atecated
as foreign by the host>*’. Decellularisation of tissiseis the main approacho
overcome the adversammunological response tallografts and xenograft®. Inthis
process DNA, cellular components arahtigensare removed fronthe tissueprior to
implantation in orderto prevent rejection once implantedwhilst keeping the
biomechanical properties, biologicptopertiesand composition othe native tissue
ECMintact or with minimal modificatior?>#*%, In addition, decellularisatiohas the
potential to overcomecrossspecies disease transmission when using xenografts as it
has been reported that no PERV and no diiten were observed irthe host following

implantation of acellular porcine pulmonary arteries into sheep moefels

Therefore, @cellularisation is a promising approach for the creation of biological
scaffolds composed of native ECBeveral studis have shown that acellular tissue
scaffolds are biocompatible and support cell attachmembwth and proliferationin
addition to being clinically applicabf&5*%5, Anin vivostudy using acallar grafts for
large-diameter blood vessel applications reported successful endothelialisation and
deposition of collagen and elastin following implantation with no complicatitns
However, low patency rates have been reportedvivofor smaltidiameter acellular
vascular grafts caused by thrombus formation and occlu%i®h®® This is because the

lack of the endothelial layer has been reported to contribute to the thrombogenicity of
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the acellular tissue graft caused by platelet adhesion to exposed colldiyen énd the
promotion of intimal hyperplasia and thickeningtbe vascular wall, resulting in graft
occlusior®*>”. Therefore, the evidence indicates that formation of an endothelial layer
IS requiredin vitro prior to implantation orin vivofollowing implantation to prevent

thrombus formation in smakliameter decellularised vascular grafts.

1.5.1 Decellularisation Methods

Decellularisation involves cell lysis, dissociation of cells from the ECM, solubilisation of
cytoplasmic/nuclear components and removal of cellular residdéBigurel.5). This

can be achieved by three main methods: physical; chemical and enzymatic.

Native tissue: Cell debris, proteins, lipid, Ac r tissue:
Cells within the ECM DNA, RNA, etc. C ee ECM

Figure 1.5: Schematic of the decellularisation proces$) Cell lysis interspersed hbge of
protease inhibitors to prevent ECM degradation. 2) Removal of DNA and RNA using DNase and

RNase and removal of cell debris, lipids and proteins by the use of detergents.

Physical methods cause direct cell lysis and include freezing, pressureioagaati
sonication. Freezing disrupts the cell membrane and causes cell lysis through the
formation of ice crystals. However, this does not remove highly immunogenic cell
fragments from tissue. Moreover, freezing can disrupt the ECM requiring exact control
of the freezing rate to avoid excessive damage. Application of pressure to tissue results
in cell lysis but may significantly damage the BECI8ome studies have shown that high
pressure removed the cellular component more effectively than deterdpased
decellularisation®®. Mechanical agitation or sonication can result in cell lysis but
application of such methods may cause damage to the ECM when used aggressively and

are commonly used with chemical/enzymatic immersion to improve effectivetié8s
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Chemical approaches are often used in combination witter treatments for optimal

cell removal*’. Acids/bases are used to solubilise the cytoplasmic component and
nucleic acids. Bases are commonly used for dense tissue decellularisation such as the
dermis and acids can be usddr sterilisation. However, these can degrade and
solubilise ECM proteins such as collagen, GAGs and growth factors. Therefore, the
choice of the dose or exposure times aid/base is important and is tissispecific

requiring the exact method optimised 6061

Hypertonic and hypotonic solutions cause cell lysis by changing the osmotic pressure
across the cell membrane with minimal structural/chemical changes to the ECM and
are commonly used in early stages of decellularisation. However, cellular components
are not removed rquiring application over several cycles with other treatments.

Therefore, detergents are often used alongside for maximised cellular rert/éval

Detergents can remove proteins, lipids and DNA by disrupting the prpteitein, lipic
protein, lipidipid, and DNAprotein interactions but can cause some ECM disruption.
Commonly used detergents are sodium dodecyl sulphate (SDS) andXrti@gh SDS is

an ionic detergent that solubilises cytoplasmic and nuclear membranes but denatures
proteins by disrupting the proteiprotein interactions*’6061 SDS was reported to
successfully decellularise several tissue types with sufficient removal ofacedidi
DNA content, but because it disrupts protgirotein interactions, SDS can be disruptive
to the ECMP2. Low concentrations of SDS are required to minimise the effect on the
ECM ideally using multiple washes with short exposure times or low temperatures.
Moreover, residual SDS may be difficult to remove leading to a cytotoxic éffect
especially wen used at high concentration$riton X100 is a norionic detergent that
disrupts lipidlipid and lipidprotein interactions leaving proteiprotein interactions
intact, henceminimally affecting the ECKI-¢%61 Residual Tion X100 (1 %; w/v) was

also reported to cause some cytotoxic effétt

The effect of detergentise on the ECM and cytotoxicity may vagpdnding on tissue
type, detergent concentration and exposure times. Different studies have shown
different degrees of decellularisation possibly due to different cell densities within
tissue and tissue thickne$§% Inin vitro studies, SDS (1 and 0.1 %; w/v) treated tissue
was shown to have less confluent cells with atypical morphology when compared to

other detergenssuch as Triton-£00. This was more evident at higher concentrasion
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of SDS and was attributed to residual D& loss of ECM structures including collagen,
elastin, GAGs and growth factd Triton X was also reported to cause less GAGs loss
when comparedto SDS and trypsin treated tissue, but again, the results varied for
different tissue type$°®4 Tissue treated with 3 % Tritonr2X0 was also shown to be
positive for collagen IV basement membrane when compaocetl % SDS treatmefit
Accordingly, selection of the type of detergent and concentration can be determined

by the tissue type and structure.

Chelating agents such as ethylenediamineteicatic acid (EDTA)rcdind and isolate
divalent metal cations which are important for catlhesion, facilitating cellular
removal from the ECM without causing cell y5i€2 EDTA may leave cell residues,
hence is used in conjugation with other detergents retaining the ECM major

components®,

Remaal of cellular residues can also be achieved by enzymatic treatment such as
trypsin and nucleases. Trypsin causes cleavage of peptide bonds but prolonged
exposure can cause disruption in collagen and elastin structures. Nucleases are used for

the degradaibn of DNA and RNA by cleaving the nucleic acid sequéhces

It is important to preserve the ECM after decellularisation because it contains the
structural proteins and composition required for cell attachment, migration and
adhesion 246667 The choice of methods used in the decellularisation process is
therefore dependent on several factors including cellular population, tissue type,
structure and thicknesg”:®L For successful decellularisation, a balance between
thorough removal of cellular componentsand minimal modification to the ECM
componentwhich isrequired to withstand biomechanical loahould beconsidered
Consequentlyan effective decellularisation technique uses a combination of these
methods rationally to produce a clinically applicable mmmunogenic acellular

scaffold8>°.

1.5.2 Sterilisation Techniques

Sterility is a prerequisite of any medica¢wice in order for it to be used safely.
Sterilisation of the acellular scaffold is also required prior to use wivostudies or
clinical application, ensuring removal of viable micro®efollowing decellularisation,

tissue can be sterilised by incubation in solvents or acids/bases or by gamma and
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electron beam irradiations to reduce the chances of infectionieease transmission
61, An alteration in the ECM characteristics is one of the major concerns for sterilisation

of acellular scaffold$®.

Studies have shown that gamma and electron beam irradiations reduce the mechanical
properties of tissue as they cause structural damage to the 2€MTrhe E® damage
is caused by the croasking of mapr structural components including collagen and this

effect is increased with increasing dosage of irradiatfon

Ethylene oxide may cause structural damage to the ECM but may leave it unaltered.
However, its use has been limitelue to the possibilities of mutagenic effects caused

by harmful residues resulting in adverse host immune respoffs@$°.70

Peracetic acid has antimicrobial and antiviral activities and is commonly used for the
sterilisationof delicate instruments. It has a lower toxicity due to the harmless natural
reaction productg®and therefore preferred over other sterilisation methods. Peracetic
acid however has been reported to have an effect on collagen IV within the basement

membrane’l.

For use as a medical device, the biological decellularised tissue is typically regulated by
the Food and Drug Administration (FDA)®. The ECM product requires being
terminally sterilised following certain guidelinedth regardsto the bacterial load. It is
crucial for the product to passterility tests in order to be used clinically but the
structural/mechanical loss caused by the sterilisation method must be taken into

consideratiorf®.

1.6 Haemostasis, Coagulation and Thrombosis

The blood has the ability tehysically change by forming a clot in response to an injured
or damaged vessel in order to preventdmorrhage upon vascular injuiny a process
called haemostasig?’3 In general, at the i® of a vascular injury, the blood
immediately contacts with the exposed vessel components in the subendothelium,
platelet adhesion occurs to form a plug and this is then stabilised by formation of stable
fibrin clots via the coagulation cascadé The activated platelets release small
molecules attracting more platelets to form a plug and allowing for tissue repair. The

process of platelet adhesion is facilitated \d/Fthat binds to activated platelets ah
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bridges them to the subendothelium. The coagulation cascade is then facilitated

triggering insoluble fibrin formation that strengthens the platelet pltig

The coagulation cascad€&igurel.6) is activated by two pathways; the extrinsic or
tissue factor (TF) pathway which is initiated by release of TF from site of injury and the
intrinsic or contact pathway which is initiated by contact with negatively charged
surfaces such as phospholipidsepent on the surfaces of activated platelets or
membranes of damaged celi3®. The negatively charged phospholipids on platelets
also provide a catalytic surface for the activation of sal’eoagulation cascade factors

by forming factor complexes.

The extrinsic pathway initiates the coagulation cascade via contact of TF presaat in
subendothelium with blood following an injury-"47¢ TF forms a complex with factor
VIl that circulatesn blood in presence of calciumans allowing conversion of factor VIl
into serine protease factor Vlla. Factor X is then converted to factor Xa by tHalrF

complex once attached to cell membrafie’4

The intrinsic pathway factors such as XI and XlII are importarthéopropagation of
thrombus. In this pathway, factor Xl comes in contact with a negatively ctiarge
phospholipidssurface and this activates the factor to Xlla. On the cell surface, Xlla
activates Xl to Xla which in turn activates IX to IXa that forms a complex with activated
VIII (Vllla). This complex with calcium ions activates X to Xa on the phospholipid surface.
Because thrombus propagation occurs through this pathway, it is suggested that this

pathway is possibly taking place in pathological thrombus formdfion

After activation of factor Xactor Xa forms a complex with factor Va in thegaece of
phospholipid and calcium ions forming a prothrombinase that converts prothrombin
into thrombin 74, Positive feedback from thrombin activates factors V, VIII, XI, XIlI and
inhibitor protein C. It also converts soluble fibrinogen to insoluble fiptaying an
essential role in haemostasis. The formed fibrin coagsliami¢he site of injury forming

a mesh which is stabilised to a fibrin clot by the @ctof factor Xllla.

It is important to regulate the coagulation cascade in order to prettemformation of
an insoluble fibrin deposit. In healthy individuals, this only occurs at the site of injury
and for a certain duration which is sufficient to seal the site of injury by fibrin. This

process is regulated by a number of factors to prewdetformation of massive fibrin
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clots hence thrombus ithe vessel. These include; tissue factor pathway inhibitor (TFPI)
that targets the complex FW¥lla, antthrombin that inhibits factors 1Xa, Xa,-VRa
complex and thrombin, protein C that inhibits activatioifactors V and VIl preventing
thrombin formation, and intrinsic pathway inhibitors that inactivates factor Xilahe
final stage that contr@the process is fibrinolysis, which produces fibrin degradation
products from insolubldibrins. This is achieved by the action of the enzyme plasmin

which is converted from plasminogen by the action of plasminogen activitors

Haemostasis must be regulated to prevent bleeding or thromb@#isat canbe caused

by insufficient control over the activation and inhibition of factors, thrombin and fibrin.
A thrombus is formed in circulating blood and it comprises of a platelet aggregate
surrounded by leucocytes which are bound by fibrin strands that byltfam the site

of injured walls of blood vessels but it does not develop on the Walls

Thrombus formation can be caused by varidastorssuch as atherosclerosis due to
artery narrowing or total blockag®?°. The levels of TF expressed by macrophages in
patients with atherosclerosis is increased and since TF initiates the coagulation cascade,
its presence in blood increases the risk of thrombd%i®atients with coronary artery
disease have a higher risk of thrombosis that is believed to be due to the abnormal
formation of fibrin clos caused by increased platelet coagulation and thrombin

generation that strengtinsthe clot making it more resistant to fibrinolysis
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Figurel.6: Coagulation Cascade Modélhe cascade is initiated by the extrinsic/tissue factor
pathway (orange) and propagated by the intrinsic/contact padlyw(green) to the common

pathway (blue) forming a stable fibrin that is degraded in the fibrinolysis process (yellow).
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In vascular disease, when surgical grafts are required, thrombosis is one of the main
reasons for unsuccessful grafts with low patency upon implantatfpmarticularly
smalldiameter grafts. The endothelium is absent in biomaterials (synthetic or naturally
derived) used sivascular grafts introducing a foreign surface to circulating blood. Often
this results in a thrombotic response by triggering several complex and interlinked
events including protein adsorption, platelet and leukocyte activation/adhesion and

activation d complement and coagulation cascad€&.

The first event that occurs almost immediately when thematerial is in contact with

blood is protein adsorptior$®82 Other events are dependent on the interaction of

blood with the adsorbed protein layé&?. For example, biomateridilood contact may

initiate the intrinsic pathway through activation of factéfl. It can also trigger TF
expression by monocytes and activate the extrinsic pathwayThe amount and
composition ofthe adsorbed proteins dependent on the biomaterial properties and

this can preferentially activate complement or coagulation cascade#dsorbed
LINPGSAYya AyOfdzRAY3I FAONARY23ASY | Vids®#2 C YSI

Platelets play an iportant role in thrombus formation. They can be activated by
contacting thrombogenic surfaces including: injured endothelium, subendothelium (e.g.
collagen) and foreign surfaces; plasma proteins (thrombin and fibrinogen); or
inflammatory molecules (leukotss) resulting in physiological responses. The platelet

I RKSaAz2y NBia&td) madiates platelet aggregation and formation of
plateletleucocyte aggregates by binding to fibrinogen in activated platelets. In
biomaterials, platelets will adhere to the adsorbed proteins on the surface and adhesion
A& Y SRAW dingegin. & €he intrinsic pathway activation alsostdts in thrombin
formation that induces fibrin formation on the biomaterial surface triggering platelet
adhesion, activation and aggregation then stabilising thrombitansurface8283.85

Platelet adhesion is also affected by shear rate and contact&me

Thecoagulation cascadean be activatedhrough the intrinsic pathway by exposure of
collagen in the subendothelium to blood following an injdPy suggestinga similar
response in acellular arteries where blood contacts the BGNMttures Tuckeret al.

tested thrombus formation in baboon and flow chamber models using ePTFE vascular
graft coated with collagen. The study suggested the importance of factor Xl in local

thrombin generation, platelet activation and fibrin formation in thrombus propagation,
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hence acute occlusion of smallameter vascular grafts. Stability of formed thrombi

was also dependent on factor XI| activity

The complement system plays an important role in the inflammatory response and it
consists of more than 20 plasma proteins that are involved in complex reactions. It can
be activated by the classical pathway through an antigetibody @mplex or the
alternative pathwaythat involves contact with a foreign surfaé® In presence of a
biomaterial vascular graft, the complement cascade is believed to be activated through
the alternative pathwayplayinga role in leukocyteesponse since the biomaterial lacks
complement inhibition capaty 898283 The complement cascadealso associated with

platelet activation and thrombus formation leading to inflammation and/or thrombosis

84

Leukocyte adhesion to the endothelium is important in thBammatory response. In
contact with biomaterials, leukocytes are activated and this promotes adhesion. The
mechanism by which leukocytes adhere to biomaterials is not clear but is thought to be
mediated by complement cascadeogucts. Leukocytes also lagre to adherent
platelets contributing to local thrombosis. TF expression on leukocytes following
biomateriatblood contact was shown to activate factor X and platédetkocyte
aggregatiorf®. Leukocytes contribute to thrombus formation, platelet adhesion, and

fibrin formation®83,

Other factors that can influence the biomateriaduced thrombosis includeusface

LINB LISNI A Sas> LI A Sy i Q& Fa2xaipke (nihafilitylinblBod T £ dzA F
flow cawsed by compliance mismataan lead to thrombosi&®. Flow conditions also

play an important role in biomateriahduced thrombosisFibrinogen is the main
protein mediating platelet adhesion, forming platelet aggregates and stabilising
thrombi under low shear stress, while VWF mediates the platelet adhesitimetsite

of injury under high shear stre§38% Flow conditions can also affect the transport of
blood components to the biomaterial, in which disturbed flow enhances the transport
of components to the sdiace, resulting in accumulation of platelets and proteins at a
critical concentration leading to thrombosis. If the shear force is large enough to
overcome the thrombus adhesive forces, a thrombus can be detached and carried by

circulating blood leadingotother complications”.
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The effect of biomateriahduced thrombus formation can be mitigated by modifioa
of the vascular graft, either by seedingth cells, use of artihrombogenic coatings or

bioactive coatings that promote endothelialisation of the luminal surface.

1.7 Approacheso PreventThrombus Formation

For vascular grafts to be clinically succekshey are required to be nethrombogenic,
non-immunogenic, non-inflammatory, mimic the native blood vessein the
biomechanical properties andntegrate with the surrounding environmen®.
Improvemens insmalldiameter vascular grafts are still ongoing to producshition
with long-term patency.Severain vitro or in vivoapproaches have been investigated
for such improvemen For example, seedirthe surfaceof the graft with cells, the use
of antithrombogenicsurface coatinggnd enhancing the formation of functioning

endotheliumusing bioactivedctors

1.7.1 Cell Seeding

Cell seeding habeen applied to variousypes ofvascular grafts including, synthetic,
naturally-derived and acellulaissuescaffoldsEndothelial cells, endothelial progenitor
cells smooth muscle celendbone marrowderived cellghat can differentiate into the
desired cell type under the correcbrditions and factors have been used for vascular

graft applications:°458:88

Seeding of the luminal surface gynthetic graftamade frompolyurethaneand ePTFE
with endothelial celldas beenshownto enhancduminal coverage witlminimalto no

thrombus formationin vivoand high patency rate®-*C.

Several studiesn various animal modeltave reportednonthrombogenic smalt
diameteracellularallograftsand xenograftsvith high patency ratesvhen seeded with
autologous endothelial cells or bone marralgrivedcells prior to implantationvithout
complications such as aneurysm format@md minimal inflammatory respon$é->58.88
Smooth musclecells were shown to migrate intacellular allograftsand xenografts
during the implantation timewith no evidence of platelet adhesion to the surface of
cell seeded graft§”5888 Production of elastin and collagen have been reported in

acellularallograftsseeded withautologousbone marrowderivedcellsin a dog model

54
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Conventionatwo stageseedingof vascular graftivolves isolation/extraction of cells
from source prolongedculturing and expansion until an adequate number of cells is
available followed by seeding into the vascular graft until confluency is achieved prior
to implantation®3% This process is typically carried out in a suitable bioreactor system
under a sterile anda closed environmen®?. To overcome this prolonged production
period, a single stage processstiseen developed, in whicthe biomaterial is directly
seededfor implantation3®. In an attempt to avoid the twstage seedingTiwai et al.
havereported directin vitro seeding ofhuman umbilical vein endotheliakells onto a
heparinisedpolyurethanegraft containing a polyer with repeating RGD sequences
Thegraft showed improved retention of endothelial celis vitro as well asaving the
anti-thrombogenic properties of heparin, whiaan be implanted back into patients
directly reducing the time required for culturirf§ The processsof cell seeding using
the two and single stage seedimgethods is illustrated ifrigurel.7. The use of anti

thrombogenic and bioactive surfaswill be discussed in the following sections.

—>
Cell culturing
v&a‘ =3 and expansion Seeded biomaterial

S Se S

_— OR
Cell isolation

and extraction [))
B Direct seeding Implantation

onto biomaterial

Figurel.7: Schematic ofhe development d cell seeded vascular grafisolation/extraction of
cells from source. A) Two stage seeding: in vitro seeding until obtaining an adequate number of
cells for seeding onto biomaterial prior to implantation. B) Single stage seeding: direct seeding

onto bianaterial followed by implantation.

Autologous cellssolated from patientsuch as endothelial cells, smooth muscle cells
and bone marrowderived cellsare the first choice for vascularaft seeding, since
these are noAmmunogenic. Allogegic cells can also be isolated but can induce an
immunological responseé Cells can be obtained from small biopsy samples such as

veins or skit*:2 However, isolation and purification of cells is limited due to limited
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adult tissue, infection of cells, diffitty of obtaining largenumbersof cells from small
biopsies leading to poor proliferation potential and possible loss of functionality during
in vitro expansion®3>%7 Bone marrowderived cells have been reported to induce
calcification when transplanted directly, requiring controlled cellular differentiation of
adult stem cells in such applicatiof% The invasive procedures to obtain cells may
cause morbidity for donor§’. A noninvasive extraction proceduréor endothelial
progenitor cells from the peripheral blood has been reported, hence can be used as an
alternative for endothelial celf. In summary, the main issue with this approach is the
cell sourcingand prolonged time required for expansion and seeding of cells prior to

implantation.

1.7.2 Anti-fouling Surfaces

Anti-fouling materials prevent or inhibit the covering of the surface with undesirable
material from the surrounding environmePtt In the case of vascular grafpplicatiors,
this undesirable process refers to the adsorption pobteins onto the biomaterial
surface and subsequent events that lead to thrombus formatin In a normal
functioning blood vessel, the luminal endothelium acts as a naturaffanling surface

repelling proteins, platelets and leukocyt¥s

Chemical and physical features of thiematerial play a important role in the surface
anti-fouling properties®. The surface chemistry of biomatesatan be altered by
incorporation of groups that resist protein adsorptibacause this affects the hydration,
attraction and repulive forces of interactiorf®. Ostuniet al. reported four different
properties for surfacesto resist protein adsorptionhydrophilic, neutrally charged,
contain hydrogen bond acceptotsit not hydrogen bondionors®. These are mainly
synthetic polymers developed for biomedical apgtions. For examplegf-assembled
monolayers of oligo ethylene glyctilat have shown resistance to adgtion of a
variety of proteins angolyvinjaminethat mimics tre ECM antfouling glycoprotein

suppressing platelet adhesidh

PEGs a hydrophilic pofmer andone of the main antfouling materids thatis being
investigatedwith low protein adsorption due to steric repulsidimat can be affected by
the polymer density®+®>97 |t has been reported that PEG exhibited low protein

adsorption whenexposed toblood plasma®°° Platelet adhesionhas also been
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reported to decrease with increasing density and longer chains of*PEEosslinked
polymer hydrogels such as PHi@aylate have also been reported to have low protein
adsorption®#19 Hydrophobic polyethylene terephthalasrfaceshave been modifie
with PEG to improvthe surface hydrophobicity and it was reported to have less protein
and platelet adsorptiort®s. Coating the biomaterial suréa with PEG can also improve

its biocompatibility and blood compatibilifi? 85

The use of antfouling coatings ray dter the mechanicabnd chemical properties of
the biomaterial. In addition, the anfouling surface will potentially degradauring
longer term use exposing the underlying biomaterial that promotes thrombus
formation. This is more likely to occur in biatarials that do not encourage formation
of functional endothelial cells in an acceptable perioticfeing degradation othe

coating.

1.7.3 Anticoagulant Agents

Anticogyulant agents including aspirin, heparionw molecular weight heparin (LMWH)
and Warfarin ae typically used for the treatment ahrombotic disorders such as

venous thrombosispulmonary embolism and coronary artery dised%¥e@.

Heparin is deavilysulphatedglycosaminoglycarGAG that has a molecular weight of

3 kDa to 30 kD4t is an anticoagulant thahhibitsthrombin and factor Xa througnti-
thrombin, a slow inhibitor in absence of heparit?¥1%% Heparin works by binding to
anti-thrombin changing its conformatiostabilising the complex then accelerating the
inhibition process. Therefore, it acts a catalystricig the reaction without being
consumed as it is released from the complex once formed, efficiently preventing fibrin
formation 10419, For acceleratiorof thrombin inhibition, heparin binds to both anti
thrombin and thrombin, while it is not required to kinto factor Xa for inhibitiori®?
(Figurel.8). Therefore, LMWH, a fragment derivédm heparinhaving a molecular
weightbetween 1kDa and 10 kDa, can iiblit factor Xa but not thrombid®2:1%5 Heparin

also inhibis other clotting enzymes including factors 1Xa and Xla through complex
reactionsand regulatesthe coagulation cascade, complement cascade and platelet

adhesiont0.84,
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Thrombin
Heparin

An-1rombin

Factor Xa

Figure 1.8: Schematic of the action of heparin in the gwvention of thrombus formation.
Heparin binds to antihrombin causing a conformational change and activating the enzyme
inhibitor. The activated anthrombin inhibits thrombin (requiring the whole heparin length)

and factor Xa (requiring partial length of heparin).

Heparin is the mai anticoagulant used with synthetic grafts such as ePTFE, Dacron®,
and polycaprolactone as well as naturaligrived grafts such as decellularised scaffolds.
Heparin treatment has been applied to smdihmeter vascular grafts to improve
patency and reducéhrombogenicity ofthe graft, having a similar mechanism of anti

thrombin action36.107111

Heparin has been regorted to reduce platelet adhesiorwith non-activated
morphologiesand inhibit blood clotting with no change in its anticoagulation activity
over the tested periodh vitro1°710% Heparin treatecacellular allografts and xegoafts

have been shown to have very high patency rates with no evidence of thrombosis or
stenosis following implantatio#®*1 The mechanical properties of decellularistoh

common carotid arteriebave beershown to be maffected by heparin treatment!’.

In addition to the antthrombogenic effect, heparin coating has been reported to
significantlyincrease endothelial cell densign wire caated copolymercoils in vitro.

This could be due to direct simulation of endothelial growth or through binding
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circulating growth factors to enhance cell proliferatidt?. Heparin ha also ben
demonstrated to support adhesion, spreading and proliferation of functional
endothelial cells that expressed VWF and were capable of producing nitric oxide, while
reducing or inhibiting smooth muscle cell proliferation which is a major cause for intimal
hyperplasia®’108110 However, it has also been reported that heparin use hasffexe

on cellular remodellings populating the tunica media with smooth muscle cells and
covering the lumen with endothelial celhas been demonstrated in ncheparinised

and heparinised acellular grafts-

The use of heparin with other methods such as incorporation of vascular endothelial
growth factor ha also shown improved patenayf decellularised dog carotid arteries
in dog modes$ with sustained release of the growtladtor within less than a month,
forming a confluent organised endothelium. Presence of growth factors was shown to

inhibit intimal hyperplasia*®.

It has been demonstrated that ionic bonding of heparin to the synthetic polymer
polycaprolactone resulted in sustained release over a one month period, resulting in
optimal antithrombogenic effect while maintaining patency of the synthetic graft

followingimplantation in rat models with almost complete endothelial cell coverfdge

Therefore, he type of biomaterial used and conjugation of heparin with otfaators
such as growth factorsave all been shown taffectthe endothelialcell response and
thrombogenicity ofvasculamraftsin vivqg requiring the caaful consideration othese

effects for the design of vascular grafts

Heparin is a natural anticoagulant and lelegm usage is limited as it may lead to
haemorrhage'®. Therefore, the use of anticoagulantss challengingand limited in
patients with inherited bleeding disorders, requirinigrther monitoring of the
condition or alternative approachet addition, despite the artihnrombogenic effect
of heparin that improesgraft patencyloss of heparirirom the surfaceof an acellular
scaffold vascular graftmay limit the maintenance of patency in thiengterm,
particularly if a complete endothelial layer is not formggotentially resulting in

thrombus formation?6.
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1.7.4 Bioactive Surface Coatings

Bioactive surface coatindger vascular graftsaare thought to enhance the formation of

an endothelial layeiin sity, for example, by using cell attachment motifge cell
attachment motifs areshort peptide sequences that argerived from ECM adhesion
proteins such as laminin, fibronestiand collagen, which usually mediate €e@CM
adhesion through integring®1315 (Figure1.9). Several cell attachent motifs have

been reportedn the literature for enhanced endothelial cell binding such as RGD, YIGSR
and REDV andlwer sequences such as IKVAV and PHSRN are widely used with RGD or
YIGSR for a synergistic effé€t'1e,

)
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Biomaterial surface Bioactive surface Enhanced cell attachment

Figurel.9: Functionalisation of biomaterial surface with bioactive motifs for enhancement of

cell attachmentin vivo.

RGDfound in most ECM proteiris the mainfocus of interest irthe literatureas it has
been shown toenhance endotheliakell attachment, migration, proliferation and
survivall*>17 |t is often used in the forms RGPRGDSYRGDSGRGDYnd GRGDSP
117120 Coating thesurface of electrospun polycaprolactone with RGD has lsbemn

to improve the patency ofhese synthetiagyrafts in rabbit models in which RGD was
shown to support the infiltration and migration of endothelial and smooth muscle cells
as well as inhibitiorof platelet adhesion and thrombus formation. The alignment of
endothelial cells inran RGD modified synthetipolycaprolactonepolymer has been
reported to be similar to that of native blood vesdél A cyclic form of RGB more
stablein vivoagainst proteolysiand enhances cell attachment better than linear forms
119,122 Modification of electrospun poly(Hactic acid)polycaprolactonesurfaces with
cyclic RGIcGREDdvc) using a PEG spaces bha@enshown to support attachment and

proliferation of endothelial cellwith no significant change in the expression of markers,
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significantly improvingsurface coveragein vitro. The peptide was shown to have

weaker affinity for platelets and monocytes when compared to GRGD segii®nce

RGD is recognised by more than half of the known integrins, hence binds various cell
types other than endothddil cellssuch as platelet$®®. This requiresisinga different
sequence of the peptide with lower affinity towards other unwanted cells as discussed

earlier or using other cell adhesion motifs that are mendothelial celspecific.

A bioactive polyurethanerea has been synthesised by incorporation of a YIGSR into
the polymer. It has been demonstrated that YISGR enhanced endothelial cell
attachment, spreading and migration but not platelet adhesion, hence this peptide
sequence has more affinity for endothelial cells without contributing to the
thrombogenicity of gaft 123 Another peptide sequence REDV used to modi§TFE
surface through a PEG spacer has been demonstrated to enhance endothelial cell
attachment, while reducing platelet and microbial attachment. This modification
combined the bioactivity of REDV and diatilling properties of PE&“ However, REDV

has also been reported to neither support endothelial cell attachment nor platelet
adhesion ona polyethylene terephthalatenodified surface.In the same study both
YIGSR and RGD modified surfaces increased the attachment of endothelial cells.
Moreover, RGD also increased platelet attachm&nit The use of amixture of cell
attachment motifs wastsown to enhance cell attachmentoFexampleRGD and YIGSR
enhanced endothelial cell migration, while RGD sujgab cell adhesion better than

YIGSRvhen used separateR#.

Other peptide sequences have been reported to enhance endothelial cell attachment.
For examplethe peptide sequence RRETAWAL has high affinity towards endothelial
OSft t a & KnieBror3 K asenet al.demonstratedthe limited plateletadhesion

of cyclic CRRETAWA@hich specifically targetd endothelial cells enhancing
attachment andproliferation in ePTFE graft vitro. Attached cells have also been
shown to be stable under shear stréd% Similar results have been reportég Meyers

et al.with regards to platelet and endothelial cell attachmédt Liet al.reported the
improved patency of ePFE coated with collagenderived P15 peptide
(GTPGPQGIAGQGRM\§ sheep modedith a thick uniform endothelial cetloverage

127
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It is clear that the affinity of bioactive peptide sequence towards endothelial aels
cellularresponse aralependent on many factors including the type and properties of
the biomaterial being coated, sequee orform of peptide and use o$pacerthat
affects integrin accessibilify® Fibronectin bioactive peptide sequences cyclic RGD and
REDV, but not LDV or PHSRN have been shown to play an important role in mediating
the attachment of human microvaslkau endothelial cells to the porcine ECM. The
biochemical composition of tissues thought to be responsible for the different
attachment behaviour of celf$°. The concentratiorof the bioactive peptidéias also
been reported to affect cell attachment that typiocalincreased with increasing
concentration'??. Therefore, cagful design of the bioactive sface coating is required

to tune the affinity for different cells as needed, achieving optimal endothelialisation
but minimal or no protein, platelet or leukocyte adhesion. Thigeria for synthesising
bioactive peptides araliscussed in more detail inh&pter7, (Section/.1.2), focusing

on RGD and YIGSR motifs.

The use ofa bioactive surce coatingis an attractive approach fasmalldiameter
vascular grafts mainlyto promote in situ endothelialisation, in partigar, cell
attachment motifs. Many cell attachment motifs have been reported to enhance cell
attachment, spreading and proliferation and these can be tailored to produce the most
suited motif forvascular grafapplicatiors. Severalstudies have reportedhie use of
PEGas a linker in order to improve the anfouling properties of the surface of
biomateriak 114122124 However, since this appraf encouragesn situcellularisation,
attached cells mustesist shear stressedy allowing cytoskeletalorganisationto
prevent detachment with blod flowfor a moreefficientgraft performance3C. Treating
ePTFRascular gragwith an RGD containing peptide was shownitgprove the shear
resistance of endothelial cell$t. Increasing the concegration of RGD was shown to
increase cell retention under flow shear stress conditi&fislt is therefore important

to study cell retention under shear stress, ensuringscaté not detached from the

surface othe graft, which couldead tothrombus formation.
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1.8 Advantages and Limitatios of Current Smaldiameter Vascular

Grafts

Biomaterial scaffolds for tissue engineering must be biocompatible, have surface
properties to facilitate cell adhesion, proliferation and differentiation, highly porous
allowing for migration and infiltration of cells and diffusion of essentialetules such

as growth factors and have mechanical properties to withstand the targetifoaivo

132 Subsequently, @ ideal vascular graft should mimic the natilsbbod vessel in
structural and biomechanical properties as well as functional and biological activities
and allow for guided cell repopulatiofd28 It must also be readily availabé&d cost
effective 3558 Thrombus formation is the main reason for poor patency rates in current
clinically used smatliameter vascular grafts This is causedhainly by an absence of

the natural antithrombogenic endotheliumTherefore,research andievelopment of

an ideal smaltiameter vascular graft is still ongoing.

Autografts remain the gold standard since these do notlicit an immunological
responsebut have limited availability and can cause complications such as intimal
hyperplasia?®2625, particularly when using veins for arterial bypass grafterefore,
allografts, having the appropriate biomechanical propertivave beenconsidered
However,because othe immunological responseaused byalloantigens associated
cost and long waiting timethe use of allografts is limitetd-2%31 Xenograftsin addition

to the hyperacute rejection caused blye immune responsecan lead tacrossspecies
disease transmissiomakingthem unfavourable for vascular graft applicatiotig?43
Synthetic graftsare readily available and are successfully used in Haigeneter
vascular grafts. Howevethe lack of an endothelial layer and inability to encourage
luminal endothelialisatin limits their use in smatliameter applications. Acellular
tissuescaffolds areof considerableoromise for smaltdiameter applicationsespecially
using the readily available xenografts. These haveduced immunological response
due to removal ofimmunogeniccellularcontent and the appropriate biomechanical
and bioactive properties because they are derivedrom the native vessef?¢.
Decellularised tissue ialso biocompatible and can be used as a scaffold for cell
adhesion and proliferatiori® but, as withsynthetic grafts alack of endothelial layer

raises thombosis and low patency issues.
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Formation of an endothelial layer or use of atitrombogenic strategies are
hypothesised to improve the performance of vascular grhftgreventing thrombus
formation. Cell seeding using autologous cells is limited duthédinability to isolde
adequate cells for expansion, which is thm@nsuming and requires pansion of cells

in vitro prior to implantation®2® The use of anthrombogenic materials such as anti
fouling or anticoagulant coatings is important for the initial stages of implantation to
maintain graft patency but is limited due to possible thrombus formation following
degraddion of material from the surface in the case of incomplete endothelialisation
36,94 Combining antthrombogenic treatments with endothelialisation enhancement
methods is a possible approach to prevent ldagn thrombus formation. The use of
bioactive surface coatings such as cell attachment motifs enhances the graft
cellularisation and may be tailored to act as anti-thrombogenic coating, whilst
binding cells to the surfacé®?4 However, this requires extensive studies as some cell
attachment motifs have shown strong affinities tamds endothelial cells but also for

platelet and leukocyte$'4125 which are involved in the thrombus formationggess.

Selfassembly of peptidecontaining bioactive functions is an attractive method for
coating vascular grafts in order to enhance luminal endothelialisalibese pptides
are able to form nanofiers spontaneously thahave similar dimensions to EC
collagenfibrils 132 Previous studies have shown that peptides containihg cell
attachment motif RGD selassembled into nanofibers on thdiodegradable
polycaprolactone and polyglycolic acid synthejiafts under physiological conditions
121,133 The bioactive peptide coatingiowedhomogeneous distribution on the surface
in addition to being stablesincethe selfassembled structures were retained under
biological fluid conditions or in excess of cell culture medigi33134 The mechanical
properties, surface morphologies and the nanoporous structure of slathetic
polycaprolactonegrafts have been reported to be unaffected by the coating as the
peptide only coated the scaffold fibré& 135 Coating the surface sfyntheticvascular
grafts has demonstrated improvexll attachment, spreading, proliferation, infiltration
and migration!?1133135 |n addition, multiple bioactive functions can be introduced
within the selfassembled peptides potentially enhancing the interactadrcells with
the surface ofthe graft. Peptide selHassemblyfor tissue engineering applications

discussed in mordetail in the subsequent sections.
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The combined technology af decellularisedporcine artery scaffold and bioactive
peptide surface coating have the potential for sndiimeter vascular graft
development because dahe biocompatibility of both materialsappropriate tissue
scaffold biomechanicgropertiesand biological activities, availability of both materials
and time effectiveness due tm situ endothelialisation. Nevertheless, screening of
various cell attachment motifs used individually and immbmation for synergetic
effectsis still required prior to anyn vivotesting. The stability of attacheendothelial
cells under shear stress must be assessedviuate the effectiveness of bioactive
peptides.Furthermore, longerm animal studies need to be carried out prior to any

clinical applications

1.9 Amino Acids and Peptides

There are 20 naturally occurring amino acmdsich are the building blocks of proteins
and peptidesAll aminoacidsshare the saméasic structure witta central carbon atom
to which a hydrogen, an amino group (NH\-terminus), a carboxyl group (COOH,
Gterminus) and a sidehain group are attachedslycine is the smallest amino acid
having a hydrogen as the sidbain group Amino a&ids arecategorised intaifferent
groups depending on their sielthain group that determines their propertiggé13’
(AppendixA.1).

Generally, peptides are short linear structures with two levels of structure, primary and
secondary'36. The primary structure is defined as the linear sequence of amino acids
along the peptide chain. The spatial arrangement of the peptide backbone, determined
by the local conformation of these peptide chaimsd often influenced by hydrogen
bonding, is referred to as the secondary structure. Two common secondary structures
I NB -K &6 A O Ssheets!3F1R. |

1.9.1 h-helix

Theh-helix is a rodike structurewith aright-handed coiling of the peptide chain. This
helical structure arises from strong ramolecular hydrogen bonding within the peptide
backbone between oxygen ime C=0 bond of residugn) Yy R K& RNR3ISYy Ay
bond of residugn +4)along the helix axiwith 3.6 amino acid residues per tuf#f137.13?

These hydrogen bonds are parallel to the axis of the helix and act to stabilise the
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structure. The sidO K| Ay ad 2F GKS | YA yhelix éxtorid Rut otfiea A R dzS

rod-like structure, whereas the coiled backbone forms the core of the k&}ié°

1.9.2 i -sheet

¢ K Sshéetis formed by joining two or more-strands via intermoleculahydrogen
bondingbetweenoxygen ini KS / I' h 0 2-sfréhds2agthy@rggéh ini KS b |
02y R 2y { KStradsR®}Pe OBy riésults in a parallel or an antiparallel
arrangend y (i -sfrahds iin the -sheet The antiparallel arrangement fisore stable

than the parallel arrangement, hen@as more commorbecause the hydrogen bonding
Ay (GKS -thieenskstmbré distoited 136137 (Figure 1.10). The sidechain of
alternating residues point in opposite directions and teegth between two adjacent
F'YAYy 2 | OAR NGB asirdndzs 8.5 Avihikeyhd disiakc® between two

i -strands in an antiparallel arrangement is 4.73®139.141

C+— N % &NYK &NYL &NYK /

Parallel

Ce— N ﬁ/k)\/nw/k)vmw/kkmw/kx/

C+—— N %vaw/kkww/kkww/k/

Antiparallel

N—» C NJ#N%&("QK&(\)K

Figure1l.10: Schematic of -sheet parallel and antiparallel arrangements éfstrands. The
intermolecular hydrogen bonding is demonstrated by the dashed lines: parallel (blue) and
antiparallel (red)ArronsNB LINB a4 Sy (i (i K-StrarR.Bibdsh@in graiy(R)2 ¥ |
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1.10 Selfassembly of Peptides

The development ohanomaterialscan be achieved via two main approaches,-top
down or bottom-up. Molecular slf-assembly is a bottomp approachin many
biological systemsin which molecules are organisepositaneously intomore stable
well-defined supamolecular structures held together via weak nroovalent
interactions such as hydrogen bonding, electrostatic forces and hydrophobic
interactionsstabilisingthe structure 32142146 peptidesare an example of these self
assemblingbioinspired nanomaterialshat can bedevelopedusingthe bottom-up
approach, in which the building blocks fiie peptide chainare amino acids that can
be arranged intat SO2 Y R NB & (i NKD i i208haets AMEGKand there h
are various selissembly systemshat are Y Ay f & 0 thaiSIRy Rxshlet h
structures 140 Selfassenbly caneither be non-nucleated ornucleated In the non
nucleated sedassembly,monomers are added stewise to the growing chain and
increasing the concentration increases the number and lengtnalfain graduallgnd
slowly. Therefore, the formation of elongated structures is only formed at high
concentrations!#’. In a nucleated selissembly, monomers and elongated structures
are present within the system above a critical camtcation, once a nucleus is formed

below which only monomers and unstable deeare present+’148

1.11Responsiveness ¢feptide Selfassembly

The process of seffssembly musbe controlled carefully to enable formation of a
monomeric solution or a selissembled gel where required, especially in biological
applications. Therefore, external triggers can be applied to control theaseémbly of
peptides switching between the omomeric and selassembled forms as required,
including chemical triggers such as pH and ionic strength or physical triggers such as
temperature, light and mechanical force applicatién®149153 For use in biological
applications, in which salt concentration and pH are regulated, mixing complementary
peptides that form selbhssembled aggregates at physiological pH 7.4 as well aséhe u
of peptides that undergo seHlssembly at physiological conditions are potential
candidates. This property of selfsembling peptides allows for different methods of
introduction either as monomeric peptides that sadsemblein situ or as seHk

assemited peptides that are placeith vivg depending on the target application.



35

The response to external stimuli can be tuned byftdrdesign othe primary structure.

For example, the pH response can be achieved by incorporation of charged amino acids
that can be protonated and deprotonated in response to pH changes leading to
electrostatic attraction or repulsion, hence changing the macroscopic reversible state
of the peptide'#®152 Changing the ionic strength/concentration can be achieved by salt
addition to the peptide solutiomesulting in a shift in the critical concentration at which
selfassembly occursPresence of salt ions causes screening of electrostatic repulsio
betweenlike charges on adjacent molecules, either shifting the pH at whichsttian

between macroscopic states occurs or shortening the gelation ie+15°

1.12i -sheet Based SeHlssemblingPeptide Systems

1.12.1i -hairpin Peptides

A number of peptidedased on 20 amino acid residuesve been developed by
Schneideand coworkersd a ! - m A a -hdirgirheptide Kddhyiiich MAX8 was
derived>. MAX peptidesonsist of alternating hydrophobic and hyghtalic residues
with a tetrapeptide (valine, Bproline, Lproline and threonine)n the middle of the
sequence The peptidesemain unfoldedadopting a random coil conformatioat pH
7.4 under low ionic strength conditiomkue to the electrostatic repulsiobetween the
positively charged lysine residugdowever, in respose to an external stimulus (i.e.
DMEM cell culture mediumiolding of the peptide occurs due to screening of lgne
residues. Folded peptideadopti -hairpin conformatiors consistingf two antiparallel
i-Aa 0N yRa 22 A y-biRsresudtisgSrankte Nanking tetrapeptide 52154155
(Figurel.11A).

¢ K Shaifpins are amphiphilic molecules with a hydrophobic face and a hydrophilic face
that can se- & & S Y 6 f-sBeetkrighiiil®ils &nd undergo gelation under physiological
conditions®41%5 Selfl & & S Y o6-fiagpin®iFachieved laterally due to intermolecular
hydrogen bonding as well as facially due to hydrophobic interactionsdsn two
hydrophobic faces i.e. burial of the hydrophobic face in aqueous soltftgf> Fibrils

are physically crosslinked naovalently by hydrophobic interaction between
entangledfibrils, allowing for recovery following shear applicatiéh*>(Figurel.11B).

In MAX8, one of the lysine residues was replaced with the negatively charged glutamic
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acid lowering the overall positive charge of the peptide for screening by salt ions,

resulting in faster selissembly and gelatioft®.

. DplL
A) max1: NERkvUkvvPPTRVKVRVIEIIH: - L Coii e e o cinele MAX peptide

e
MAX8: NH,-VKVKVKVKVPP-PTKVEVKVKV-NH, —_— —
N

K K K K v °p Arrangement of folded

A A I e 1 4 self-assembled MAX peptides
B) - (. A AP A Non-covalent
) fg : - crosslink
% i 4 g 2~ Network O/ Application * I cessation
¥ (+) DMEM Lateral assoaatlon formatlon of shear =74 of shear
( ——> —_— > _—
L, Self-assembly s ,.,?;9
,J» Jﬁ%; 3.2nme
K"{ W Nik ‘
Unfolded peptide \Fac|a| assocmtmn Fibrillar structure Disrupted network Recovered network
{Liquid) (Hydrogel) (Low viscosity gel) (Hydrogel)

Figure 1.11: Sructures and elf-assembly of MAX peptides intd -hairpins. A) Peptide
sequences and folding of MAX1 and MAX8 intmairpins and selfassembly intdfibrillar

I NNF y3ISYSy G  @Q@nsdPbsiively yeihrged Tblue), negatively charged (red),
K& RNE LK 2 0 A Qurns @iddd)B)&elf-sgeRbly oMAXpeptidesin presence dDMEM
cellculture mediuninto fibrilsforming hydrogelsthat can be disrupted and restored following
injection due to noncovalent crosslinksAdaptedfrom HainesButterick et al.*>. Copyrigh

(2007 National Academy of Sciersce

MAX1 and MAX8 gel encapsulated cells have been reported to remain viable during the
encapsulation and deliverprocesses, suggesting the potential of encapsulation in
precise injectable cell delivety atarget site!®. This ability of gel encapsulation also
allowed for drug delivery applicationsuch asin cancer therapies MAX8 gel
encapsulated vincristineasbeen shown to release the chemotherapeuwigentwhen
injected without affecting the mechanical properties of the gelitro. The release was
sustained over a period afne monthwith low, local and effective release of the
chemotherapeutic to the target specificalf®. MAX8encapsulating gehave also been
reportedto deliver several neurotropigrowth factorsin vitrowith a tuneable release

time that was achieved by varying theptide concentration'®’.
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MAXZ1hasbeen shown to be nowytotoxic to fibroblasts by supporting cell adhesion
and proliferation even inthe absenceof serum proteins, whilst maintaing the
mechanical properties of the gelThe studysuggested the potential use of these

peptides in tissue engineering applicatidfi$

Assessment of the inflammatory responseMé X1 and MAX8els habeenconducted

by HainesButtericket al.prior to anyin vivoanimal modeinvedigations Both peptide

gels have been reported to elicit no macrophage activaitioritro1°8 Moreover, MAX1
gelshavebeen reported to exhibit antibacterial agtties against Gram negative and
positive bacteria, potentially reducing infection when used as a biomaterial for tissue

engineering application’$°,

1.12.2EAKand RADBasedPeptides

Zhangand coeworkers developed a 16 amino acid residues EAK16 peptuté
alternating hydrophobic and hydrophilic residuleased on the yeast protein Zuotin
EAK16&elfassemblesnto non-cytotoxicantiparallel -sheesthrough the formationof
ionic complementarybonding aml intermolecular hydrogen bondingetween the
glutamic acid and lysine residued pH 7.4 The selfassembledi -sheets have a
hydrophobicface and aydrophilicface, allowing for the formation afloublesheet
nanofibersthrough hydrophobic interactionshe stability of these peptidetructures
arises from the ionic complementary bonding, hydrogen bonding and hydrophobic
interactions 160162 Based on the EKA16 peptide, Zhang andvarkers developed
RAD16 peptides, in which the arginine and aspartic acid replacgdime land glutamic
acid residues that selissemble in a similar manner to EAR36%! In water, the self
assembly of this class of peptides is spontaneous in the presence of salt dodhieel
nanofibers are stableaoss a wide range of pH, hence setembly can be controlled

by changinghe salt concentratiorat physiological pHP316%.16(Figurel.12).

Out of these peptide series, RADIL&nd RAD1# are the most investigated in the
literature 163 The RADZ6 peptide has been commercialised under the name

PuraMatrix® and was investigated in various applicattéhs

RAD16ll has been reported to support the growth and organisation of endothelial and
smooth muscle cells for myocardial regeneration. It was dsmonstrated that the

peptide promoted vascularisation better than Matrigel (usually used for vascularisation
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studies) by supporting endothelial cell growfl. Choet al. studied RAD14l and it has
been shown that thepeptide promoted endothelial cell attachment and enhanced

angiogenesif vitroandin vivols,

6-1 (PuraMatrix®)
DARADARADARAD.Hz
6-ll
RADADARARADAD.Hz

EAK16-I
Ac-AEAKAEAKAEAKAEAK-NH:

EAK16-ll (found in a yeast protein, Zuotin)
Ac-AEAEAKAKAEAEAKAK-NH;

Monomeric peptides Antiparallel B-sheet Peptide nanofibres

Figurel.12: Structuresand selfassemblyof ionic complementaryRAD and EAKeptides A)
Sequences of the peptides RAD1RAD16l, EAK18 and EAKLH. The top surface of the
peptide ishydrophilicand charged, wiist the bottom is hydrophobic. Adaptédm Hauser et
al. 1%’ with permission from The Royal Society of Chen{41§5511000095 Positively charged
(blue), negatively charged (red) and hydrophobic (grBy SeHassembly of two RAIB-I
peptides into aii A LI Ndhdets @Hown by arrows) wittydrophilic (white) and hydrophobic

(black) surfaces into long nanofibers

The RAD16 peptides have been reported to be -momunogenic and non
inflammatory in animal modef$3168 RAD16, RAD18l and EAKX6have been shown
to elicit no immunological or inflammatory responses when testedivoin rat, rabbit

and goat model3°°,

The biological function of the RAD16 peptides has been enhanced by addition of cell
attachment motifs such as RGD and YIGSR. Addition of RGD to-Rgdpti@e has
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been shown to significantly promote cell proliferation in a murine model when
compared to pure RAD16peptide 188, Genoveet al. functionalised RADZb6 with
several ECM basement membrane proteins including the larderiived YIGSR.
Functionalised RAD16peptides havebeen shown to increase the attachment and

growth of endothelial cell$’°.

1.12.3P11 Peptide Series

The R1peptide seriehavebeen developed by Aggeli and-emrkers at the University
of Leeds withabout 30 peptidesall consisting of 11 amino acid residuggh varying
properties The rationdly designedP.1-2 peptide consisting of alternating hydrophobic
and hydrophilic residuesas the basis for most of.Fpeptidesthat followed!’t. Maude

et al. hasreported a criterion for he developmentof these peptides for applications in
tissue engineering and regeneratingedicine This criterion states that an individual
peptide must have a net charge of at leas? 1o allow for the formation of a self
supporting fibrillar gel networkn physiological solutions at low concentrations of

X2.0% (w/v) with a variety of surface propertie<

The P11 peptides seHassemble intoantiparallel i -sheet forming structures in a
hierarchical one-dimensional nucleated manneand the process is concentration
dependent. ¢ KSNB (i K S -shabthdréadediviteh ificredded doncentration.

¢ KS Ay O NsBdetapportiofi isiinitially slow at low concentrations but at a
particular concentration, a sudden increase is observed and this is referred to as the
critical concentration at whit selfassembly starts to acur Figure 1.13) 17+174
Gelation ocars with further increase in concentration (above the critical gelation
concentration), where fibrillar networks form by entanglement of sedembled

peptide fibrilgfibres reducing solvent flow within the structure®.

Seltassembly occurthrough recognition between complementary donor and acoept
groupsand hydrogen bondingn adjacent -strandsthat straighten from monomeric
random coils'’4176 Thesé -strandsselfasembleinto helical tapeghat bend dueto

the chemically different surfaceshydrophilic and hydrophobjcresulting from
alternatingpolar and norpolar amino acids residues that are aligned on opposite sides
of the peptide chain Since the two surfaces have different affinities water, they

associate into ribbongdouble tapes)through hydrophobic interactionsith the
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hydrophilic face contacting wate@acks of ribbons associate into fibrils, arfithally,
entwining of fibrils forms fibredy edgeto-edge interaction These different self

assembly levels are all intrinsically twisted due to the chirality of the monéfaét176

A) --2: Ac-QQRFQWQFEQQ-NH: Antiparallel B-sheet
AR - DODOE - DO E—
c—o o Eli[olm[o[s Mlo[o}—N =

B
) 58' )
Y
Rc.(e monomer
/: —

)

4
Monomer Tape Ribbon Fibril Fibre

Concentration >

C)

Figure1.13: Hierarchical setassembly of B peptides intoi -sheet structures A) Ri:-2 self
assemblyinto | y (i A LJI -dhket @GHSWN by arrowsPositively chargedb(ue), negatively
charged(red), hydrophilic (white, Qand hydrophobic (grey)B) Selftassembly startsrém
monomeric random coils, to tap&gath hydrophilic (white) and hydrophobic (black) surfaces
ribbons(interaction of hydrophobic surfaces of tapd&yrils (stacks of ribbosg) and finally fibres
(edgeto-edge fibril interactions)Adaptedwith permissionfrom Aggeli et all’. Copyright
(2001)NationalAcademy of Scienc&3)Molecular modelling (sideiew) of seHassembledP:;-1
(AcQQRQQQQEQGNH) tape (left) andPi1-2 ribbon (right). Charged sieghain groups (black)
and polar groups (red)Adaptedwith permission from Davies et &I® Copyright (2006) Taylor

and Francis Group
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Fibrils and fibres have finite sizeégtermined by the number of stacked tapes and
distinct morphologies depending @amino acid residues incorporated into the primary
structure of the peptide and to a lesser extent on the presence of chargeecbaias
142,173 Incorporation of amino acid residues of different sizes into the peptide sequence
results in the formation of fibrils with different thicknesses becausteraction
between the sidechains of these residues within the fibril affects the molecular packing

of the peptide, e.g. forming loose or tightly packed fibtthk

Some ;. peptides were designed to sedssemble in response to pH and ionic strength
changes such asi#, Ri1-8 and R:-12, while a few were designed to remain
monomeric due to electrostatic repulsion but saésemble and undergo gelation once

mixed together ly complementary selissembly such asP13/P;1-14, 142149151

P-4 and R:-8 are based on the polar glutamine residue, whereaslP is based on

the polar serine residue. The design of the negatively charged (het charge of 2 at
physiobgical pH) includes glutamic acid residues allowing it to be in its gel form at low
pH and in its monomeric state at high pH. The opposite effect is seen with the positively
charged -8 and R1-12 (net charge of + 2 at physiological pH) due to the inm@gon

of ornithine residues*?. The sequences and structures of these three peptides can be

found inFigurel.14.

In a previous studyHgurel.15), the effect of ionic strength on sedissembly of11-4,
P12-8 and R:-12 in DO was investigated at 6.3 mM (approximately 10 mgjrand
seltl aaSYot e O dietBalicentade agakss pD«(24) were obtained using
Fourier transform infrared (FTIR) spectroscopy andear magnetic resonanchl{IR)

spectroscopylata in absence and presence of salt (130 mM N4€I)

In the absence of salt,1?P4 selfassembled into a gel at pD < 3 which flocculated at
higher pD. Further increase in pD resulted in a weak viscdusa@oat physiological pD

7.7 then a monomeric solution at basic pD > 9. In the presence of salt, transition into a
monomeric solution was shifted to a higher pD due to screening of negative repulsive
charges. Moreover, the peptide selssembled into aej at physiological pD 7.7 and
formed a monomeric solutiorwith further pD increasgFigure 1.15 A) 142 In the
absence of salt, a monomeric solution was observedif8Rt pD < 6, which formed a

biphasic solution consisting of gel within solution at D <D10 and seHassembled
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into a gel at higher pD. Addition of a salt, shifted all the macroscopic states to a lower
pD forming the selissembled gels at pDD>8 (Figurel.15B)42 R ;-12 was shown to
monomerise at low pD similar to:#8 but formed a weak viscous solution at pD < 9
then seltassembled into a weak gel at pDD>9. In the presence of salt, trangin

between states was observed at lower P8 (Figurel.15 C)42

10 m Dondas el
R R

Pu-4: AcQQRAENVEFEQQNH; (PO1)

i, T %m Ly

O NH,

P11-8: AcQQRFOWOFEQQNH: (P02)

HN.__NH,
T\I/H NH, NH, o
OH OH
o H (0} H (o} H (o] H (o] H (o]
H o ;\OHH o E H 0 E /H o B H o H H

P11-12: AcSRFOWOFESSNH: (P03)

Figure 1.14: Sequences and structures of;;Rt (P01), B-8 (P02) and R-12 (P03).At
physiological pH 7.4,P4 has a net charge o2 due toglutamic acid residues, whilst;/8 and
P11-12 have a net charge of + 2 due to ornithine residues. Positively chétgell egatively
charged (red), hydrophilic (black) almgdrophobic (grey)
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Figurel.15: Effect ofionic strength on seHassemblyg i -sheet percentages of peptides at 6.3

mM (approximately 10 mg.mt) in O as a function of pD as determined by FTIR (circle) and
NMR (triangle).Curves correspond ta:P (A), -8 (B) and R-12 (C) in absence of salt (i) and
presence of 130 mM NacCl (ii). I: nematic gel (blue shaded regions), II: flocculate, 11I: nematic fluid,
IV: isotropic fluid, V: biphasic solution, VI: weakly nematic viscous fluid and VII: weakly nematic

gel (yellow shad# regions). Adapted with permission from Carrick et*4(4182681391766).

The R: peptides have also been tested vitro for cytotoxic effecs. The msitively
charged peptides #-8, R1-12, P11-16 and Pi11-18 have beenreported to have no
cytotoxic effecton L929 murine fibroblasts, but only#8 was found tcsupport growth
and proliferation of cells in a thregimensional gelThis was thought to be caused by
the peptide stability as all peptidéexcept for 1-8) have shown gel degradation with
time, resulting in poorencapsulatiorof cells within the degrading gel scaffold which

were lost in solution during incubatior?.

In vitro, P11-4 and R:-8 have been shown to be biocompatible to humeamd murine
fibroblasts. Lymphocytes from peptide immunisedce have shown no response to
both peptides!'®1’” A library of P peptides have been screened irpeeviousstudy
and the majority of peptides were shown to bhen-cytotoxicand haemocompatiblén
addition to not having an effect on thrombus formatiosuggesting the potential of

using these peptides in biomedical applications requiring blood coAtéct
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P11-4 has been commercialised under theme CUROLOX® TECHNOLUO®@Ypeptide
has beenapplied noninvasively to patients and it has beeaported to be safe for

clinical use when tested for regeneration of enart/éf'e?

1.13 Peptide Hydrogels as Biomaterials

Peptidegek consisof fibrillar networksformed by entanglement ahe selfassembled
peptide fibrils reducing solvent flow within the structuté®. Consequently, for gel
formation, two criteria must be satisfied. The interactions between peptide chains must
be sufficiently strongn order for them to selassemble and to forrhigh hierarchical
structuresthat give rise to the gel network, yet the solvent should be included within

the network preventing the peptide from precipitating out of the soluti§h

The nature of peptide hydrogels and the reversible resp@mggs to external stimuli
makethem interesting as biomaterial candidates for: delivery of various materials such
as drugs, cells and growth factorg éncapsulation within the gehcting asscaffolds

for cellular attachment and growth facilitated by tperosity of the gel to allow for cell
penetration; inclusion of bioactivities within the peptide structure allowing for
enhancel biological performance; and understating the behaviour of the peptide within
the tested system by inclusion of dyes or labedseporting molecules that can allow

for visualisition or tracingof the peptide.

It has been reported by Maudst al.that cell attachment within the peptide gel matrix

can be optimised by incorporation of bioactive sites into the peptide primary strectur
172 The resultant matrix is capable of spontaneous reformation diftereaks, making

P11 peptides possible candidates to act as scaffolds for cells in tissue engineering
applications’2 Sinceseltassemblingoeptidesconsistmostly of natural amino acid
residues, they are more likely to be biocompatible. The biodegradability of such
peptides is also beneficial, once the peptide sesiiteepurpose by deliverinthe desired

material or supporting cell attachment and growihcan be removed from the system.
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1.14 Advantagesand Limitations of Peptidesas Biomaterialsin Tissue

EngineeringApplications

Recently, selfassembling peptides have been investigated intensivelyas novel
biomaterialsfor manyapplicationsn regenerative medicinsuch agissue engineering
and drug delivery'®21®7 This is becaussuch peptides can bechemically diverse
versatile, manufactured easilyith tuneable properties costeffective, biocompatible
and biodegradabld“>185.188 peptides are also stable and obust structures that can
form nanostructuresand selfassemble into gelspon exposure to external stimuti®.
The process of selfssembly and gelation i®versible!®®. Selfassembling peptides

were reported to have the potential for use vivoand clinically-%°.

MAX pepticess were shown to be neaytotoxic, norinflammatory andinhibited
infection in vitro 154158159 Although these properties make MAX peptides good
candidates for use in tissue engineering applicatitims main focusof currentstudies

from the literature have beenoriented to deliveryapplicationsas a injectable
encapsulating geln addition, morein vitro andin vivostudies are required for better
understanding of the different peptide propertider various applicationsThe use of
these peptides can also be limited due to the large size of this peptide and associated

cost.

EKAG6 and RADG based peptides were shown to be nagtotoxic norrinflammatory
and norimmunogenidn vitro andin vivo153168.162 Fynctionalisatiorof these peptides
with bioactive motifs was shown to improve cellularisatié$'’® TheRAD16l peptide
has also been commercialised as&Matrix®'%% However, several studies have shown
the rapid haemostatic properties of these peptidé¥1°3, TheEKA16 peptide has been
reported to have an agglutination effedh vitro that increased with increasing
concentration as well as an effectivapid haemostasisn rabbit models'®. RAD16
has been reported to have an effect on haemostasis by reducing bleedingkiilmaty
modelsin vivo'®2 The haemostatic properties of EKA and RAD pepliihitstheir use

in vascular tissue engineerirgpplications in which thrombus formationsi a major

concern.

The R1peptide seriedhave potential in various applications because of the wide range

of peptides with different primary structures and properti€s. These peptides have
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beenemployedin different applications at theJniversity of LeedsPi1 peptides wee
shown tobe haemocompatible wittmo effect on thrombugormation 178, Pi1-4 has
been reported to be safe for clinical use and has been commercialised as
CUROLOX®TECHNOLO®G¥.small size ofiPpeptides makes them cosffective
when compared to MAX peptidend possibly more commercially desirabBoactive
functionalisedP11-4 hasbeen studiedat the University of Leeds and was shown to have
a potential for usein enhancing cell attachment androwth. However, more
investigationisrequired on these peptides, especially the less studied emesmpare

to currently investigated peptides in the literatur@ addition, moren vitroandin vivo
studies are needed for investigating the effectfohctionalising these peptides with
various bioactive motifs on cellular behavidior assess their suitability for potential

applications
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1.15Aims and Obijectives

The aim of this study was to develop a series of bioactive functionalisedsselimbled
P11 peptides as surface coatings for decellularised porcine external iliac arteries and
evaluate their ability to enhance the process oferedothelialisation for applications in

smalldiameter vascular grafts.

The specific objectives were:

1 To apply an established decellularisation process to porcine external iliac
arteries and reproduciblgroduce biocompatibl@cellular arteries;

1 To characterise the peptides1i?, R:1-8 and R:-12 under physiological
conditions at different concentrationsfor selfassembly behaviour and
suitability for application in vascular grafts;

1 To synthesise: Flfi@belled R: peptides using solid phase peptide synthesis
(SPPS) to enable investigation of sa§embled peptides within acellular
arteries, and bioactivgcell attachment functionalised):Ppeptides using click
chemistry to assess the effect of functionalisation on cell attachment onto
acellular arteries;

1 To assess the arntirombogenic properties of monomerici1f4, R1-8 and
P11-12 and investigate theiselfassembly within acellular arteries as suitable
candidates for surface coatings;

1 To investigate the effect of functionalised saffisembling peptides on cell

attachment of ovine arterial endothelial cells to acellular arteries.

The potential outcomeof this study was to reduce thrombus formation in acellular
xenografts by combining a biological acellular scaffold which is free from cells and
genetic material that can impose an adverse host reaction with a bioactive self
assembled peptide which suppertell attachment and retention for enhanced tissue

re-endothelialisation.
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2 Materials and Methods

2.1 Materials

2.1.1 Equipment

The laboratory equipment used throughout the study is liste@able2.1.

Table2.1: Equipment used throughout the study.

Equipment Model Manufacturer

Automatic Pipettes Various Gilson

Balance ABINM/ABSN KERN

Bench top centrifuge Harrier 15/80 SANYO Biomedical Europe
Centrifuge 5810 Eppendorf

Class |l safety cabinet Heraeus 85 Kendro

CQ incubator MCGQG20AIC SANYO Biomedical Europe
Cryostat CM1860 UV Leica

Dissection kit N/A Thackeray Instruments

Field emission gurcanning
electron microscope (FEGSEM)

Quanta 200 FEGSEM

FEI

Fourier transform infraredFTIR)
spectrometer

Nicolet 6700

Thermo Electron Corporation

Freeze drier

VirTis BenchTop Pro

SP Scientific

Histology water bath

MH8515

Barnstead Electrothermal

Hotplate E18/1 Raymond A Lamb
Hot wax dispenser E66 Raymond A Lamb
Hot wax oven E18/31 Raymond A Lamb
Incubator MIR554-PE Panasonic
Inverted microscope IX71 and CK40 Olympus
Magnetic stirrer SB161 Stuart Scientific
Micro centrifuge 5415 R Eppendorf
Microplate reader Chameleon plate Hidex
Microshaker AM69 Cooke

Microtome RM2255 Leica

M_ultiphoton laser scanning LSM 710 Axio Zeiss

microscope (MPLSM) Examiner

NanoDrop spectrophotometer | ND-1000 Labtech
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3510 Jenway
pH meter DocupHMETER Sartorius
Pipette boy Acu Integra Biosciences
Rotator SB3 Stuart
Sonicator FSQ(IEEIZC')_'REX SUPER Bandelin
Table shaker POS300 and PS10i | Grant
Tissue processor TP1020 Leica
;I’_I[Erllj)mission electron microscof JEM1400 Plus JOEL
Upright microscope Axio Imager M2 Zeiss
Vortexer SA8 Stuart
Water bath Grant Jencons PLC

2.1.2 Glassware

All laboratory glassware was obtainff[dm Fisher Scientific (Lougbiough, UK) unless
otherwise stated. Glassware was cleaned by immersion in a 1 % (v/v) solution of
Neutracon® 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 norsterile disposable plastic ware was purchéisitom Scientific
Laboratory Supplies Ltd. (Nottingham, UK) unless otherwise stated.

2.1.4 Chemicals and Materials

The chemicals/reagents and materials used throughout the study are listeabie2.2.

Table2.2: Chemicals and reagents used during the study

Chemical/Material Supplier

3M SteriStrip Skin Closure 3 mm x 75 mm Medisave
Acetic acid glacial FisherScientific
Acetic anhydride SigmaAldrich
Acetone SigmaAldrich
Acetonitrile Fisher Scientific
Ammonia (Nk) solution (35 %; w/w) Fisher Scientific
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Aprotinin (10000 KIU.mf{) Nordic Pharma
ATHite™ assay PerkinElmer
Benzonase (> 90 % purity) Merck Millipore
Biopsy punch Schuco International
Bovine serum albumin (BSA) SigmaAldrich
Calcium chlorideittydrate SigmaAldrich
Collagenase type Il (215 U.f)g Life Technologies
Copper(ll) sulphate pentahydrate SigmaAldrich
Cryoembed medium VWR
Dakofluorescent mounting medium Dako

51t L & ddiakigino®pheédyindole dihydrochloride) | SigmaAldrich
Deuterium chloride (DCI; 35 %; w/w) SigmaAldrich
Deuterium oxide (BD) SigmaAldrich
Dichloromethane (DCM) Fisher Scientific
Diethyl ether VWRChemicals
Diisopropylcarbodiimide (DIC) Merck Chemical Ltd
Dimethylformamide (DMF) SigmaAldrich
Dimethyl sulphoxide (DMSOQ) SigmaAldrich
DNeasy Blood and Tissui¢ K Qiagen

DPX mountant Atom Scientific

5dz 6500204 Y2RAFTASR 9 3t S{Sigma

5dz 0 S002Qa LK2AaLIKI GS o6 dzf ¥{ Oxoid

Endothelial cell growth supplement from bovine tissue

(ECGS) SigmaAldrich

Eosin Y Merck Millipore

Ethanol (100 %; v/v) Thermo Fisher Scientific Lt
Ethylenediaminetetraacetic acidEDTA) Thermo Fisher Scientific Ltg
Fluorescein isothiocyanate isomer | (FITC) SigmaAldrich

Foetal bovine serum (FBS) Sera Lab

Fresh blood agar plates Oxoid

Gentamycin sulphate Merck Chemicals Ltd
Giemsa solution VWR International

Df I & Inthinél assential medium (GMEM) Sigma

I Fy|1Q& olflryOSR &Fflu &2¢t dz

. . Sigma
calcium and magnesium

Heparin sodium (1000 U.mL Fannin
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| dzY | $hrorhbin

Cambridge Bioscience

Hydrochloric acid (HCI; 37 %; w/w))

Fisher Scientific Ltd

Hydrochloric acid (HCI; 5 M)

Thermo Fisher Scientific Lt(

L-glutamine (200 mM)

Sigma

LIVE/DEAD® Viability/Cytotoxicity Kit

Life Technologies

M-199

Sigma

Magnesium chloride hexahydrate

VWR International

al@SNNa KIFSYlFd2Eeft Ay Atom Scientific
MersilkSuture Cutting Needle 16 mm, 38 crd 4 Medisave
Mersilk Suture Taper Point 36 mm, 75 c 3 Medisave

Methanol (100 %; v/v)

Atom Scientific

N,N-diisopropylethylamine (DIPEA)

SigmaAldrich

Neutral buffered formalin (NBF) 10 % (w/v)

Atom Scientific

Nutrient agar plates

Oxoid

Nutrient broth

Oxoid

O-(1H-6-chlorobenzotriazolel-yl)-1,1,3,3
tetramethyluronium hexafluorophosphatéHCTU)

Merck Chemical Ltd

Oxyma Pure®

Merck Chemical Ltd.

Paraffin wax pellets

Bios Europe Ltd.

PBS with and withoutalcium and magnesium Sigma
Penicillin (5000 U.mf)./ streptomycin (5 mg.mt) solution | Sigma
Peracetic acid SigmaAldrich
Piperidine SigmaAldrich

Plastic histology cassettes

VWR International

Polymyxin B sphate salt

Merck Chemicals Ltd

Polyvinyl chloride (PVC) tubing 180 metric medical grade

Techmate Ltd.

Sabouraudextroseagar plates

Oxoid

{O0200GQa GFL) 61 GSNJ adzoadAi

Atom Scientific

Sodium azide 1 % (w/v) solution

G Biosciences

Sodium chloride

Thermo FisheBcientific Ltd.

Sodium deuteroxide (NaOD; 40 %; w/w) SigmaAldrich
Sodium hydroxide pellets Fisher Scientific Ltd.
Sodium kascorbate SigmaAldrich

Sodium phosphate dibasic anhydrous {NRQ)

Acros organics

Sodium phosphate monobasic monohydratafbPQ.H0)

Acros organics
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Sterile citrated sheep blood (sodium citrate as the standa

4 %; wl/v anticoagulant) VHBio
Supergluedyanoacrylate contact adhesive) Any

Trifluoroacetic acid (TFA) Fisher Scientific
Triisopropylsilane (TIPS) SigmaAldrich
Tris(2carboxyethyl)phosphine (TCEP) hydrochloride Acros organics
Tris(benzyltriazolylmethyl)amine (TBTA) SigmaAldrich
Trizma® base SigmaAldrich

Trypan blue solution (0.4 %; v/v) SigmaAldrich

Trypsin (17000 U1) / EDTA (200 mgiL Sigma

Tryptone phosphate broth (TPB) Sigma

Tween 20 SigmaAldrich
EJSIt[r)aéF)’uréM 10 % (w/v) sodium dodecyl sulphate solution Invitrogen Life Technologie
Vancomycin hydrochloride hydrate Merck Chemicals Ltd.
Virkon gﬁgﬁgf Laboratory
Water for HPLC VWR Chemicals
Xylene Atom Scientific

2.1.5 Peptides

All peptides and Fmeprotected amino acids were purchased from commercial
suppliers (unless otherwise stated) and lyophilised peptides were stored?@t’C
listed inTable2.3. Each peptide and Fmgrotected amino acid was thawed at room

temperature before use.

Table2.3: Peptides, amino acids angsins used throughout the study.

Amino Acids and Peptides Supplier

Azidefunctionalised P-4 Cambridge Research Biochemicals
Azidefunctionalised P-8 Cambridge Research Biochemicals
FITGabelled R:-4 PolyPeptide Group
FmocArg(PbHOH Merck Chemical Ltd.
FmocAsp(OtBuWOH Merck Chemical Ltd.

Fmogcl -AlaOH Merck Chemical Ltd.
FmocGIn(Trt}OH Merck Chemical Ltd.
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FmocGlu(OtBwOH Merck Chemical Ltd.
FmocGly-OH Merck Chemical Ltd.
Fmoclle-OH Merck Chemical Ltd.
FmocL-propargylglycine Fluorochem
FmoeNH(PEGCOOH Merck Chemical Ltd.
FmocOrn(Boc)OH Merck Chemical Ltd.
FmoecPheOH Merck Chemical Ltd.
FmocSer(tBWOH Merck Chemical Ltd.
FmocTrp(BocOH Merck Chemical Ltd.
FmocTyr(tBuOH Merck Chemical Ltd.
NovaSyn TG Siebessin Merck Chemical Ltd.
P11-4 Credentis

P11-8 C S Bio

P11-12 C S Bio

Rink Amide NovaG#resin Merck Chemical Ltd.

2.1.6 Mammalian Cells

Cell lines, BHR1 strain 31 ljaby hamster kidney epithelial cells) and L929 (mouse
fibroblast cells), used in thi vitro biocompatibility testing were obtained from the

Health Protection Agency. These were resurrected from ligirdgen storage.

2.1.7 Mammalian Tissue

Porcine legs were obtained from a local abattoir, JC Penny (Leeds). All legs were
dissected within lesshian 24 hours of slaughter. Porcine external iliac arteries were

isolated from the legs and stored a80 °Cuntil use.

Ovine legs were obtained from a local abattoir, M & C Meats (Leeds). All legs arrived
fresh within less than 24 hours of slaughter.phicedures involving the ovine legs were

carried out on the day of arrival aseptically inside a class |l safety cabinet.

2.1.8 Antibody-labelling and Antibodies

Primary antibodies, secondary antibodies and corresponding isotypeatsntsed for

immunofluorescencstudies are listed iTable2.4.



54

Table 2.4: Primary antibodies, secondary antibodiesnd isotype controls.Concentrations
displayed correspond to the working protein concentration and isotype controls were diluted at

the same concentration as their primaagitibody inantibodydiluent.

Primary Antibodies

Antigen Type Isotype Control Concentration | Supplier
Fibroblast, 5B5 Mouse IgG1 3.1 mg.tt Dako
anti-human
Smpoth muscle_ Mouse 1 Merck
myosin heavy chain . IgG1 20 mg.Lt -
N1/5 anti-human Millipore
{Y22(0K Yqd Mouse 1 Sigma
actin, 1A4 anti-human ez g = Aldrich
Von Willebrand | Rabbit anti 1
Factor (VWF) human Polyclonal 15.5 mg.t Dako

Secondary Antibodies

Antigen Type Conjugate Concentration | Supplier
az2dzas Co Goatant Alexa Fluor 488 0.5 mg.tt Invitrogen
fragment mouse
wlk 60A 0 ( Goatant L .
fragment rabbit AlexaFluor 488 0.5 mg.E Invitrogen

Isotype Controls

Antigen Host Isotype Concentration | Supplier
Aspergillus niger

glucose oxidase Mouse IgG2a As primary Dako
Asperglllus.nlger Mouse 19G1 As primary Dako
glucose oxidase

- Rabbit IulPluselieioBlin Asprimary Dako

fraction

2.1.9 General Reagents
5dzf 6 SO02Qa LIK2A&LKI (i $en Oxize PESKEBIES were dissofvé&d ino t .
distilled water (1 L) and the pH was adjusted to-7724. The solution was sterilised by

autoclaving and stored for up to one month abra temperature.

Dye buffer (10 mM tis, 1 mM N&EDTA, 1 mM NaClYrizma base (1.211 g), EDTA
(0.3724 g) and sodium chloride (0.058 g) were dissolved in distilled water (1 L) and the

pH was adjusted to 7.4 immediately before use.
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4',6-diamidino-2-phenylindole (DAPI) dye stock solution (1 mg.MLDAPI (10 mg) was
I RRSR G2 ydzOft SIaS FTNBS g4I 6§SN @209Cfovypto I Yy R
six months.

Working DAPI solution (0.1 pg.m): DAPI dye stock solutio@@ L) was added to dye

buffer (200 mL) in a dark bottle and the solution was used immediately.

WAY3ISNDa &tehgtiG2deNJomE2 AR wA Yy ISNDE &2 dzi A
in distilled water (50 mL) and the pH was adjusted to -746. The solutn was

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

Tris buffered saline (TBS) (0.05 Wis buffer, 0.15 M NaCl)Trizma base (6.05 g) and
sodium chloride (8.76 g) were dissolved in distilled water (1 L) and the pH wasealdju
to 7.6. The solution was sterilised by autoclaving and was stored at room temperature

for up to one month.

Nutrient broth: Nutrient broth powder (25 gWas dissolved in 1 L of distilled water. This

was sterilised by autoclaving and stored at 4 °C.

2.2 Experimental Methods

2.2.1 Sterilisation Methods

2.2.1.1 Sterilisation by Dry Heat

Items were placed in suitable containers or wrapped with tinfoil and placed into a hot
air oven at a temperature of 190 °C for four hours.

2.2.1.2 Sterilisation by Autoclaving

Solutions/items nosuitable for sterilisation by dry heat were sterilised by autoclaving.
Solutions/items were placed into suitable containers or autoclave bags. Solutions/items

were autoclaved at 15 psi at 120 °C for 20 minutes.

2.2.1.3 Sterilisation by Filtration

Solutions not siiable for autoclaving were filtered using 0.2 pum pore size filters using

disposable syringes inside a class Il safety cabinet.
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2.2.1.4 Sterilisation by Gamma Irradiation

Peptides were not suitable for sterilisation by dry heat, autoclaving or filtration.
Peptidesused in biological experiments were weighed out into glass vials and sterilised
as a dry powder by gamma sterilisation with 25 kGy using a Tcell Elite Irradiator (Xiros,
Leeds, UK).

2.2.2 Measurement of pH

The pH meter was calibrated using purchased solutidnsHb4, 7 and 10. The pH of
solutions was measured at room temperature using temperature compensation.
Adjustment of pH was carried out by dregse addition of 6 M hydrochloric acid (HCI)
or 6 M sodium hydroxide (NaOH) whilst stirring unless otherwisedta

2.2.3 Cell Biology

Tryptone phosphate broth stock solution (TPB; 29.59:ITPB (7.38 g) was dissolved
in distilled water (250 mL) then sterilised by filtration and stored in aliquots of 20 mL at

- 20 °C for up to six months.

5dzf 6 SO02 Qa @arediufh XDBEM),9LR93cklISculture medium, (2 mM
L-glutamine, 100 U.mt penicillin / 0.1 mg.mt! streptomycin, 10 %; v/v FBS):
L-glutamine (1 mL, 200 mM), penicillin (5000 UnLstreptomycin (5 mg.mt; 2 mL)

and foetal bovine serum (FBS; 10 mL) wereeadidd DMEM (87 mL). The solution was
mixed by inversion and stored at 4 °C for up to one week. Cell culture medium was pre

warmed at 37 °C before use.

Df Fa3d26Qa&a YAYAYIlf SaBBK celkdulture M&lRm(AzNiM 6 Da 9 «
L-glutamine, 100 U.mt penicilin / 0.1 mg.mL streptomycin 10 %; v/v TPB and

5%;v/v FBS):L-glutamine (1 mL, 200 mM), penicillin (5000 UXnL streptomycin
(5mg.mLt; 2 mL), TPB (10 mLica FBS (5mL) were added to GMEB2 mL). The

solution was mixed by inversion and stored at 4 °C for up to one week. Cell culture

medium was prevarmed at 37 °C before use.

2.2.3.1 Resurrecting and Maintaining Cells

Cells were removed from liquid nitrogen storage using the appropriate personal

protective equipment and defrosted in a water bath at 37 °C. All cells were handled
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within a class Il environment. Supplemented cell culture medium (10 mL) was added
drop-wise to cells in a sterile universal tube. Cells were centrifuged at 150 x g for ten
minutes, the supernatant was discarded in 1 % (w/v) Virkon and the cell pellet was
suspended in 5 mL of supplemented cell culture medium. The cell suspension was
transferred into a 125 tissue culture flask and cells were incubated at 37 °C with 5 %
(v/v) @xin air. The medium was replaced with 5 mL of supplemented cell culture

medium every 48 hours until cells reached approximately 80 % confluency.

2.2.3.2 Passaging and Maintaining Cells

Upon reaching approximately 80 % confluency, the medium was removed froceltee
within a tissue culture flask. The cell surface was washed with PBS without calcium and
magnesium (5 mL for-25, 10 mL for 75 and 15 mL for-I75 flasks) for five minutes.
This was subsequently removed and replaced wigh$m/EDTA solution (1 nidr T-25,

2.5 mL for 775 and 5 mL for-I75 flasks) and was incubated at 37 °C with 5 % (v/¥) CO
in air for no longer than five minutes. Following trypsin/EDTA treatment, the tissue
culture flask was tapped gently to facilitate cell detachment from $heface of the
flask, which was ensured by examination under an inverted phase contrast light
microscope. The trypsin was neutralised by adding supplemented cell culture medium
(5 mL for 125, 10 mL for 75 and 15 mL for-I75 flasks), transferred into sterile
universal tube and centrifuged at 150 x g for ten minutes. The supernatant was
discarded in 1 % (w/v) Virkon and the cell pellet was suspended in supplemented cell
culture medium (5 mL for-Z5, 10 mL for -7’5 and 15 mL for-I75 flasks). Cells wer
incubated at 37 °C with 5 % (v/v) fi@air and medium was replaced every 48 hours

until cells reached approximately 80 % confluency.

2.2.3.3 Counting Viable Cells Using Trypan Blue Exclusion Assay

Cell pellets were obtained as described 8ection2.2.3.2 and suspended in
supplemented cell culture medium. The cell suspension was mixed with 0.4 % (v/v)
GNBLIY o6fdzS ReS gAGK mMYM @2 dmvaStransferiiedl 2 ©
into Neubauer haemocytometer chamber. Under an inverted phase contrast light
microscope, the number of unstained viable cells was counted in aZsmmare etched

onto the Neubauer haemocytometerFigure 2.1). For accurate counting, the cell
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suspension was diluted so that the number of viable cells counted was between 30 and

300 cells. The total number of viable cells per mL was calculgtash{ion2.1).
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Figure2.1: Trypan blue exclusion assay for counting cells in haemocytometer gidg-ull
haemocytometergrid consisting of nine 1 nisquares, each square consists of 25 smaller
squares. B) Individual 1 mrequare, where viable cells lying inside the square (yellow) and on
the left and top lines athe square (green) are counted but dead cells lying indidestjuare

(blue) and viable ones on the right and bottom lines (red) are not counted in an individual square.

Equation2.1: Calculating viable cells using trypan ble&clusionassay.
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2.2.3.4 Cryopreservation of Cells

Cell pellets were obtained as described 8ection2.2.3.2 and suspended in
supplemented cell culture medium containing 10 % (v/v) DMSO. The suspension was
immediately aliquoted into 1 mL cryovials and placed in a container containing
isopropanol, storedt-80 °C overnight then transferred to liquid nitrogen until the cells

were required.

2.2.4 Decellularisation of Porcin&xternallliac Arteries

PBSa containing 2.7 mNaEDTA and 10 KIU.mlaprotinin: Ten PBS tablets and EDTA
(1 g) were dissolved in disad water (1 L) and the pH was adjusted to ¥724. The

solution was sterilised by autoclaving and stored for up to one month at room

GSYLISNI GdzNBE® t NA2NJ (02 dzASS FLINBOAYAY OH.

solution (1 mlof aprotininper of 1 L slution).
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Disinfection solution (0.05 mg.mL vancomycin hydrochloride, 0.5 mg.miL
gentamycin sulphate and 0.2 mg.mLPolymyxin B):Vancomycin hydrochloride
(2.5mL, 10 mg.mt), gentamycin sulphate (2.5 mL, 100 mgXrand Polymyxin B (2L,
50 mg.mt!) were prepared then added to sterile PBSa (100 mL) and the pH was
adjusted to 7.2 7.4. The solutionvas made up to 500 mL using sterile PB&Sachieve

the final required working concentration of antibiotics

EDTA solution (200 mMEDTA (74.4 g) wassdblved in distilled water (1 L) and the pH
was adjusted to 7.27.4. The solution was sterilised by autoclaving and stored for up

to one month at room temperature.

Hypotonic buffer (0 mM Tris buffer, 2.7 mMMNa&EDTA and 10 KIU.mlaprotinin):
Trizma bas (1.21 g) and EDTA (1 g) were dissolved in distilled water (900 mtijeand
pH was adjusted to 8.08.2. The volume was made up to 1 L using distilled water. The
solution was sterilised by autoclaving and stored at room temperature for up to one
month. Rior to use, aprotinin (200 uL) was added aseptically to 200 mL of hypotonic
buffer.

SDS hypotonic buffer0(1 % (w/v) SDS10 mM Tis buffer, 2.7 mMMNaEDTA and
10KIU.mL! aprotinin): SDS (10 mL, 10 %; w/v) was added aseptically to autoclaved
hypotonic uffer (990 mL) and the solution was inverted to mix. Prior to use, aprotinin
(200 pL) was added to 200 mL of SDS buffer as#yt This was stored at°€ for up

to one week if opened aseptically.

Nuclease solution (50 mMris buffer, 1 mM MgGl6H0, 1U.mL! Benzonase)Trizma

base (6.1 g) and magnesium chloride hexahydrate (0.203 g) were dissolved in distilled
water (100 mL) anthe pH was adjusted to 7.57.7. The volume was made upto 1 L
using distilled water. The solution was sterilised by autdol and stored at room
temperature for up to one month. Before using, the nuclease solution, Benzonase (4 L,

250 U.ut) was added and the solution was usedhaitten minutes of preparation.

Hypertonic buffer (50 mM Tis buffer, 1.5 M NaCl)Trizma basg6.06 g)and sodium
chloride (87.66 g) were dissolved in distilled water (900 mL) and the pH was adjusted to
7.5-7.7. The volume was then made up to 1 L using distilled water. The solution was

sterilised by autoclaving and stored for up to one monthcatim temperature.
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Peracetic acid solutiorf0.1 %; v/v):Peracetic aci@3.14 mL) was added to autoclaved
PBS (1 L) and the pH was adjusted to-7.5. The solution was used within one hour

of production.

2.2.4.1 Isolationof Arteries

The external iliac arteriesere dissected from porcine legs within 24 hours of slaughter.
The exernal iliac artery was locate@Figure2.2 A) and dissected from the surrounding
tissue, 0.5 1.0 cm of arterial branches were retained and arteries betweerl9 cm
were obtained with internal diameters ranging between-® mm (large end) and
3-6mm (small end;Figure2.2 B - C). Following isolation connective tissue was
removed using blunt dissectiokigure2.2 D). Eab artery was washedhtee times for

30 minutes at #C using PBSa containing EDTA and aprotinin to remove excess blood.

Arteries were stored at80 °C on PBS moistened filter paper umééded.

Figure2.2: Porcineexternaliliac artery dissectionA) Identification of the iliaartery end shown
by an arrow.B) dissection of the artery from surrounding tissoiowing the arrow direction.

C) isolation of the artery ard) following blunt dissection f@move connective tissues.
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2.2.4.2 Decellularisation

All washes were carried out with agitation on a table shaker at 120 rpm, except for the
nuclease wash which was carried out at 50 rpm. The solutions were incubated at the
required temperature before use and @0nL of each solution was used to wash a single

artery in an individual sterile 250 mL plastic container.

Porcine iliac arteries were thawed at 37 °C for 20 minutes. Each artery was washed for
30 minutes in a disinfection solution at 37 °C then washedifi/Efor 24 hours at 4 °C.

Each artery was incubated in a hypotonic buffer for 24 hours at 4 °C, subsequently
washed in SDS hypotonic buffer for 24 hours at 37 °C, incubated again in a hypotonic
buffer for 24 hours at 4 °C then washed in PBSa containings Bbd@ 10 KIU.mL
aprotinin over the weekend (4856 hours) at 4 °C. Once more, arteries were washed

in SDS hypotonic buffer for 24 hours at 37 °C followed by three PBSa washes at 37 °C
each for 30 minutes then a 2¥our PBSa wash at 37 °C. Each arteryiweubated twice

in nuclease solution with slower agitation at 37 °C for three hours each followed by
three PBSa washes 37 °C each for 30 minutes then washed in PBSa overnight (16 hours)
at 37 °C. Each artery was subsequently washed using hypertonioadiort 24 hours

at 37 °C followed by three washes in PBSa at 37 °C each for 30 minutes. Peracetic acid
was used to disinfect the arteries, each artery was incubated in peracetic acid for four
hours at room temperature. The following steps were carried asgptically inside a

class Il environment. Each artery was washed three times in PBSa at 37 °C each for 30
minutes then washed in PBSa over the weekend @Bhours) at 4 °C. Following that,

each artery was washed five times in PBSa at 4 °C each fau2d. Finally, arteries

were stored in PBSa at 4 °C until needed for up to three months. An overview of the

decellularisation process may be foundrigure2.3.

Fdlowing decellularisation of arteries, assessment of acellularity @mdvitro
biocompatibility of each batch was caed out as described in Secti@®.5 and

Setion 2.2.6 respectively.
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Freeze-thaw cycle

A 4

Disinfection wash (30 min, 37 °C)

\ 4

200 mM EDTA wash (24 h, 4 °C)

A 4

Hypotonic buffer wash (24 h, 4 °C)

x1 X2

0.1 % (w/v) SDS wash (24 h, 37 °C)

Y

PBS containing EDTA wash (48 - 56 h, 4 °C)

- Y !!i
0.1 % (w/v) SDS wash (24 h, 37 °C)
. J
X2 Nuclease treatment (3 h, 37 °C)
" 7 e e
M- " ~ . N —
Hypertonic buffer wash (24 h, 37 °C)
L 4% Wty

\ 4

Peracetic acid sterilisation (4 h, RT)

v
s N
X5 i at4°C
. J

Figure2.3: Flow diagram summarising the decellularisation procdesthe porcine external

iliac artery. Washes in red and yellow boxes were carried out at 120 rpm whereas those in green
boxes at 50 rpm. Following the final peracetic acid wash, all washes were carried out inside a
class Il safety cabinet. Three times PBSa 30 minutdeewase represented by three pots after
each washwhile the overnightand 24 houlPBSa washeare represented by one pot before

each wash.
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2.2.5 Acellularity Validation

The following assessments were carried out after the decellularisation of a batch of
arteries to ensure each artery was sterile and acellular before carrying out any further

tests using a batch.

2.2.5.1 Sterility of Acellular Arteries

Acellular porcine iliac arteries were tested for sterility after the decellularisation
process by incubating 1 cm segmemhdividually in a microbial growth medium
(nutrient broth). Arterial segments were placed in nutrient broth inside a class Il safety
cabinet to prevent any contamination then incubated at 37 °C for 72 hours. These were
compared with a positive control @trient broth that was left in open air) and a
negative control (nutrient broth that was in a sealed containegllowing incubation,

a clear medium was indicative of a sterile acellular artery, while a cloudy medium was

indicative of a norsterile acelllar artery.

2.2.5.2 Histology

2.2.5.2.1 Fixation and Paraffin Wax Embedding

Artery segmentg0.5 cm)from cellular and acellular tissue were fixed using 10 % (w/v)
neutral buffered formalin (NBF) for 24 hours. Fixed samples were then dehydrated in
an automated tissue processor, where the samples were immersed in a series of
solutions: 70 % (v/v) ethan&dr one hour, 90 % (v/v) ethanol for one hour, two changes

of 100 % (v/v) ethanol for 30 minutes each, two changes of 100 % (v/v) ethanol for one
hour each, three changes of xylene for one hour each and finally two changes of molten
paraffin wax for two hars then one hour. Once the tissue processing was finished,
samples were removed and kept in molten paraffin wax in an oven. Histology moulds
were filled with molten paraffin wax and samples were immediately oriented in moulds
using heated forceps. Theseme allowed to cool and harden before removing the wax

blocks from moulds and trimming excess wax.

2.2.5.2.2 Sectioning

Paraffin wax blocks were cooled on ice to facilitate sectioning. These were then

sectioned to 6 um using a microtome. Sections were removed ardudly floated in a
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histology water bath at 40Cand collected onto SuperFrost glass slides each with two
to four sections Figure2.4). Slides were placed on a hpliate for 30 minutes to aid

adherence to the slide then placed on a rack to @vgrnight.

—— o
Wax block ——»
Artery i 6 um sections | Artery cross-
> &5 R — R
segment onto slides sections

v
A

Sectioning
direction

Blade —— L\J

Figure2.4: Schematic of sectioning of wax embedded arteri&#ax embedded arteries were

3S0GA 2y SR cillgcted onte SupdiFKoSt lass slides.

2.2.5.2.3 Dewaxing and Rehydration

Slides containing sections were placed in a metal slide holder and immersed in two
changes of xylene, each for ten minutes to remove the paraffin wax. Slides were
rehydrated by immersing irofir changes of ethanol: 10% (v/v) for three minutes,
100%(v/v) for two minutes, 100 % (v/v) for two minutes and 70 % (v/v) for two minutes.

They were then washed with running tap water for three minutes.

2.2.5.2.4 Haematoxylin and Eosin (H & E) Staining

Samplesvere dewaed and rehydrated adescribedin Sectior2.2.5.2.3 immersed in
haematoxylin for one minute then rinsed under running tap water until the water ran
cleeNJX» ¢KS&aS gSNBE GKSY AYYSNBRSR Ay {02G00Qa
haematoxylin stain for three minutes then rinsed with running tap water for another
three minutes. Samples were then immersed in eosin stain for three minutes then
dehydrated byimmersing in four changes of ethanol: 70 % (v/v) for five seconds, 100 %
(v/v) for one minute, 100 % (v/v) for two minutes and 100 % (v/v) for three minutes.
Finally, samples were immersed in xylene twice each for 10 minutes. To mount the
slides, a drop bDPX mountant was added to each section on the slideens fume

cupboard and a covslip was placed on slides ensuring absence of bubbles then left
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overnight to dry. Images were acquired digitally using a Zeiss upright microscope under

normal Kohler ibumination.

2.2.5.2.5 DAPI Staining

Samples were dewaxl and rehydrated asdescribed in Sectior2.2.5.2.3 then
immersed in DAPI working solutigprepared as in Sectidh1.9 in the dark for ten
minutes. Samples were then washed three times using PBS in the dark, each for ten
minutes. Two drops of Dako fluorescence mounting mediumevaelded to each slide

and a coveslip was placed on the slide. These were stored in the dark overnight until
the mounting medium was set. Slides were stored at 4 °C in the dark for-tetnort
storage or at 20 °C for longerm storage. Images were acged using a Zeiss upright
fluorescent microscope with a DAPI filtex€itation: 353 nm, emission/detection:
465nm) to view the doublestranded DNA and a green fluorescent protein (GFP) filter
(excitation: 488 nm, emission/detection: 509 hito view the ekracellular matrix (ECM)

structure due its auteluorescence.

2.2.5.3 DNA Isolation and Quantification

DNA isolation was carde out as per the Qiagen DNeasy Blood anssue Kit

Y |y dzF | SnstdmidhslDissue was macerated and placed in a 2 mL Eppendorf (wet
weight; 25- 50 mg of cellular tissue and 16@50 mg of acellular tissue). Buffer ATL
(tissue lysis buffer, 180 uL for cellular and 360 pL for acellular tissue) and proteinase K
(20 L for cellular and 40 uL for acellular tissue) were added to tissue and the solutions
were mixed thoroughly by vortexing. The samples were digested overnight at 56 °C with
shaking at 900 rpm, after which they were vortexed for 15 seconds. Buffer AL (lysis
buffer, 200 pL for cellular and 400 pL for acellular tissue) and 100 % (v/v) ethanol
(200pL for cellular and 400 pL for acellular tissue) were premixed thoroughly using a
G2NISESN) KSy I RRSR (2 RA3IS&aiGSR &l i Sa
transferred into DNeasy Mini Spil@mn in a 2 mL collection tube and centrifuged for
one minute at 6,000 x g, after which the solution was discarded. This step was repeated
with the remaining 600 pL of acellular tisss@ution Following that, 500 pLfduffer

AW1 (wash buffer 1) was added and samples wererdaged for one minute at
6,000x g, after which the solution was discarded. Buffer AW2 (wash buffer 2, 500 pL)

was added, then samples were centrifuged for five minutes at 16,100 x g then the
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solution and collection tube wre discarded. The DNeasy Mini Spatu@in was then
transferred into a 2 mL Eppendorf and 200 uL of Buffer AE (elution buffer) was added
directly to the DNeasy membrane. This was incubated at room temperature for one
minute then centrifuged for oneminute at 6,000 x g to elute. The final step was
repeated to maximise DNA yield. The elute (400 pL) was stored@tof shortterm

use and at 20 °Cfor longterm use. This process is summariseéigure2.5.

The DNA concentration was determined at an absorbance of 260 nm using a NanoDrop
spectrophotometer NELOOO with the associated software NIDOO V3.7.1. The
instrument was blanked againsuffer AE before taking the reading of each sample
2> 2 T /bafferviadfu$ed) and the total DNA concentration was recorded in
0KNBES NBLX AOIGSa 2F SIOK &l YLX SoLwkKeE 5b!
was normalised to ng of DNA per mg of digested wet tissue taking the volumes used

into account as ifEquation2.2.

Equation2.2: Calculating the DNA concertation per weight of tissue.
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Datawere analysed forsigniicant difference between cellular controls and acellular
tissue usinggne-way ANOVA and po#t 2 O ¢ dz] S<{0M5; SdctH@.§ o LJ
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Maceration then digestion of tissue overnight at 56 °C

Wet weight: Buffer ATL and proteinase K:
Cellular : 25-50mg — Cellular : 180 plL and 20 pL —>
Acellular: 100 - 250 mg Acellular: 360 pL and 40 pL

l

DNA isolation: addition of lysis buffer/ethanol mixture
then transferring onto DNeasy column for processing

mixing of buffer AL
and ethanol:
Cellular : 200 plL and 200 pL
Acellular: 400 pL and 400 pL

Centrifugation at Discarding Q
6,000 x g (1 min) of solution

»
»

[

—

|
Repeated for volumes exceeding 600 pL
until transferring of all solution

Washing membrane containing bound DNA

+—> Centrifugation at:
1. 6,000 x g (1 min) Discarding @
2.16,100 x g (5 min) of solution

DNA collection: addition of an elution buffer and collection of DNA

1. Buffer AW1
Cellular and acellular: 500 pL
2. Buffer AW2
Cellular and acellular: 500 pL

»
»

Buffer AE: ) ) .
Cellular and acellular: 200 pL Centrifugation at Collectl.on
For maximum DNA yield 6,000 x g (1 min) of solution

»

this was repeated twice

Figure 2.5: Flow diagram showing the process of DNA isolation from tisskent colour
represens different samples; red for cellular tissue, blue for acellular tissue and green for both

cellular and acellular tissues.

2.2.6 Biocompatibilty

Theinitial in vitro biocompatibility of acellular arteries was tested for each batch using
two different cytotoxicity assays and two distinct cell lines; BHK and L929. This was

assessed by growing cells in contact with the acellular tissue (contact cytotoxicity assay)
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or with the tissue extract (extract cytotoxicity assay) and comparing the results of the
test to a negative control and a positive conttol establish thebiocompatibility of
acellular arteriesprior to any in vivo studies Therefore, in this thesis, the term

WiocompatibilityYefers to a reduced cytotoxicity of acellular tissue.

For the following assays, BHK and L%2%8s were resurrected (Secti@?2.3.]),
passaged (Seon 2.2.3.2 then cells wereounted as described in Secti@r2.3.3 The
appropriate number of cells was suspended in the appropriate supplemented cell

culture medium.

2.2.6.1 Contact Cytotoxicity Assay

Sections of 0.5 mAwere obtained from the endagions of acellular arteries. Sections
of each sample were fixed in the middle of wells in ansH plate with steristrips using
sterile forceps ensuring it was stuck properly to the bottom of the well. Steps were
fixed into one of the wells antieated as a negative control. A drop ©fanoacrylate
contactadhesive guperglug was added to the centre of another well and treated as a
positive cytotoxic control. Cells were addexone of the wells and this was used for

observing cell behaviouFigure2.6).

Negative control — steri-strip

Tissue sections

Cells only

-sitive control —superglue

Figure2.6: Schematic diagram of contacytotoxicity assay setp in a sixwell plate. In wells:
superglue was the positive control displaying a cytotoxic effect to cells:ssipriwvas the
negative control, which is negytotoxic to cells; cells alone to serve as a cell control for observing
their behaviour; and acellular tissue sections fixedlatg with norRcytotoxic sterstrips to

assess their cytotoxicity to cells.
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Wells were washed three times each for ten minutes using 2 mL of PBS without calcium
and magnesium. Cell suspensions of BHK and L929 were prepared at a concentration of
250,000 cds.mL?! (cells were counted as in Secti2r2.3.3 and 2 mL of the cell
suspension was added to each well (500,000 cells per well). These were incubated at
37 °C wth 5 % (v/v) C@in air for 48 hours. The medium was aspirated after incubation
and wells were washed with PBS with calcium and magnesium. This was aspirated and
2 mL of 10 % (w/v) NBF was then added to wells to fix cells for ten minutes. NBF was
aspiratel and Giemsa stain was added to wells covering the cellular layer and plates
were incubated for five minutes. Finally, wells were rinsed with running tap water until

it ran clear and the plates were left to air dry before imaging. Cells were viewed under
an inverted optical microscope before staining using the phase contrast mode and after

staining using the bright field modender normal Kohler illuminatian

2.2.6.2 Extract Cytotoxicity Assay
Reagents

Double strength L929 cell culture medium (DMEM) mM L-glutamine, 200 U.mt
penicillin / 0.2 mg.mt! streptomycin and 20 %; v/v FB3}glutamine (0.4 mL, 200 mM),
penicillin (5000 U.mb) / streptomycin (5 mg.mk;, 0.8 mL) and FBS (4 mL) were added
to DMEM (14.8 mL). This was mixed by inversion and staréddC for up to one week.

Cell culture medium was pr@armed at 37 °C before use.

Double strength BHK cell culture medium (GMEK) mM L-glutamine, 200 U.mt
penicillin / 0.2 mg.mt! streptomycin, 20 %; v/v TPB and 10 %; v/v FBS)tlutamine

(0.4 mL, R0 mM), penicillin (5000 U.m. / streptomycin (5 mg.mt; 0.8 mL), TPB
(4mL)and FBS (4 mL) were added to GMEM (12.8 mL). This was mixed by inversion and
stored at 4 °C for up to one week. Cell culture medium wasyamened at 37 °C before

use.

Positive cytotoxic control (40 %; v/iv DMSOPMSO (8 mL) was added to non
supplemented DMEM (12 mL) aseptically.

Negative control:Non-supplemented DMEM.

ATHite substrate Substrate buffer (25 mL) was added to one bottle of lyophilised

substrate and stored in guots of 5 mL at 20 °C in the dark.
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Procedure

The following procedure was carried out inside a class Il safety cabinet to ensure sterility
of tissue. Acellular tissue, 300 mg, was macerated, to which 3 mL of DMEM was added
(the ratio was kept to 1 mL p&i00 mg tissue depending on the amount of tissue). The
solutions were incubated for 72 hours with 240 rpm agitation at 37 °C to obtain extracts.
Following incubation, the sterility of extracts was ensured by streaking the extract onto
nutrient agar and freh blood agar plates, which were incubated at 37 °C for 48 hours
and Sabouraudextrose agar, which was incubated at 30 °C for 48 hours. The extracts
were stored at- 20 °C until sterility was assured by absence of contamination in agar

plates following igubation Eigure2.7).

Extract

Contamination

Streaking extracts onto agar plates

Figure2.7: Schematic diagram showing streaking of extract onto an agar plate to test for
sterility. Extracts are streaked onto agar plates following the lines in the order: 1, 2, 3 and 4
(left). If the extract was contaminated then bacterial growth should be obdeiv areas of

streaking (right), otherwise extracts were sterile and ready for use.

Once sterility was confirmed, cell suspensions containing 50,000 celifomBHK and
125,000 cells.mbt for L929 were prepared (cells were counted as described in
Secton 2.2.3.3. Cell suspesion, 200 pL, was added to Hlabttomed wells in a Savell

plate in three replicates for each sample and control (BHK 10,000 cells ppand¢. 929
25,000 cells per well). These were incubated for 24 hours at 37 °C with 5 % (vin) CO
air. Medium was aspirated from wells after incubation, 100 pL of the appropriate
double strength cell culture media were added immediately to approprisgtdswAfter
thawing extracts at 37 °C, 100 pyL was added to wells containing 100 uL of double

strength medium in three replicates. Positive control containing DMSO in non
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supplemented DMEM, 100 pL, was added to wells containing 100 pL of double strength
medium (20 % v/v DMSO). For the negative control, 100 pL of -sapplemented

DMEM was transferred into wells. These were incubated at 37 °C with 5 % (g/\) CO
FANJ F2NJ Hn K2dzZNBE® C2ff2¢6Ay3a AyOdzol A2y >
FYR praiKS FAAINBLINAIF G§S OStt Odzf G§dzNB YSRA dz)
lysis solution (incubated at room temperature prior use) were added to the appropriate
wells. Plates were incubated at room temperature for five minutes while shaking in a
microshakerMammalian cell lysis solution released the ATP content into solution due

to lysis of cells, which was measured using IRd® assay. Solutions were then
transferred into 96well ptiPf 1 Sas F2ft26Ay3a G6KAOK pn  >|
added to all wells an@ptiPlates weresealed coveredwith foil and incubated at room
temperature while shaking using a microshaker for five minutes. Absence of bubbles in
wells was ensured by briefgweeping the blue flame from a Bunsen over the wells if
bubbles wee present to avoid melting the giiPlate. OptPlates were covered with a
TopSealcover and the luminescence from each well was determined ushey t
Chameleon microplate readeand ATP200%oftware. Thedetermined relative ATP

content (CPS) was plotted for all samples and controls in BHK and L929 using GraphPad
Prism. Datavere analysed forsignificantdifference using onevay ANOVAand post

K2 O ¢ dz] (B @0BSeiticnd.j.

2.2.7 Preparation of Peptide Samples

2.2.7.1 Preparation of Peptides at Physiological Conditions

Peptides were weighed out at the required mass and deionised watead@ed to the

peptide to make 9/10 of the final volume. This was vortexed and subsequently
sonicated for ten minutes at room temperature. The peptide was then monomerised
ensuring homogeneous distribution of peptide in solution for a more uniform gel
formation upon selassembly. This was carried out by pH adjustment (pH > 8 f&r P

and pH < 4 for £-8 and R1-12) using 2.5, 1, 0.5, 0.1, 0.05 and 0.01 M of HCI/NaOH
(unless otherwise stated). The pH was then brought to physiological pH 7.4 by using
HCI/Na® and the mixture was left overnight. lonic strength was chosen as a trigger for
seltl 3aSYofeéd ¢KSNBEFT2NBEI wAy3aSNDa a2t dziiz2y:

1/10 of the final volume and left overnight to allow sasembly to occur. Peptide gel
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were characterised after one day of triggering ssd6embly unless otherwise stated.
The procedure of peptide monomerisation and setsembly triggering by changing the

ionic strength of solution is describedkigure2.8.

ering
Addition Vortexmg Monomerisation sembly
f H.O (pH adjustment) (1 inger’s
otz somcatlon solution addltlon)

tlde (9/10)" Vi Solubilisation and  Even peptide distribution Gels with
ed out even distribution (solution form) pH 7.4 time

Figure2.8: Schematic diagram showing the peptide gelation procedure by changing the ionic
strength at physiological pHonic strengthwas chaI SR 6& | RRAGA2Y 2F wmn.

solution.Vsis the final volume of peptide.

2.2.7.2 Preparation of Functionalised Peptides at a Molar Ratio

For studies in which a functionalised peptide was required to be incorporated into the
gel, a stock solution dghe functionalised peptide was prepared at a higher molar ratio
than that required. This was then diluted in the peptide solution to achieve the required
final concentration Equation2.3). The appropriate amount of nefunctionalised
peptide was weighed out taking into consideration the required weight of
functionalised peptide. Deionised water was then added at a certain volume calculated
as shown irEquation2.4. this was followed by monomerisation then triggering self

assembly opeptide as described in Secti@2.7.1

Equation2.3: An equation to calculate the volume of stock solution requireds{M) to make
the intended working concentration (fering) Using the final peptidesolume (Mioring) @and the
final concentration of stock (&ecx).

Ay 1 1o RERINEEIRTER ST
1711 "Hi 'A| —

Equation2.4: An equation to calculate the volume of water required

N7 Hm — M i Wit ow
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2.2.7.3 Peptide SeHassembly within Acellular Tissue

To selassemble peptides within acellular tissue, procedures described in
Section2.2.7.1or Sction2.2.7.2if a functionalised peptide was to be used were
followed. The acellular tissugection (unless otherwise statet)as added after the
monomerisation and change of pH to 7.4 steps and left overnight in peptide solution as
before, allowing penetration of the peptide throughe tissue ECM. After leaving
overnight, peptide seldssembly was triggered by changing theigostrength of
az2fdziAzy o0& |RRAGAZ2Y 2F wmn- a0NBy3IidK wi:
overnight to allow for selassembly within the acellular tissue. The procedure of
triggering peptide selassembly within acellular tissue by changing itv@c strength

of solution is described iRigure2.9.

=
i Triggering s#sembly
Addition Left
e (AdditioM10X
of artery overnight . ) R
Ringer’s solution)
_ s | — >
Peptide solution Allow penetration of Allow s!sembly to occur
atpH7.4 peptide through ECM hence tion of peptide

Figure2.9: Schematt diagram showing inclusion @fcellula artery tissue sectiorfor segment

as specifiedwithin the peptide solution procedure at physiological pH.
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2.2.8 Synthesis of Functionalised Peptides

FITGabelled peptides and cell attachment motifs were synthesised by solid phase
peptide synthesis (SPPS$ing Fmoc (@luorenylmethoxycarbonyl) chemistry. The
Fmocprotected amino acid building blocks used in the synthesis are listeidume2.10.
Peptides functionalised with cell attachment motifs were synthesised by click chemistry
between the aziddunctionalised I peptides and alkynéunctionalised cell

attachment motifs.

u
o
I

tBu_ (o) (o)
(0] tBu”
F N OH
0 moc
Fmoc OH Fmoc- OH Fmoc\ O
N N
(0]
D E
H
I‘Soc _N NH
NH
Fmoc\N OH
H Fmoc OH Fmoc\
(o] N Fmoc\
H o
| o) Q
\
1‘:Bu (o)
o
«~_/N—Boc
Fmoc\N OH
Fmoc- OH Fmoc OH
H o) N N
S W

Figure2.10: N-terminal Fmoeprotected amino acid building blocks used for the synthesis of
FITGabelled peptides and cell attachment motifd.etters undestructures represent the one

letter code for amino acid.

2.2.8.1 FITGabelled Peptides

FITGQabelled peptides were synthesised using Rink amide NoV¥Gesin with a
loading capacity of 0.50.7 mmol.g' (Figure2.11). The resin, was swelled in DMF in a
reaction vessel for one hour before loading. The first Fpratected amino acid was
coupled tathe resin using Oxyma Pure® and DIC (all at 5 equivalents). This was depeate

out until the resin was fully loaded. Complete resin loading was checked by performing
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the Kaisettest (Sectior.2.8.9, a yellow colour was observed when all the resin sites

were occupied.

OCH;NH,

mco(}(}ﬁﬁo

Figure2.11: Rink amide NovaGé&Y resin used fortthe synthesis of FITlabelled peptides.

The next Fmoprotected amino acids in the chain were coupled using DIPEA and HCTU
(all at 5 equiv) in excess of DMF for one hour each. Fmoc group deprotection was carried
out after each coupling of Fmegarotected amino acid in ordeptallow the next residue

to be coupled by exposing thetdrminus. This was achieved by three washes of 20 %
(v/v) piperidine in DMF for five minutes each and two minutes DMF washes in between
followed by final five two minutes DMF washes to ensure remoVany residual
piperidine before the following coupling. FITC was then coupled to the peptide using

DIPEA (all at 2 equiv) in excess of DMF for two hours in the dark.

Fnally, peptides were cleaved fmo the resin and sidehain protecting groups were
removed simultaneously by treatment with TFA mixture (5 mL per 1 g of resin; 95 %
(VIvV) TFA, 2.5 % (v/v) TIPS and 2.5 % (v/v) DCM) for six hours then peptide containing
cleavage cocktail was separated framsin by filtration. TFA was then removed by
evaporation and the resulting crude peptide was precipitated in diethyl ether then
isolated by centrifugation in three changes of diethyl ether 20 °Cfor ten minutes

each. The precipitated peptide was lefternight to remove the diethyl ether. Once
dried, crudepeptide was dissolved in water, lyophilised then redissolved in water

before purification as described Bection2.2.8.5

2.2.8.2 Cell Attachment Motifs (Alkyndunctionalised Peptids)

Cell attachment motifs were synthesised using NovaSyn®TG Sieber resitoading
capacity 0.1- 0.25 mmol.g* (Figure2.12). The resin was first swelled in DMF in a
reaction vessel for 30 minutes. This resin is FHpratected therefore, deprotetton
was carried out using a Iinute wash in 20 % (v/v) piperidine DMF followed by
three DMF washes before loading the resin. The first Fprotected amno acid in the

chain (propargylycine) was coupled using Oxyma Pure® and DIC (all at 2.5 equiv) in
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excess of DMF for one hour. This was repeated with 0.5 equiagérgs until the resin
was fully loaded. Full loading of the resin was confirmed by performing the Kesser

(Section2.2.8.9.

Fmoc

ONPEGQ

Figure2.12: NovaSyn®TG Sieber resin usedtfa synthesis of cell attachment motifs.

The peptide chain was then assembled by stepwise coupling and Fmoc deprotection as
described for FIT{abelled peptidesSection2.2.8.7). The Fmogrotected amino acids

were coupled using Oxynfaure® and DIC (all at 2.5 equiv for the (PE@cer and

5 equiv for the amino acids in the cim The Nierminus of the peptide chain was then
acetylated to prevent a charge at thetBrminus using acetic anhydride (5 equiv) and
DIPEA (10 equiv) in excess of DMF for one hour. The resin was then washed several
times with DMF to remove any residudsen isolated as described for FiEDBelled
peptides (Section2.2.8.1) with the TFA treatment carried oudor four hours then
purified as described iBection2.2.8.5

2.2.8.3 P11 Peptides Functionalised with Cell Attachment Motifs

P11 peptides were functionalised with cell attachment motifs (synthesised as described
in Sectior.2.8.9 using copper catalysed click chemistry between an azide group on
the Niterminus of the P1 peptide (purchased from Cambridge Research Biochemicals)

and an alkyne group on thet€rminus of the cell attachment motif.

Click reactions were carried out in a 3 mL scale mixture of azide and alkyne
functionalised peptides, reducingagent,stabilisirg ligandand a catalyst all at a final
concentration of 1 mM in 50 mM sodium phosphate at pH 7.4. Sodium phosphate
buffer (1.5 mL, 100 mM at pH 7.4) was added to a reaction vessel and degassed in
nitrogen gas for five minutes, to which; aziflenctionalisd)R LISLIIA RS oonn >
DMSO), alkyn& dzy Ot A2yt AAaSR LISLIWARS d6onn >3 ™.
bonn >[X mMn Ya AY 6FGiSNOX ¢.¢! oonn >[Z
(B300>[ = Mn Ya AY ¢ GSND bdé& MBpectivBy §ivea indtar LIK 2 &
ratio of 1:1:1:1:1 of the components. The mixture was stirred using a magnetic stirrer

during each addition then reaction left for 48 hours at 40 °C in the dark while stirring.
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This procedure was carried out for each of the peptides furctionalised with cell
attachment motifs (eight reactions). The mixture was dissolved in water containing
10%(v/v) DMSO, lyophilised and then redissolved in water before purification as

described irSection2.2.8.5

2.2.8.4 Kaiser Colour Test

In order to ensure complete coupling in SPPS, the Kaiser test was carried out before
adding the next amino acid in the chain preventing formation of peptide chains with
missing resides hence having incorrect structures. In this test, two drops of the Kaiser
test reagents (5 %; w/v ninhydrin in ethanol, 80 %; w/v phenol in ethanol and 2 %; viv
1 mM KCN in pyridine) were added to a small amount of resin to be tested, then heated
and let to develop for five minutes. A colour change determines the outcome, where a
negative test indicative of a complete coupling reaction is observed by a yellow solution.
However, a positive test is indicated by development into a blue colour requiring a

further coupling.

2.2.8.5 Peptide Purification

Peptides were dissolved in water containing DMSO and ammonia fdr feptides or
DMSO and acetic acid foiiB and R1-12 peptides. All peptides were purified using
Biotage® Isolefyf One instrument using a RediSep&dld® Reversegshase C18 high
performance column. Theluentsused for purification were water @@, HPLC grade)

and acetonitrile (MeCN, HPLC grade) both with either 0.1 % (v/v) TFA or ammonia over
an increasing gradient of acetonitrile. Different pw#iion conditions were used for
different peptides(Table2.5). Acetonitrile was removed using Genevae2Bxersonal
evaporator followed by lyophilisation of peptid€he yophilised peptides were stored

at - 20 °Cuntil use
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Table2.5: Conditionsused for purification of synthesised peptides including; solvent in which
peptide was solubilised, gradient of water to acetonitrile (%) for purification, additives to

solvent and wavelength at which UV detecticoccurred.

Water to Acetonitrile Additives UV Detection

Gradient(%) 0.1 % (v/v)

FITAabelled Peptides
HTR® | Acetic acid Initial: 90- 10 242
FITCP1-12 air;]dwl?’il:/(lio Final- 10-90 TFA 495
FITC control
CellAttachment Motifs and Their Scrambled Controls
GRGDS 220
GRDGS DMSO in Initial: 95-5 TEA
YIGSR water Final: 5-95 220
YRSG 275
Peptides Functionalised with Cell Attachment Motifs
GRGD®:1:-4 Ammonia 220
GROGS P14 Initial: 95-5 . 254
YIGSFP.-4 ai';dwg':/go Final: 5- 95 Ammonia 254
YIRSG-P.1-4 275
GRGD%::-8 . . 220
GFRDGSPL-8 :rfj“[‘)’l\;‘gg Initial: 95- 5 A 254
YIGSHP;1-8 in water Final: 5-95 254
YIRSG-P11-8 275

2.2.8.6 Analysis of Synthesised Peptides

Following synthesispeptides (0.1 - 0.5 mg.mt) were analysed using liquid
chromatographymass spectrometry (:-KS) and accurate mass spectrometry to
confirm their structures by comparing the determined molecular weights with the
calculated ones. Their purity (%) was assdssging an analytical high performance
liquid chromatography (HPLC) as descriliedippendixA.6 (carried out by Martin

Huscroft, School of Chemistry, University of Leeds).

2.2.9 Characterisation of Peptide Gels

2.2.9.1 FourierTransform Infrared (FTIR) Spectroscopy

Peptide samples werergpared as described in Secti@r2.7.1 in which deuterium
oxide (D:O) was added to the lyophilise@eptide (instead of water), peptide was
monomerised then pD adjusted to 7.Edquation2.5) using 2, 1, 0.5 and 0.1 M DClI/
NaODand fnally, seltassembly was trigg&R 06& I RRAUGA2Y 2F wmn -
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solution inDO and incubated at 37 °C until each FTIR spectrumre@sded Control

solutions were taken through the same pD adjustment as samples.

Equation2.5: An equation to calculate pD fromancorrected pH reading (pH?¥)
TAE 8

At each time point, peptide samples and controls {35 pL) were transferred to a cell

with two calcium fluoride windows separated by a 0.025 mm copper spacer. All FTIR
cell components were cleaned with methanol before/after each FTIR reading. FTIR
spectra were recorded using Micolet 6700 FTIR spectrometer and were processed
using the associated OMNIC software. Individual peptide FTIR spectra were obtained by
subtraction ofthe control spectrum from that of peptide. Spectra were analysed by
FAGGUAYT GKS LISF 1 a A ¢720icKkiBusihgihe Redk ahalysisNdSIT A 2 v
Fitted peaks were used for determination of the secondary structures present in

peptidesamples Table2.6).

Table 2.6: Absorption ranges in the amide Qregion and their corresponding secondary

structure, amino acid side chairor impurities. Highlighed wavenumbers correspond to

i -sheetg!9+19,

Wavenumber (crr) Secondary StructureAmino Acidor Impurity
1586 Arginine
1608

1613- 1630 I -sheet
1635- 1654 Glutamine
1642- 1649 Unordered
1649- 1655 h-helix
1658- 1674 Turn
1673 TFA
1682- 1690 I -sheet
1694- 1697 Turn

The presence of TFA counterions gigestrong absorption at 1673 chand should be
taken into account when fitting and assigning pe&Ksespecially in peptides having
positively charged residues in the chain. This is because TFA is used in the peptide

purification process by the reversgzhase HPLC and is often bound to positively
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charged residues as a counterion, hence can be present as an imifty The
proportion of TFA present in a peptide is therefore dependent on the nunuber

positively charged residues in the peptide chain such as arginine and ornithine.

¢ KS LIS ND Sheét kedoBdagy trudtures present in the pidptsample wathen

calculatedusingEquation2.6.

Equation2.6: An equation to calculate the percentage of secondary structurbserved in an
FTIR spectrum of peptides
b A HH T HH & TH1S j}’l-\’;u"H'I-Td "HHHHL T "HH 8 "HTHATHI

d AT CTHHT "R "HHHHT "HITTHHD T HHT 8 "HL 7L 7H

Specta were collected at 0, 1, 7, 14 and 28 days following triggeringassémbly in
three replicates for each peptide at each concertation tested (unless otherwise stated).

Data were analysed faignificantdifference using tweway ANOVA ($&on 2.3).

2.2.9.2 Transmission Electron Microscopy (TEM)
TEM grids were prepared by Martin Fuller (Faculty of Biological Sciences, University of
Leeds), where Hexagon 400 mesh 3 diameter copper grids (3.05 mm) were codte

with a 10 nm layer of carbon.

Peptide samles prepared for FTIR (Sect®2.9.) were also used for TEM
investigation These were tested at #old dilution and 10€fold dilution in deuterium

oxide (unless otherwise stated) because they formed gels consisting of a dense fibrillar
network that were difficult to investigate under the TEM in their gel form. A drop of the
unRAf dzi SRk RAf dzi SR LISLIGARS o661 >[0 gla AYY
If2y34ARS I RNRBL) 2F (KS ySaAFrdA@S adGtAiAy o
drops of peptide and negative stain on the Parafiim®, the grids were floated on the
peptide drop first for 30 seconds then on the uranyl acetate drop for another 30
seconds. Following staining, a filter paper was used to absorb any remaining solution

from the grids ensuring they were dry before imagikgy(re2.13)

Images of the negatively stained peptide samples were acquired using a JEQOLQIEM
Plus TEM at 120 KeV with the associated software AMT Image Capture Engine V602.
Images were processed ugitmageJ software for determination of fibril widths.t®a

were analysed for significaxlifference usingwo-way ANOVASection2.3).
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TEM grid Filter paper

Parafiim® ——» T T

Peptide drop Uranyl acetate drop

Figure2.13: Schematic diagram showing the preparation of TEM gridsTheTEM grid floated
on peptide drop for 30 seconds, then 2) floated on the uranyl acetate drop for another 30
seconds and finally 3he remaining solution aliwbed on filter paper ensuring the TEM grid

was dry before imaging.

2.2.10Chandler Loop Model
Reagents

Calcium chloride solution (250 mMEalcium chloridelihydrate (3.68 g) was dissolved
distilled water (100 mL) antthe pH was adjusted to 7.4. The solution veerilised by

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

5 A f dzfir@mbin solution: | dzY | ythrorhbin (2 L) was added to distilled water
(98 L) and mixed by inversion.

Procedure

Medical grade polyvinyl chloride (PVC) tubing vathinternal diameter of 4 mm and

an outer diameter of 5 mm was cut into 35 cm lengths using a sterile scalpel to get
straight ends avoiding presence of gaps when the two ends were connected. The two
ends of tubing were connected using 1 cm medical grade Rith an internal diameter

of 5 mm and an outer diameter of 8 mm. Peptides were prepared at concentrations of
4.95 mM and 49.5 mM to achieve final concentrations of 0.3 mM (monomeric form)
and 3 mM (selassembled form) in blood, respectively. Peptidesrevprepared by
addition of 1 mL of distilled water to the lyophilised peptides. These were mixed by
pipetting up and down then vortexing before carrying out the test. TBS, 0.6 mL, 50 pL
of 250 mM calcium chloride, 100 pLpeptides2 NJ O 2 y (i NRHroibirosBlkiondzi S
as the positive control and distilled water as the negative control) and 0.9 mL of citrated

sheep blood were mixed together. Blood mixture was prepared in six replicates for each
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sample/control then immediately transferred to the tubing b syringe, using a large
needle gauge to avoid damaging red blood cells, at a steady speed to avoid formation
of air bubbles. The tubing was placed on a rotator and was spun at room temperature

at 30 rpm for 90 minutesHjgure2.14).

Apparatus rotation direction - ’

<

N \ Connecting tube
.C tubing

Thrombus

Blood mixture

Blood rotation direction

00 -

Time  Speed

Figure2.14: Schematic chgram of Chantkr loop model experimental setip. The apparatus
was rotated clockwise hence blood in tubmogated anticlockwise and thrombus was formed

at the interface between blood mixture and air in tubing at the leading end.

The loops were then emptied immediately and thrombi were removed using forceps
and weighed (wet weight). D@ were analysed for sigficantdifference ughg oneway

ANOVA test (Sectidh3).

2.2.11Characterisation of Peptide Setssembly within Acellular Arteries

2.2.11.1Field Emission Gun Scanning Eleatidicroscopy (FEGSEM)

Acellular arteries werenpduced as described in Sectigr2.4and were assessed for
their acellularity (Sectior2.2.5 and in vitro biocompatibility (SectioR.2.6. The
acellular artery was washed in three changes of deionised water then cut into sections.
The sections were then fixed in 10 % (v/v) NBF at room temperature for four hours and
washed in three changes of deionised water to remove any NBF residues.cReptce

selfassembled within eellular arteries as in Secti@2.7.3by adding water tathe
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lyophilised peptide, monomerising the solution and changing the pH .4 then
triggeringsedr aaSyYoft & dzaAy3d wAiAy3IASNNA & xssexbly 2y o
excess peptide was gently scraped off the surfaces of acellularyagetionswhich

were then flattened on tinfoil in a petdish with the surface to beémaged facing
upwards and they were left to dry in air for three dagrssuring all water was removed
before imagingAfter ensuring that samples were fully dry, they were mounted on SEM
stubs by placing carbon discs with double adhesive surfaces onuhe Bte surface

and the edges of the sample were coated with carbon paste and dried then samples
were coated with a thin layer of 5 nm platinum. Samples were imaged using FEI Quanta

200 FEGSEM at 5 KeV using the secondary electron imaging.

2.2.11.2FluorescentMicroscopy

Stock FIT@belled peptide solution was made at 1:10 molar ratio of the #&Db€lled

to the nonFITGabelled peptides, which was then diluted to 1:150 molar ratio when
added to nonFITGabelled peptide solutions (unless otherwise stated).Gfabelled
peptide solutions were prepared in water, monomerised and the pH was adjusted to
pH 7.4 as described in Secti®2.7.2 Adjustment of pH was achieveding 2.5, 1, 0.5,

0.1, 0.05 and 0.01 M NaOH/HCI. Control samples were taken through the same pH
adjustment as peptide samples. Before triggering-asfembly, unfixed acellular artery
samples were placed in peptide solutiéosntrols left overnight then10X strength
WAY3ISNDa &2t dziesctibéd ims Sedtiondl2 R.R FoRowihgariggering self
assembly, samples to be imaged were immersed in water usirggge to remove
excess peptide othe surface then excess water was absorbed onto paper tissue by
pacing the edge ofhe sample onpapertissue. Samples were then embedded in a
cryostat embedding solution (OCT compound mounting medium for cryotomy) inside
plastic moulds. These were left inside the cryostat on a cold stage until they were
solidified. After solidification, the blocks were removed from moulds and oriented on a
ONE2adFd &adr3sS 4 GKS RSAANBR RANBOGAZ2Y
thickness sections at23 °C. Fausections were collected on aigerHost slide and

stored at- 20 °Cin the dark until use.

Images were acquired within 24 hours of sectioning using a Zeiss fluorescent upright
microscope with a FITC filter (detection &@9%nm) using Zen software that was also

used for image processing.
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2.2.11.3Multiphoton Laser Scanning Microscopy (MPLSM)

Stock FIT@belled peptide solution was made at 1:10 molar ratio of the #Db€lled

to the nonFITAabelled peptides, which was then dilat¢o 1:150 molar ratio when
added to nonFITGabelled peptide solutions (unless otherwise stated). Hab€lled
peptide solutions were prepared in water, monomerised and the pH was adjusted to
pH 7.4 as described in Secti®2.7.2 Adjustment of pH was achieved using 2.5, 1, 0.5,
0.1, 0.05 and 0.01 M NaOH/HCI. Control samples were taken through the same pH
adjustment as peptide samples. Beforgygering selassembly, unfixed acellular artery
samples were placed in peptide solutiéosntrols left overnight then 10Xstrength
WAYISNDa az2fdziazy ¢ an22RREoPowihgdrigderhd LINA 6 SR
assembly, the acellular tissue section was placed on a-@istniwith the surface to be
investigated facing upwards and the samplasWlattened by placing a costip on top

and secured witlsteri-strips.

Images were acquired using MPLSM 710 Axio Examiner assisted by Dr Nagitha
Wijayathunga, University of Leeds, using the second harmgemeration signal to
visualisecollagenand the two-photon excitation to visualise elastin that is auto
fluorescent Thepeptide was imagediusing theFITC signalmlages were processed in

Zen software.

2.2.12Isolation, Maintenance and Characterisation of Ovine Femoral

Endothelial Cells

2.2.12.1lsolation

Reagents

Antibiotic solution (300 U.mt penicillin / 0.3 mg.mt streptomycin): Penicillin
(5000U.mL1) / streptomycin (5 mg.mk, 12 mL) was added to PBS with calcium and
magnesium (188 mL). The solution was produced aseptically andaited 24 hours

of production.

[ 2ttt 3SylasS G&L)S): This wad preparedas (er sthe Supier@
instructiors. Collagenaseype Il (1 g,215U.mMg 61 & RA 4 & déladeRaltAy | |

solution (HBSS) with calcium and magnesium (10 mL) and vortexed. HBSS with calcium
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and magnesium (1% mL) was then added to the mixture. Thaligion was sterilised
08 FAEGUNIGAZ2Y YR I AfodRinthe darfuntpuser > 6 S NJ

22NJ Ay3 O2tftl3ASyl asS ¢HBES withicalaum dnol mégifesivhk @ =
GmMpdc Y[ X0 sFa FRRSR (2 3&d@ @) b2 dsédr ISy |

immediately.

Endothelial cells growth supplement (ECGS; 3 mginM-199 (5 mL) was added to
15mg ECGS. This was stored 20 °C until use.

M-199, endothelial cells culture medium (0.7 mMdlutamine, 100 U.mt penicillin /
0.1mgmlad NBLIG2Y@OAY X | YR LHEQGSulesbihédwise stdtel T p
and 30U.mL* heparin sodium).L-glutamine (0.7 mL, 200 mM), penicillin (5000 U3nL

/ streptomycin (5 mg.mk; 4 mL), FBS (40 mL), ECGS (5 mL, 3 rigumiess otherwise

stated) aml heparin sodium (6 mL, 1000 U.#)lwere added to ML99 (144.3 mL). This
solution was mixed by inversion and stored at 4 °C for up to one wetka@ure

medium was prevarmed at 37 °C before use.
Procedure

In a class Il safety cabinet, femoral ovine arteries were aseptically dissected from ovine
legs that were slaughtered the same morning. The ends of the artery were tied off with
silk sutures and branches were also tied off along the dissection procesduoa any
chances of contamination. Once dissected, the ties were removed from the etius of
artery which was placed in an antibiotic solution and incubated at 37 °C for an hour.
Following incubation, the inside of artery was washed thoroughly usingragsyfilled

with the antibiotic solution to remove blood or blood clots. Once cleaned from blood,
one end of the artery was closed with a silk suture, a blunt needle was secured to the
other end by a silk suture and a syringe was inserted to the needikttoe artery with
working collagenase solution then this was incubated for 30 minutes &€ 3The artery
content was then emptied into a sterile universal tube followed by washing the inside
of the artery with 10 mL PBS without calcium and magnesilhe content was
centrifuged at 250k g for ten minutes, the supernatant was discarded in 1 % (w/v)
Virkon and the cell pellet was suspended in 5 mL e194 endothelial cell culture

medium then incubated in one-45 tissue culture flask that was incubatad37 °C with
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5 % (viv) C®in air. The medium was replaced every 48 howish 5 mL of

supplemented cell culture mediunmtil cells reached approximately 80 % confluency.

2.2.12.2Maintenance and Passaging

Upon reaching approximately 80 % confluency, the medias removed from the flask

and the cell layer was washed with 5 mL HBSS without calcium and magnesium for five
minutes. This was subsequently removed and replaced with 1 mL trypsin/EDTA solution
and was incubated at 37 °C with 5 % (v/vkDQir for no lmger than three minutes.
Trypsin was then neutralised by adding 5 mL supplememtt culture medium,
transferred into a sterile universal tube and centrifuged at 180 x g for ten minutes. The
supernatant was discarded in 1 % (w/v) Virkon and the ceb{pels suspended infBL
supplementedcell culture medium. These were seedéeto three flasks of the same

size or one larger flask (5 mL fe23, 10 mL for -I75 and 15 mL for-I75). Cells were
incubated at 37 °C with 5 % (v/v) f@air and the mediunwas replaced every 48 hours

for optimal growth until cells became 80 % confluent.

2.2.12.3Cryopreservation
Endothelial cells were cryopserved as described in Sectidr2.3.4after passagig

cells as described in Secti@r?.12.2

2.2.12 . 4Almmunofluorescence
Reagents

Acetoneand methanol mixture (1:1 volume ratio)Acetone (150 mL) was mixed with

methanol (150 mL) and was used immediately.

Bovine serum albumin (BSA) solution (5 %; wBSA (2.5 g) was dissolved in PBSa
(50mL). Solution was sterilised by filtration and aliquots of 5 mL were storedatC

for upto six months.

TBS containing 0.05 %; w/v Tween 206 SSy wn épnn >[ 0 61+ & YAE
the pH adjusted to 7.6. Solution was stored at room temperature for up to three months.

Antibody diluert TBS, (0.1 %vy/v sodium azide 0.1 %; w/v BSASodum azide (6 mL,
M 2T 6Kk@G0 61 a& YA BIRwNand KBS (40 L) atiderpH was [
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adjusted to 7.6. Volume was made up to 60 mL with TBS and solution was stored at 4°C

for up to three months.
Procedure

Multi-spot slides were cleaned with 70 @#/v) ethanol, wrapped with tinfoil and

sterilised by dry heat before cell seeding.

Endothelial cells were resurrected, passa@®dction2.2.12.3 and cells wereounted
(Section2.2.3.3 then suspended in M99 endothelial cell culture medium at
17,500cellsmti® / St &aAdzZALISyaArAz2y> nn mtispotshdd | RR
(700 cells per spot) in three replicates for each antibody/contstitles werethem
placed in a fouwell plateand incubated for 24 hours at 37 °C with 5 % (v/v) iB@ir
(Figure2.15 A-B). M199 endothelial cell culture medium, 7 mL, was added to eash
containing a multspotslideand incubated for another 48 hours at 37 °C with 5 % (v/v)
CQ in air Figure2.15 C). Following incubation, medium was aspirategjre2.15D)

and cells were fixed by placing slidesimetallic slide holder and immersing in acetone
and methanol mixture (1:1 volume ratio) for one minute. The slides were then allowed
to dry in air for five minutes then washed in running tap water for ten minutes followed

by a five minutes TBS wash.

Primay antibody solutions against von Willebrand ttac(vVWF), smooth muscle cell

h-actin, smooth muscle cell myosin heavy chain and fibroblast 5B5 were diluted in
antibody diluent at the manufactur& recommended dilutions; artWF 1:200, ani

h-actin 1:500 antfmyosin 1:50 and an®B5 1:50. Their isotype controls were also
diluted in antibody diluent at the same primary antibody concentratidakle2.4).

Primaryf yiA02R&>X un >[X %1 4&d | RRSR (2 SIOK &
environment for one hour at room temperature. Slides were washed twice in TBS
Tween 20 for ten minutes each then for ten minutes in TBS on an orbital shaker at 40
rom. Secondary fluoszentlylabelled antibody solutions were made against the
primary antibody host species. Alexa Fluor488 6 St f SR 0 CoOl 6 Qo H T NJ
rabbit diluted at 1:200 against antWF antibody and Alexa Fluor 488 6 St f SR 0 C¢
fragment) goat antmousediluted at 1:200 against anti-actin, antimyosin and anti

p.p FYiA02RASaA®d { SO2Y Rladddd tolthg dppropRidtedspotsH 1 >

and incubated in a moist environment for 30 minutes in the dark. Slides were washed
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twice in TBS'ween 20 for ta minutes each then for ten minutes in TBS on an orbital
shaker at 40 rpm. Slides were immersed in DAPI working solution for ten minutes in the
dark. Then slides were immersed in three changes of PBS each for ten minutes in the
dark. Slides were finally nnated with a coverslip usinBakofluorescent mount and

stored for a maximum of 24 hours in the dark.

Images were acquired using a Zeiss fluorescent upright microscope with DAPI (detection
at 465 nm) and FITC (detection at 519 nm) filters. Three images napdomly taken

from each replicate and images were processed using Zen software.

Multi-spot slides placed in four-well
Multi-spot slide plates for incubation

!

 FEEE

Addition and removal of medium in a four-well plate

Figure2.15: Schematic diagram showinihe cell seeding setip for immunofluorescenceA)
Sots in a multispot slide wereseeded with cells in three replicates for each antibody and
control. B) fides were placed in a fouvell plate and incubated for seedin@) Bllowing
seedingmedium was added to dies in wells and incubated. Dh&ly, medium was removed

and cells wee ready for fixation then ariibdy labelling.
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2.2.13Attachment of Endothelial Cells

The following procedures were carried out inside a class Il safety cabinet.

2.2.13.1Peptide Coated Acellular Artery Samples and Tissue Preconditioning

After production ofacellular ateries (Sectiong.2.4), they were assessefbr their
acellularity (Sectio.2.5 andin vitro biocompatibility (Sectio2.2.6) then they were

cut open and several sections with a diameter of 12 mm were cut using sterile 12 mm
biopsy punches. Nofunctionalised peptides, 20 mg, were sterilisdby gamma
irradiation (®ction2.2.1.9 before use for cell studies. Stock functionalised peptide
solutions were made at 1:20 molar ratio of the functionalised to Hfiamctionalised
peptides, which were then diluted to 1:50 molar ratio when addedthe non
functionalised peptide solutions. Noffunctionalised and functionalised peptide
solutions were made at 20 mg.mlin sterile water, monomerised and the pH was
adjusted topH 7.4 as desibed in SectioR.2.7.1and Sectior2.2.7.2 respectively.
Monitoring of pH was achieved using pH tpaperand adjustment carried out using 1,

0.5 and 0.05 M NaOH/HCI. Control samples were taken through the same pH
adjustment as peptide samples. Before triggering-asfembly, tissue samples (three
replicates per peptle solution/control for each tested time point) were placed in
peptide solutions and control¢eft overnight then 10X%trengthw A y 3 SN A s& 2 f dzi
added as described in Secti@r?.7.3 Following triggering sessembly, tissusamples

were placed in the middle of wells in a-&&ll plate with the luminal surface facing
upwards Figure 2.16 A). Preconditioningnedium (M199 endothelial cellculture
medium without the ECGS), 1 mL, was used to gently wash the luminal surface removing
any excess peptide then aspirated. Stainlegelsseeding rings were then pressed
firmly on the tissue creating a seal and 300 pL of the preconditioning medium was
added to each sample and incubated overnight at°@&and 5 % (v/v) CQOn air to

precondition the tissueKigure2.16 B).

2.2.13.2Seeding Peptide Coated Acellular Artery Samples with Endothelial Cells
Endothelial cells wereesurrected, passaged (Sectiar2.12.9 and cells were counted
(Section2.2.3.3 then suspended in M99 endothelial cell culture mediunat
25,000cells.mt. Cell suspension, 200 uL, was added to each seeding ring (5,000 cells

per seeding ring) after aspirating the preconditioning medium then incubated aC37
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and 5 % (v/v) COn airfor four hours. Following incubation, medium was aafed,
seeding rings were removed and tissue samples were gently washed with 1 mL of PBS
for one minute then aspirated to remove any remaining unattached cellbolse
manufactured polytetrafluoroethylene (PTFE) supporgs were then added to tissue
replacing the seeding rings to keep the tissue flat during the experiment as removing
the seedingring and addition of medium resulted in éhg or curling up of tissue.
M-199 endothelial cell culture medium, 200 pL, was added to each well and incubated
at 37 °Cand 5 % (v/iv) COn air and the medium was replaced every 48 hours
(Figure2.160.

2.2.13.3Live/dead®Staining

[ AGSKRSIRt adlrAyAy3 az2tdziazy 2F wmlwaa OF f
prepared in sterile PBS by addition of 5 pL of calcein AM and 20 pL of ethidium
homodimerl in 20 mL of PBS with calcium and magnesium. At the intended time points,
four hours and 72 hours, medium was aspirated, PTFE rings were removed and tissue
samples were gently washed with PBS for one minute then aspirated. Staining solution,

1 mL, was added to easlample and incubated in the dark at 3Zand 5 % (v/v) COn

air for ore hour. Staining solution was aspirated and tissue samples were washed with

1 mL of PBS for one minute then aspiratEay(re2.16 D).

2.2.13.4lmaging and Analysis

Images wee acquired immediately after staining using a Zeiss fluorescent upright
microscope with calcein AM (detection at 514 nm) and ethidium homodimer
(detection at 617 nm) filters and processed using Zen software. Five images were taken
from eachtest/control sampleand each replicate (n = &y described ifrigure2.16 E

Live and deaatells were counted in each image and averages were taken from the five
images for each replicate (N33 for data analysit determine the cell viability (%) cell

density (cells.mt) and cell attachment (%)
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Internal diameter Internal diameter
8mm 8mm
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L

Stainless steel PTFE

seeding ring support ring

Height: 6 mm Height: 15 mm

Diameter: 19 mm Diameter: 21 mm

2
12 mmdiameter | 00— ——r— .
acellular artery — 1 s {2 |[] 3| | 8 mmdiameter
section 4 e seeded area
4

Figure2.16: Schematic diagram showing tissue cell seeding-getand positions of images

taken from tissue for cell studiesh) Tissue sections were placed in the middle of the ofedl

12-well platethen washed with the preconditioning mediuf) a seeding ring vgapressed

firmly creating a seal and tissue was preconditioned with medium overnight then seeded with
endothelial cells in the area defined by the seeding ring for cell attachment, C) seeding rings
removed, tissue washed with PBS and PTFE support ringsadead for the remaining of the

study then medium was added and finally D) PTFE rings were removed, tissue was washed with
PBS then stainedlith Live/dear® stainingnd taken for imaging (E). E9$ttions of images taken

from seeded part of tissue.
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Theviability of cellan each image taken of each sample replicate was calculated as a

percentage usingquation2.7.

Equation2.7: Viability of cells (%¥eeded mto tissue

CEId CHE CHHD CHME T

AHIT HHH | Yo .
n R Nt iirHg "HHE HHE T 7

The density of cells (cells.mnin each image taken of each sample replicate was

calculated usingquation2.8.

Equation2.8: Cell density (cell per mA)in tissue

"Eld "Hi "HH HW T
A CHHAH T CHTHH B HOHHT 1T 16 T H

ATHIHIHT "1 THIHG i i

The Percentage of cells attached in each image taken of each sample replicate was
calculated usingequation2.9, where the number of cells seeded pedefinedseeding

area is equivalent tahe initial number of cells seeded (5000 cells) divided by the
defined seeded area (50.27 mMn

Equation2.9: Cells attached (%) tissue

ATHIHIHT "I THHS 1T 1
"HITTHIHHCEEH HHE ©| HHHHE T THHHD © 7

p e M W gk ey g2 ey "
AHIATI "I H"Hi b "Hi TG
Datawere analysed for significdrdifference using twevay ANOVA (Sectich3).

2.3 Statistical Analysis

Throughout this thesis, all numerical values represaetins + 95 % confidence limits

represented by the data and error bars respectively, unless otherwise stated.

Graphs were processed in GraphPad Prism software. Data analysed using; one

way analysis of variance (ANOVA) for data with one test conditionmore than two
tested group and twoway ANOVA for data with two test conditions and more than
two tested groups. Following analysis of variance, individual differences between group

means were determined using pet2 O ¢ dzl SeQa GSad oLl f ndnp
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3 Decellularisation ofPorcineExternal lliac Arteries

3.1 Introduction

Decellularisation is one of the extensively investigated processes for vascular tissue
engineering. This is because decellularised tissues have the advantage of being
composed solely ofthe extracellular matrix ECN), whilst lacking the cellular
component®. It is therefore hypothesised that an acellular scaffold minimises the
adverse host reaction to the gr&fl®, hence minimisingraft rejection.Decellularisation
protocols developed at the University of Leedsmve been applied to tissues from
humans (allografts) and animals (xenografts) for many clinical applications such as
blood vessel, heart valve and nerve regenerafioff*2%%, Porcine tissue is commonly
used due to having similar anatomy and physiology to humans as well as its availability
206,207 However, the use of tissue from animal donors raises sooneerns such as the
immunological response and cresgecies disease transmissiéit, which should be
mitigated in decellularised scaffoldsie to absence of donor cells or genetic material.
The aim of this chapter was to decellularise porcine external iliac artesieg) low
concentrations ofsodium dodecyl sulphateSP$ for the development ofsmalt

diameter vascular grafts.

3.1.1 University ofLeeds Decellularisation Methods

The decellularisation method developed at the University of Leeds has been applied to
a range of different soft tissige utilising a combination of the decellularisation
techniques discussed i@hapterl (Sectionl.5). For vascular tissue, the process is
started with a freezethaw cycle that auses cell lysis by disrupting the cell membrane
and finalised with peracetic acid disinfectith A series of chemical washes are applied
in between with mechanical agitation that aids reagent diffusion through the tissue
structure 247, A mixture of antibiotics is used to reduce the initial bioburden of the
tissue. Bhylenediaminetetraacetic acid (EDTA treatment is used to aid in the
dissociation of cells from the EQ@ndothelial cells in the case of arteriebypotonic

and hypertonic buffers are used for cell lySiseatment with lowconcentration of SDS
solubilises proteins and lipid membranes. Aprotinin is a protease inhiitdrEDTA, a

chelating agentused in low concentrationss a matrix metalloproteasenhibitor.
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Therefore, both ar@ised in conjugation with other chemical treatments to prevent ECM
degradation by proteaser metal ions(required for the matrix metalloprotease)
released from lysed celleysed cells also release DNA and RNA and these are degraded
by incubation with nuclease enzymes that digest nucleic acids. The chemical washes are
interspersed with PBS washes to remove cell debris and residual reagents in order to

avoid host immunogeniesponse and cytotoxic effects, respectivély

3.2 Aims and Objectives

The aim of this chapter was to apply an established decellularisation process to porcine

external iliac arteries and reproducibly prack biocompatible acellular arteries.

The specific objectives were:
1 To isolate and decellularise porcine external iliac arteries using established
methods;
1 To assess the histoarchitecture and cellular content of treated arteries;
1 To quantify total DNA witln treated arteries;
1 To assess the vitro biocompatibility of acellular arteries using contact and

extract cytotoxicity assays.

3.3 Methods

3.3.1 Acellular Artery Production

External iliac arteries were dissected from porcine legs and stored & T
(Section2.2.4.7). All arteries weralecellularisedas batches (n = 330) in individual
200mL solutions with agitation as described in Secfdh4.2 Following

decellularisation, acellular arteries were stored at 4 °C for up to three months.

3.3.2 Acellularityand BiocompatibilityValidation

All acellular amries were validated for sterility(Section2.2.5.]), histology
(Section2.2.5.2, DNA content (wet weight; Section2.2.5.3 and in vitro
biocompatibilityfor the initial assessment of medical devices using two different cell
lines(Section2.2.6).
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In batches one to four, sections were validatednfréthe end and middle regions of
artery, while only sectionfrom the end region were validated in batches five to ten
(Figure3.1). This was because in the first bhes, all validated middle region sections

were shown to be acellular andon-cytotoxic

These quality control tests were crucial following decellularisation to ensure all acellular
arteries were acceptable for use as vascular grafts by: being sterildote or use
clinically; having a preserved ECM to act as a natural replacement of artery with the
native mechanical/structural properties; being free of cells with reduced DNA content
(>90%reduction) for lower chances of immunological response or disea
transmission; and beingon-cytotoxicin order to allowfor re-cellularisation. If any

artery failed any of these tesit would have been excluded from further studies.

O ) J)ede e )

Validated sections for batches one to four

DDDED )

Validated sections for batches five to ten

Figure 3.1: Positions of arterysections/segmentsused for decellularisation validation.
Sectionssegmentswere taken from the following positions for: A) sterility, B) histology, C) DNA
content, D) contact cytotoxicity assay and E) extract cytotoxicity assay. Sections from the end
and mddle regios were validated in batches one to four, while sedirom the end region
onlywere validated in batches five to ten. B and C sections were taken from both cellular and
acellular arteries, while sections A to E were only taken from aceduiaries. Unlabelled

segments were used for further studies.



96
3.4 Results
The results presented here are representative of all decellularised batches and the data
are summarised ifmable3.1.
3.4.1 Sterility of Acellular Arteries

Acellular arteries (n = 6) were found to be sterile following decellularisation. Sterility

was confirmed by having a clear nutrient broth following incubatt®n compared to

the cloudy positive control that was left in open dtiqure3.2).

Figure 3.2: Sterility of acdlular porcine external iliacarteries following decellularisation.

Positive control (pos.): container incubated in open air and resulted in a cloudy medium.
Negative control (neg.): incubated in a sealed container and resulted in a clear medium.
Acellularartery samples (A41A6): incubated in sealed containers and resulted in a clear medium.

All acellular arteries were shown to be sterile.

3.4.2 H & E Staining

H & E staining was used to visualise the histoarchitecture of cellular and acellular
arteries (n = 6)jn which the cell nuclei are stained with haematoxylin and appear
blue/purple, while collagen and cytoplasm are stained with eosin and appear pink. In
cellular tissugFigure3.3 A), H& E staining showed the presence of purple nuclei in all
three artery layers 1) the intima, where circular endothelial cells were present 2) the
tunica media was observed under the intal elastic membrane that separates the two
layers, where elongated smooth muscle cells were present and collagen fibres were
densely packed 3) the tunica adventitia consisted of randomly oriented collagen fibres

with circular cells, which were less in pdation compared to the medial layer.
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Decellularisation of arteries successfully removed ceits this was evident following

H & E stainingKigure3.3 B), in whit the purple nuclei and cell structures were absent
in all layers of acellular artery samples. However, there was some |abe &FCM
structure, mainly in the tunica adventitia layer and part of the tunica media because the
collagen fibres were loosely piked following decellularisation and the intima was

observed less often than in cellular tissue, but the overall ECM structure was retained.

A) e ' B)

TA 0 TM™ I TA ™ |

200 pm 200 ym

Figure3.3: Cellular and acellular porcinexternal iliac arteries fixed in NBF and stained with

H & EA) Cellular artery showing presence of nuclei in all three layers. B) Acellular artery showing
absence of nuclei in all three layers and preservatiohedCM structure. Cellular nuclei (blue),
ECM (pink), lumen (L), intima (I), tunica media (TM), tunica adventitia (TA) and arrows point to
nuclei. Images acquired with the bright field mode using x 10 objective and scale bars represent

Hnn >Yo&

3.4.3 DAPI Staining

5! t L -didmidh&2Zphenylinodole) is a fluorescent dye that binds to the minor
grooves of doublestranded DNA, which is found in cellular nuclei. Therefore, the
presence of doublstranded DNA hence cell nuclei in cllluand acellular arteries
(n=6) was examined by staing artery sections with DARh DAPI stained section of
cellular tissue Kigure 3.4 A), the doublestranded DNA was observed as blue
fluores@nce throughout all three artery layers. This was absent in acellular tissue

sections Figure3.4 B) confirming the elimination of doublgtranded DNA (cell nuclei).
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Figure3.4: Cellular and acellular porcinexternaliliac arteries fixed in NBF and stained with

DAPI.A) Cellular artery with doubistranded DNA present. B) Acellular artery with no deuble
stranded DNApresent and preserved ECM structure. Dosltdianded DNA (blue with DAPI

filter), auto-fluorescence of ECM (green with GFP filter), lumen (L), intima (1), tunica media (TM),
tunica adventitia (TA) and arrows point to douteanded DNA. Images acquiredthwDAPI

lyR DCt FAfGSNER dzaAy3a E mn 202S8S0GA8S I yR &0l

3.4.4 DNA Content

Total DNA was extracted from cellular and acellular arteries in order to determine the
DNA content in each tissue and the success of thesltidarisation process. It was
determined that the average DNA concentration of acellular tissue was 3.3 + 0.9"hg.mg
(n = 6) compared to cellular tissue that contained 386.5 + 127.2 ng(mg 6) of
DNA(wet weight, batch nine). These results showedignificant DNA reduction of
99.1+0.4% following decellularisation (ANOVA; p < 0.05).

3.4.5 Contact Cytotoxicity Assay

In this assay, lack of cytotoxic effect was indicated by growth of BHK and L929 cells up
to and in contact with acellular tissue as displapgdhe negative control (stestrips),
whereas a cytotoxic effect was indicated by cell lysis as displayee ipp#itive control
(superglue).Following culturing of cells, there was no growth of both cell types in
presence of the superglue positive ¢ool. However, in the negative control, cellular
growth was observed up to and under the ststiips. Both cell types also grew up to

and in contact with theacellular artery samples indicatinigat acellular arteriesvere

non-cytotoxic tothese cells (BK: Figure3.5 and L929Figure3.6; n =6).
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Cells displaye® normal morphologies when cultured with acellular artery samples
compared toconfluent cells cultured alone. BHK having the elongated spsitiped

appearanceKigure3.5) and L92%avingthe fibroblasticappearanceKigure3.6).

7200 i

ol
3

Figure3.5: Contact cytotoxicity of acellular porcine external iliac arteries with BHK cells.
Superglue positive contrd®) steristrip negative controlC) cells only control and D) acellular
artery sample. Cells grew up to and in contact with the acellular tissue anestsigsi with
normal morphologies (as observed in cells cultured alone) indicating no cytotoxicity when
compared topositive controls where no cells were present due to the cytotoxic effect of

superglue. Images were acquired using x 10 objective and scale bars represent 200 pum.



Figure3.6: Contact cytotoxicity of acellular porcine external iliac arteries with L929 cells.
Superglue positive control, B) ststiip negative contrglC) cells only control and D) acellular
artery sample. Cells grew up to and in contact with the acelluaud and stertrips with
normal morphologies (as observed in cells cultured alone) indicating no cytotoxicity when
compared to positive controls where no cells were present due to the cytotoxic effect of

superglue. Images were acquired using x 10 objeetnd scale bars represent 200 pm.

3.4.6 Extract Cytotoxicity Assay

Adenosine triphosphate (ATP) is found in living cells and its concentration drops
dramatically in dying or dead cells, so it can be used as an indicator of cell viability or
metabolic function.Therefore, ATIRe™ assay was sed to determine the viabilitpf

cells cultured with acellular tissue extracts in order to establishtro biocompatibility.

In this assay, the cytotoxicity of extracts of acellular arteries was assessed (n = 6), the
amount of ATP of cells in the extract was measured and compared to a positive control
of cells cultured wit20 % (v/v) DMSO andiegative control consisting afell culture
medium only. The ATP content of BHK and L929 cells in extracts of acellular ardsries

not significantly different when compared to the negative control (ANOV<AQ.05).
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These results indicated that acellular arterisre noncytotoxic to both celitypes
(Figure3.7).

1 Il BHK
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Figure3.7: Relative ATP content of BHK and L929 cells cultured with extracts of acellular
porcine external iliac arteriesData representhe means (n = 6) + 95 % confidence limits.
Positive control (40 %; v/iv DMSQO) and negative cortetiidulture medium alone). There was

no significant difference between ATP content of cells cultured with extracts and negative
control. Significant diffience (SD) was determined by emay ANOVA and pot2 O ¢ dz] S& Q
test (p<0.05).

3.5 Discussion

The aim of this chapter was to produce an aceftlul@iological scaffold by
decelllarisation of porcine external iliac arteries using a combination of chemical,
enzymatic and physical methods. Following decellularisation, a number of factors were

required for evaluation of the acellular ECM scaffold.

Firstly, maximised DNA removal (< 50 ng dowttanded DNA per dry weight tissue
and < 200 base pair DNA fragmentdéms), lack of visible nuclear cells in H & E/DAPI
stained tissue sections and minimal remnant cellular components to avoid adverse host
reaction®%61 Residual DNA for example was reported to cause calcificatiacellular
porcine aortic rootsin vivo 2%8. Residual phospholipids can also have an effect on
calcification because they are important for the formatidritee phospholipidcalcium
phosphate complex, which acts as a nucleation site for calcificti#d Moreover,
presence of cellular residues and longer lenGtNA fragments may possibly cause

inflammatory responses as it was reported that tissue with less DNA content and
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shorter DNA fragment length was shown to have less swelling of surrounding tissue and
better host tissue response vivodue to the reduced m-inflammatory response that

can be triggered by cellular mitochondd®. The nuclear material can be evaluated
quantitatively by assays providing key information about remaining cell residues within
the ECM or qualitatively by routine histologieald immunohistochemical studi€52°°

It is important to note that complete removal of the cellular residues is unlikely to be
achieved by decellularisation and the degree of decellularisation contributes greatly to

the host response to thacellular scaffold causing inflammatory respofs&°

Secondly, preservation of the major components of the ECM for optimal structural and
functional tissue?®?211 Collagerand elastin fibrous structural components of the ECM
contribute greatly to the biomechanical properties of tisdtfand preservation of such
components is important to retain properties of the native tissue. Bioactive peptides
and growth factors found in collagen, laminin and fibronectin also play an important
role in the bioactivity of tissue and cell attachmeAt. GAGE are complex
polysaccharides that plagn important role in physiological behaviour of tissue
including water retetion. Presence of heparrich GAGs is desired in scaffolds for
tissue repair due to its binding properties of cell surface receptors and growth factors
49, Therefore, maintenance of the ECM component pkakey role in recellularisation

of the acellular scaffold. However, decellularisation is known to have some effect on
the ECM structure and the extent of disturbance of these components may vary in
different tissue types and depending on decellularisation and sterilisation techniques
used. Furthermore, removal or reduction of certain components may possibly have
minimal effect on the properties required for the clinical application, especially if the
acelular tissue is to be used in conjugation with other technologies to make up for the
affected components. It is therefore important to carry out the required assessment for

the intended application to ensure minimal losses in the ECM components.

Thirdly, hck of cytotoxic effect in the acellular scafféff as it is important for any
medical device to bbiocompatibleprior to animal studies or clinical trials. Presence of
residual chemical detergents used during decellularisation can cause a cytotoxic effect
and this can be minimised by mechanical agitation during treatments to facilitate their
removal®l. Residual cytotoxic chemicals such as SDS were shown to discourage cellular

growth, hence recellularisation of scaffold was affected. SDS can be quantified by
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carrying out a colorimetric assay and the lower cytotoxic threshold for SDS was
reported to bemn  >3% YASkessment oin vitro biocompatibility of acellular

scaffolds can be carried out by cytotoxic assays with €8lls

Although evaluation of the previous factors is crucial for the assessment of the extent
of decellularisation, other tissugpecific and applicatiospecific factors may need to

be assessed.

In this work, histological studiexf acellular porcine external iliac arteries have shown
absence of cells and preservation of the ECM. Preservation of the ECM near the luminal
surface was also noted in multiphotamagesAppendixA.8 more detailin Chaptero).

The DNA content was reduced by appmately 97.7 % (wet weight,#116) with an
average DNA of 7.8 = 1.2 ng.A(@ = 116) in acellular tissue compared to cellular tissue
that contained 37.6 + 56.1 ng.mg(n = 32)Initial iocompatibility of acellular arteries

was assesseih vitro according to the cytotoxicity ISO standard 109Bfr medical
deviceswith BHK and L929 cells. Acellular arteries were shown toolbecytotoxic to

both cels lines.

Several studies within the University of Leeds produced acellular scaffolds following
similar decellularisation methods that are tisssgecific have shown similar results
25,71,204,205.208\\/jlshawet al. investigated decellularisation of human common femoral
arteries following methods developed at the University of Leeds. Histological studies
confirmed the absence of visible whole cells and cetlalaclei. DNA reduction of $7 %

was achieved with concentrations of 7 + 1 ng’haagd 273 + 72 ng.mbin wet weight
acellular and cellular tissue, respectively. The acellular arteries were shown to be
biocompatible in vitro with preserved biomechanical properties which were

insignificantly different from native cellular arteriés

Acellular scaffolds have been applied to animal models forcpnécal trials in various
tissue engineering applicatisnIn one study using small animal models for small
diameter vascular grafts, acellular rabbit carotidesies were implanted into rats for

56 days. Arteries were decellularised by initial freeze/thaw cycles followed by chemical
treatments including enzymatic digestions, EDTA treatment, dediskdled water
washing with agitation and finalised by an ulti@let irradiation. Histological studies

have shown no visible nuclear material and mechanical properties were retained.
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Acellular scaffolds were shown to be biocompatible ifovivoapplications with low
cytotoxicity and reduced immune responge Joseet al. investigated implantation of
acellular porcine aortic valves in sheep models as acellular xenografts for 6 months. The
decellularisatbn process involved chemical treatments with agitation in hypotonic
buffer, EDTA containing aprotinin, low concentration of SDS (0.1 %; w/v) and nuclease
solution then sterilised in peracetic acid (0.1 %; w/v). Histological studies have shown
no evidence bcells or cell remnants following decellularisation in the tested samples.
The study demonstrated the regenerative potential and biocompatibility of the
acellular xenograft. However, the decellularisation was not efficient for all
decellularised tissue aging mild calcification in regions with residual nuclear material
208 Another study investigated acellular porcine common carotid arteries for use in
smal-diameter vascular grafts using dogs as the animal model. These were
decellularised using a combination of hypotonic and detergent treatments in addition
to enzymatic digestions with mechanical means. Histological studies have shown
complete cell removalith intact ECM structures and retained mechanical properties.
Following decellularisation, acellular arteries were coated with heparin to reduce the
graft thrombogenicity then implanted into dogs as a xenogratft. It was reported that the
grafts were patentat 67 days with smooth muscle cells densely populating the tunica

media and endothelial cells covering the luntéh

Although small animal models are ndeal for translation to humas) and larger animal
populations with longerm studies are preferable, the initial studies are crucial to
understand the host reaction to the acellular xenograft. Moreover, the previous studies,
have shown the potential for atlular scaffolds to be used clinically, but optimisation

of decellularisation methods are required. In fact, there are several acellular products
that are clinicallyavailablefor vascular repair. For exampleégtoMatrix® ECM® (USA)
derived from small intestinal submucosa and PhotoFix® (CryoLife Inc., USA) derived

from bovine pericardiun®®.

In this chapter, acellular artery scaffoldere produced consistently with a preserved
ECM.However, lack of the natural anfirombogenic endothelium may increase the
probability of thrombus formatior?*57.5888 Therefore, for a higher success rate
vascular graftsit is proposed that a surface coating is requiredetthance the re

endothelialisatiorof acellular scaffoldas will be éscussed in subsequent chapters
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3.6 Summary of Acellularity and Biocompatibility of All Batches

All batches of acellular arteries produced were found to be sterile. Histologically, there
was found to be an absence of cells and preservation of the histoarchitecture. The
absence of cells was also confirmed by the significant DNA reduction in adesksuiay

All acellular arteriesvere non-cytotoxic toboth BHK and L929 cells when tested in
contact and extract cytotoxicity assayy®ble3.1 summarses the quality assurance data

for all batches of acellular arteries produced throughout this thesis.

Table 3.1: Acellularity andin vitro biocompatibility resultsof all decellularised batches of

porcine exernal iliac arteries.

Histology ___ Biocompatibility
DNA Quantification
Batch No. _ (H & E and (ng.mg?) (Contact and
DAPI) Extract)
Average ©ntrol
1-32 Cells 337.6 £56.1 -

(n=32)

1(n=23) 1-3 No cells 30.8+10.1 Non-cytotoxic
2(n=26) 4-9 No cells 204+6.0 Noncytotoxic
3 (n=10) 10-19 No cells 84+14 Noncytotoxic
4 (n =10) 20-29 No cells 6.4+21 Noncytotoxic
5 (n=20) 30-49 No cells 47+10 Non-cytotoxic
6 (n = 10) 50-59 No cells 125+ 3.6 Non-cytotoxic
7(n=30) 60-89 No cells 48+15 Non-cytotoxic
8 (n=15) 90- 104 No cells 89+15 Noncytotoxic
9(n=26) 105-110 No cells 3.3+0.9 Noncytotoxic
10 (n =6) 111-116 No cells 36+14 Noncytotoxic

Average Acellular
1-116 - 78+1.2 -

(n=116)
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4 Characterisation of Selissembling B Peptides Under

Physiological Conditions

4.1 Introduction

Selfassembling peptides consisting of natural amino acids can be designed to have
different physical properties depending on the required application. Since these
sequences consist of natural building blocks, they have the potential to be
biocompatible ad degradable. This allows the use of such peptides in various biological
applications for example as scaffolds for tissue engineering applications potentially

without triggering an immune respongé®214

In Chapte3, an acellular porcine arterial biological scaffold was produced but it lacked
the natural antithrombogenic endothelial layer. The aim of this work was to enhance
the re-endothelialisation of acellular artery tissue using functionalisedastembled
peptides. For this purpose, thefpeptide series was selected for investigation under
physiological conditions. 1P peptides are known to selissemble intoi -sheet
structures and form gels consisting of fibrillar networks:17¢ Different triggers
including pH and ionic strength have been shown to switch the peptides from the self
assembled state to the monomeric state and vice vét3&* Because of this property,
these peptides can be used in applications in whitkivoselfassembly is required.
P11-4, R1-8 and R1-12 had previously been shown to be noytotoxic and form self
supporting ged at high concentrations under physiological conditidf’s!’’, hence
were selected for this study. The resultant gel matrix was proposed to act as a scaffold
for re-cellularisation of the acellular artery tissue as will be discussed in subsequent

chapters.

Here, the selassembly behaviour ofiP4, R1-8 and R:1-12 was investigated under
physiological conditions using Fourier transform infrared (FTIR) spectroscopy and
transmission electron microscopy (TEM). Secondary structure, gelation behaviour and
morphology were studied at different concentrations. Differeancentrations were
tested to determine the optimal concentration at which a gel was formed with high
LINE LJ2 NJishe2tystru@uFes to use for further studies within acellular tisagevill

be discussed in Chaptér
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4.2 Aims and Obijectives

The aim of this chapter was to characterise-#, R1-8 and R:-12 under physiological
conditions at different concentrations for seifsembly behaviour and sability for

application in vascular grafts.

The specific objectives were:

1 To determine the proportion of -sheet secondary structure in peptide gels
using Fourier transform infrared (FTIR) spectroscopy, hence the time taken for
each peptide to reackquilibrium;

1 To investigate peptide gelation over time;

1 To investigate the morphology and width of peptide structures using
transmission electron microscopy (TEM);

1 To determine the peptide concentration tze used for future studies.

4.3 Methods

Further detai$ of sequences, molecular weights, net charges at physiological pH 7.4 as
well as the conversion of peptide concentrations used in this chapter from miganL

mM for P1-4, R1-8 and R1-12 can be found id\ppendixA.2

4.3.1 FTIR Spectroscopy for Peptide Secondary Structures
Background

FTIR spectroscopy is a technique that allows determination of the secondary structure
(intermolecular and intramolecular interactions) of proteins and peptides by observing
the frequency at with absorption occurd®/?15216 Most FTIR instruments measure
absorptions in the midR region between 400 chand 4000 cni, where proteins
absorb vibrational energied’. The FTIR spectrum results from the absorption of energy
due to the vibrating chemical bonds and it is composed of three absorption band
regions that are of interest in determining the secondary structure of proteins; amide |
band absabs in the region 1600 1700 cm' (mainly due to the stretching oE=0),
amide 1l band absorbs in the region 1500600 cm' (due to NH bending and Gl
stretching) and the amide 1l bantat absorbs in the region 1260.350 cm* (due to

GN stretctingand NH bending vibrations)'521,
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Seltassembly of peptides involves intermolecular amtramolecular interactions,
hence the most useful region in the FTIR spectrum of such peptides for the

determination of their secondary structure is amide | region.
Method

Pi11-4, R1-8 and R1-12 were prepared at concentrations of 10, 20 and 30 mg.imD;O

as describedn Sectior2.2.7.1and incubated at 37 °C throughout the study. Peptide
FTIR spectra were obtained in three replicates at diffiétime points then processed
individuallyand analysed by fitting the peaksdescribedn Sectior2.2.9.1 Processed
Spectra were averaged ampdotted using OriginPro software. From the fitted spectra,
LIS NO S v (i isti2& werexdlculated, plotted as means (n = 3) agdimst at each
peptide concentration for all three peptides and then analysed usingvitap ANOVA
and postk 2 O ¢ it @< QDA; Sectiol.3).

4.3.2 TEM Imaging for Peptide Morphology and Dimensions
Background

TEM is a high resolution imaging technique that works on the same principle as the light
microscope but in TEM, electrons instead of light are transmitted through a thin sample
to produce an image. This image shows fine details of the sample at magoifgati
higher than that of a light microscope because the wavelength of electrons is smaller

than that of light.

The morphology as well as the dimensions of-keff & S Y 6she®tRape forming
peptides were investigated using TEM due to the high resolutfomages obtained

using this technique.
Methods

P-4, R1-8 and R:-12 sanples prepared for FTIR (Sect#:3.l) at 10, 20 and
30mg.mL! were also used for TEMnaging. Samples were prepared on TEM grids,
imaged and processed as describedsectior2.2.9.2 Fibril widths were measured at
the widest point away from the tigts and measurements were taken from images at
magnifications of x 30,000 and higher. Mean fibril welfin = 40were plotted against
peptide concentration for each of the peptides then analysed using-ivay ANOVA
and postk 2 O ¢ dz] §R @OBSedtiSrd.§. o
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4.4 Results

4.4.1 FTIR Spectrqi -sheet Proportion and Equilibrium

P11 peptides were investigated using FTIR over a period of 28 days to determine the
time taken for each peptide at all tested concentrations (10, 20 and 30 mt).toL
NBEIF OK SljdzA f A 6 NA dzheed pgercettag¥sliibtnderytii diffekebt time
points. Equilibrium was assumed to have been reached when there was no/insignificant

change in t® -sheet percentages.

The data presented in this section and the data comparisons mainly correspond to one
day following triggering selissembly. This is because most of the data from studies
within acellular aréry tissue presented in Chaptérwere acquired one day after

triggering seHassembly.

Pi1-4 FTIR spectra over time at 20 mghare presented irFigure4.1. Spectra at 10
and 30 mg.mt are presented inAppendixA.3

13-
1.2
1.1
1.0
0.9-
0.8-
0.7
0.6
0.5
0.4-
0.3-
0.2-
0.1-

0.0-
o 1 v 1 ¢ 1 v 1 v 1 4 1 L4 1
1720 1700 1680 1660 1640 1620 1600 1580

—— 0d-20mg.ml*
—— 1d-20mg.ml*
—— 6d-20mg.ml*
——— 14d-20 mg.ml*
—— 28d-20 mg.ml*

Absorbance

Wavenumber (cm™)

Figure4.1: P-4 FTIR spectra at 20 mg.rhlover time after triggering sekassembly by
FRRAGAZ2Y 27 Wing 8 @BRAL (radp 6 @rirple? ¥4dblue) and 28 (green) days

of incubationat 37 °C Shadedireas correspond to-sheet absorptions.

All the acquired spectra foriP4 were processed individually by fitting the spectrum

then determining the proportion of secondary structures in the peptide sample as
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shown inFigure4.2 for 20 mg.mt of P-4 one day after triggering sedfssembly by
FRRAGAZ2Y 2F wAY3ISNRa az2fdziAzy o

P\/ey:ll/ %neunrgl;e(rc;‘; Area Under Peak Peak Assignment Second?g/); )Structure

1580.002 5.7063 Side chain -

1613.953 17.2779 i -sheet 56.9
1634.145 7.4977 i -sheet 24.7
1644.588 1.1193 Unordered 3.7
1651.815 1.0332 Unordered 3.4
1658.858 0.8379 Turn 2.8
1665.842 0.6881 Turn 2.3
1672.946 0.4487 TFA -

1682.703 1.8979 i -sheet 6.3

Figure4.2: Fitted R1-4 FTIR spectrum at 20 mg.rhbne day after triggering selassembly.

Data in the Table correspond to each side chain or secondary structure absorption and the
LIS N S vy (-shékSdeddiced from this spectrum was 87.9 %. All othet Bpecta at the
different concentrations, time points and replicates were processed in the same way to
RSGSNNMAYS ( KSsheeldlg(i 36 2F |

From the fitted datafigure4.2), the main peak for-sheet conformation was observed
centred at 1614 crhand a smaller peak at 1634 dmA weaker absorption band was

observed centred at 1683 chsuggesting amntiparallelr NNJ y 3 S Y Syshieet 2 F

G f










































































































































































































































































































































































































































