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Abstract

Loss of glycosaminoglycans (GAGS) in osteoarthritic (OA) cartilage contributes to a decrease
in mechanical properties and functiamvitro, and is considered to be a major contributor to
disease progression. The aims of this investigation were to ttes hypothesis that a
combination of seHassembling peptidgsSSAPsandchondroitin sulfat€glycosaminoglycan;

GAG) would restore thdiomechanical properties of GAG depleted porcine condylar

cartilage, ideally to a level intrinsic to native porcoundylar cartilage.

The SAPsnvestigated were members of the;Pserieswhich have been designed to
spontaneously selassemble into threedimensional fibrilar hydrogelsn response to
physiological conditiondnitial studieswere carried outto determine which of three
peptides (P-4, B-8andRi-MmH 0 R S Y 2 v & {shddt peRéhtade NoBgoven fibrilar
networks and high stiffnesehen mixed witrchondroitin sulfateat two different GAG molar
ratios (1:16 and 1:64)n physiological conditionsising FTIR analysis, transmission electron
microscopy and rheologyhei -sheet percentagelimensions of fibrils anstiffnesswere
dependent upon the peptide, GAG molar ratio and$alt concentrationP;;-4 and R-8:
GAG mixtureX | R K-dh&Kperéentage ranging from 508l % and 81:B2 %,
respectively. Fibril lengths of tH&,-4 and R,-8: GAGnixtures were in the rangd98 3518
YY YR GKS St I ai@edirgn54,4R10,Y28 Radahddzay 2260811 (P,

respectivelyP; ;-4 and R;-8: GAG mixturewere selectedor further investigation

In orderto produce a GAG depleted cartilage model, porcine femoral condylar cartilage was
subjected to three different methods of GAG depletid) coating the surface with
chondroitinase ABQ) injecting chondroitinase ABfDto the cartilage (3)washing the
condyles in sodium dodecstilfate(SDS)GAG depletion was successfully achieved following
two 24 hour washes in 0.1 % (w/v) S8 bufferwashesHistological analysis of safranin O
stained sections revealed an absence of GAG@antification of GAGsusing the

dimethylemethylenélueassay revealed that 75 % of GAGs had been removed.

In order to assess the effects of peptide: GAG mixtures on the biomechanical properties of
the GAG depleted porcine condylar cartilagg@omechanical test methodas developedA
series of indentation tests using different loads, followed by finite elenaealysis of the

data were performed on native and GAG depleted porcine condylar cartitageentify a
suitable load for detection of a significant difference in the deformation, equilibrium elastic
modulus and permeability between the native and GA@ldted porcine condylar cartilages.

A load of 0.31 N was identified as the most appropriate.



GAG depleted porcine condylar cartilage was injected witRtRnd R;-8 alone, ;-4 and
P1:-8 : GAG mixtures at a molar ratio of 1:64 ambndroitin sulfatealone. The average
percentage deformation of the medial condylar cartilage samples injectedRuitfhalone
andP;;-4: GAG mixture was 15.5 % and 8.7 % an@®fp8 alone andP;;-8: GAG mixture was
11.4 % and 9.1 % respectively, compared to 6.3 % ton#tive cartilage and 12.6 % for the
GAG depleted cartilage. The average equilibrium elastic modilttsee medial cartilage
samples injected witlP;;-4 alone andP;;-4: GAG mixture was 0.16 MPa and 0.43 MPa and
for P;;-8 alone andP;;-8: GAG, 0.23 MPa and 0.35 MPa, respectively; comparedto 0.49 MPa
for the native cartilage and 0.21 MPa for the GAG depleted cartilBigdistical aalysis
(ANOVA) showed that a mixture & ;-4: GAG, but not;;-8: GAG restored both the
percentage defamation and equilibrium elastic modulus of the GAG depleted cartilage to

levels that were not significantly different to the native cartilage.

This study has shown that the use @f-Bin combination witlthondroitin sulfatéhasfuture

potentialfor devdopment as aninimally invasive treatmerfor early stage osteoarthritis.
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Chapter 1Literature Review and Research Goals

1.1 Introduction

Healthyarticularcartilagein the knee hasinique properties, allowing it to withstankigh
compressive, shear and tensile forces that the human body exerts upon it during normal gait
or other activities such as running or climbing stéveuw et al., 2005)Articularcartilage

is a special type of hyaline cartilage that provides a low friction and wear resistant tissue at
the articulating surfaces of bone. This is facilitated by distributing the applied load over a
greater surface area which leads to a smooth inteacthetweenthe two opposing surfaces
(Buckwalter et al., 2005Unfortunately, articular cartilage is frequently injured in incidences
which usually involve sport or trauma from motorized accidents; howeveray also
degenerae with increasing agéGroh and Herrera, 2009Pue to its avascular nature, the
damaged cartilage has a poor propensity to gelpair(Farquhar et al., 1996; Buckwalter et

al., 2005)

Cartilage damage and degeneratigamh Iy A FAOF y i f & Ilqualky®Qifesaint y A Y F
and dysfunction of normal movements are symptoms of cartilage damage, frequently seen
inthe aging population, which cére attributedto arthritis. Arthritis, ddined simplymeans

joint inflammation, however there are two main types of arthritis that affedividuals;
osteoarthritis (OA) and rheumatoid arthritis (RAackson et al., 20Q1Psteoarthritisis a
degenerative joint disese caused by the degradation of articular cartilage in the jants
rheumatoid arthritis is a chronic inflammatogutoimmune disease with a gernet
predisposition.Articular cartilage loss causgsoximal bones to rupleadingto pain,
discomfort, swelhg and limitation in movementt is estimated that 8.75 million people in

the UK suffer from OfArthritis Research UK, 2018urrentlythere are many ways in which
these problems can be overcome and/or managbhdwever thee are limitations to all

approaches

Research is currently focused on development of more advanced methods of cartilage repair,
such as autologous chondrocyte implantation (AX€I)he use of biomaterials for tissue
engineering of articular cartilage ugjscaffolds and/or hydrogelafundamental knowledge

of healthy and degeneratectartilage tissue anatomy, physiology, biomechanical and
tribologicalfunction isof upmost importanceéo comprehend cartilage disease and develop

novel therapiesfor the eary interventionin OA.



1.2 TheAnatomy ofHyaline Articular Cartilage

Hyaline articular cartilage is the most important stture in synovial joints (e.gnke and hip

joints). It protects the two articulating surfaces from abrasion by allowing smooth movement

of the surfaces against each other whilst distributing load evéBilckwalter et al., 2005)

Articular cartilage is a flele and tough tissue consisting of chondrocytes (cartilage cells),

which aredistributedamongstaninterlacednetwork of collagen fililsand proteoglycans

within the extracellular matriXECM)Buckwalter et al., 2005 he work within this thesis is
O2yOSNYySR gA0GK | NIOAOdzE I NJ OF NIAfF3ISsE (GKSNBT

refers to articular cartilagfAC) unless otherwise stated.

1.2.1 Composition and Structure of Cartilage

The main component of cartilagettse ECMwhich accounts for 95% of the total cartilage
dry weight; the remaining 5% is constituted by the cellular component of cartilage. The
cellular component consists of chondrocytes, which are the functional element of the ECM
(Anderson et al., 1964)The ECM of hyaline cartilage is 70% fluid (water), the remainder is
made up of organic collagen molecules (15%), mainly type Il colla@&nproteoglycans

(aggrecan) and 5% glycoprote(f#ole et al.1982)

The structure ofACcan bedivided into two hierarchical levels; the mieszale and the
macro-scale. These two scales of viewing the structure of cartilage are of great importance

in determining the biomecanical properties othe tissue

1.2.2 Microstructure of Cartilage

1.2.2.1 Collagen

1.2.2.1.1 Structure ofCollagen

Collagen is the maj ECM proteinlt makes up-15% of the cartilage ECM the body there

are 19 types of collagen, however AQasedominantly composed of type Il collagevith
smaller amounts of types V, VI, IXand XI(Athanasiou et al., 2009; Mow and Ateshian,
1997) All collagens are composed of 3 procollagen alpha chains, endedd each other to
form a triple helix configuration. These polypeptide chains contain approximately ~1000
amino acid residues. The constituent procollagen chains are numbered using Arabic
numerals followed by the collagen type with roman numemalparenthesesFor example:
Type | procollagen is made up of two prel (I) and one pré -2 (1), therefore it is a
heterotrimer(Cremer et al., 1998Whereas type Il procollagen is assembled of three'pro

1 (I1) chains and is therefore a homotrim&he individual procollagen alpha chaare each



shaped into a lethanded helix and then all three of the chaowsltogetherto form a right
handed tiple helix(Steplewski et al., 2007Yheamino acids ithe collagerpeptide chains

are primarilyglycine, proline, hydroxyprolindysine and hydroxykine. These amino acids

are arranged in the following tripeptide sequen&y-X-Y, whereglydne is repeated every
third residue X is most commonly a proline residue and Y is frequently a hydroxyproline or
hydroxylysine residu€elhis repeat region is encompassed by short unorganised telometric
regions (the globular aminerminaland carboxyl terminal), which are prone to proteolytic
attack by procollagen peptidase/procollagen aminoproteinase/ procollagen
carboxyproteinase.The cleavage of these terminal peptides altothie spontaneous

formation of collagen fibril§Steplewski et al., 2007)

Collagen Molecules _
(triple helix) a-chains

Collagen Fibrils %, e L P N>
Collagen Fibres \

Amino acid
chains

GLY GL\% GL;
Figurel: Collagentiple helix with arrangementof amino acids within eaclprocollagen
alpha chain Adapted from:(The collagen molecule: Collagen structure, 2014)
1.2.2.1.2 Synthesis of Collagen
In cartilage, ollagen synthesis occuvgithin chondrocytes. The individual helicegatherin
the lumen of the endoplasmic reticulum (ER) to form procolla@f@gure2, (1)). Various
proline and lysine amino acids are hydroxylated here and the additiogiuafose and
galactose tahe hydroxylysine residuesiso occurgFigure?, (2,3)).The mddle portion of
the procollagen chain associates with other molecules to ftimm triple helixand the
propeptide extensions prevent premature assembly of collaggthin the ER(Figure2,
(4,5)) Exocytosis of procollagefirom the plasma membraneia a secretoryvesicleis
followed bythe cleavage of the globular amino {tdrminal) and carboxyl terminals-C
terminal) via selective proteolygiBigure2, (6,7)) The tropocollagemolecule fomed then

undergoes spontaneouassemblyto form collagerfibrils and in turn fibres, which are
stabilised by covalent crodmks(Figure2, (8,9)) (Alberts et al., 2002)
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Figure2: The intracellular and extracellular events in the formation otallagen fibril (A)
Collagen fibrils assemble in the extracellular space contained within a folding of the plasma
membrane They further assemble to larger collagen fibres whidahitised by covalent
crosslinls.Adapted from{Alberts et al., 1994)

Collagen fibre

Lil

1.2.2.1.3 Roles of differenttypes of collagen

The most dominant form of collagen in ticartilageECM is type Il collagen (a homotrimer)
which constitutes~8085% of the total collagen content. Collagen Xl and IX (both
heterotrimeric) ae the second most commdiormsof collagenconsistingpf ~310% each.
Collagen IX is known to have a slight kink 4chdin where chondroitin sulfate
glycosaminoglycans (G&®ranches of{Steplewski et al., 2007 dlagen type Xl is similar

to type Il, inthat itis a straight chamolecule however it containsan -chain at the amino
terminal which projects out and forms a covalent cross link to the collagen type Il molecule
in the fibre backbone d@he hydroxylysine residu€Collagen X is also a straight chain specific
homotrimer. Althougltollagen Xormsshorter chains than type Il and Xiformsmultimeric

collagen fibrils.

The specific roles of all the types of collagen are not fully understamaetier it is thought
that these minor collagens play arole in adjusting the structure of collagen ti@ailék et
al., 2000) Collagen type Il makes up the backbone of heteropolyneearitlaginougibres of
which type IX isghought to play a role in facilitating the interaction of fibrils lwvit
proteoglycans. Collagen typafgrmsindependent microfibrils in the ECM and it plays arole
in chondrocyte attachmentto the EC{@remeretal., 1998P00le, 1997)Type X ithought

to play a role in the organisation and distribution of the matrix components sk sentn

areaswhere hypertrophic chondrocytes are fou@remer et al., 1998; Shen, 2005)



1.2.2.2 Proteoglycans& Glycosaminoglycans

The ECM contains three main typegdfcosaminoglycan$AGs): hyaluronanhondroitin
sulfate and keratansulfate. A proteoglycan(PG)monomer consists of a core protein
(aggrecal, to which numerous GAGs are attached. This proteoglycan monomer has
associatechondroitin sulfateandkeratan sulfatemolecules through simple sughonds
(Figured) (Hardingham and Muir, 1974)n AG the most important proteoglycan monomer
is aggrecan Aggrecan consistsf a protein core onto which GAG chajnsade up of
chondroitin sulfateand keratansulfate, are covalently attachedFigure3) (Mow and
Ateshian, 1997)These aggrecemonomersbind,via a link proteirto ahyaluronarmolecule,
forming a proteoglycan aggregafEigured). This macromolecular complex interacts with
the surrounding collagen fibrils to from a fibreinforced, porouspermeable composite
solid matrix(Poole, 1997)which is known as the solid phagégure3). The most abundant
GAG irACischondroitin sulfatehowever there are other GAGs present in smaller djties
such as; heparin, heparaulfate, dermatansulfate and keratansulfate. The functional

properties of PGs are given to them by ihdividualGAG chaingMow and Ateshian, 1997)

Protein core
/ Sugar bond

Proteoglycan

aggregate Proteoglycan

—__ Chondroitin
= sulfate

Keratin

Collagen fibre |
\/"* . sulfate

B

Protein
core

Hyaluronate

Figure3: (Left) Schematic of ECM of articular cartilad@arnes Baili, 2011)Right)
Proteoglycan aggrecan monomer moleculelapted from(Brinker and Miller, 1999)

1.2.2.2.1 Roles ofcollagen and poteoglycanin articular cartilage

Both the collagen and PGs bind water in different ways, which is essential to the function of
healthy cartilaggMankin et al., 1999) In the solid phase, proteoglycan monomg@fgure

3) with GAGs rich isulfateand carboxylate groupare highly negatively charged in contact
with water. A swelling pressure, resisted by gwerounding collagen network is created as

a result of the repulsion force induced by the negatively charged mole¢léte et al.,
1974,) The balance of these two forces determines the degree of cartilage hydration and

anydisruption of this balance will cause an increase in tissue hydréitlankin, 1982)
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The fluid phase of cartilage contributes to the healtbgction of cartilage. It is this phase
that influences the mechanical behaviour afritlage when it is loaded. As the cartilage is
loaded under compressive force, water is able to flow through the porous structure, which
creates a frictional drag force on the matrbhe applied load causes the fluid to be extruded
and this educeghe pore size anthence permeability of the ECM. Hence as the permeability
of the ECM decreaset)e drag forceincreases furthe(Maroudas et al., 1968) This
mechanical mechanism provides cartilage with a protective feedback feature atmbles

the cartilage to stiffen by reducing thate fluid flow through its matrixwhen it experiences
highand increasingoads(Mow et al.,1980) The combinatiorof fluid and solidmatrix
properties provideACwith the viscoelastic, biomechanical and low friction properties for

efficient load distribution.

However in degenerative cartilage these properties become compromised. Theasexnt
water content (tissue hydration) attributed to degenerative cartilage seems surprising as
there is also a loss of glycosaminoglycans, which are themselvely higtrophilic.
Maroudas et al.explained this paradoas a degeneration of the collageetwork, which
allows thefibrillated tissueto swell even more, in spite of the relatively low osmotic pressure
created by the decreased GAG content. Therefibre swelling seen in degeneratartilage

is not due to any changes in the state of water bmabreakdown in the collagen network.

The main disaccharide unit GAGs i\Cischondroitin sulfateltis formed by the linkage of
D-glucuronic acid to Micetylgalactosamine. These galactosamine residues canlbeted
either in positions 4 (C4S) or(66S); thesulfategroups alongside the carboxyl groups of
glucuronic acid, are ionised, therefore giving rise to a global negative chargermal
healthycartilage the concentration ofC4S and C6Sg®ent in the synovial fluid has been
shownto varybetween 13.423.4 nmolml* and 64.3141.9nmol.ml* respectively and the
ratio of C6S:C4S has been shown to fluctuate between 4.3 tN&Rayama et al., 2000;
Nakayama et al., 2002However this ratio has been remrted to decrease with increasing
age and severity of the disease, most commonly OA, which is wibyrdtio hasbeen
suggested aaclinicalmarkerfor damage irarticular cartilagen early OASharifet al., 1996;
Baylist al., 1999) Within the layers of cartilagehe proteoglycarcomposition changes
with depth.The proteoglycas in the upper layers contaalower amount of keratasulfate
and a higher amount athondroitin sulfatg Zanettiet al., 1985)Recent studies using various
biochemical characterisation techniques have confirmed that there is a g@mhical
variation in the zaal distribution ofchondroitin sulfateandit is more predominantly found

in the topmost layesof AC(Crockett et al., 2007; Bayliss etal., 1999)



1.2.3 Macrostructure of Cartilage
Cartilage can be subdivided into four main zones. This zonal structure varies from the surface
of AC down to the subchondralbone; through which the cellular (chondrocytes) and

structural components (collagen fibre orientation) of the ECM undergo some chénges
Figured).

1.2.3.1 The Superficial Zone (tangential zone)
This is the articulating surface that providesv friction movement between the two

opposing surfaces and resists shdtconsists of two layers;gheet of very fine fibrils with
few polysaccharides and no cellshiwh forms a clear filroften referred to as the lamina
splendensalso known as the surface anphous layer (SALYnderneath this are flattened
ellipsoidshaped chondrocytes, packed pHehto the articulating surfacith collagen fibres
also aligned parallel to the surfacéhey synthesise aECM withhigh collagercontentand

a low proteoglycan concentration, relative to other zon@uckwalter et al., 2005)

Fibronectin and water concentration are also highestin this zone.

1.2.3.2 The Middle Zone (transitional zone)
This zone makes up for around-80% of theACvolume. It has a higher¥ dzy 3 Q& Y 2 Rdz

than the superficial zongerpendicular to the AC surfac€hondrocytes in this zone are
more rounded than in the superficial lay@ow and Hung, 1989)They synthesise a matrix
that has largecollagen fibrilgarrangedoosely and horizontdb the articulating surfage
higher proeoglycan content but a lower collagen and water content than seen in the

superficial zone matrigBuckwalter et al., 2005)

1.2.3.3 The Deep Zone (radial Zone)

This zone makes up 30% of the cartila@bondrocytes here argpheroidal h shape and
arrange themselveparallel to the collagen fibrils and perpendicular to the joint kiew

and Hung, 1989)This zone contains collagen fibrils with the largest diameter, the highest

proteoglycarconcentration andhe lowest concentration of watgiBuckwalter et al., 2005)

1.2.3.4 Calcified Cartilage Layer

The tide mark divides the deep zone from the underlying calcified cartilage, which rests
directly on the subchondral bor{#&ow and Hung, 19897 his transition reduces the stiffness
gradient between the inflexible bone and the more flexible cartilage. The subchondral bone

ultimately provides the anchorage for the cartilage tissue as a wiiRédein and Rose, 1986)
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1.2.4 Function of Cartilage

Thefunction of cartilage is best understood when it is viewed as a biphasic structure. This
specialist tissue is composed of a solid phase consisting of mostly type 1l collagen and
proteoglycans and the fluid phase, whiconsists of water and ions. The solid phase has low
permeability because of the high resistance to fluid flow, creating high interstitial fluid
LINB&adzNAT FGA2Y AY GKS FfdzAR LKIF&Se LG Aa i
0 NJ y & YfunatianmoRcsitdagg Ateshian and Wang, 1997Jhe low permeability of the

solid phase and the high pressurization of the fluid phase both work to establish the stiffness

and viscoelastic properties that allowCto perform its function(Felson et al., 2000)

1.2.4.1 Mechanical properties of articular cartilage

Ore ofthe roles of cartilage is to facilitate the load support and load transfer whilst allowing
the rotation and translation between bones. The lkenexperiences aload of approximately
3.5 times body weight andonsideringhe averageperson weighs about 7Rg, the force
experiencelin the knee igxceptionallyhigh(Mow et al., 200Q) Therefore the mechanical

as well as the biochemical characteristics ofa#&proportional to how it performs within

the joint. Changes inthese characteristics could ultimately affect the loading pattern that the
bone experiences and hendead todegradation an@ventually the total loss of tissue. The
ability of cartilage to deform under load playsa crucial role in its mechanical furfetagas

and Mockros, 1971; Mow etal., 1984he mechanical properties of AC can bealdxed as
anisotropic (dependant on orientation), nonlinear (dependant on magnitude of strain) and
inhomogeneougvariable within tissue pll of which aredue to the changes in macroscopic

and microscopistructurethroughout its depti{Guilak et al., 2000AC can best be described



as a viscoelastic material with a solid and fluid phase, in which the interaction of

proteoglycans and the collagen network play a crucial role in displaying this behaviour.

When cartilage is put uret uniaxial tension, the tissue exhibi®n-linear stressstrain
characteristicsln vivq this tension is experienced when the cartilage is compressed and the
surrounding regions are pulled towards the point of loading. As the cartilage is loaded in
tension the coiled collagen fibrils of the solid matrix begin to uncrimp, which contributes to
theinitial slope increase in the toe regi@Rigureb). Following this initial straightening of the
fibres, there is a constant increase in slope as the collagen fibres start to resist the applied
tensionwhich eventually lead® the failure of these fibresas they are stretched to rupture.

A study perforned by Mow et al., showed that collagem cartilageexhibits anisotropic
behaviour as the tensile modulus was considerably higher in samples that were aligned
parallel to the collagen fibres compared to those that were perpendicular to the collagen
fibres(Mow and Ateshian, 1997)
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Figureb: Stressstrain curve for articularcartilageunder uniaxial constant strain rate
loading.

¢ KS §SyaAadddus ofeadiiige Oed reYerredto as a measure of the strength of
the solid collagenous matrixvhich varies depending on the orientation and the depth of the
cartilage tissu€Roth and Mow, 1980)Other parameters which also affect this parameter
are type of joint, sample location, age, fibre density and diameter, gfitenf ionic bonds
and amount of cros$inking within the cartilage tissugschmidt et al., 1990)in healthy
humanAQG the tensile modulus has been shownvary betweerb to 25 MPa, depending
mostly onthe latter conditiong(Kempson et al., 1968; Akizuki et al., 198®j)e viscoelastic
behaviour of AC is also dependant on the interactions of the solid collagenous matrix and its
proteoglycans network. Schmidt al reported that the removabf GAGs fronAC dfects

the collagen fibre orientation, which consequently alters the rate of deformation (creep) of
the cartilage samplg$Schmidt et al., 1990AIthough, this study suggestéaat the collagen

proteoglycan ingéractions affect the rate of deformationin AC, it is the inherent stiffness of



the solid collagenoumatrix that mainly contributes to the stresstrain behaviour of

cartilage in tensioiGuilak et al., 2000)

Wonget al, proposed that the loss of tensile integrity in degenerative cartilage and in
osteoarthritic cartilage was directly proportional to the amount of collagen degradation as
well as the network remodellingTempleWong et al., 2009) Studies by Silvest al.,
suggested that the elastic modulus (calculated from str&tsain curves) for human AGaw
influenced by the collagen fibril length and its structure. It was found to be higher in healthy
cartilage compared to OA cartilage.efhsuggested that this increase was due to the
presence of PGs within the collagen. However, from the results it was not clear whether the
decrease in the elastic modulus in OA cartilage is as a result of the degradation of the collagen
network; the loss 6P G content; synthesis of catabolic enzymes or a combination of the latter
(Silveretal., 2001a; Silveret al., 200evertheless, the 3D organisation of collagen fibres

is known to vary throughout the depth of A@dathe orientation of these fibre aids in giving

cartilage its unique mechanical properties.

Articular cartilage also exhibits compressive properties that are mainly dependant on the
water content and its interaction with the proteoglycan netwofle conpressive modulus

of cartilage ranges from 0.08 to 2 MPa and like the tensile modulus, the compressive modulus
can vary depending on location on the joint, age, type of joint and pathd®dyinagl et al.,
1997; Athanasioutaal., 1994) Compression of cartilage is governed by the highly charged
sulfateand carbayl groups on the proteoglycans, causing repulsion between them and
owing to the expansion in the proteoglycan network. However, this swelling is restricted by
the electrostatic forces between the collagen and proteoglycan network. These charged
groups have a high affinity for water molecules whicbstrict the free movement of
interstitial fluid through the interconnected pore structure of the solid matrbetting up a
frictional drag coefficientAs a result of these interactions, a Donnan osmotic pressure is
created within the cartilage tissue network, which is the major contributor to the
compressive stiffness of ABteshian et al 2003) Interstitial fluid pressures are significantly
higher under compression, hence their importance in the load support in the joint. The
frictional drag created by the flow of interstitial water through therpuspermeable matrix

acts as dissipate mechanism for AC. As this fluid is dispersed through the tissue, the fluid
pressure decreases over time and more of the load is supported by the solid matrix, giving
rise to the creep and stregelaxation behaviours in cartilag®ow et al., 1984; Park et al.,
2003; Lai et al., 1981; Mow et al., 1980) conclusion, the creep and stresslaxation
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behaviour of AC is mainéxplained byhis biphasic behaviour, as the stresses are dispersed

between the solid and fluid phases of cartilage.

1.2.5 Lubrication Mechanisms of Cartilage

Synovial fluiccontributes tothe low friction articulation within the human joints. Water is
the main fluid constituent iAG as well as the synovial fluid. The synovial fboidtainsmany
inorganic salts, such as calcium, chloride, potassium and sadiuvell as other components
such as hyaluronic acid and proteifgis interstitial fluid also plays an important role in the
transport of nutrients for the chondrocytes and the removal of waste from the tissue. The
following section will cover the various lubrication regimes/theories stated for the synovial
joints. Itisimportant to note that none of these regin@enecan acount for the behaviour

of the joints under physiological loadinthereforeit is suggestdthat a combination of
more than one ofhe following regimes will be active under any physiological condition that

the joint experiences.

1.2.5.1 Fluid Film Lubrication

When two articulating surfaceof ACare separated by a thin fluid layer, there are low levels

of friction, andfluid film lubrication exists. The pressure created by this thin layer of fluid
between the two bearing surfaces supports the load. The thickness of the film has to be three
times greater than the combined roughness of the bearing surfacesthe fluid film
lubrication to subsist and functiofWVithin this type of lubrication theory there are various

regimes that can be used to describe the joint lubricati®lcNary et al., 2012)

Hydrostatic lubricationis wherethe two opposng surfacsare separate@nd supportecy

an externally pressured fluid filimom the recesses of the cartilage surfad&hereas
hydrodynamic lubricationccurs when two surfaces move at relatively high speed and fluid
is drawn between them. The filmitkness is a function of many different variables such as;
geometry, roughness and fluid viscogiBassani and Piccigallo, 1992; Neu et al., 2008)
elastohydrodynamic lubricatigrihe asperities of the cartilage dace become of the same
order of thickness as the fluid film. Therefore, the pressures generated by the fluid resultin
the elastic deformation of the bearing surfagé&¥owson, 1995)Squeeze film lubricatiois
exhibited wherthe lubricant fluid between théwo-bearingsurface is viscous nature and
cannot be exudedut of the contact zone, when under load. This resultant pressure keeps
the surfaces apart and dissipates the loa(Mow and Ateshian, 1997)Lastly,boosted
lubricationoccurs when the joint is under load, this causes the solvent withirsymevial

fluid to be forcedback in tathe cartilage ECM, therefore leaving behind highly viscous and
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concentrated hyalurord acid angbroteins on the cartilage surface, which have load bearing

capabilitieWalker et al., 1968; Longfield etal., 1969)

1.2.5.2 Boundary Lubrication
Boundary lubrication comes into play when the combined asperéight of the two

opposing surfaces becomes greater than the fluid film thickness. The articulating surfaces
become separated by a monmhulti-layerof boundary lubricant, which prevents direct
contact between the two surfaces. In the absence of this cortusuandselfre plenishing
layer, the continuous asperity contact would lead to the degeneration of the cartilage surface
by mechanical wegiMow and Ateshian, 1997; Gleghorn and Bonassar, 2008; Chan et al.,
2010) Fluid filmlubrication is dependent on the changesin viscosity of the fluid and the fluid
forces generated fromthe joint motioffrigures). Neverthelessthe literature states that the
lubrication of AC is not completely reliant on the viscosity of the synibwid| therefore, this

led to further investigation into the lubrating constituents present in the synovial fluid.
Research has mainly focused around the study of thyemposedboundary lubricant
molecules surface active phos$mwlipids (SAPLsyuperficial zonal proteins (SZ&hd
hyaluronic aciqChan et al., 2010; Jay and Cha, 1998] their roles in different lubrication
regimesHowever, a full discussion of the research into these proposed boumhdalamgants

is beyond the scope of this thesis
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Figure6: Friction coefficient plotted as a function of fluid viscosity and shear velocity
divided by the load (Stribeck Curvelith the correspodning film thickness for boundary,
mixed and hydrodynamic lubrication mechanisrGoles et &, 2010)

1.2.5.3 Mixed Lubrication

This type of lubrication regime comes into plalien the interstitial fluid seepsut of the

porous cartilage as the load increasd$he ability of the cartilage to support the
elastohydrodynamic lubricatioviathe secré A 2y 2F AYOASNRGAGAFE Tt dz
f dzo NA OF (A 2pfa@ Thdi & Sembinatidrio? fluid film lubrication and boundary
lubrication processs Throughout the gait cycle, the bearing surfaceA8iindergo a variety

of loading conditios(i.e.contact stresses and sliding spegaBminishing the fluid film layer.

As this occursthe bearing surfaces start to come intmntact; this is where boundary
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lubricationoperatesto reduce the friction between the opposing surfacesught is lkely
that under normal physiological conditions, the synovial joint operates under mixed
lubrication and mayevertto another regime depending on the activity of tiwedividual

(Gleghorn and Bonassar, 2008; Nealet2008; Chan etal., 2010)

1.2.5.4 Biphasic Lubrication

Variatiorsof fluid film, boundary and mixed lubrication regimes have beenfound to operate
at the synovial joint. These regimes are attributed to the composition of the articulating
surface and tk materials present within thenBiphasic lubrication plays an intrinsic role in

the tribological functiorof the cartilage tissue and hence the synovial joints.

McCutcherwasthe firstto propose that the interstial fluid within the joint cavity was &b

to carry the load when a force was appliedto it. The theory also statdhis fluide xudates

from within the cartilageproviding a fluid film to the area thatloaded keepinghe surfaces

from coming into contac{McCutclen, 1959) Over the years, many different lubrication
mechanisns had been attributedto ACand it hadbecome increasingly clear that the
tribological performance of A@asnot confined to one single lubrication regime alone. Itis
considered to have a manifold of lubrication regimes, which can be characteristic of two
distinct incompressible and immiscible phag&eene et al., 2011)These phass are
comprised of the solid phase (mainly collagen and proteoglycans) and the fluid phase
(interstitial water)(Mow and Lai, 1980)The interaction between these two phases is what
controls the deformation of AC, whichis tHew of the interstitial fluid through the complex
interwoven solid phaselhe significance of biphasic deformation in AC olulig cationwas
highlighted in the late 1950s by McCutchenal However it was not until the 1990s it
further studies wee carriedout; experimentally by Fsteret al (1996) and theoretically by
Ateshianet al. (1997) to confirm the biphasienechanism(Forster and Fisher, 1996;
Ateshian, 1997) The unique structure of AG crucialto its biphasic and load bearing
characteristics. Cartilage is highly porous; this isdue to the interwoven nature of the collagen
matrix, with pore size varying between 8.5 nm. Thepresence of charged groups on the
proteoglycan network and these smpdires in the matrix contribute to the low permeability
value, which varies between 1®o 10'®*m*Ns* (Mow and Ateshian, 1997} s the interstitial

fluid (fluid phase) is under loadt generdeswhat is known as @ssure gradients (drag
forces). The pressurization of this fluid phase is able to support the majority of the load
applied. However, as time progresses the fluid is exuded into the joint space or into other
unloaded areas. Gradually the load is transfeffredh the fluid phase to the solid phaaad

as aresultthe friction is increased.
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Faster & Fisher(1996) demonstrated that the frictionobservedbetween the two
articulating surfacesvasmainly due to the solid phases interactions. However, they also
suggested that the COF between the articulating surfaces couke pelowas long as the

fluid phase load support was very high. This was confirmed by their test measuring the COF
in anin wtro cartilagespecimeragainst metal and cartilage against cartilage set up for

different loading timegForster and Fisher, 1996)

1.2.5.5 Triphasic Lubrication

Mow et al., established the triphasic material properties of AC ga@gressiorfrom the
original biphasic theonfhe proteoglycan aggregateeremodelledto be restrained within
the collagen matrixjust as in the biphasic thearyhese molecules contain a large number
of fixednegativelycharged groups (S@nd COQalong the GAG chaiiislow et al., 1990)
Due to these negatively charged molecules, in a widter environment such as the
interstitial fluid, univalent counter ions (e.g. Naare needed to maintain the electro
neutrality. These univalent ions which are present within the interstitial flmidremodelled

as an addition to the fluid phase in the biphasic theai et al., 1991)Although te use of
this theory has improved theaccuracy in determinignthe equilibrium responsdo the
deformation of cartilage under load, this ionic phase plays a very small role when compared
to the solid and fluid phases of AGai et al., 1991 however itis afactor that should be kept

inmind experimentally.

1.2.6 Wear of articular cartilage

The wear of articular cartilage can be classified into two categories, mechanical wear and
biochemicaldegradation both of which can eventually lead to the destruction and
degeneration of AC. kngineering terms, wear is classed as the removal and deformation of
a material surface as the result of a mechanical stress applied by an opposing surface or
object. Cartilage can last a life time with very minor wear howgthes can be hindered by
sevaal environmental factorsuch asbut not limited to;abnormalbiomechanical loading,
trauma, changes in the structure of the ECM aradhologicaly inducedalterationsin the
lubrication mechanism. All of the factors can either work in isolation ormeed to increase

the cartilage wear pastits normal limits. Cartilage tissue is biological in reatdrthe refore

it can suffer from collateral biochemical degradation; this can either be alteration to the
collagen network, increased loss of proteoglysanionic disturbances in the synovial fluid.

It is very hard to determine which of the two types of wear damage, biomechanical or
biochemical, follow on from each other. &Hdifficulty of understanding the underlying

process of these two types of cartjjawear hasfocused past and presengsearch to
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determine the frictional and deformain properties of AC, whilst still being aware of any

tribological properties.

1.2.6.1 Types of wear

1.2.6.1.1 Mechanical wear

This type of wear can be further subdivided into tgmups: fatigue wear and interfacial
wear. The lgter occurs mostly during boundary and mixed lubrication where there is slight
solid-solid contact between the two opposing surfaces. Themtaro forms of interfacial
wear;adhesive wearwhichoccurs wherthere is unwanted displacement and attachment
of wear debris, from one surface to the othdihe other isabrasive wear,in whichthe
material of the softer of the two bearing surfaces is removed fromits surface due to rubbing
against theharder bearingurface The harder material can either be the particles between
the surfaceswhich can be considered #srd-bodywearor the bearing surface itsglflow

and Ateshian, 1997However, due to the many lubricatingechanisrswithin the joint,the
contact between the articulating surfaces is hampenm@aning thainterfacial wear does

not tend to happen frequentlyNeverthelessany disruption to these lubricating mechanisms
due to any sort of AC degradation maydida interfacial wear and accelerate the tissue loss

because of the altered biomechanics of the joint and increased contact.

1.2.6.1.2 Fatigue wear

Unlike mechanical wear, fatigue wear is independent of the lubrication phenomenon
occurring between the two surfaced the AC. This type of wear is produced as a result of
cyclic loading causing increased stress and strain on the joint by which the material becomes
weakened. This produces wear debris that becomes dislddge to the propagated crack
growth at thecartilagesurface orin the underlying bulk materi& cartilage, itis manifested

in the form of collagen network buckling or looseniiMpw and Ateshian, 1997by which

the collagen fibres become separated from theimblles into individual fibres or even
smaller subunits. This results in a dramatic decrease in the mechanical properties and an

increase in the tissue permeability, similatibh@ processeenin OA cartilage

1.2.6.1.3 Biochemicatlegeneration

Cartilage loss due the degeneration of its structural and functional components can be as

a resultof various pathological causeach asbut na limited to, metabolic disorders, over
production of cytokines and matrix metalloproteagédMPs)andjoint haemophiliaThis is
termed as biochemical degeneratiorhere is a vast amount of literature that uncovers the
underlying mechanisms of these factors and the role they have in cartilage degeneration as

well as the onsetand progression of Q%caraz et al., 2010; Kapoor et al., 2011; Pitsillides
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and Beier, 2011; Ashkavand etal., 2013; Lee et al., 2Bi&hemical degradation can also
affect the natural aging of chondrocytes astthmulatechondrocytehypertrophy as a result

of increased metabolic activity. These changes in chondrocyte behaviour alter the
composition of the EClsl a result of amcreasenthe ratio of C&to C#4, which is similar

to the ratioseen in undeveloped foetal cartilag8andy et al., 1987; Hickery et al., 2003;
Clarkin et al., 2011)Following these eventshe biomechanical properties of AC become
adwersely affected and hence makesusceptible tdurther mechanicahnd/or biochemical
degeneration, aggravating the OA conditidimerefore,OAis a combination of biological,

chemical and mdwanical processes.

1.3 Osteoarthritis

1.3.1 Introduction

Osteoarthritis(OA)is one the most common joint diseases worldwide. This disease is
characterised by the progressive loss of articular cartiaggformation of osteophytes
which leads to cifonicpain and discomfort. The vast literature all points to the same factors
that are responsible for the development of GRorenz and Richter, 2006y hese mainly
include traumatic events either from spamg activitiesor traffic accidentshowever there

are also other factors such as congenital abnortiesj ageing and malnutrition which can
all lead to changes in the A@ucture (Swoboda, 2001)Unfortunately, cartilage has a poor
propensity for selirenewaldue to its avascular nature. Thepair tissuehat it does form as

a result of cartilage loss mainly consist fibrous tissuewhich has nechanical properties
thatare considerably reduced compared to that of healthyB&Cly herapeutic intervention
isneededto repair initialcartilage damagand prevent or delay the progressionto @dden

and Nevitt, 2006) Unfortunately, OA is not normallydiagnosedin early stages and
predominantly manifest at aadvanced stageyhenalterationsto the joint are pronounced
andcan bevisualisedadiographially. The therapeutic options for advanced OA difficult

and limited.There is a real need tanderstand he underlyingnolecular mechanissof
cartilage degeneration, in order to develejarly interventiontherapeutic appoachesand

diagnostc techniquegLorenz and Richter, 2006)

1.3.2 Pathophysiology of Osteoarthritis

As noted above, a major problem with understanding of the pathophysiolo@Aa$ that
early stage OA cartilage is nmsilydiagnosedThe morphological and histological features
of established)A are welknown, howeverthe underlying moleculanechanismshat lead

to the development of the diseaseestill not completely understoodihis section aisto
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review current literaure available on thebiochemical and molecular proceasdifferent

stages 0DA thatleadto histologicabind macoscopically visible alteratiain AC.

Damage to cartilage, mainly through trauma, involves dantagehondrocytes, which
compromises theiability to repair. This leads to loss of proteoglycan con{&ohmander et

al., 1989) increased hydration and altered collagen organizatiptankin, 1982) The
progressive loss of structure and fetronality of AC is driven animbalance of anabolic and
catabolic processes within the tiss8andell and Aigner, 2001The disturbance of the
cartilage organisation results in a decrease in the tensile stiffness and strength that is usually
provided by the healthy 3D architecture of the collagen netw@fkang et al., 2003)
Similarly,the OA pocess is linked to a loss of proteoglycamg whichproteoglycan
monomers are ndonger bound to the hyaluronabhackbone. This is due to proteolytic
enzymes which shorten the chain length of the aggrecan molecule and hence inhibit the
formation of the nomal macromolecular complex seenkingure3 (Mankin et al., 1999;
Poole, 1997)Itis thought that metalloproteses (MMPs) such as collagend§@MP-1) and
collagenase8 (MMPR-3) are responsible for the degradation of type Il collaffee@boul et al.,
1996) whereas stromelysii (SB) and aggrecanasg (ADAMTS]) are responsible for the
degradation ofaggrecar(Lark et al., 1997; Tortorella et al., 2000he breakdown of these
complexes leads to a more permeable solid matrix. Even though there is increased water
content, the increase in permeability tfe matrix results in a decrease in the hydraulic
pressure and therefore a reduction in the compressive stiffness (softening) of the cartilage
(Akizuki et al., 1987; Lai et al., 199jflammatory cytokines may augmetine process of
cartilage softening and degradation. Firtdflammatory cytokines such aamour necrosis
factor-| (TNF| ), interleukin 21 (IL-1f ) and IL6 stimulate chondrocytes t@ecrete
catabolic enzymesuch as MMPs and aggrecanaséjaeh degradethe cartilage matrix
(Martel-Pelletier, 2004) The loss of structure to the ECM and decrease in the mechanical
properties leads tothe load applied at the surface of the AC to brensferred to the
underlying subchondral bon@nd consequentlynaking it stiffer. Consequentlyhis causes

the impact loads to be transmitted to the weaker damaged cartii@denkin, 1982) Small
lesions occur which eventually increasesize revealing nakedone and ultimately the
whole layer of the articular cartilage is destroygtbwell, 1986; Felson, 1993) summary,

the pathophysiological process of OA that causes the morphological anddgistithange

can simply be divided into thregtages. Firstly, the ECM breaks down on a molecular level,
water contentincreasesand matrix moleculesre reduced in sizeThis compromises the
structure of collagen leading to a reduced stiffness. Secooktypdrocytes try to repair the

damage through enhanced proliferati and metabolic activityChondrocytesaggregate
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around newly formed matix moleculesFinally the cells are not able to sustain their
reparative activity anés a consequendhe regeneation of cartilage is superseded by its

degenerationLorenz and Richter, 2006)

1.3.3 Relevance oDAModels

Oneapproachto understand the disease progressior®Ais via theuseof animal models.
Animal models have been able to providaliographical, histological and molecular changes,
which can be directly correlated to certastages of degeneration of hum&C(Lorenz and
Richter, 2006) Animal models allow direct coparison of diseased and healthy AC in the
same animal Animal models includspontaneougHuebner et al., 1998)mechanically
induced(Pond and Nuki, 1973; Marijnissen et al., 20@2d chencally inducedDumond et

al., 2004)approachesThe relevance of thesmodels to the human situation jsfiowever
guestionablenot least because animals are quadrupeds and liéfferent loading pattens

in jointscompared to lumans.Nevertheless, most othe currentunderstandingof the
pathophysiology okarly OAand its progression over time is derivddm animalmodels
(Lorenz and Richter, 2006)hetype of joint usually studied in animalsthe stifle (knee)

joint. Nonethelessother joints include the temporomandibular joint in STR/ort mice
(Kumagai et al., 20153he metacarpophalangeal and middle carpel joimtbaorses, which

have been shown to have great slarities to the human knee join{McCoy, 2015;
Mcllwraith et al., 201Q)Both small (mouse, rat, rabbit, guinea pig) and large animal (dog,
sheep and horse) have been used to develop OA model. However, the choicemaf an
usually depends on, butis notlimitedto, the type of experiment, length of study, husbandry
costs, ease of handling and outcome measurements. All of which have been associated with
the disadvantages of usinganimal mod@syinu etal., 2016)n additionthe length of time
neededfor each animal to reach skeletal maturity and, as a consequence develop OA is also
another limiting factorSmall amnal models are usually used to study the pathogenesis and
pathophysiologyof the OA disease process as well as screening rsddetherape utic
interventions. Although they are quick, cheap and easy models to implethe mifficacy of
treatments may not be translatable to humans, which is mainly down to the difference in
anatomy, histology and physiology between these animals and hun{dtCoy, 2015;
Pelletier etal., 2010)arger animal models are usually usedto study the disease processand
treatment, as their anatomy is much moreéi those of humans, which is wistudies of
cartilage degeneration and osteochondral defects are much more useful in larger animals.
They can be used to confirm the efficacy of drugs or treatments before they are taken to
clinical trial{McCoy, 2015; Pelletier etal., 201The biggest problem however when using

animal models isbecause there are so mampproachedo induce OA, such as but not
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limited to: surgical, chemical, ne@nvasive, mechanical, genetically modifiduere is lack of
standardisation othese OA models and their outconmeasures, making it difficult to
compare results between studies. Furthermore, the upscaling of studies from small to large
animal model, which are essential for translation of potahtinerapies to human medicine,

still present a great challenge.

1.3.3.1 KellgrenLawrence grading system

In humans, he KellgrenLawrence grading syste(fablel) is an example afow different
stages of OA can be identifiethissystem of grading based oadiographic featursis used

by cliniciansto classify the extent of joint space narrowing,t@sphyte formation,
subchondral sclerosis, cyst formation and abnormalities of bone conttiuessigns five
grades (&4) to OA at different joint sites by comparisomith a radiographic atla@ellgren
and Lawrence, 1957Dwer the years rany radiologists have added to tla¢las databases
and this haselped to provide a more consistent approach to the grading of the individual
features mentioned above and all@dbetter extrapolation between the results of different

studies(Altman et al., 1995; Burnettet al., 1994; Schiphof etal., 2008)
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andArdenet al (Arden and Nevitt, 2006)

Tablel: Different descriptions of the Kellgren and Lawrence (K&L) criteria of koste oarthritis (OA)adapted fromSchiphofet al (Schiphof etal., 2008)

Radiological features on which gradese based

- Formation of osteophytes on the joimargins or, in
the case of the knee joint, on the tibial spines

- Narrowing of joint cartilage associated with sclerd

of subchondral bone

- Small pseudocystic areas with sclerotic walls situg

usually in the subchondral bone

- Altered shape of the bonends, in particular in
proximal end of the tibia and distal end of the fem

Radiographic Grade 0 | Il 1l v
Classification None Doubtful Mild/minimal Moderate Severe
Description
P ) No Moderate multiple osteophytes, Large osteophytes, marked
(Ke”gren and Lawrenc&9s7; features Doubtful narrowing of joint spacg Definite osteophytes and definite narrowing ofoint space narrowing of joint space, severe
Ke||gren etal., 1963; Scotte fOA and possible osteophytic lipping possible narrowing of joint spac§ and some sclerosis and possiblg sclerosis and definite deformity o
al 1993) ° deformity of bone ends. bone ends
Alternative A No
- Minute osteophyte, doubtful Definite osteophyte, unimpaired Moderate diminution of joint spacd Joint space greatly impaired with
(Jordan etal., 2003;ooper et| featur
| 1996 I—l|, | 1991) e:f uojs significance. joint space. (with osteophytes). sclerosis of subhmndral bone
al., ; Hart etal.,
. N L teoph , jent
Alternative B ° . Definite osteophytes and Moderate osteophytes and/or arge osteop yt ©5, sevean
(Zhan et al 2001) features Possible osteophytes only. ossible ioint space narowin definite namowin space narrowing and/or bony
9 " of OA P J P 9 9: sclerosis.
Alternative C No Moderatemultiple osteophytes, Large osteophytes marked joint
(Wilder etal., 2002: Williams features Possible osteophyte lipping. Deflr?lt.e osteophyte anq possibl{  definite Jomt.space narrgwmg, space narrgvymg, severe sclerosi
of OA joint space narrowing. some sclerosis, and possible bon and definite bone contour
etal., 2005) contour deformity (bony attrition). deformity (bony attrition).
Alternative D No Minimal osteophytes, possible Moderate, .as n deflnlte. . Severe, with largesteophytes and
Willi tal.. 2004 features Doubtful pathology. narrowing, cysts, and sclerosis osteophytes with moderate joint definite joint space narrowin
( lHhams etal., ) of OA 9, Cysts, space narrowing. J P 9




1.3.4 Sructural and histologicalsigns of OA

1.3.4.1 Early OA

Theinitial degeneration process of GAcharacterised by changes in the cartilage surface,
which are no longer smootitMcDevitt et al., 1977)The GAGs remaiunchangedompared

to normal healthycartilage, however as the disease progresses, there is a loss of
proteoglycansndicated by a reduction in Safranin O stainikR@(re7) and the cells in the
superficial layer become rour{ds @pose to flat), hypertrophic andeventuallydisappear
(Fernandes et al., 2002)

Figure7: Histologicaimagesof healthy and osteoarthritic cartilage[Top Pictures] Normal

kneearticularcartilage, Safranin O/fast green stathsectiong/A)Human (B)Rabbit. (1)
Smooth surface, (2) cells in the tangehizone are small and flat, (3) cellsin the

intermediate and radial zone are arranged in columns, (4) the complete cartilage matrix

stains with Safranin O, and (5) the tidemark is intact. [Bottom PicturesJ®M@GC)Human,
(D)and(E)rabbit. (1)Surface irregularities, (2) Hypertrophic cells in tangential zone, (3)

staining of Safranin O is reduced and (4) par(hosenz and Richter, 2006)

In the transitional and radial zones ttisssue showsnild to moderate hypercdilarity.

Necrotic chondrocytes have been reported within the tangential zone of experimental OA

models(Bluteau et al., 2001)Pelletieret al., as well as many others, have noted that there

is a change in the synovial membran®©A modelgndogs and rabbitéPelletier et al., 1985)

Hyperplasia of the synovial lining cells, thickening of the synovial membrane, presence of

inflammatory cells and fibrosis haad beenreported(Brandt et al., 1991; Sakakibaraet al.,

1994) The progression of the disease is dependent on the species of animal as well as the
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location of the joint aproposed inreviewby; Le Graverandt al. (Le Graverand et al., 2002)

Lorenzt al (Lorenz etal., 2005and Younget al (Young et al., 2005)

1.3.4.2 Advanced OA

At a more advanced stage of OA, there are visible signs of complea&doenof the
cartilage(Figure8). The AC surfaceemonstrates a rough and uneven surface, with some
signs of fissures and cra¢kehich penetrate down to the calcified borfgeje et al., 2003)
The cellsinthis very severe OA cartilagigherdisappeacompletely or cluger around the
fissures asthe tissuedegenerates further. The organisation of cartilage is completely lost
and is replaced by fibrous tiss®liosge et &, 2004) In very extreme caseshebone is
denudedof cartilagecreatingull-thickness defectéPfander et al., 19997 considerable loss
of proteoglycan contentvisualised by lack &afranin On histological sectinsin all layers

of the cartilage is seen, eventually reaching the deep £BrgureB). The tidemark between
calcified and unalcified cartilage is obscurdtlayami et al., 2003Histological studiesf
human cartilageexhibitingsigns of OAshowthe presence of fibrocartilaggoldwasser et
al., 1982) as well as the presence of fibrillated tissuigh areas of cartilage logSquires et
al., 2003)

Bocket al.were able to distinguish betven three types of chondrocytes within OA cartilage

via a series of light and electron microscopical aredy$ype | cells exhibited the normal
healthy phenotype, in a continuous matrix and small amounts of endoplasmic reticulum.
Type Il cells, were elonged and more irregular in shape, situated in a fibrillated matrix with

an enlarged endoplasmic reticulum. In severe cases of OA, Type Il cells were found. These
cells contained pyknotic nuclei and partly dissolved cytoplasm within a severely fibrillated
matrix (Bock et al., 2001)
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Figure8: Severe OASafraninO/fast green staining(A) Human, (B) and (C) rabi§it=3)
The tissue shows deep clefts in the surface from whedls have disagared fromthe

tangential zone. (4)dck of cells in the intermediate and radial zone, (5) reduced to no
staining of the matrix with Safranin O, and (6) denuded bdmeenz and Richter, 2006)
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1.3.5 Biochemical andhiomechanicalchanges of O&artilage

Within the vast literature theg is much discussioregardingthe biomechanical and
biochemical mechanisginvolved in the onsetind progression of OAlinically, OA has been
linked to symptoms such as joint swelling, synovitis and inflammatory paensynovial
membrane containfighly metabolicsynoviocyteswhich areimportant in regulating the
physiological conditions within the joint capsule and nourishing the chondrsoyigethe
synovial fluid Theyalso removeany products of degeneratiofSellam and Berenbaum,
2010) Synovitis has been linked with the structutalgradatiorof the OA diseaskecause
of the action of several soluble mediatansolved inthe pathophysiologidowever how this
occurs is open to debate. Sallag Berenbaum(2010) and lateBerenbaun(2013) both
proposed the same hypothegiSellam and Berenbaum, 2010; Berenbaum, 2ah3) asAC
degradegiue to several factors (some listedliable?); cartilagedebrisbecomesdislodgel

in the joint space. Synovial cells, recognise theagrfrents as foreign material amdount

aninflammatory response leading to threleaseof inflammatory mediatorss depictedn
Figureo.
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Figure9: Involvement of synovium in Ofathophysiology The activatel synovial cells
produce catabolic and prnflammatory mediators, which leads to the excess production
of proteolytic enzymes responsible for cartilage and matrealxdown, creating a positive

feedback loopThe inflammatory response is amplified by synovial T & B cells and
macrophages. In addition to the g&flammatory and degenerativefects, the inflamed
synovium also contributes to the formation of osteophytes via the release of bone
morphogenetic proteinsAbbreviations IL: interleukin, TNF: tumor necrosis factor; MMPs:
matrix metalloproteinases; ADAMTS: a disintegrin and metalloprotése
thrombospondin motifandVEGF: vascular endothelial growth factAdapted from:
(Kuyinu etal., 2016)
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Histological changes in OA synovium, reported by Mgeed., show signs of hypertrophy

and hyperplasia with an increased number of lymphocytes and macrophages. The
permeation of these cells into the synovium and thickness of the synovial lining seem to be
closely relatedMyers et al., 1990)Inflammatory mediators, detected in the synovial fluid
have been suggested to originate from three tissues that have undergone histological
modification; cartilage, subchondral bone and synovium. The two most common cytokines
involved in the synoviahflammation and hence the pathogenesis of OA ardj IL | TR

h . Interestingly, a study performed on patients with knee pain both at the early stage and
late stage OA suggested that within the synovial fluid, the levellsbf | Yy R ¢4bSONS
higher inpatients with early OA than patients with late Benito et al., 2005) The
production of thesecytokinescan have a secondary effect, via the stimulation of
chondrocytes and synoviocytes to produce other cytokines$ (& 1-8). These synovial
cytokines act on the cartilage matrix and chondrocy(8gllam and Berenbaum, 2010;
Berenbaum, 2013)either independently or in concert with other cytokines to initiate and
propagate the inflammatioprocesgKapoor et al., 2011)Jn several cell culture studielf;

1 I v R have li2en shown to suppress the synthesis of proteogly(@puze et al.,
2001; Saklatvala, 198d@)jnkproteins and type Il collaggi$éguin and Bernier, 200@)thin

AC (Nietfeld et al., 1990; Chadjichristos et al., 2003herefore low grade synovitis,
generated via pranflammatory cytokine as discussed above, as well as other soluble
mediators, contributsto the accelerated ugegulation of catabolic factors and down
regulation of anabolic factors, thus leading to the degeneration of AC and progression of OA
(Sellam and Berenbaum, 2010; Fernandes et al., 2003; Berenbaum, 2013; Sutton et al., 2009)

As a result of these cytokines, synovial cells as well as OA chondrocytes both produce large
guantities of metalloproteinase (MMPs), theselude MMR1, MMP-3, MMP-9 and MMP-

13 (Sellam and Berenbaum, 2018JMP-3 is mainly synthesised at the boundary between
hyaline cartilage and synovial fluid, which suggests that this proteinase is produced by the
synovium to directly break down cartilagBlom et al., 2007)Other authors havadded to

this, indicatingthat MMPs are able to degrade all components of the(E{i et al., 2009)

It is clear that these inflammatory mediators play an important role in many physiological
processes, their over expressiand activation by different cell types contributes to many
pathologies, including joint destruction in 8ellam and Berenbaum, 2010; Berenbaum,
2013; Little etal., 2009)
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Table2: Clinical, histological and molecular signs of syites in OA.(Adaptedfrom Sellam
et al(Sellam and Berenbaum, 20)0)

Level of Evidence of Synovitisin OA
Evidence

Observation References

Effusion, joinswelling, or palpable synovitis

o Local signs of inflammation

Clinical (Krasnokutsky et al., 200¢
Sudden increase in pain

Night pain and morning stiffness

Synovial hypertrophy and hyperplasia

Infiltration of mononucleacells (Ayral et al.2005) (Myers
(monocytes/macrophages, activated B cellsand T o et al. 1990) (Walsh etal.

nlitel[efo]le=1l Adaptative immune Telland Beell responses to 2007) (Nakamuraetal.,
fragments of extracellular matrix 1999)and(Alsalameh et al,
Increased angiogenesis 1990)

Synovitis in the vicinity of degenerative cartilage

Production and/orelease of proinflammatory
cytokines

(TNF, 410, 16, 11-8, I1-15, 11:17, 11-=21) (Benito etal., 2005{Smith

Increased production of PGE2 and nitric oxide inthe €t al., 1997)(Farahat et

synovium al., 1993)
Molecular ivi

Increased activity of MMPs (MMP, MMR 3, MMR9, (FuruzaweCarbaI leda and
MMP-13) and ADAMTS
Involvement of macrophages in osteophyfesmation Alcocervarela, 1999pnd

via BMPs (Scanzello etal., 2009)

Insufficient release of arinflammatory cytokines (L
4, 11:10,I1A13, I[ALRa)

Alongside these events, the breakdown of aggrecan in the early stages of OA is also a
contributing factor to the pathogenesis of OA. The production of aggrecanase ADAMTS (A
disintegrin and metalloproteinase with thrombospondin motifs), in partic(eDAMB)}4
(aggrecanasd) and ADAMTS (aggrecanas@) are responsible for the aggrecan
degradation(Alcaraz et al., 2010)The production of tkseproteolytic enzymsis mainly

driven by TNP but also by Wl YR ( K@recl fredided by synovial
macrophagedsHowever, studies using chondrocytes taken from porcine and bovine cartilage
explantsrevealedthat the up-regulationADAMT$4 but not ADAMT S5, was dependant on

TNFh | VIR (Tdrtprella et al, 2001) This finding isn agreementwith a similarstudy
performed orhumanOA synoviuniBondeson et al., 2006)

Several studies have shownthat synovial macrophages are responsible for the inflammatory

responses in OABlom et al., 2007) The depletion of these cells within treynovium
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demonstrated a reductioin the formation of osteophyteslherefore,suggesting the fe
that TNFh  KIF & 2y ®rindtién? pafaps tBrough the stimulath of bone
morphogenetic protais (BMPs) such as BNRand BMP4 (Blom et al., 2004; Van Lentetal.,
2004)

On the whole, the longstablished view of Ods a cartilage only disease is no longer valid.
This inflammatory disease should be considered as a whole joint pathology that
encompasses the synovial tissue, the different layers of cartilage arslitthondral bone,

al of whichcommunicate via cello-cell interactiors, via the release of soluble medbet

and mechanical signals. From the literature is it clear that synovial inflammation (synovitis)
is not a prerequisite for the development of OA, however itis somewhat involved in the

degeneration of cartilage and thus the progression of OA.

During theprogressive stages of OA, there is a visible change in the molecular composition
and organization of the BG which has been linked to the deterioration in the mechanical
properties of AC. Some of the current research has focused on the role of chondricyte
the pathogenesis of these alterations. Chondrocytes are able to respond to sudden structural
and mechanical changes in theurrounding matrix, as well assponding to gtokines and
various inflammatory mediator&soldring andiarcu, 2009) The architecture and structural
properties of the peHrarticular cortical and trabecular bone become compromisea the

cell mediated processes ofsodelling. During the initial stages of remodelling, osteoclasts
drive bone resorptn, which is then followed by a phase of bone formation, driven by
osteoblasts. In normal physiologicabnditions, the amount of bone losturing the
resorption phase is balanced by the bone gained in the foimnaphases of bone
remodelling. Thughereis no change in thieone mass. bwever, the architecture and shape

of the bone may changgoldring and Goldring, 2010)he changes to pirticular bone in

OA can be subdivided int@rying patterns which inclugehanges intte subchondral plate
thickness, changes ithe structure of the underlying subchondral bone, formation of
osteophytes and the development of subchondral bone cyi$tese defined skeletal changes
have been linked to changes in the contours of adjaegtitulating surfaces, hence altering
the homogenous structure of the joint, which furtheontributes to altered biomechanical
properties(Bullough, 2004; Burr, 2004; Radin and Rose, 188&)in and cavorkerswere

the first to propose thaan increase in theubchondral bonéhickness will cause an increase

in its stiffnessThey speculated that these changes in the boadverselyaffected the
biomechanical environment of the cartilage and hence lead to gtractural changes.
Furthermore, they also made a link between the ability of the adjacent AC to adapt to

mechanical load, as a resuwit the changes icontour and shapé#o the subchondral plate
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(Radin and Rose, 1986)hich wa later validated by advances in radiogragBycklane
Wright, 2004)

Of the cases0OA reported in the literre, the most common area of OA the medial
compartment of the kne€éAndriacchil994; Wise et al., 2012This is due to the fact that it

is subject togreaterloadsthan the lateral compartmenDuringthe development stages of
the knee, cartilage thickens in areas that undergo greater loadinditions through the
whole joint. This thereforg has an effect on the tibiofemoral mechanics and hence plays a
role in the development of OA. Alteratioa hormal gait mechani¢san change the normal
gait patterns under weighbearing activities; from areas of cartilage which are n@@dd

to receiving these kinds of loa@&ndriacchi et al., 2009; Carter et al., 2008he aberrant
loading of these areas causes the cartilage to become damaghersely affecting its

mechanicaproperties.

Injuryto AC or other tissue structusavithinthe joint (anterior cruciate ligamenfChaudhar
etal., 2008)as well ashe agingprocess associated with cartilagdlincrease the joint laxity
Thisallows for aberrant motion beteen the opposing surfacest the micro molecular level

this causes fibrillation to the collagen network, loss of proteoglycans, increased surface
friction and shear stress, as well as anregulation of catabolic factors. This cascade of
events further exacerbates the progression of OA secondary to the damage caused to the
ACor the other softtissuegvincentetal., 2012; Guilak, 2011)

By and large, chondrocytes are able to modulate their activity in responses to loading and
various otherfactors.However,their ability to modify and repair the stoundingECM is
limited, whencomparetb the skeletal cells in bon&herefore, the divergnce inadaptation

of these two tissueellsdisrupts the physiological association between cartilage and bone,
which is primordial for thesafeguardingf normal joint structure and function ancbuld

further contributeto the progression of OA.

Other than pro-inflammatory cytokinesand mediators biomechanical factors also play a

crucial role in the events that lead to the commencement and evolution oflddermomal
physiological conditionsj KS 9/ a Aa Fo6fS (2 NBYHNGSNES | O
exhibited by a homeostatic balance between anabolic and catabolic events of chondrocytes.

This steady state is regulated through the processing of environmental and soluble mediators
(cytokines and growth factors), matrix conmgton and biephysicalfactors;including

mechanical or interstitial pressur@Guilak, 2011) However, a shift in the direction of
degeneration of ACis indicative that thebalance ofnormal metabolicactivity of

chondrocytes has been severely commised. Current research has shown growing
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evidence that the interaction between prmflammatory cytokines and mediators with
mechanical stresgreresponsible for the destructive events that occur in®Winter, 2011;
Guilak, 2011)

Increasing abnormal stresses applied to any joint, in particular the knee, can lead to
alteration in the composition, structure and metabolism of AC. Abnormal loading of the joint
may be caused by a variety of factors such as weight geauma, joint instability and
malalignment. Obesity has been highlighted as one of the major risk factors for OA incidence,
progression and disabilifylessier et al., 2000Although this condition has been associated
with increased joint stresses and altered gaécondary to increase in weigfilessier,

1994 there is also evidence to show the presence of joint inflammation due to ol{@&sisy

2001; Visser etla 1999) This inconcert with biomechanical factors promotes the
degeneration of AQFigurel0) (Issa and Griffin, 2012)n addition, a study performed by

Felsoret al demonstrated that a reduction in weight of only 5 kg could reduce the risk of

OA by over 509%Felson etal., 1992)
Abnormal stress Normal stress
Normal physiology Abnormal physioloc
Joint destructiol TRt

Obesity .
Trauma eIl Aging

Malalignment DIECLII Sepsis
Joint instability Genetic Factors

Abnormal anatom' Immune response
Matrix damage
Increased catabolic activi
Aberrant reair response
Mechanical failure

FigurelQ: The role of mechanical loading wsteoarthritis. These are some of the
biomechanical factors involved in the pathogenesis of OA, which are either due to
abnormal loading acting on normal physiology, or normal loadatigng in the presence of
abnormal physiology. Adapted frafMoskowitz et al., 2007)

Impact loads have also beassociatedvith the damage incurred to AC. Hypgeinysiological

stress camncreasecellular activityinduceremodelling of the subchondral bone and splitting

of the ECM, which are all charadistic signs in early stage QAdicating thaincreased loasl

may be an important factor in the pathogenesis of the disease. The relationship between

biomechanicalactors and inflammatory cytokines is not fully understood but it is believed

that these factorglay an important role ithese altered loading modelsf OA. Currently,

there is significant evidendeom several animal studiethat IL-1b (Visser et al., 1999 ptin

andTNF | NB Ay @2t @ SeRVahgen BekgS1893; Basid@ € §l.22008)ch

of the researcltarried outtoday is focused onthe understanding of which biophysical signals
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are converted into bideemical signals by chondrocytésan attemptto better understand
cartilage physiology and hence the pathogenesis of$24eraln vitro studies have used a
range of different loading configurations of explanted cartilage to show that static
compressionnhibits matrix biosynthesignd cyclic and intermittent compression stimulates
chondrocyte metabolisnjGuilak et al., 1®4; Torzilli and Grigiene, 1998; Bonassar et al.,
2000) Later studies elaborated that excegsioading consisting of high loads foan
extendedperiod of time had a deleterious effecesulting in cell death, swelling and tissue
disruption (Torzilli et al., 1999; Milentijevic et al., 2003Jhe reasoning behind these
destructive eventtas been described by many be due to: the interpretation of these
physical signals by chondrocytes through the integraaettbn of various ion channels;
integrinrmediated connectiosto the ECM and membrane deformatiofiéock et al., 2009;
Ramage et al., 2009; Mobasheri et al., 20I0)e pericelluar matriXx PCM)which is ashell

of collagen fibres encapsulating tikbondrocytes, acts like a transducer of timechanical
and physiochemicalignals in the ceinvironmentThe PCM together with its enclosed cell
form the functional unit known as the chondron. Teegnalsdetected by the PCMan
influence chondrocyte metabolism, cartilage homeostasis and overall joint hig4ddloran
etal., 2012) Some studies have commented on the ability of the PCM along with the ECM to
regulate the conversion of athanical loading to physicochemical changes that can be
sensed by techondrocyte(Lai et al., 1991; Mow etal., 1999)hese signaksanlead to the
over production of inflammatory mediators such as cytokig€kauffier et al., 2012)
chemokines and prostaglandifGosset et al., 2006 hese cytokineare also expressed in
the chondrocytes and cells of the subchondral banfeen a certain threshold is reached
(Sanchezetal., 2012)

Taking into consideratioall the points above, it is evident that the inflammatory cytokine
network contributes to the pathogenesis of OA. Increased amounts of these pro
inflammatory cytokines in carlge, subchondral bone and synovium are all believed to be
pivotal to the development and progression of the structural and functional changes in the
OA joint. Synovitishas been shown to be one of the major contributors to the symptom
severity ofOA, therate of cartilage degeneratigas well as the progression of OA from early
to late stage. The aging process and a population increasing in waiglatlso factorghat

can affect joint morphology, cell metabolic activity and mechanical properties fefetif
underlying tissug, associated with the onset and progression of Ol#e view of OA is one
that has changed vastly overtlgearsltis now seen as a complex, medtiological disease,

in which theunderlying molecular and biochemical changes stidl poorly understood.

Focus has to be made in our understanding of the individual raleghanisnand functions
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of the several cytokine@L-1 g -h¢dnd€ MMPs (MMP3, MMR9 & MMPR-13). This
fundamental knowledge will be key tmcoveringhe underlying diseasmechanismsyhich

will in turn give better solutions for the treatment of @#both earlyand late stages

1.4 CartilageTreatments and Research

1.4.1 Early Intervention forCartilage Defects

Early interventiorto repair cartilage defectisdesirablein order toprevent or delay disease
progression to OAn any patient withcartilage defectshe aim is to provide them with a
means by which they will no longer experience pain or discomfortin their,janctare ale
to regain normal actiies.There are many differenherapeutic approache® achieve this
viscosuplementation, steroid injections, surgical procedures amafe recentlytissue
engineeringapproaches The following section will discuss thegeatments and their

efficacy as well as highlighting current researdevant to this thesis

1.4.1.1 PharmaologicalTreatment

Non-steroidalanti-inflammatorydrugs (NSAIDs) and are a form of palliative treatment for

the early signs of OA. They aim to reduce/manage pain in symptomatic pabigmetgucing
inflammation and restoringhobility. The drugacludepainkillers or specific drugs that aim

to control/inhibit the production of inflammatory mediator@.g.MMPs,; 33 NB Oy 4 SQ &
M COX2 and cathepsingdHunter and Matthews, 2011)Examples obral NSAIDs and

topical NSAIDs are discussed by Stetnal (Strand et al., 2011and Rothet al (Roth and

Fuller, 2011yespectively.

1.4.1.2 Viscosupplementation

As OA progressdarther, the analgesic properties dfSAID$rove insufficient and therapy

can be spplemented via intraarticular injections of hyaluronic acid and/or corticosteroids.
Glucosamine, CS and hyaluronic adidA) have all been tested sa successful
viscosuplements with hyaluronic acid being used most frequenfifangsness et al., 2009;
Miller and Clegg, 2011; Sherman et al., 2012; Migliore and Procopio, 2015; Vasiliadis and
Tsikopoulos, 2017HA is a naturally occurring polymer found in the synoviabfiwiich

becomes sparsie OA synovial fluid.

HAhas been vastly researched for its efficacy in controlling pain, reducing inflammation in
OA joints and improving joint motigi€hang et al., 2013; 2011; Leighton et al., 20Uyt
of the HAtherapies available requiraultiple injections (3 to 5)in order toattain the desired
results,due to therapid degeneratiorof HAwithin the joints(Altman et al., 2004) The
stabilisation and hence consequeaturabilityof HAwithin the joint, may reduce the number
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of injections required to attain bbngertermresultin the treatment of OAChevalier et al.,
2010) Therefore a singlenjection of HAherapywas introduced as anl@rnative in terms

of logistics, cost and tolerability. This not only ensured comfaut also safety to the
patients by removing the risk associated with frequent injectiddsnanet aldemonstrated

the efficacy and safety of a single inaaticularinjection of noranimal stabilized hyaluronic
acid (NASHAIn patients with knee OA. This 26 week randomized, double blind, multicentre
study showed that there was no statistical difference between patientsinjected with NASHA
and those given the placelfealine solutionjAltman et al., 2004)Thenature in which this
study was carried outowever,via the inclusion of patients with OA at other siteay have
skewedthe overallresults as there vere significant benefits seen over the placebo when
the patients selected had OA confined to the kn€kerefore future studies that scrutinize

a local therapy should consider stratifying the population to those that haven@Aingle
joint. A similar sudy by BorrasVerderaet al, alsoinvestigatedthe efficacy and safety
alongsidethe longterm effects of a single intraarticular injection of 29%1A + 0.5% mannitol

in knee OA patient@BorrasVerdera et al., 2013)This saidy was thefirst to showthat a
single intraarticular injection of HAvasan effective treatment for kee OA as it significantly
reducedpain, increased joint functionality and hadlatively low incidences of adverse

effects.

While dinical studies seerto provideevidence for theherapeuticvalue of HA injections)
vitro studies on theboundarylubrication capabilities of HA are stimatter ofdebate, as
discussed irtection1.2.5.2 Nevertheless, any form of viscosuplementation is only really
consideredas an early stage intervention and in most cases to prolongtthree before
surgical intervention. Current/yhere islittle evidence suppaing the effectiveness of

viscosuplementation in severe cases of surface and underlying tissue dam®ge

1.4.2 Surgical Procedures for Cartilage Repair
There are several therapeutic approachesreat individualsvith cartilage lesions thatleft
untreated couldlead to OAThesenclude different types of arthrampy procedures such as

lavage debridementand micrefracture.

1.4.2.1 Surgical Interventions withoutells

1.4.2.1.1 Lavage

Lavagéhas been reported to be beneficial to patients witirtilage lesiosandpainful knee
joints. This arthroscopic procedure involves a simple thorough rinse of the joint, to remove
anytissuedebris within the joint spacfl.ivesley et al., 1991However this procedure has

only proven successful irmandful of patients and in sonstudies succesbas been shown
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or biological explanations which can be related to the beéciaf effects of this technique.
However,some reports indicate that the effects last up to 1 year or mdréas been
speculatedhat the extensive rinsing, may remove some of the irdrticular active pain
signalling moleculesiunzikeet al. added that the removal of proteoglycansgaggrecan
molecules from the cartilagsurface could promote adhesion of repair cells, which could
promote an antrinflammatory respons€Hunziker and Kapfinger, 1998Nonetheless,
evidence is lacking in the literatute support the use of this surgicé¢chnique and most

studies comment thathere is ho substantial relief of pain in patients who have undergone

lavagetreatment(Gibson et al., 1992; Ontario, 2005)

1.4.2.1.2 Debridement

Delridementinvolves the removal of free bodies from the joint space as well as excision of
osteophytegGibson et al., 1992)There is no substantial evidence framvivostudies of
beneficial biological effects of this procedurin addition to this, both experimentally
(Messner et al., 2001and clinicall{Neyret et al., 1994)this procedure habeenshown to
aggravate the OA condition. Several clinical stu@gsague, 1981; McGinley et al., 1999;
Kruger et al., 2000) have reported variable findings, ranging from good pain relief in about
65% of patients, through to moderate pain relief in 50% of patients topeoy pain relief;
nevertheless even when results have been reported to be good, itis stressed in the literature

that pain reliefis only temporary.

1.4.2.1.3 Microfracture
Thisis a type of reparative treatmens for chondral Isionsusually lesshan 23 cm in
diameter, for patients who have moderate demands due to their lifesty@stterline et al.,
2005) This treatment involves the drilling of holes (@.Bim indiameter(Knutsen et al.,
2004) and 3mm in depth(Mithoefer et al., 2005) through thebone and into the bone
marrow cavity. This procedure allows for direct access to the bone maegposing the
underlying mesenchymal stem cells (MSThese stem cellare beleved toinitiate the
healing process and lead to the formation of fibrocartilage. Microfracture has badaly
used;however,it has been reported to only haveshort-term improvement in the joint
function. Themajority of reviews ofmedium to long ternstudies have reported that the
tissue formed is not hyalinkke. This is mainly due to the initial hyalitike tissugomed
becomingfibrous in nature and deterioratings a result of the subptimal biomechanical
properties of therepair tissue(Matsiko et al., 2013) Unfortunately this repair tissue
eventuallyfails. herefore this type of treatment option only serves to delay the eventual
requirement for other reparative methodsr joint replacemenin more severe caseshis
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said, microfracturecan often be combined with other treatment methods to give more
promising results in the lortgrm (Nukavarapu, S. P.; Dorcemus, D. L., 2013; Matsiko et al.,
2013)

All these operative approaches only resultin the short term, temporary removaliafand

do not really have anyféectin the long term. In some extreneasesthere have been
incidences where these techniques have led to osteoneci@izbruch et al., 1996)
reactive synovitischondrolysis and an acceleration of articular degenerafibabib et al.,
1999) The more common problem is howevérat these procedures aim to repair the
damaged areas of theartilage surface, by stimulatiasf growth of new cartilage tissue.
However,these techniques form tissue that is variable in composition, structure and
durability.In most caseghey form what is known as fibrocartilage, which is significantly
inferior mechanicallyto healthy hyaline AClnevitablythis fibrousrepairtissueis prone to
failure and therefore the.Jl- (i A s§rypto@sreturnHencethere is hope for more advanced
techniques such as those withablecells, biomaterials and tissue engineered solutions, that
they may have more favourable success rafdese advanced approaches are speculated
to reproduce better the composition, structure and durability of the original healthy
cartilage.Conversely, athey have not all yet beetested inanimals and/or patients, the

potential successf more advanced treatments is unknown

1.4.2.2 Surgical Interventions wittcells

Autologous chondrocytienplantation (ACI) isprocedurethat is used to treat knee cartilage
defects. The aim of this treatmentis to regenerate hyaline or hyalikescartilage, thereby
restoring normal joint function. In thBterature, there are three generations of ACI. They
have smaltlifferencesetween them, contributingto their successfarlure in patients. This
sectionwill systematically review each of the generatswi ACI fromearliestto present

literature.

1.4.2.2.1 Autologous Chondrocyte Implantation ACIF' Generation

The first generation ACI, originally reported by Brittbetrgl.in 1994 (Brittberg et al., 1994)
was defined as awo-stageprocedure. The first stage involvedithroscopic biopsywhere
200 to 300 mg of articular cartilageremoved from a nonweight bearing area of the joint,
usually the €moral condyle or intecondular notci(The Center for Orthopaedics & Sports
Medicine, 2003; Brittberg et al., 1994Jhondrocytesareisolated and cultured for about 4
to 5 weeks to expand the cell population by a tacif about 5qThe Center for Orthopaedics
& Sports Medicine, 2003; Brittberg et al., 199%he second stagaevolvesan open surgical

procedure (arthrotomyyvhere thedefected areaindergoes removal ahe dead/damagd
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cartilage and smoothing the surrounding living cartildgee Center for Orthopaedics &

Sports Medicine, 2003; Brittberg et al., 19985 NA 2 3G Sdzy GF 1Sy FTNRY (|
(Figurell) is thensutured over the defect area and the circumference secured with fibrin

glue (2¢Generation ACI). This creat watertight patch in to which the autologous cultured

chondrocytesreinjected, where they grow and mature over tirf@Brittberg et al., 1994)

It is clear from the literature that therbas beersome controversy between these of 1
generation periosteurACl cover (PACI) and the collagenl cover (CACTheCACI is made

up of a type I/lll bilayer collaganembranederived from porcine peritoneum and skin
which is able to resorb within the body in a matter of montBenty et al., reportedthat the
PAC]acts as a watertight seal and that using a CBi©lghtabout the same if not better
results in patient¢Bentley et al., 2003)The study showed promising results, with 51/58
(88%) patients46 underwent CACI and 12 underwent PASHpwing excellent results
favouringthis hypothesisGoodinget al.carried out anore recent studygonsisting oatwo-
yearfollow-up ofboth of the ACI techniques, showing very similar req@tsding et al.,
2006) Furthermore,Goodinget al (Gooding et al., 2006)eported that 26/35 (74%) of
patients, treated by CACI had goedcellent results compared to 22/33 (67%) of patients,
treated by PACT heyconcluded that the PACI technique is not essential for the development
and maturation of hyaline cartilage repair and that the CACI technidoetter than PACI.
This was attributed to its decreased invasive procedure and |oegarptionrate compared

to the high incidence of graft hypertrophy, delamination and failua¢e of the PACI
reported in many recent studigMinas, 2001; Minas and Bryant, 2005; Zaslav et al., 2009;
Harris etal, 2011)

Tissue Cuwlture of e

Isaolated Chondrocytes
Biopsy of Healtfhy Colftured Chondrocytes
Cartilage Injected Under Patch
Damaged Cartilage o Pericosteal Patch
{Lesionm ) MHarvested From Tibia

Figurell Autologous chondrocyte implantation procedure using tibial periostuem for
cartilage repairn(Smith, 2005)

1.4.2.2.2 ACI- 2@ Generation
Second generation ACI, also defined astwa-stage procedure, involves an initial

arthroscopic biopsy and either an open arthrotoraya favoured arthroscopic implantation
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of the cultured chondrocytes through cedeeded, dimensional, bieabsorbable scaffolds
(Kon et al.2008) This technique is somewhat similar to first generation ACI. The difference
is thatdueto advanced methods, prior chondrocyte seeding and the ability for secure graft
fixation without sutures means that there is no need for an open arthrotpatipwing for

an all arthroscopic procedur@Marcacci et al., 2002F5everal studies using one of the most
common 2¢generation ACI (Hyalograft C), show that this technique provides good structural
support, allowing for celld cell contact, cluster formation and ECM production leading to
excellent clinical resuli{gGrigolo et al., 2002; Kon et al., 2009; Knutsen et al., 2Bb0yever,
despite these favourable clinical results, most of the reported clinical studies are only short
to medium term follow ups Additionally,as reported earlier with the s1 generation
techniques many differentapproachesnay seem favourabla the short tem, but the
quality of the repair tissue might be influenced in long term results. More recent studies by
Gobbiet al (Gobbi et al., 2009and Nehreret al (Nehrer et al., 2009) have aimed at
reviewirg the outcomes of @ generation ACI after 5 and 7 year follaygs, respectively.
These studies have reported this specific technique to have good clinical outcomes compared
to the Itgeneration ACI techniquedoweveras a result of the increased compity of this

type of procedure and its method of implantation, thevereseveral drawbacksghlighted

by Nehreret al They reporterd that the procedure wasly successful with young patients
sustaning single cartilage defects amtiplant hypertrophywashigh. Although not many
cases were reviewed in that particular study, it agrees with the later findings of @babi
(Gobbi et al., 2009nd Marcaccet al (Marcacci et al., 20051 heyaddedthat although this
method can be very patient specific, it is advantageous in terms of easy handling and
application of graft material through minimally invasive techniqguésnce, shortening
surgical time and posbperative care of patient§Gobbi et al., 2009; Harris et al., 2011)
Nonethelessfurther longterm studies (10 years plus) are required to assess the durability
of the tissue repair produceasingthis 2¢ generation techniqueyhichwill help in further

identifyingthis approach is patient specific whetherit can be used for all types of patients.

1.4.2.2.3 ACI- 39 Generation

Third generation ACI can be either defined as a one wvaastageprocess. It can either
consist of a arthroscopic or open surgery, with the implantation @&dimensional matrix
containingn vitrotreated autologous chondrocytes. This particular type of approach uses a
matrix associated chondrocyte implantation technique (MA&Hhjchconsissof either a
protein based polymer, suclsaollagen or fiorin, or carbohydrate based matrix such as a

hyaluronic acid sponge.
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Trattniget al, demonstrated the use of a collagen type I/lll MACI and a hyaluronic acid
sponge, in 20 human patients to tesartilageregeneration over 52 weeks usiiggh
resolution nonrinvasivemagnetic resonance imagin®IR)) (Trattnig et al., 2005) They
concluded that both MACI techniques were able to completely fill the defect in terms of
thickness, legth and homogenous structure, producing regenerated cartilage similar to that
of native hyaline cartilag€Trattnig et al., 2005)The reason behind the increasing success of
these thirdgeneration ACI techniquesis the fact tifaey do not have to be sutured onto

the defectlike the PACI & CACI; instead fibrin glue is used, which not only reduces operating
times if multiple grafts are needegbut allows for a minimally invasive approach. In addjtion
the seeding of autologoushondrocytes onto a larger, rougher, less tightly woven collagen
type I/lll membrane structuréFigurel?), allows for better attachment and even distribution

of cells over the implar(Cherubino et al., 2003)

Figurel2z Diagrammatic represetation of the collagen I/11l membraneshowing rough
and smooth siddGibson etal., 2006)

There havébeen an increasing number of studies comparing the effectiveness of MACI (3
generation) over the CACP{generation) approachegibson et al., 2006)A7-yearstudy

by Rogerst al reported improved clinical outcome scores for both approaches, with better
improvements seen in patients implanted with MARbgers et al., 201lowever,a similar
12-month study showed an increase in knee scores for both approaches, with no significant
difference in patient satisfaction between the two approactiBartlett et al., 2005) This
could be associatewith the fact that the MACI operation was performed as an open
procedure (arthrotomy) aspposedo an arthroscopic surgery. MACI tends to lend itself for
arthroscopic implantation techniques and has shown betterg-term results in €rms of
increased range of motion, decreased pain and decreasedquesttive recoverylLaffargue
etal., 1999) Although there have been reports of technical difficulties with this arthroscopic
procedure, this MACI techniquestill in its infancy with the potential to do wéHrggelet et

al., 2003; Marcacci et al., 2002)
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Figurel3 ChondrocyteSeeded Type I/lll collagen membrane for autologous chondrocyte
transplantation. Defect Cartilage (A), After debridement of defect (B), Foil template of the
size of the cartilage defect (C), Chondrocytes are applied to the rough side ofiGe M
graft, adherence occurs after a few minutes (D & E), theroalrix construct is attached to
the defect area (rough side down towards the subchondral bone) (Fyelsarbable
sutures are put in place to fix the cetiatrix graftinto place before filin glue is applied for
additional fixation and sealing (Jiemeyer et al., 2010)

It can be concluded that MACI is a reliablé g&neration ACI technique, with several
sucessful outcomes over the last®years, for thereatment of defects in the knee. It offers
several advantages over the previous generation techniques, in terms of reducing graft
hypertrophy, implant morbidity and operating time. The literature shows good-teiu
results, suggesting that this techniqwell be as sucessful as its predecessor PACI.
Nonethelesslonger term followups are needed to fully assess the durability of this ACI

technique.

Having reviewed all generatienf ACI, it is clear thahe failure rate in all generations is
relatively low. Failures are higher in 1st generation PACI and considerably low#r in 1
generation CACI and'®generation techniques. Delamination and hypertrophy is most
commonin PACI, especially in open arthrotomyopedures. The use of collagen based
membranes and second generation techniques has encouraged the use of all arthroscopic
implantation, which has greatly improved the complication, failure andperation rate of

ACI. Third generation techniques areldtiltheir infancy and therefore require long term
follow-ups to see their durability in patients. However, up until now they have shown results
with minimal complications and revision rates, which is supported by the extensive review

performed by Harrist al (Figurel4) (Harris et al., 2011)
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Complication generation  generation generation  generation
PACI subject: CACI subjects ACI subjects ACI subjects

Hypertrophy of graft 18 3 1 0

5 2 2 25
3 2 2 0
a | a 0
<1 0 <1 0
< <1 0 0
<1 0 0 0

0 0 0 0

Figurel4: Complications after ACI (diagnosed by clinical exam, MRI, and arthroscopy)
Adapted from:(Harris et al., 2011)

1.4.2.3 Osteochondrafrafts

The use of osteochondral graftsgenerally reserved for largearticular lesions (>2ct
diameter)that sometimes cannot be repaired via AChese techniquesan also be used
whenlavageand cebridement havdailed in patients, usually because their Bfgles exert a
high demand on their joint, such elite athletes. There ave types of osteochondral graft
that can be used. An autogrataken from anon-loadbearingareaof the joint from the
samedonorandan allograftwhich is taken fromagenetically noridentical donor. Autgrafts
are preferred for small to medium defects (&8in diameter) irhigh demand patients of an
older age but larger defects (>8n in diameter) tend to use allodta. Both of these
osteochondral graft types can bapplied to the techniquef mosaicplaslty, whereby a
number of cartilage plugs, extracted fromren-weight bearing region of the joinare
implanted back into the defected ar¢Betterline et al., 2005; Bentley etal., 201Both of
these techniques have their advantages and disadvantages for their specifiBofie/pes
of grafttake plugsfrom different locaton andencompass the same problemhd varying
topography of the donor site does not always match thatrefNBE O A LdkeSuydihedce
causes changes in the biomechanics and loading of the joint. Saéhaliypublished dong
term follow-up study showing promising results for the autograft, 9 years after surgery
(Solheim et al 2010) However, Haenet al disputed thisarguingthat due to the multiple
surgeries that are requirefbr autografts, there is damage to surrounding tissue and more
risk of chondral tissue damage, they also attributed donor site morbidity to tesiic
technique(Haene et al., 2012)Furthermore a randomised control trial carried out by
Bentleyet alshowed that mosaicpl&gusing autograft tissu&as significantly inferior to the
preferred AC(Bentley et al., 2003)

Allografts also have disadvantages, which makes thesiflevourable than autografthese

include the onset of immune reactions due to the detection of allogenic tissue, wiggh
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carrya risk of disease transmissiaeported in a few casg$laene et al., 2012Conversely
Gortz et al. promoted the use of these grafts,their results showed good to excellent
outcomes in up to 80% of cases ambst importantly that the larger defects were
successfulljilled. A very recent study focusg on the outcomes of allograftansplantation

in the kneeshowedfavourable outcomes and high satisfaction rates in patients who had an
intermediate follow up. They noted that patientstivicertain etiologies tended to have more
favourable results as digbunger patients, but there wermo few in this study for it to be
conclusivgChahal et al., 2013)

Many of the studiesnentioned, particularly the laer, have failed to produce prospective
cohort studies in which several comparative colsaate includedThiswould further help
evaluate the efficacy of osteochondral grafts as a reparative treatment for cartilage defects.
Nonethelessitis clear from the lr@ure that autografts are preferred over allografts simply
because of no immune rejection and better integration with surroundisgue(Chahal et

al., 2013; Versierand Dubrana, 2011)

1.4.2.4 Joint Replacement

When cartilag degeneration isevee beyond repairthe only option left is to replace the
jointwith a prosthetic device. These prosthetic devices are knowotakjbintreplacement
(TIR)TIRonsistof replacing thalamagedone andAC surface with hard smoobiearing
components. In th&knee,the most common choice of materialnsetal-on-polyethylene,
however ceramics are also being introduced to replace the metal femoral comp¢{viess

et al., 2016; Bergschmidt et.aP016; Nakamura et al., 2017MhisTIRwill not only relieve
the patient from painbut it will also improve their quality of lif§Vhile the expected lifetime

of these conventional TJR is harder to determine, it is not unlimifginson, 2017)
Neverthelesspatients today can look forward to potentially benefitting from new advances
that could increase the lifetime of these TR dzy 6 A O1t. SO [ f @ HAmMTO

1.4.3 In Vitro Tissue Engineering dartilage

The failure of the aforementiona@generativeechniquess mainly due to the insufficient
filling of the defect area and the fact that the tissue regenerated is fibrous in nétiuang

et al., 2016) These various surgical/therapeutic approaches have resulted in the formation
of fibrocartilage, which is weak in its biomechanical properties compared to the desirable
hyaline cartilage found at healthy joint€anceddaetal., 23). The ideal treatment would

be onein whichearly cartilage defects are repaired by promoting the formation of hyaline

cartilagein viva Other ways of treating cartilage defects, in the short term, could be to
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reduce the further degeneration of dédage by being able to restore the biochemical and

biophysical properties of the damaged cartilage as a result of OA.

Tissue engineering of cartilage is a mettoydvhich thismight be achievedln situ tissue
engineering approaches, such as ACI haveewumhe a great deal of change and
developmentin the pastfew yeaas discussed abovi®loving on from this approacirein

vitro tissue engineering approaches that focus on developgrtjlage constructs for
implantation.Itinvolves isolatig and expanidg cells in vitroseedinghem onto biomaterial
scaffoldsgulturing the cell/scaffold complex to create cartilage equivalents and then finally
implanting them back into the body to repair the tissue defé&zioice of cell source is an
important factor © be considered as some cells are harder to obtain than others, with many
of them not differentiating before they are implanted into the patid@hung and Burdick,
2008) This following section will systematically review thess of some of the cells
sources as well as some of the material types used in tissue engineering of cartilage,

highlighting the reasons faneir use and limitations.

1.4.3.1 Cell Source
To this day the optimal choice of ceturce has not been identifietlowever,there is some
evidence that the preferred choice of cells is chondrocyesung and Burdick, 2008)
Chondrocytes are the naturally occurring cells in cartilage, therefore they do not need to be
pre-differentiatedin viro. But, the difficulty comes when these cells have to be expanded,
as they have a tendency to dedifferentiatéeverthelessthe use of growth factors and
chondrainducive biomaterials uponwhich the chondrocytes are seeded, may overcome this
problem. Alist of the cell sources used to date, where they are taken frand their
limitations is giveniifable3.

Table3: The diferent cell sources that have beeninvestigated for use in tissue

engineering cartilage, along with the respective reasons for selecting them and their
limitations for use.

Chondrocytes

Chondrocyte cells can be obtained franticular (Mesa et al., 2006; Li et al., 2004; Bhattacharj

etal., 2015) auricular (Van Osch et al.,, 2004; Panossian et al., 2001; Lohan et al., H1Bgyed
etal., 2010; El Sayed et al., 2013; Ishibashi et al., 2@bZjal (Tay et al., 2004; Johnson et al.,
2004; El Sayed et al., 201@) nasoseptal(El Sayed et gl.2010; El Sayed et al., 2013tilage.

Reason for - Foundin native cartilage
Choice - Natural choice of cell source.
(Huang etal., - Have been extensively studied in their role of producing, maintai
2016) and remodelling the EC{€Chung and Burdick, 2008; Li etal., 2004)
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- Limited number of them found within native cartilagiherefore need
for expansior{Huang et al., 2016)
- Expansiomn a monolayerauses dedifferentiation of the chondrocyts
(Tay et al., 2004; Li et al., 2004; Albrecht et al., 20t&¥ulting in
decreased production of proteoglycan andllagen type Il and henc
Limitations increased production of collagen typéZhung and Burdick, 280Van
(Vinatier and Osch_e'_t al_., 20Q4)

Guicheux, 2016; - TO minimize this problem, authors have suggested decreadims
Li;%g%’ﬂ) passage number or optimise the expansion medium componerds
’ specific growth factors, serums and antibioti¢suang et al., 201€

Correaand Lietman, 2017; Bhattacharjee etal., 2015)
-UseofotheKSGSNRP (12LIAO OK2YyRNROe& (Sa
chondrocytes are better as alternatisas they are easier to harves
have lower donor site morbidity and possess higher proliferation r
than articular chondrocyte&l Sayed et al., 2010; El Sayed et al., 2013)

| Fibroblasts

R f . :

casonfor Available in greater abundan@®mpared tachondrocytes

Choice : .
(Frenchetal, - Can be directed to express a chondrogenic phenotyféung anc
2004; Leeetal., Burdick2008; Frenchetal., 2004; Zhao et al., 2009; Chee etal.,.2(

2001)
- Require differentiationin vitro prior to implantation into patients

Limitations (Chung and Burdick, 2008)hich has proved to be difficult.

- However, the use ofcertain scaffolds and gene expression factors
can be overcomézZhao et al., 2009)

Stem cells can bBonemarrow derived(Li et al.,, 2005; Chen etl., 2005; Huang et al., 2016;
Beane and Darling, 2012Adipose derivedHuang et al., 2004; Erickson et al., 20@R)
Embryonic(Hwang et al., 2006; Kramer et al., 20(eane and Darling, 2012)

-Haveda Ydzf G A f Ay Sha@andBardidk2@0g) | { ¢
- Can be extracted from a variety of different tissyesakinghem an
Reason for  attractive choice for cartilage regeneratigiinatier and Guicheu
Choice 2016) . _ ]
(vinatierand - Does not express moleculex the Class Il major histocompatibili
Guicheux, 2016)  complex, which are responsible for immune rejection, therefore it
beenhintedthat this cell typeouldbe immunologicallyprivileged(Noel

et al., 2007; Du etal., 2016)

- Bonemarrow derived stem cells produce a mechanically weaker m
than the oneproduced by nativelwondrocytes.
- Adiposederived stem cells produce a low concentration of cartili
Limitations specific matrix proteins asall expressing collagen type I.
- Embryonic stem cells have the problems of purification as well a:
difficulty in differentiating them into chodrocytesas well as well
known ethical issue@€Chung and Burdick, 2008; Fontan et al., 2017)

From the literature reviewed ifable3, the majority of the cells sourced in these studies
were all taken from one animal species and implanted into another anohtie same

speciesto see whether they would express a chondriicphenotype and hence produce a
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new cartilaginous matriix vivo(Mesa et al., 2006; Van Osch et al., 2004; Panossian et al.,
2001; Johnson et al., 2004)ne study in particular demonstrated thatdhuse of articular
chondrocytes from old animals could produce neocartilagerivag as well as articular
chondrocytes from young dono¢(Mesa et al., 2006)Therefore, the authors suggested that
middle-aged and elderly patient®2 dzf R 6 SYSTA G FNRBY dzaAy3a (K
cartilage as a source of reparative chondrocytes for cartilage debedgtyy to the fact that

it was also immunologically beneficial

There has been growing interestin the use of human autologous chondrocytes in synthetic
scaffold for cartilage regeneration purposes. Human auricular chondrocytes expanded
vitro using several growth factordemonstrated their potential to produce calége grafts

of high quality compared to costal chondrocytes. Similabgne marrowderived
mesenchymal stem cells (MSCs) on a falyrolactone (PCL) scaffold in the presence of
certain chondrogenic growth factors, differentiated to a chondrocytic phgpet The use of
these autografts seems a practical and effective way to treat cartilage defects in humans
however the limitations in this technique lies in the multiple operations required before
these scaffolds can be implanted. Nevertheldbs, use ofanimal models isrmacceptable
meansto investigate the feasibility of different cell sourcéar the use in cartilage tissue

engineering.

1.4.3.2 Scaffold Biomaterials

1.4.3.2.1 Natural Biomaterials

Attention has beendirected onto natural and synthetic materials feithse ashe scaffold
material in cartilage repair. Natural scaffold such as hyaluronic acid, collagen, chitosan,
gelatin andchondroitin sulfate have been explored as biocompatible and biodegradable
scaffolds for the tissue engineering of cartilagespi¢ée this, they are prone to variable
enzymatic degradation in the boddicatingthey arenot sufficiently mechanically stable

for cells to surviven vivo (Chung and Burdick, 2008Nevertheless, Campoccet al
demonstraed through careful chemical modificaticthat the esterification of a hyaluronic

acid gelsignificantlymprovedits mechanical propertig€€ampoccia et al., 1998)loreover,
Grigoloet al (Grigolo efal., 2001)showed how the development of HYAFF 11 scaffold, an
esterified derivative of hyaluronic acid was able to suppartvitro growth of viable
chondrocytes and maintain their chondrogenic phenotype. Furthermore, a study by Facchini
et al (Facchini et al., 2006howed that the saméhree-dimensionakcaffolds seeded with
autologous chondrocytes improved the regeneration of cartiliagava This 3D Scaffold is
now a commercially available product called Hyalog@find has been successfully

implanted into human patients with knee cartilage defects, as a tissue engineered
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regeneration approach to cartilage repair54earclinical trial showed promising results
postoperatively(Marcacci et al., 2002; Chung et al., 2006; Facchini et al.,.2D@8pite
supportive evidence of its clinical ability, a reviemhe Europeans Medicines Agency report
(Withdrawal Assessment Report: Hyalograft C Autfigra013) raised issugregarding
quality control and lack of randomisation in Phase Il studies. Commercialisation was ceased
in 2013.

Anotherwidely used natural polymer is chitosan, derived from chitin commonly foundin the
exoskeleton of crustaans. Its high cationic charges mean it can be ionically -tz

with a variety of polymers, such asondroitin sulfate forming a hydrogel. It forms a semi
crystalline biodegradable polymer matrix that can support both chondrogenesis and the
expres$on of cartilage extracellular matrix proteigSuh and Matthew, 2001; Lahiji et al.,
2000) Anin vivostudy by Luet al showed that a chitosan injection effectively repaired
defects of rat knee cartilag@.u et al., 1999)Like hyaluronic acid, chitosan also has poor
mechanical strength and elasticity. However, these can be improved by the addition of a
cross linker. Mwalet al. showed that the use of chitosan @slinked withgenipin, provided

a hydrogel for cartilagéissueengineering(Mwale et al., 2008) Similarly, Yart al. and
Hrabhaclet al. foundthatthis combination was successful in the treatment of osteochondral
knee defects in rabbit§he crosslinked materialasbiocompatible and nonmmunogenic,
which is a common trait of some natural polymé¥an et al., 2010; Hrabchak et al., 2010;

Jeong and Hollister, 2010)

" A\

Figurel5: HyalograftCscaffolddisplayed as a commercialised product (left), MTT assay
showing the encapsulated chondrocytes in an Injectable chitodsmsed hydrogel for
cartilage tissue engineerin@Anika Therapeuts).

The chemical functionalization of hydrogels has been pursued further by Soppatradtto

RSOSt 2LHIA(U BNYV@I NPYYSYyld FT2NI OStftad ¢KSAS
ability to reversibly gel in response to temperature, alfiolet light and pH whilst still
maintaining the cell viabilitySoppimath et al., 2002)This advantageous characteristic

means they culdbe minimally invasively injected into the recipients and fonmsituat the
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defect sie, reducing postoperative recovery. Moreover, these biomategalddplay a
useful role as carrierdo deliver growth factors thacould be released in a controlled
manner. ubsequently stimulatingchondrogenic differentiation andh vivo proliferation

Wuet al,,demonstrated the significance of slowrelease growth factors, such as transforming
growth factor (TGB 1) in the promotion of chondrocyte proliferation and matrix synthesis
(Wuetal., 2011)Similarly, Kiret al. (Kim et al., 2003nd Leeet al. (Lee et al., 2008howed

that a combination of TGF1 and the insulin growth factor (IGB in microspheres of
chitosan increased the cartilage ECM synthesis anmthanced the proliferation of

chondrocytes in the defected area.

Unfortunately,most of the aforementioned studies utilising hyaluronic acid and chitosan
have been short term, very few with FDA approval. The majaitthe studies were
conducted n animalmodels, such as nude mice. These promising techniques need to be
moved forward into larger animal modelsr even clinical trial$¢o test their long term

regenerative capacity.

Neverthelessadvances have been made in the production of natural scaffoldsartilage
repair that have undergone extensigaimal studies o@nd some that have gone through
phasesHlll clinical trials. These clinigabducts aresummarised iTable4. Theefficacyand
success of these clinical products was measured through several common outcome
measuresTo list a fewInternational knee documentationoenmittee (IKDC) score; knee
injuryand osteoarthritis outcomecdre (KOO S)vestern ontario and McMaster universities
osteoarthritis ndex (WOMAG yisualanaloguescale (VAS) forgin; international cartilage
repair ystem (ICRSfore and the magnetiesonanceobservation of cartilage gair tissue
(MOCARTcore.The majority of these are formgliestionnairesin which treated patients
fill in questions about how they feel with their new impla@tther methodsncludemedical
evaluations of MRI imagesd evaluatingange of motion ROM) that patients areable to
achieve. Althouglthese questionnairesan be subjectivaghey have been used for many

years and are said to be a reliable way of assessinggpesttive success.

Table4: Current clinical products on thmarket with their associated clinical trials that
have been completed or @& in the process of completion.dapted from: (Huang et al.,
2016)

Clinical studies Clinical studies Clinical scores and
Product (completed) (ongoing) outcomes.

Biocartt 1l - Preliminary study Showed feasibility to
e el E el - (n=8) [2008] treat cartilage lesion of-1

id scaffold seeded N/A
acid scaffold seede - Phase |l study () 8 cn?. IKDC scores

with expanded
autologous [2012]



chondrocytes
(26,27,29)
Cartipatch®

- Agarosealginate
hydrogel seeded with
expanded autologou

chondrocytes.

Chondrospheres@

- Smallspheroidsof
neo-cartilage
composed of

expandedautologous
chondrocytes and
their associated
matrix

NeoCart®

-Honeycomb bovine
type | collagen
scaffold seeded with
expanded autologous
chondrocytes.

NOVOCART® 3

- Biphasiaype |
collagen scaffold
seeded with
autologous
chondrocytes.

wS @l Cft
- Scaffoldfree
neocartilage disc
composedof
allogeneiguvenile
chondrocytes and

their associated
matrix.

CaReS®

- Type I collagen
hydrogel embedded

- Multi-centrestudy
(n=17) [2008
- Phase lll study

comparing Cartipatch¢
to mosaicplasty
(n=58)[2013

- Over 7200 patients
treated since 2004

- Multi-centre study
(n=42) [2009

- Investigatorinitiated
trial (n=37)[2012

- Phase |l study (n=8)
[2009

- Phaselll study

comparing tomicro-
fracture(n=30)[2012]

- Over 6000 patients
treated since 2003

- Prospective study
(n=23) [2014

- Other prospective
studies (n=3&41)

[2009,20142017]

- Study on treatment
of OCD [201]L

- Phase I/l study
(n=12) [2013

- Multi-center study
(n=116)[2011]

- Phase lll study
comparingCartipatch®
to microfacture was
terminated.

- Phasell study to
finish Nov. 20172-
yearoutcoms).

- Phase ll$tudy to

finish Dec. 202@5-year
outcoms).

- Phaselll study
(n=245) to finish Jul.
2017(1-year outcome
measure$

- Phasellll study
(n=233)comparing
NOVOCART® &D
microfracturefinish Jul.
2018(2-year outcomg

- Nonrinterventional
study (n80) to finish

Sept. 20193-year
outcome

- Phase lll study
(n=261)comparing
NOVOCART® 3D plus
microfracturefinish
Jun. 2019%-year
outcome.

- Phasellll study
(n=225)comparing
wSgI Ct SEun i
microfracturefinish Jul.
2019(5-year outcome.

N/A
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improved at 6 & 12
months.

Largely used to treat
osteochondritis dissecar
(OCD) Defects ranged
from 1.0 to 5.1 cr IKDC
scores improved &2
years over baseline.

Improved range of
motion (ROM) pain
levels where reported at
2 year follow up,
however IKDC and
WOMAC scores remaine
unchanged.

-Ph I- Pain scores and

ROM were improved ove
bassline values at2 year

-Ph 2¢IKDC, KOOS and
VAS scores were all
significantlyimprovedvs
microfracture

- Showed feasibility to

treat cartilagdesion of 2
6 cn?.

- Prospective clinical
studies have all shown
improvments in the IKDC
VAS and MOCART scort
at 1 and 2 year follow
ups.

- Showed feasibility to

treat cartilagdesion <5
Che.

- Immunologicabnd
histological aalysis
showed no adverse
immuneresponse,
indicating thatllogeneic
chondrocytes ray be
immune-privileged

IKDC scores were
improved from baseline
in multi-centrestudy and
in the retrospective



with primary . comparative study
- Retrospective study S
autologous
chondro?: " AT s_howedno_3|gn|f|cant
ytes. difference in 2 methods.
microfracture (20)
[2013

From the literature reviewed iTable4, it was highlighted that althugh many of these
natural scaffolds are able to promote hyaline cartilage formation, future/current clinical
trials have been halted or stopped. The authors did camhment on the reasons for this.
Neverthelessifthese longterntlinicalstudieswere tobe successfugventuallygaining FDA
approval the clinical applicatiomwould still needo be thoroughlyconsideredand thought

out for future use in humansHaving said thisthere were some clinical products
(Chondrospheres®eoCart®NOVOCART® abdw S @ | Q, ivt8chsuccessfully madie

through to Phase Il clinicalats and are yet to reveal thdng-term success in patients.

1.4.3.2.2 Synthetic Biomaterials

Aside from natural polymers, there are also synthetic polymer scaffolds. Their chemical and
physical properties can be modified to alter their degradation rate and mechanical
characteristics, which is harder to do in natural polymers. Common synthetic polymers used
in cartilage tissue engineering are the family of plyydroxy estes, such as pohglycolic

acid (PGA), poHactic acid (PLA) and PCL. The growing research interest of these synthetic
polymersis due to their biocompatibilitgnd FDA approval for clinical use for more than 20
years(Mouw et al.,2005) The physical properties of these scaffolds, such as pore size,
polymer crystallinity and fibre size are key features that regulate their degradation rates.
Highly porous PGA has been extensively used in cartilage regeneration as it is aigiade d

in about 68 weeks. These PGA scaffoldive exhibited high rates of initial cell growth,
maintenance of chondrocyte function and secretion of ECM similar to that of healthy hyaline
cartilage(Mouw et al., 2005; Hoogr et al., 1998)Highly crystalline PLA has also been studied
for cartilage repair and can take aboutl8 weeks to degrade. This synthetic material has
shown good chondrocyte proliferation and GAG produciioritro. However,cell growth

and matrixproduction is much lower than that of PGRooper et al., 1998; Lee and Shin,
2007) Thepioneersbehind thein vitro study of the family of poly (-hydroxy estersyvere
Vacantiet al; whose team reported the ability to regenerate cartilage in animal models
(Vacanti etal., 1991)This led to further fabrication of various structured synthetic polymers
scaffolds to culture chondrocytes or mesenchymal stenmsd@ISCsior regeneration of
cartilagein vitro. Unlike natural biopolymers that are often prepared in a hydrogel form,
synthetic polymers can be fabricated into various {foemed structures, sut as fibres,

foams and sponges.
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Figurel6: The threedimensional poly(lactieglycolic acid) (S3EPLGA) scaffoldlhe

micropore side (cell seeding side) (a) and a cross section (b) of the scaffold. Schematic

illustration of cell seeding (left) and scanning electron phdtwoygraph of crossection of
cellsseeded in the 3BPLGA scaffold (right) (c). The cells liein auniform array at the
palisades, similar to hyaline cartilage. Gross appearance of a cartilage defectin the patella
groove of a rabbitimplanted with a congt between adherent bone marrow cells and 3D
PLGA scaffold (d). The arrows indicate cell/PLGA scélfoldt al., 2009)
Hollandet al. highlightedthat the manufacturing process of certain synthetic biodegradable
polymers has a significant effect on cell migration of chondrocytes and differentiation of
MSCgHolland and Mikos, 2006yvhich is why the development of nanogtitural materials
has been an emerging trend in cartilage tissue engineering. Nanostructured ssafiolk
fabricated via atehnique called electrospinningwo detailed studies performed bydtial
showed that chondrocytes cultured in PCL nanofilsracaffolds maintained their
chondrocytic phenotyp€Li et al., 2003) similarly MSCs were successfully induced into
chondrocytes(Li et al., 2005) Liet al pursued a furtherin vivo study showing that
chondrocyteMSC laden nanofibrous scaffolds, grownin a bioreactor, were able to repair full
thickness defects in pig femoral condy(éset al., 2009)Despite this, current studies have
shown interest in Bw synthetic biomaterials such as poly glycecolsebacate (PGS) and
poly octanedoHco-citrate (POC) as they have been found to have similar mechanical stiffness
to articular cartilage, potentially making them feasible for cartiléigeue engineering,
however their regenerative potential is still unknoWwang et al., 2003; Kang et al., 2006;
Jeong and Hollister, 201@}laireet al proposed a method in which PCL, PGS and POC were
fabricated into the samé&xed 3Darchitecture. Thignabled the study adolely the material
to determineits effects on cartilage regeneratidn vitro (Jeong and Hollister, 2010)he
study reported that POC provided optimal support for cartilage reggation in terms of
maintaining cell phenotype, ECM production and differentiation of radrocytes.
GonverselyPGS and PCL were found to be less favourable as they causkitdentiation
of some chondrocytes and high matrix degradation.
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Other synthetc scaffolds used in cartilage regeneration which hawt undergone clinical
trials are a commercial produchamedBioseed®C (biodegradable polymer scaffojdnd
INSTRUCT{(poly (ethylene oxideterephtakate)/poly(butyleneterephtalate)(PEOT/PBT)
scaffoldseeded with primary autologous chondrocytes and bone marrow)c8tisdies using
Bioseed®Cin human clinical trialshave reportedjreat clinical succesAt 2 yearssignificant
improvements in the KOOS score were reported when compared to baselinesvaid
histologicalimages showed goonhtegrationand formation ofcartilaginougrepair tissue
(Ossendorf et al., 2007)At 4 yearsignificant improvements in the ICRS, IKDC and KOOS
scoreswerereportedwhen compared to badineandMRI examinations shosd complete
fillingin 72.7 %, moderate filling in 25 % and less than 50 % filling in 0.3 % of péfirens
et al., 2009; Kreuz et al., 201ver 300 patients have been treated witie Bioseed&
scaffold since 2003BioTissue BIOSEED®) Arecently a longierm follow up study (12
years) highlighted that morphological evaluation by MRI showed moderate to cample
filling in 10 of 14 patients.rbm whichqualitative evaluation of the cartilage ultrastructure
showed hyalindike repair tissue in repair sifd2 years after implantatioBioTissue
BIOSEED®) This scaffold is currently being widely use&uropewith hopes tomove into
the American markefHuang et al., 2016)

The INSTRUCScaffold utilises a modern approach of a {glwtter deviceto create the
desired porous lattice structure (approx. 170 mm diamdtbres, 200 mm poresize, and

56% porosityfHendriks et al., 2013An initial studyin nude micereported that the softer
PEOT polymer of the scaffold functions to support the chondrogenic phenotype, whilst the
PBT partincreases the material stiffnegloroni et al., 2007)Several authors commented

on the ability to easily fine tune the mechanical properties of this scaffold by altering the
ratio of PEOT to PBT, which also gave rise to varying pore sizes for better mjbégg
alongsiddiffering rates of degradatio@dansen et al., 2008; Deschamps et al., 2001; Emans
et al., 2012) This bieresorbable scaffold (12 months) has a unique way of being input into
patientsvia a single surgical interventiopp K SN’ o6& GKS LI GASydiQa OSf
aspirate are inserted into a semautomated machine (INSTRUCT cell procesSang
machineisolated the chondrocytes, mixes them with marrow cells, adds fibronectin and
seeds thenonto a scaffold, all of which can be done in under 1 hddoroni et al., 2007;
Mechanically Functional Scaffold Technology, 2015; The INSTRUCT Product8, R6&Se

Il trial completed in 2014with a 2-yearoutcome, showed improvements in the IKDC and
KOOS scores, with 72 % of patient exhibiting hyaline cartilage and 97 % with either
fibrocartilage or hyaline cartilagélendriks et al., 2013; Slynarski et al., 2015)
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From the literatureitis clear that scaffold material, cell source and signalling factors make
up the basis of a good tissue enginedrconstruct. Examples of some novel biomaterials
used have been reviewedshowing their continuous development as biocompatible
scaffold/hydrogels. Not only have these scaffolitken able to meet the mechanical
requirements to maintain cell phenotype btitey have been able to provide stable
environment in which cells are able to synthesise an ECM, something that was not as well
characterised in earlier therapeutic techniques. Furthermore, the incorporation of certain
bioactive molecules has shown enhanegentin the cartilage regeneration properties as well

as cell proliferation. Both natural and synthetic biomaterials have their drawbacks, some of
which have viable solutions to them. Aside from this, the prime concern of some of these
scaffold materialss thatthe majority of themare yetto be tested in humans to assess their

feasibility

Thecurrentapproaches to cartilage repair reviewadthe previous sectionsave allbeen
shown to have different effects on the regeneration of cartilage. The therapeutic techniques
without any active cells haw®eenshown to have only temporary effects patients, in some
cases worsening the condition. Severities of the disease or legjemmrad bone quality have

all been reported to have an effect on the surgical outcomes of these therapeutic

approaches.

Despite the large number of preclinical and clinical stuthegewedherefor cartilage tissue
engineering, none of thescaffolds or c¢hical productsdiscussedwere injectable
percutaneouslyRecent interest has beerdirected toward the development of self
hardening and injectable materiglthat can be used in the percutaneougection of
biomaterialscapable otartilaginous tissueepairwithout causing any extra damage to the
surrounding tissueThe properties and structures of hydrogels make them ideal candidates
for implantationby minimally invasive surgefyiu et al., 2017; Lum and Ebsdf, 2003;
Radhakrishnan et al., 2017Hydrogels are composed of chains of synthetic or natural
macromolecules capable of forming hydrogels after physicalicigtimuli or covalent
crosslinkingDury and Mooney, 2@) Liu et al., 2017)Theyare known toexhibit a high level

of hydration close to that of the articular cartilagallowing them to mimic the 3D

environment of chondrocyte@leixeira et al., 2014)

In conclusionsurgeons have a variety of tools thaan be used to treat OA cartilagige,
aetiology, extent of cartilage damage and the lifestyle of the patient, should all be factors
that should define the choice of treatment of the patient. The use of minimal imeasirgery

should be put into practise where possible in orderto avoid open intrusive surgery and put
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off jointreplacement for as long as possible. One ofri@st importantfactors in avoiding

the extensive end stage deterioration of cartilageto improvethe current methods and
approaches to diagnose the changes in biochemical and biomechanical pespeft
cartilage at a much earlistage of the disease. Equal effort should also be made to develop
new methods and biomaterials that can oppose theieges that occur in the ECM of
cartilage in early OA, inorderto prevent the further progression of the disease. The following
section will introduce a novel type of materigdelf-assemblingeptides (SAPg)that have
shown potential agnjectablebiomateriakfor interventionin early cartilage defect and early
stageOA. They offer flexibilityn function and desigras well as lendintpemselves to be
developed into viable alternatives to joint lubricants that may also have the ability to repair
ECMdamage.

1.5 Introduction to Peptides

Peptides are short chains of amino acid monomers that through condensation reg¢t#ons
produced) form peptide bondsThis covalent bonidas a result of the carboxyl group of one
amino acid reacting with the amino group of anottl{®oet and Voet, 1995; University of
Arizona, 2001)

There are 20 main natural amino acids involved ingiethesif peptides andproteins

present in biology. These amino acids are organised according to the polarity of their side
OKIFIAyad !ff GKSAS I'YAYy2 | OARA KI@S GKS &l Y
(Ulijn and Smith, 2008Yhe peptides made from these amino acate completely ionised

at all pH rangesand therefore can act either as an acid or a base. Cation and anion
concentrations in solution can have an effect on the behaviour of these peptddkese

ions can act ectrostatically to shield the side chain charges from one anottlisturbing

any intra and intra molecular interactiogoet and Voet, 1995)

Proteins thatnaturallyoccur in nature are considered to have four lesefl hierarchical
structure, making them more complex than peptides, which only generally havéeiels
(Berg etal., 2002for peptides, the primary structuretihe formation of polypeptideShey

are made up by a sequence of amino acid residues, determining the specific conformation
that is adopted by the peptide. The secondatgucture refers to the orientation of the
peptide backbone, due to the formation of hydrogen bonding. The main secondary
strud G dzNB & | NI ST Y F=¢hgeyBRi éthal., 2002)
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1.6 Introduction into self-assemblingpeptides (SAPS)

Selfassembling peptidesan be thermodynamically driven to seHssemble into well
defined aggregates through va& nam-covalent forcesln order of strength, these forces
consist of: hydrogen bonding, electrostatic interaction, hydrophobic interactions and Van de
Waals(Semino, 2008)rhe idea behind molecular sed6semblfSAhas becore one of the

main driving bérce for the development of thedeiomateriak. The bottom up approach to

the design and synthesise thfese functional biomaterials starts with the careful design of
the small building blocks that can s@$semble without any external forces and hence lend
themselves for the use in nanoscier(d@a and Tirrell, 2004)Thestrudural ordering of the
SAprocessis similar to the one seen in biological proteinsthat there are primary SA

secondary and tertiarAand finally quaternary foldin@Aggeli et al., 2001)

In peptides onedimensionaSAisthe formation of singular polypeptide chairdecondary
SAO2yaAraita Ay heliGsah@®@ridgHedishT2ifarghiTs KSY SAGKSNI G
KSt A OS &-sHesfsragsgnile into 3D structures via side chain interastafnthe

individual amino ads. The different level ocAare based on protein foldg;whilst the last

level Quaternary assemblyis when several peptide chains assemble into tape like or
globular structures. Th&A process can further continue, depending on the physical
conditions (pH or ionic strength of solution) into ribbons, fibril or fikgéggeli et al., 2001;

Aggeli etal., 2003)

1.6.1 Selfassemblymechanism
Seltassemblingpeptidesare able to assemble in one of two ways; nucleated or-non

nucleated (classical).

NornnucleatedselfFassemblys the freeenergy changassociated with the formation of one
dimer unit or higher order aggregatebhis stepwise additioof individual units will occur

with identical rate constants for each of the associating reactions. Equation 1 gives the free
SySNHe& OKIy3as LIS Nthe &ssoSabaehesyy —+BSItdiBann cbnBtant

and Tfemperature.

Y |0 "Y- [Ecuationl]

Nucleated selbssemblyis a more compleselfassemblymechanism. This mechanism
involves a critical concentration for the formation of aggregates (nucleation). Below this
nucleation point, the majority of molecules in the system will exist as isolatenbmers
where theire Q[ angles have any valBrandenand Tooze, 1998ssentially, the growth

or aggregation is inhibitedntil a particular concentration is reached at which point it will
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spontaneously take off. This caration is known as the critical concentration more
commonly known as ‘Qlsraelachvil, 1992)This mechanisninvolves two parameters,
nucleation energyt U Y and growthenergy| U “Y. Thelatter isassociatedvith the
corresponding energgf| U “Yasseen in the nomucleated SAEq 1) howevelin classical

non-nucleatedSAthe nucleation energy is absefisraelachvil, 1992)

For peptides to selhssemble irlD, they must undergo a conformational transition,
associated withmaentropy loss. This entropy loss is characteristic of the straightemingf

a peptide chainfrom&NJ y R2 Y Oatharid cdnfdrmatidn@hisiprocess idescribed

by the energetic paranter, - 0 "Yhy OS -sir&ntl donformation is reached, further
SAcan occur once the tape scission enegjycreased - 0 "Yenergy requiredto break

tape in 2 pieces(Aggelli, 2000)This energy is @halpic in nature, which stems from the
intermolecular peptide backbone complementary hydrogen bonds and the side chain
interactions. Indeed, SA can only occur when the loss in entropy 0 "Y is
countebalanced by the gain in enthalpy U "Y8The SAmechanism can further
continue, where two tapes can associate to form a ribbon structure, stabilised by
- 0 "YThe magnitude of is due to the intermolecular interaction betweenthe
side chainsOpposingthe stacking of these tapes is what is called the elastic energy
- , Which originates from the helical nature of tapes. In order for two tapes to stack
together, they must both decrease their helical twist to facilitate the presefieach other.
Therefore the ribbon formed has more of a saddle curvature rather than a helical twist.
Therefore, if can overcome , the formation of a ribbon will occyAggeli

et al.,2001; Fishwick etal., 2003)

Similarly,the stacking of several ribbons one top of one another will form fibrils. This is
stabilised by 0 “Ywhich is the free energy per stacked peptides in the filihis
system has an opposing force restricting the formation of fibrils, known as , which

is theenergyassociated with the untwisting of the ribbons upon stackifige number of
tapes within a fibril is determined by a balance betwethe gain in attraction - ),
associated with ribbon stackingnd the elastic cost associated with packing of the ribbons
in the fibril. Therefore if overcomes , the SAof the fibril will occur. Finally,
once a stable fibril is formed, pairs of fibrils are able to entwine edge on edge resulting in the

formation of a fibre.
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Figurel?: Hierarchicalself-assembly of chiral rod like units.
The arrangement of the amino acids witlire peptide along with the changes energetics

is therefore important to attain the desire8Aand functional properties of the SAPs.

In summary, th&SAof peptides can be broken down into three distinct phases. Frghase

is nucleation duringwhich there are stable monomers and some unstable tapHse
monomers and tapeare assembling andisassembling due tthere not being enough
enthalpic energy to counteract the entropeaergyloss.The 29 phase is the formation of a
stable nucleus. Herine enthalpic gain balancesthe entropic loss and so the first aggregates
form (Aggelli, 2000)The concentration at which this occurs is known"ag@e final stage is

the growth stage, where aggregates grow in size until fhreyipitateout of solution.These
three-phases can be seen in what is calleskedf-assemblyurve, which is the fraction of

aggregate against the total peptide concentratiarschematic is givenkigurel8.
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Figurel8 Schematic oself-assemblycurve for both nucleatedelf-assembhy& non-
nucleatedself-assemblyof peptides.
1.6.2 Uses ofselfassemblingpeptidesin tissue engineering.
Dependingn theirchemicaD 2 Y LJ2 & A (i AsheétselasseMidingpeptides have been
shown to be biocompizble with no cytotoxic effectsAn example of such peptides is given

in a study carried out by Kirkhamhal ,in which these peptides led to the commercialisation
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of a product for dental repair(Kirkham et al., 2007)The use of these peptides was to
treat/prevent caries lesion via the insertion of thesegtides as a monomeric solutioh. |
was hypothesised that they would polymerisesituvia dhianges in pH or ionic strengin
order to provide a biomimetric scaffold upon which hydroxyapatite nucleation could occur
and promote repair. The matrix lilstructuresformed by these peptidesot only mimidhe
biological macromolecules found inthe natural ECkhefmammalian skeletorbut are also
able to induce the deposition of hydroxyapatifene reasoning behindthis increased mineral
deposition of the peptide used (P4),wasdue to the structure othe fibrils formed, which

is reminiscent of collagen fibres. The presence of these colkigetibres promotes
nucleation of hydroxyapatite more readily than nornfidirkham et al., 2007Yhe successes

of this study led to te commercialisation of a product named,! wh5hb ¢un > & KA OK

used to treat caries lesion.

Further uses of SAPs, as biomaterials for the application in tissue engineeritiggiatese

as joint lubricantsBellet al,, was among the firstto study tHectional properties of these
peptides, which had been designed based on the functionalfrobliyaluronic acid, which

is a commonly useds aviscosupplement angsa very important GAG within the ECM of
cartilage(Bell et al.2006) In static and dynaiu friction tests carried out ihealthycartilage

pin on plateexperiments it was found that one of the peptides;#9, had favourable
frictional characteristics, similar if not better than hyaluronic akldweverthis was notthe

case in damaged cartilage samp(8glI et al., 2006)Neverthelessthe study was able to
provide preliminary evidence that these sasembling peptides are promising candidates
in developing effective joidtibricant and could also be usedto regulate the AC degeneration

inits early stage.

SAPs have also been used for other tissue engineering application such as the formation of
hydrogel scaffolds. Kisidayalshowed that chondrocytes are able to grow amdiltiply on

a hydrogel scaffoltike material produced by a SAP calledHRDTIhe bovine chondrocytes
used werenot onlyable tomaintaintheir chondrocytic phenotype and produce cartildije
ECMrichin collagetype-Il but also showed increased mecteal properties, after4veeks

of culturein vitro (Kisiday et al., 2002)

The examples outlined here are only some of the uses that make these SAPs so promising as
scaffolds for tissue engineering and show tremendous prommske field of regenerative
medicine. In depth studies and reviews by several authors cover a vast nuofiber
applications for all the different types of SARgissue engineerinMaudeet al., 2013;
Hosseinkhanietal., 2013; Johnstone et al., 2013; Stephanopoulos et al., 2013; Varaprasad et
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al., 2017; Calo and Khutoryanskiy, 20F6jew significant application that SAPs have been
usedfor reduction of blood loss in haemorrhagic siteghich could be used to treat nen
compressible torso haemorrhage in battlefield patiefiorgan et al., 2016)wound healing
(Shineider et al., 2008; Meng et al., 2009; Loo et al., 2014; Xie et al.,, 2045 repair
(Fellah et al., 2006; Ozeki et al., 2011; Short et al., 2015; Xavier et al., 2015; Radhakrishnan
et d., 2017) scaffold for regenerating dental pu(@aller et al., 2012)nucleus pulposus
(Collinetal., 2011; Tao et al., 2015; Xulet2015; Miles et al., 2016; Thorpe et al., 2016;
Wan et al., 2016; Gullbrand et al., 2017; Wachs et al., 28dd)cartilaggBalakrishnan et

al., 2014; He etal., 2014; Kim et al., 2015n B¥al., 2015; Tatman et al., 201B)lost of the

above studies usin§AP hydrogels for cartilage regeneratmrposesare mixed with cells

in complicatednulti-step proceduresSome of whichuse more than one biomaterial to
AYLINR @GS GKS YSOKIF YAOI t,whithtafifcie&sa theast ot the (G K S
potential minimally invasive procedure. Nevertheless, theSAP hydrogels have
demonstated good biocompatibility with the host emanment andhave shown good
feasibility to be used aminimally invasive injectable materials for the use in early stages of
OA. However, in this studyells will not be usedA much simpler and cheaper approach of
mixing the SAPs with a naturally occugisiopolymer in cartilagéchondroitin sulfate)in a
one-step procedure, will be investigated to see whether it is able to restore the

biomechanical properties of OA cartilage.

In generalters{ ' t Y2t SOdzf Sa KI @S 0 S Svihthe kbidig fof SR
spontaneously selassemble when exposed to an external stimulus to form nanofibrous
structures. Theirsuccess igshanks to their highly defined structure and the molecular
interaction which enable them form fibrilar intricate nanostructurestthee very similarin
size, shape and porosity to that of natural fibrilar proteinsin the E&Mitionally their self
assembling properties allow them to form porous network structuiidse sgprovide a tissue

like microenvironment and can display eblhding sites thatcan be made tospecially
interact with cells and influence their biological functi&nom the literature reviewegheir
most important characteristicwhich makes them favourable for tissue engineering and
regenerative medicines theirselfassembling properties and how this can be triggered. The
self-assemblyof the SAPsised in regenerative medicine was reported to thiggered by
shifts in pH otemperature or by the presence of monovalent or divalent electrolyte.ions
The combination of all these characteristinakes SAPwery favourable biomateriafor
percutaneous injectionspecifically irminimally invasive surgetgchniques for cartilage
regeneration Therefore, the ideal design requirements for a SAP gat,dbuld be useah

the regeneration of osteoarthritic cartilage should be able to form-safporting gels in a
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physiological environment, show characteristic morphology similar to that of proteoglycan
structures found in native cartilage and be stromgpegh to remain in the areato whichitis

applied.
1.7 Rationale

Osteoarthritis is considered the most common joint disorder worldvwielen and Nevitt,

2006; Lorenz and Richter, 2008he number of people that will kegfected by OA is on the

rise because of the aging population in most Western countries and the recent obesity
epidemigArden and Nevitt, 2006; Zhang and Jordan, 2018)s degenerative joint disease

is characterisetby the progressive loss of articular cartilage and formation of osteophytes,
which leads to pain, loss of function and mobility probléBesrenbaum, 2013; Pitsillides and
Beier, 2011; Bach and Hunter, 2014)atilage is a unique tissue, demonstrating both
viscoelastic and compressive properties provided by its extracellular matrix (ECM).
Unfortunately,chondrocytes have a vetimited ability to fully repair damaged cartilage
(Berenbaum2013) Therapeutic interventions are neede@urrent treatments are limited

in respect to their ability to regenerate/restore hyaline cartilage and alleviate fifis
characterised by a loss of GAGs from the cartilage ECM which are essential for it
biomechanical function. Restoration of GAGs in articular cartilage during early stages of OA
may delay or prevent disease progression. Treatment ehibndroitin sulfate(Katta et al.,

2008) has been shown to be ineffective rastoration of mechanical properties to GAG
depleted cartilagelt is hypothesised that a combination cfiondroitin sulfateand SAPs,

with the SAPs retaining the GAG in situ will be effectiie.use oSAPHShaha et al2010;

Kyle et al., 2010) which can transform from injectable liquids into hydrogel bioactive

structuresin vivagis an attractive approach that could be transferred to the clinic.

The SAPs chosen were a family of peptides from thesé&ies that have been de novo
designed at the University of Leedfiese SAPs are able to forrsheet tapes, which self
assemble in one dimension into a hierarchy of wdgfined structures. They are
advantageous because they are entirely based on nhtureno acids and their sedfssembly
can be triggered by external factors such as pH, ionic strength and tempefAygedi et al.,
2003; Carrick et al., 2007; Maude et al., 20Ihe peptided;;-4, R;-8 and R;-12were
choseras they systematicallyary in charge (netcharge of +2-@) and hydrogen bonding
capacity (glutamine (Q) or Serine (S) based peptidé®y were then combined with
chondroitin sulfate, which has-& charge and a large number of hydrogen bond donors (4)
and acceptors (15) gups per repeat monomer unit that will potentially facilitate

interactions between the peptides and these GAGs through a combination of electrostatic
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and/or hydrogen bonding interactions. Milesal,, carried out a similar study in which these
peptides wae combined with GAGs at varying molar ratios to investigate if they could
restore thein vitrobiomechanical properties of degenerative intervertebral discs. To date
this is the only other study which has combined the use of thgp@ptides and GAG
However, the authors carried out thie experiments at roomiemperature and in only one
physiological condition€l30 mM NaCl in Deuterated water,{D)), which was relevant to
their area of study. Hendhis study aims to investigate a range of physiologicatidmns

found within the cartilage tissue.

Therefore this project will investigate the feasibility of using novel-sssembling peptides
combined withchondroitin sulfate(a key component of the ECMpr the restoration of

biomechanical propertiesf GAG depleted cartilage vitro.

1.8 Aimand Objectives

The aim of this project is to use multidisciplinary approaches, to determinethera
combinationSAPsndchondroitin sulfateésable torestorethe biomechanical properties of
GAG depleteghorcine condylarcartilage, ideally to develintrinsic to naturalporcine

condylarcartilage.

1.8.1 Objectives

1) To determinethe effectsof combiningthe SAPYP;;-4, P;;-8 and P;;-12) and
chondroitin sulfate( GAGt two molar ratios(1:64 and 1:16) in two plsiological
conditions (30 mM and 230 mM Naalt solution$,on thei -sheet percentagédibril
morphologyandbiomechanical properties of th8APs and SABAG mixtures.

2) Tocreate a GAG depletgubrcinecondylarcartilage model and characterise the
modelbiochemically and histologically.

3) Todevelop anindentation testing procedure thavgsasignificantdifference in the
deformation.equilibriumelastic modulus and permeability betwesnative and GAG
depleted porcine condylar cartilages

4) To determingthe GAG content and biomechanical properties of native and GAG
depletedporcinecondylar cartilage

5) To investigatevhether the SAPs or SAPs/GAG mixsaee able to restore the

biomechanical properties of GAG depleted porcine condylar cartilage.
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Chapter 2Materials and Methods

2.1 Materials

2.1.1 Equipment

A list of the laboratory equipment used throughout the study is showiraiol€5.

Table5: Equipment used throughout the study.
Model/Size

Equipment
Automatic pipettes
Balance
Bijous
Disposable plastic syringes
Fourier transform infrared
spectrometer (FTIR)
Freeze drier
Freezer{20 °C)

Fridge

Hexagonal mesh copper grids
Histology cassettes
Histologymoulds

Histology water bath

Hot plate

Hot wax dispenser

Incubator

Instron material testing
machine

Linearvariable differential
transformer (LVDT

Magnetic stirrer

Mica carbon sheets
Micro-plate spectrophotometer
Microscope (upright)
Microscope

Microtome

Microtome Blades

Orbital Shaker

Parafilm M

pH Meter

Pipette tips

Plate Shaker

Rheometer

Sample vials (7ml)

Slide holder

Sonicator

Superfrost Plus microscope slio
Syringe needles

Supplier

[e¢]



Tissue Processor
Transmission electron

AESIEEEEE ] TP12020 LeicaMicrosystems
PR b0 et T
SR 25 ml Scientific Laboratory Supplies L
VortexGenie2  Scientificindustriesinc.
WEEEERE s Grant JemconsPLC

Well plates, Nunc® (flat
‘WindsorE18/31  Scientific Laboratory Supplies -

Waxoven

2.1.2 Chemicals

Sources of chemicals used throughout the study are showalihe6.

Table6: Chemicals and reagents used throughout the study.

Chemical/reagent
1,9 dimethylene blue
| AceticAcid(glacial) |

Acetic Acid (glacial)

Supplier

lFy1Q&a olflFyOSR &l f
I SYFG2E@&¢€ A 62 SA

Phosphate Buffered Saline (PB&jhout
Caz2lMg+

Polymixin B

Primixin I.V. (Imipenem Cilastatin
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Safranin O

Sodium acetate

Sodium chloride (NaCl)

Sodium deuteroxide (NaOD)
Sodium dihydrogen orthophosphate
Sodium dodecysulfate (SDS)
Sodium formate

Sodium hydrocarbonate (NaHGPD
Sodium Hydroxide

Stainsall solution

Standard pH buffers (pH 4, 7 and 10)
Trizma base

Uranyl acetate

Vancomycin

Xylene

Zinc acetate

Zinc chloride

2.1.3 Peptides

P;-4, B1-8 and R;-12 were purchased from CS Bio Co. These peptides were analysed in
house tocheck their composition and purity using elemental analysis and UV spectroscopy.

Table7: Peptide primary structures, and their netcharges at pH 7.4. Positively charged
residues are coloured blue, negatively charged residues are red. All peptidee
amidated and acetylated.

Peptide Amino Acid Sequenceg Netcharge at pH 7.4
P-4 QOFFWHREQQ -2
P.1-8 QQRFOWOFH?Q +2
P;;-12 SSFOWORESS +2

Manufacturervaluesof peptidepercentage purityvere checked usingVspectroscopyThe

three peptides studied hereT@ble7) all contain tryptophanTherefore the UV absorption
spectra can be used to calculate the molar concentration. The wavelength of 279 nm
corresponds to the excitation peak of the indol sideain of the tryptophan residue.
Therefore when the spectra are collected in a Inmpath length cell, the molar ratio cdoe
calculated using equation 2

8 Qi
On o6 WwaE'QE & N QR oA ——
d & 2N Voemit wa

Where 5600 Mcnt! is the molar extinction coefficient of the tryptophan residue at 279 nm.
Solutions were prepared at 1 mg.rhin water. he pH of these solutions was adjusigdi>
8 for B;-4and a pH 6 for R;-8 and R;-12), to obtain afully monomersedsolution. Peptide
solutions were added to thelelima UV quartz cuvettegith a 1 mm path lengthPrior to
commencingspectrometer was autaeroed usingdellman UV quarteuvettes filled with

blank solven{water). Solution absorbance was recorded usnBerkinEImedV/VIS/NIR
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Lambda 900 Spectrometecontrolledby UV WinLab softwareTen measurements of
absorbance were recorded, with a ten second paudadtween the successive readings. An
average of the absorbance measurements was taléie. inhouse peptide contet value

from UV spectroscopyas calculated using Equation 3

OR 6 B0t & 5 'On 6ea0se D& & 00D 6 FQ
6 HoQéE & 0 o e
L d DE A DIGDBD 6D @O ITH ¢ & 6l XD Q¢

Peptides were stored in afreezer and prior to use left to thaw at room temperature.
2.1.4 Glycosaminoglycan (GAGhondroitin sulfate)

Chondroitin sulfatesodium salt from shark cartilage was purchased from Sigihdaich Ltd,
Dorset, UKThis particular GAG the most abundantin healthy articular cartilage, therefore
is the most likely candidate to provide mechanical and biological behaviour similar to that

found in the natural tissu¢Mow and Ateshian, 1997)
2.1.5 Software

OMNICsoftware by Thermo Fisher Scientific (Version 7.3, 8R$)used to interpret the
peptide spectra data produced by the Fourier transform infrared spectroscopy (FTIR)
machine. This program allowed the production of peak fitted graphs, to determine the
secondary structure of the peptides, which were saved as CSV files to be further manipulated
in Origin Prad.6 (OriginLatsR) rSpace Kinexus by Malvern Instrumef\grsiors.7) was

used to control the rheometer and export raw data. Origin Pro 8.6 wsed to process,

manipulate and present the graphs throughout this thesis.

2.2 Methods

2.2.1 General Methods

2.2.1.1Weighing ofpeptides

' aSGdft SNI!'"9unn oFftlFyOS g1 a dzaSR G2 YSI adzN
f Saa GKIFIY Fm Y3 gSNB ¢6SAIKSR 2y | { I NI 2N d:
0.01 mg and 0.1 g, respectively. The percentage puritidteedhree peptides P,;-4, R1-8

and R;-12were 95 %, 79.05 % and 7%#tespectivelyThroughout this studyt ivas decided

to usel0 mg of peptide pefl ml of N& salt solution. However, as the peptide purities were

not 100%, the amount of peptide to weigh outin orderabtain10 mg. mttwas calculated
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The percentage purities (above) were divided by 100 and then subtracted from 1 to give the
number of milligrams (mg) of counter ions in each sample, the remaining weight was the

weight of peptide as detailed below:

- Foreach mg of;;-4, 0.06 mgwascounter ions The remaining weight 0.98g, wasof
actual R;-4.

- Foreach mg of;;-8, 0.21 mgwascounter ions The remaining weight 0.78g, wasof
actual R;-8.

- Foreach mg oPy;-12,0.20 mg wascounter ions The remainingveight 0.80mg, wasof
actual R;-12.

Therefore forl0 mg.mttto be achievedlOmg was divided by theeight of peptide (above)

which accounted for the counterions to give the weight of peptitlt was weighed out.
For R;-4=10.53 mgml*of Na' sdt solutiong (1)

For R;-8=12.65 mgml* of Na salt solutiong (2)

For R;-12 =12.9 mg.ml* of Na salt solutiong (3)

The concentration of the peptides used in this study was always 1fihg.
2.2.1.2Weighing ofchondroitin sulfate(CS) powder, (GAG)

Chondroitin sulfatesodium salt was used as the GAG for all the experiments (unless
otherwise stated). Different molar ratios of GAgeptide were used throughout this study,
these were 1:64 and 1:1@hroughout this work the terminology 1:64 & 1:16, ref¢éo one

part GAG to one part peptide.

|
T

. g
HO o
— - n

Figurel9 One subunit of Chondroitiré-sulfate.
Todeterminethe amount of GAG powder to be weighed to make up these molar ratios the

following calculations were carried out.

The peptideweight, 10 mg, waslivided by the molecular weights of the corresponding

peptide to determine the number of moles of peptide.

Thenumber of moles of peptidevasthen divided by the ratioequired, so either 64 for the

1:64 ratio or 16 for the 1:16 ratio.his gave the moles of GA@quired, from this using
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equation doelow and rearranging it to calculate the mass, the masses of the GAG for the two

molarratioswere calculated. All the masses of the powders for all peptides and molar ratios

of GAG are showin Table8.

O o6woTQE ¢E0 & A€ a 'Qid

awi iQ

€ AQO0 RO £ &

Molecular weights of peptides arathondroitin sulfate

WFor R1-4=1596 gmotw CRA-NJ=t1401gmotw C2-813 1667 gmotw C2 NJ / {

Table8: Massegmg)of peptideand chondroitin sulfate(GAG Wweighed out for the

54,000 gmot

LJ2 4 RS NJ

different molar ratios. Samples were made up to a total volume of 1 ml in two aqueous

Na' salt solutions, unless otherwise stated.

1 part GAG : 64 part peptidef] 1 part GAG : 16 part peptide
P-4 5.3mg 10.5mg 21.1mg 10.5mg
P::-8 5.4mg 12.7mg 21.5mg 12.7mg
P;;-12 6.0mg 12.5mg 24.0mg 12.5mg

2.2.1.3Sterilisation

Solutions, materials and equipment were sterilised using one of three procedures:

1 Dry heat sterilisatioitems were placed in a hot air oven for4 h at 260

1 Moist heat sterilisatiorg items which were not suitable for dry heat sterilisation

were sterilised in an autoclave for 20 mins at 22lat a pressure of 103 kPA.

1 Filter Sterilisationg items were drawn up through aterile syringe and passed

through aMillex®GPifter unit (0.22umg pore sizeg.

2.2.2 Cartilage Tissue acquisition

Cartilage tissue underwent several modifications to create different models of OA, explained

in Chapter 4Cartilagenodels and cartilage treated with the SAP: GAG mixtures were subject

to several histological, biochemical and biomechartesisto determine the effects of the
SAPGAG mixtures, which are outlined@mapter 4Chapter Sand Chapter 6

2.2.2.1Dissection equipment

The dissection equipment and supplier information used for dissection and extraction of

porcine cartilage are listed ifable9 and shown irFigure20.
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Table9: Dissection equipment used throughout the study.

Size/Model Supplier

Equipment

Bench topclamp - -

Bunsen Burner - Fisher Scientific Ltd

g()err?;ted drill attachment) 9 mm diameter Mechanical Engineering Workshog
Corer (serrated) 9 mm diameter Mechanical Engineering Workshoy
Corer (smooth) 9 mm diameter Mechanical Engineerinorkshop
E-cut precision blade - Fien Industry power tools UK Ltd
Hand drill - Bosch

Oscillating saw - Fien Industry power tools UK Ltd
Rat toothed forceps 125 mmlength Fisher Scientific Ltd

Scalpel handle Size4& 3 Swann Morton Ltd

Sterllestalinless and carbon Size 22 &10  Swann Morton Ltd

steel surgical blades

Straight pincer forceps Long and short Fisher Scientific Ltd

Figure20: Dissection equipmentA- Hand held oscillating saw-Biezo electronic gas
igniter. G; Ecut precision blade for multi master drill.C5terile stainless steel surgical
blade. E; Scalpel handle (size 3). terile carbon steel surgical blade. &alpel handle
(sized). Hg Smooth corer. & Serrated corer. 4§ Serrated corer drill attachment.d¢®incer
forceps (long). & Pincer forceps (short). lgIBunsen burner. iy Hand held power drill. ©
Bench top vice for holding porcine knee condyles in place.

2.2.2.2Dissection

Right handside porcine legs were supplied by logbhttoirs 24h after slaughter. Pigs were
aged ~6 months The knee condyles, both medial and lateral were extracted in a sterile
environment using a Bunsen burner and sterile equipment. Condyles wex eisher
directly following extraction or if necessary for use the next day, the condyles were stored in

a moistenvironment at 4C overnight.

Porcine knees were dissected as showFigure2l. Excess tissue was removed from the
femur and surrounding skeletal structuresto allow easier access. The knee joint was exposed

by severing all surrounding ligaments and excising the japggle. First the patella ligament
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was cut allowing extraction of the patella to expose the knee joint. Medial and lateral
collateral ligaments were cut allowing full flexion of the knee and exposure of the posterior
and anterior cruciate ligaments, whialere then cut. The knee condyles were fully exposed,;
cartilage was kept hydrated whilst extracting individual condyles or pins, by covering in

phosphate buffered saline (PBS) soaked tissue paper.

—

Figure21: Dissection of porcine knee joint$A)- Whole porcine leg. (B)Incision made
laterally to the knee. (@)Enlargement of the incision site, parallel to the femur.¢D)
Removal of the lateral muscles/tissue. {Removal of the medial lateral muscles/tissue.
(F)g Excision of the pateditendon. (G Removal of the patella and exposure to the joint
cavity. (Hx Collateral ligaments severed. {ICruciate ligaments severed. {(Bxcision of
the meniscus ligaments to separate the femur from the tibia¢®@moval of excess
tissue. (L¢ All knee surface exposed.

2.2.2.3Extraction of condyles and osteochondral pins
Osteochondral pins 9 mm in diameter were extracted from the cartilage surface of the
medial and lateral condyles. Usually two pins were taken from each condyle (medial and

laterd) for analysis, unless otherwise stated. Pins were initially marked out then a hand held
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power drill with a specialist corer drill bit was used to cutinto the subchondral bone. A hand
held corer was used to loosenthe pinand extract it from the jolm.dartilage was carefully

removed from the bone, using a scalpel blade, leaving behind just the cartilage. Images of

this procedure are shown rigure22.

Figure22 Extraction of osteochondral pingA)- Power drill with a specialist corer drill to
cut subchondral bone. (BYhe power drill was drilled into the cartilage utitie third line
last line of the specialist corer drill. (C and B)hand held corer was pushed into the
cartilage to loosen the pin, forced was used to snap the pin and extract it from the joint. (E)
¢ A specialised metal rod with a polyethylene tip wiaged to remove the pin from the hand
held corer. (F§ A piece of PBS soaked blue roll was pushed down the central canal of the
hand held corer with the help of the specialised metal rod. (G) Force was applied to the
specialised metal rod and the pin wasmoved from the hand held corer orifice. (H)
Representative image of porcine cartilage pin¢ gt toothed forceps were used to secure
the porcine cartilage pin and scalpel with a surgical blade was used to carefully remove the
cartilage from the bone(J); Cartilage removed from the bone.

Condyles were obtained using a hand held oscillating saw. An incision point to remove both
condyles was chosen at the distal end of the patella groove where it meets the anterior area

of the condyles. This narrowgrensured that the cut area exposed was small. The saw was

66



held in the transverse plane towardsthe posterior area of the condyle. A second incision site
was made irbetween the two condyles in the sagittal plane. Individual condyles were then

placed in gerile 250 ml pots with sterile filter paper soaked in sterile PB&ages of this

procedure are shown iRigure23.

(D) e (E) et

Figure23. Extraction of Medial and Lateral condyle&¢ Cut made at the distal end of the
femoral patella groove to reduce cut area of cartilag®d®@Anterior-posterior cut made to
remove the condyles from the femurcEateral cut nade to separate the medial and
lateral condyles. ERemoval of individual condyles.

2.2.2.4Storage of tissues

Cartilage tissue removed from osteochondral pins was labelled and placed in histology
cassettes (Histocett®) Condyles and the histology cassettestaining the cartilage tissue
were placed in sterile 250 ml pots with sterile filter paper soaked in sterile PBS and stored at

4°C overnight.
2.2.3 Histological techniques
2.2.3.1Zinc Fixation

Reagents:

Zinc fixative

Tris solution (0.1 M) was made by dissolving 12.1 g of Trizma base in 1000 ml of distilled
water using a magnetic stirrer. Calcium acetate (0.5 g) was added and dissolved and the pH
adjusted to 7.07.4 via the addition of 6 M hydrochloric acid (HCL) or €ollium hydroxide
(NaOH) dropwise whilst being stirred using a magnetic stirrer. Zinc acetate (5 g) was dissolved

into the solution followed by 5 g of zinc chloride using a magnetic stirrer.
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Method:
Cartilage tissue that had been placed in histologiaatettes, was fixed using the zinc fixative
solution. Fixationtook place in a sealed 250 ml potimmersed with 200 ml of the zinc fixative

solution for 16 hours to achieve complete fixation of samples.

Direction of cutting
A

Pin C_:u
Cartilage L'?e
- :
1
Subchondral :
Bone

Orientation of
cartilage in moulds

Figure24: Orientation of cartilage tissue for histologyins were bisected to remove the
cartilage from the bone and then cut in half before being placddstology cassettes.
Eitherthe cut or cartilage surface was placed face down such that when moulded in wax,
sections could be cut to observe the cartilage architecture from different angles.

2.2.3.2Paraffin wax embedding
Once fixed, samples were placed in ackelTP 1020 automated tissue processor and
processed using program 9 excluding the first step (formalin fixation). The samples were
immersed in 70 % (w/v) ethanfar 1 h followed by 1 h in 90 % (w/v) ethanol. Samples were
then immersed in absolute ethanébr 2 h 20 min, 3 h 20 min, and then 4 h and 20 min.
Immersion of xylene followed in cycles of 1 h, 1 h 30 min, and 2 h. Overall the process took
22 h.Samples were removed from the processor and oriented accordingly into the moulds,

as illustrated irfFigure24. Samples were covered in molten wax and leftto set overnight at

room temperature, after which, excess wax was scraped away using a blunt blade.
2.2.3.3Sectioning and slide preparation

A microtome(LeicaRM2125 RTRwasused to section the wax embedded cartilage to a

thickness of & Y Using forceps and a brush, thin sections were transferred to a water bath
at 50°C. The sections were transferred onto Superfrost Plus slides and placed direatly ont
a hotplate at 45°C to bake on for 1 h and then transferred to slide rack and allowed to air

dry at room temperature.
2.2.3.4Dewaxing and rehydration

Xylene solutions were used to dewax the secticihey were immesed twice in xylene for

10 min gctions werehen rehydrated in 3 successive immersions in 100% (w/v) ethanol for
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3 min, 2 min and then 2 min, followed by immersion in 70% (w/v) ethanol for 2 min. To finish

slides were placed in running tap water for 3 min to rehydrate the sections before staining.
2.2.3.5Dehydration and mounting

Stained sections were dehydrated by immersion in 70% (w/v) ethanol for 5 sec, followed by
successive washes in 100% ethanol for 1 min 2 min and 3 min. Sections where then immersed
twice in xylene for 10 min. Cover slips were calgfonounted to the slides using 3 drops of
DPX mountant, avoiding any bubbles. If any bubbles were present, plastic tongs were used
to press and disperse them out of field of view of the section. Slides were leftto dry in a fume

hood overnight before vislising by microscopy.
2.2.3.6Microscopy

Brightfield microscopy was carried out using a Zeiss AX10 microscope. Where needed, the
tilling function was used to stich images together to enable visualisation of the full
architecture of the sample. Images were cagd using the attached Zeiss digital camera

controlled through the Zen Zeiss software (image capture and digitalisation).
2.2.4 Histological staining methods

2.2.4.1Safranin O/ fast green staining
Reagents:

1 0.1% (w/v) Safranin O, 500 mg of safranin O dye was dissolved in 500 ml of distilled
water.

1 0.02 % (w/v) Fastgreen, 100 mg of fast green dye was dissolved in 500 ml of distilled
water.

1 1 % (v/v) acetic acid, 5 ml of glacial acetic acid was mixed witm#@5 distilled
water.

1 1 % acid alcohol, 5ml of concentrated hydrochloric acid was added to 495 ml of 70%
(w/v) ethanol.

1 Weigerts haematoxylin, equal volumes of solution A and solution B (as supplied by

the manufacturer).

Safranin O stains proteoglycanbist fast green stains collagen. Cell nuclei are stained with

2 SAASNIQa KISYLFL{G2E@tAyd C2ff 26A3239,6IKE RSo !
wereplacedd y 2 SA3ISNI Q& KISYILG2E&tAy F2Nlo YAy |
min. Sections were then immersed in fast green dye for 5 min before being rinsed in acetic

acid for 10 to 15 semdsand dabbed dry to remove excess liquid and placed straight into
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safranin O for 4 min. Following theections were dehydrated and mounted, as described in
Sectior2.2.3.5

2.2.5 Biochemical Methods
2.2.5.1Sample preparation

2.2.5.1.1 Lyophilisation

Cartilage tissue removed from the bone was macerated and placed inabijous. Samples were
weighed three times and a mean wet weightwas calculated. Sampleswere placedin afreeze
dryer (Trermo, Savant ModulyoD) a50°C, 0.150.2 mbar, andhe weight measured every

24 h until constant (~72 hours).

2.2.5.1.2 Papain digestion
For quantification ofulfated proteoglycans, macerated, freereed cartilage samples were

digested in papain.
Reagents:

91 Digestion buffer, 0.788 g of-tystine hydrochloride and 1.8612 g of disodium
ethylenediaminetetraacetic acid (EDTA) were dissolved in 1 litre of PBS. 6 M HCL or
6 M NaOH were added dropwise whilst using a magnetic stirrer, to achieve pH 6.0.

1 Papain digestio solution, 96,012 kU of papajBigma A3824, Lot no#2B005436, 31.5

kU/mg) was dissolved in 60 ml of digestion buffer

Method:

Papain digestion solution (5 ml) was added to each bijou containing the lyophilised cartilage
(~1020 mg, dry weight) and incubad in a water bath at 60C for 3648 h until fully digested.

2.2.5.2Water content

The percentage water content was measured by weighing the cartilage before and after
lyophilisation (Sectio@.2.51.1). The water weight was then calculated by subtracting the

dry weight from the wet weight and is presented as a percentage of the tissue wet weight.
2.2.5.3Quantification ofsulfated sugars (GAG)

Quantification of GAGs in tissuems achieved via colorimetric analysis. The method used
was pioneered by Farndakt al., such that under acidic conditions the metachromatic

change in the 1/@limethylemethyleneblue (DMB) cationic dye, as it binds to carboxyl or
sulfated groups of GAG dns, is detected. This change can be measured

spectrophotometricallyfFarndale etal., 1982)
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Reagents:

T 0.1 M sodium dihydrogen orthophosphate3.45 g of sodium dihydrogen
orthophosphatewas dissolved i850 mlof dH,O.

1 0.1M di-sodium hydrogen orthophosphate; 3.55 g ofstidium hydrogen
orthophosphate was dissolved in 250 midé.0.

1 Assay buffer; 137 ml of 0.1 M sodiumlididrogen orthophosphate was mixed with
63 ml of 0.1 M disodium hydrogen orthophosphate. The pH wapiated to 6.8,
using droplets of 6M HCL or 6M NaOH.

1 DMB dye; 16 mg of DMB was dissolved into 5 ml of ethanol and 2 ml of formic acid.
2 g of sodium formate was added and the solution was made upto 1 L wi@.dH

pH was adjusted to 3, using formic acid.

2.2.5.3.1 Method of quantification

Standard calibration solutions ohondroitin sulfateB were made up in assay buffer ag(l,

63> MH®pPXIX HpI pnZliestsanplesthathas lyeen lyephiisedam papdn
digested (Sectior2.2.5.1.1& 2.2.5.1.2 were diluted 1:100 in assay buffer. Each of the
standards and diluted & samples (46 fwére added to the wells of a clear 96 well flat
0200G2YSR LI TGS Ay GNALI AOFIGS&AD Hpn >t 27
the plates were gently agitated for 2 mins on a plate shaker. Plates were then placedin a
micro plate spectrophotometer and their optical densities were read at 525 nm. A standard
curve was plotted in Microsoft excel of the mean absorbancehaindroitin sulfateB vs
concentration and a linear regression analySiedtior2.2.7.3 was performedto interpolate

the unknown GAG concentrations of the test samples based on their absorbance. Dilution
factors were taken into consideration and the GAG concentrationdegsrmined per tissue

dry weight.
2.2.6 Biomechanical Methods
2.2.6.1Sample preparation

To assess the time dependant biomechanical behaviour of articular cartilage, porcine
condyles were subject to creep indentation. All the equipment used is showigure25

The porcine condyles were mounted in polymethylmethacrylate cement (PMMA). Once
porcine condyles had beendissected and extracted as described in S22tida& 2.2.2.3

the condyles’ height (~186 mm) was measured and reded to determine the height of
PMMA needed to allowthe condyles to sit belowthe top end of the cup and a few millimetres

(=1 mm) below the indenter tip (illustrated Figure26). The distance the indenter tip went
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into the cup holder was measured (~6 mm); this was marked out on the inside of the cup in
several spots around the circumference of the cylindrical cup with a ruler and permanent
pen. From this distancehe height of the condyle was measured down into the cup and

another marking was made along the circumference of the cup holder.

LVDT

Shaft

Load Cell

Sample
holder

Adjustable
Stage

Figure25: Indentationapparatus.The equipment used to perform creep indentation
testing to determine deformation of porcine condylar cartilage .{lAgentation rig and
components. (B Sample holder, stage adjuster and indenter.

Weights attached to the

top of indenter shaft 4\{

Indenter with 2.5 mm
indenter tip attached

P Void filled with PBS to cover condyle

Measured heighto

condyles — Condyle

________________ _>> PMMA Cement: thesiset of
Cup Holdeg__ cementwas poured and
allowed to set before the™?
was poured.

_—> Adjustable platform

Figure26: Crosssectional view of the cup holder, showing how the condyle was
orientated inside the cup holdeand outlining rough distances and heights of relative
components.
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PMMA powered was weighed anhilst stirring simultaneous|yhe methytmethacrylate

liquid was added to the powder until a thick silky paste was achieved. The thick paste was
poured into he cup holder up to the lower line previously marked out and left to set. Another
batch of PMMA paste was made up of a much thinner consistency (added more methyl
methacrylate liquid) and left to one side. Once the PMMA had set hard, the condyle was
placedin the centre of the cup holder, with a piece of moistened PBS paper covering the
condyle surface. The second batch of PMMA paste was poured into the cup holder carefully,
making sure not to pour it directly over the condyle. The PMMA paste surrounded and
covered the bottom half (~2 mm) of the condyle. This was left to set and fresh moistened
PBS papertowels were placed over the condyle to stop it from drying out. Once the PMMA

had set hard and cooled down the sample was ready to test.

2.2.6.2Method

GenerallyPBS was added to the cup holder to completely submerge the condyle whilst
testing. Variation from this method is detailed in the relevant Sections. An impermeable,
stainless steel flat indenter (2.5 mm diameter) was used to indent the cartilage with a set
load over 1 h. The extraload added to the top part of the slagre26), is detailed in the
relevant Sections. The cup holder was placed on the adjustable platform and the cup holder
was raised so that the indenter was positioned about ~1 mm above the carsiletgee. The
adjustable platform was then secured with a locking nut at the bottom to avoid shaking and
vibration once the cup holder was set to the required height. The lowering of the indenter
shaftwas controlled via a silicone filled dashpot to redingespeed of impact, the full load

was applied within 0.2 sec. The displacement of the indenter was measured using a linear
variable differential transducer (LVDT, RDF2DBH, 2 mv/V/0.001 sensitiviti]ectrosence,

PA, USAand the resistance force meawua using a piezelectric force transformer (Part

No. 060189602, Electrosence, PA, USA). The data from the LVDT and force sensors were
passed through analogu®-digital converters and acquired at a 10 Hz sampling frequency
and stored on a computer usinLabview 8 software (National Instruments). Once the
condyle had beenimmersed in PBS for 10 minutes and located in the correct place, the lock
holding the indenter tip was released to start the experiment. After one hour of testing, the
condyle was remoxd and the area that had been indented was marked out using a non
permanent penfFigure27) and the condyles were stored in plastic Tupperware on moist PBS

soaked tisue at 4°C, to allow the tissue to recover before measuring cartilage thickness.
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Figure27: Medial Porcine condylar cartilage cemented in PMMe area of interest was
marked out using a permanent marker.

2.2.6.3Calibrationt

Calilration was undertaken to convert the voltage outputs of the LVDT and foaiosducer

into millimetres and Newtos, respectively. The LVDT displacement transducer was
calibrated using standard steel slip gauges. The voltage was recorded for each height
increase following the addition of the slip gauges (0, 0.005, 0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1.0,
1.5, 2.0 mnx; sizes of slip gauges used). The linear regression fit for the voltage against the
displacement of the indenter tip was plotted and the linearrtceline calculated. The

equation of the line was subsequently used as a calibration faEtgu¢e28).

5.0
4.0
3.0 -
2.0 -
1.0
0.0

y =-0.9864x + 4.5277
Rz2=1

Output Voltage (V)

0.0 0.5 1.0 15 2.0 2.5
Displacement of tip indenter (mm)

Figure28 LVDT calibrationCalibration of LVDT from the indentation apparatus using
standard height slip gauges to determine factor to convert output voltage to displacement.
The force transducer was calibrated by adding known massedke top of the shaft
incrementally (typicallyn step of 10.1 gramsyvhile observing the changes in the voltage
readings from the force sensdrhe shaft to which the weights were being added was fixed,

by allowingitto rest on a flat stainlesseel rod.This again, was plotted a linear regression

1 Methodology developed bytdellatif Abdelgaied
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graph (voltage againstload) and the equation of the trendWas used to convert voltage

to Newtons Figure29).

< 04 -

© 03 Y=0.0099x0.0524

g R2 = 0.9999

E 0.2 -

Z 0.1 -

>

2 0.0 -

= X

O 01 , | | | |

Load (9)

Figure29: Load celtalibration. Calibration of load cell from the indentation apparatus
using standard known masses to de}erm[ne the factoiovert output voltage into
NSsil2yQao

2.2.6.4Cartilage thickness measurements
Cartilage thickness was measured to normalise the defoiwnatlata for each cartilage
condyle, so that the percentage deformation could be presented and material properties
could be derived. The thickness was measursithg aninstron material testing machine
(Instron 3365B INSTRON, University of LeeBggure30A) witha needle attached to a force
transducer. Condyles that had previously been cemented in PMMA cement (S2&i64
and allowed to recover in a sealed Tupperware box moistened with PBS tissO€ at 4
overnight, were fixed to the base of tmeaterial testingnachine using 4 screwsigure30B).
This allowed the area of indentation to be located directly underneath the needle iadent
The needle attached to th@$tron arm was manually positioned ~1 mm above the cartilage
surface Figure30C). During testing the arm was controlled via a PC graphidniseface
(Bluehill Software V) andWwered at a rate of 4.5 mm.mih The resistance tmotion was

measured using a’500 N load cell.

Figure3Q: Picture of Instron testing equipmentA)- Picture of Instron 3365B used for
cartilage thickness measurements. (Bnstron base for attachment of cemented porcine
condyle (C¥; Starting position of needle (circal mm from cartilage surface) before
cartilage thickness indentation method comenced.

75



The cartilage thickness was defined as the distance between the increaesigtance
(measured in Newtos) from the initial needle contact with the cartilage surface and the
steepincrease in resistance from the needle coming into contact Wwétistiffer bone Figure

31). Each condyle was indented 6 times on the periphery of the area that had been previously

indented, taking care not to indent inside thates. An average of the thickness was

calculated.

4

Cartilage Thickness (mm

Resistive load (N)

a

Needle Ibisplacement (mm)

! A

Figure3L Needle indentation graph interpretationThis diagram shows how the cartilage
thickness wadetermined from the needle indentation.

2.2.6.5Finite element method for derivation of material properties

Cartilage deformation curves generated in Secdh6.2along with cartilage thicknesses
measured in SectioB.2.6.4were used to derive the permeability and equilibrium elastic
modulus of the cartilage. An axisymmetricrpelastic biphasic finite element model
(ABAQUS, version 61Dassault Systemes, Suresnes Cedex, France) developed by Pawaskar
et al was used to simulate the indentation tests and derive the biphasic material parameters

- permeability (k) and elastic modus (E) of the cartilage sampléddqure32) (Pawaskar et

al., 2010; Pawaskaret al., 2011)

The cartilage was modelled as apelastic material and meshed with 900 feaode bilinear

displacement and pore pressure elements CAX4P, whereas the subchondral bone was

modelled with 225 fownode bilinear elastic elements CAX4. The choice of elements for

these regions in the cartilagmeant that there was no fluid flow between cartilage and

subchondral bone, making it an impermeable boundary, showrignre32 The cartilage

model was assigned alwi SNJ O2y GSyd 2F ymx: FYyR | t2Aaa
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maximise the biphasic effect or compressibi{lawaskar et al., 2010; Jin et al., 2000)e
metal indenter was modelled as rigid, since its elastic nioslwas at least 5 orders of

magnitude greater than that of cartilage.

Flatindenter
(2.5 mmdiameter)

— No fluid flow
Free fluid flow
Contact de pendant flow

2

(]

E — Cartilage
>

(7]

©

2]

2 _

<

- Bone

Figure32 Finite elemenimodel of cartilage This schematic shows the axis of symmetry
and the imposed fluid flow restrictions in the model.

The FE model aims to mimic the method that was outlined in Se2tib6.2 The load was
increased from 0 ta max load (specified in ela $ction), over2 seconds through the
indenter and applied for 1 hour in total. A graph showing the deformation/time was
produced by the FE model based on the aral properties (permeability and equilibrium
elastic modulus) set, these starting material properties varied depending on the study being
done. The closeness of fit between the final 30 % of the FE model data and the experimental
data was assessed usiMTLABversion 7.4, MathWorks Inc, Boston, MA, UBigure33).

The input initial material properties were adjusted to minimise the squared error? jaliie
greater than 0.75 (75%) was accepted as significant for biological tissue. Equilibrium elastic
Y2RdzZf dzaQa yR LISN¥YSIoAfAGE @FfdzSa 2F S| OK
material properties that gave the higheshRilue.
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Figure33: Experimental and modelled cartilage displacement curvélse FE model curve

was fitted to the deformation curve produced by the experimental data to reach the

highest possible agreement by altering the input matepraperties.

2.2.6.5.1 Sensitivity Analysis
A sensitivity analysis was carried out to determine if changing the end boundary condition
(BC) on the lefhand side of the cartilage pin (red linBigure320 = F NBFY 2WRANES T d:
G2 Wy2 FtdAR Ft26Q YIRS || aA3IYAFAOLIYl RATFTTFS
samples being tested. The experimental deformation data from 6 healthy pig coneiges
input into the FE model. The same set of data was run twice 1jBi@ first time the data
was run withthe lefK YR aA RS 02dzy RI NBE O2y RA GR2ZY oA GK
aSO02yR GAYS Al 61 & NUzy oA(MguedfE2 FfdzAR T 26C

= Healthy (BC) = Healthy (No BC)

c w
% 0.6 Re=0.95R2=0.95 R=095r=095 ¥ 6.00E-15Z
~05 5.00E-15 g
=04 4.00E-15 :
T 03 3.00E-15 =
% 0.2 2.00E-15§
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Elastic Modulus Permeability

Figure34: Equilibrium elastic modulus and permeability of healthy native medial condylar
cartilage undera load 00.31 N Blug | S| f G K& O2y Ref I NJ OF NIiAt I 3S
boundary condition;Red | S f G K& O2yRe&f | NJ OF NIAft IS GAGE
condition).Data is expressed as the mean (n=6) £ 95 % confidence limits? Vdlaés
define how clos the FE model curve fitting was to the last 70% of the experimental
deformation curve, the closer theRalue is to 1, the better the fit. The data was analysed
by Student'stest; *p<0.05. This revealed that changing the {kdind side boundary
condit2 y FNBY Wy2 FidzAR Ff26Q (2 WFEdZAR Ff260Q
nor the permeability of the healthy native cartilage.
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The elastic modulus and permeability values of the healthy native cartilage sampleswith BC

1 were compared to th healthy native cartilage samples with-BQo determine if there

were any difference¢t KS RFGF g1 a |y -tésttadetBrmiaedifidreicdsR Sy i Q
between group means. This showed that the elastic modulus and permeability values of the
healthy natve cartilage samples run with BIOvere not significantly different to those of

healthy native cartilage samples run with-BCTherefore, it was decided to run future FE
Y2RSta 6AGK GKS WFNBS ¥ gzerRhe esulbspithiséngitidity R | NEB

analysis.
2.2.7 Statistical analysis

2.2.7.1Confidence limits

Microsoft Excel (version 2013, Microsoft) was used to analyse numerical data produced in
this thesis.95% confidence limits (CL) were chosen over standard error and standard
deviation because 95 % CL are the most accurate and honest way of presenting the data of
small samples sizes (n=3). 95 % CL take into account the sample size, Wibetbas
standard error, one has to provide the readership with the sample size so that the regionin
which the true mean lies, can be calculated. In this study the numerical data has been
presented as the mean o195 % CLThe+ 95 % confidenck y (i S N320.06) averg h
calculated using the descriptive statistics option of the data analysis package in Microsoft

Excel.
2.2.7.2ANOVA

An analysis of variance was used when comparing the means of more than two groups.
Individual differences between the data sets were itiéed by performing aukey Kramer

post-hoc analysis to identify significaniférences between group means.
2.2.7.3Linear regression analysis

When interpolation of results was required, a linear regression analysis was performed on
standard curves.

0 QO& QOi 6MLAER QDG & Qi
WL WAHNTQE QB Qi iIORES WO NQE &

v T\ VN

2.2.7.4Arcsin transformation

When data is presented as a percentage or proportion, data values were transformed to
arcsin to albw accurate calculation of the 95 % CL and statistical analysis. After analysis,

values were transformed back for presentation.
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Chapter 3The effect of GAG molar ratio and Nion concentration in
two different salt solutions on the biocemical, morphological and

biomechanical properties of peptidesi4, R;-8 and R:1-12

3.1 Introduction

The overall aim of thisesearchis toinvestigate the utility ol multi-component system
whereby GAGs are delivered into GAG depleted cartilage ustagger selfassembling
peptide (SAP) which is initially delivered as a-w@tous fluid. Subsequentiynce in place
the SAPS are triggered by thghysiologicalenvironment to seHassembleinto a gel

incorporating theGAG.

Osteoarthritic cartilagbas reduced biomechanical properties and this is primarily due to the
gradual loss of GAGs. There is a great deal of interest in the research and development of
early intervention treatments to repair or replace damaged cartilage in an attempt to delay
the progressiorf OA and the need for joint replaceme@ne approach to repair early
cartilage degradationis to restore GAG levels with the aim of maintaining functional cartilage

material propertiegKatta et al., 2008)

Peptides have been shown to readily saffisemble into higher order structures that create
very stable hydrogels under physiological conditions and have been used to develop novel
materials for regenerative medicine applitans(Zhang et al., 2005; Bell etal., 2006; Firth et
al., 2006; Kirkham et al., 2007; Galler et al., 2008; Schneider et al., 2008; Kyle et al., 2009;
Kyle etal., 2010)The R;-X family of selassembling peptides (SAPS), are rationally designed
11 residue long peptides, with strategically placed hydrophobic and hydrophilic amino acids,
which have been studied extensivelgyle et al., 2010; Aggeli et al.,020 Maude et al.,
2011) The SAPs in this study, have the ability to form hydrogedsnfan initialnon
Newtonianfluid state upon application of a trigger, they have been shown to be
biocompatible and studies have indicated that they have potential @ visce
supplementation treatment for early stage @Bell et al., 2006)The combination of these
self-recovering peptides with GAGs, which may provide increasedupictionality, along

with their ability to be delivered ia minimally invasive manner, makes them ideal candidates

as injectable materials for use as a potential intervention therapy for early stage OA.

A key challenge is the control over the mechanical properties of these hydrogels which can
be affected by theoncentration of the peptide, the net charge of the peptide and also the

environmental conditions such as pH and istrength(Aggeli et al., 2001; Miles, 201Bor
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potential application irthe treatment of early stage OASARPGAG mixtures with three
FlL @2dz2NF 6f S LINE LIS NI A S &sheeppdzteRtage, Hngiveriforid 6 f S Y
networks which are densely packed ahdvea high stiffnessall of which must occur in
specific physiological conditior€atilage contains varying counter ioasidthe amounts
and species depend on the region of the cartilaffese counterions are importafdr the
biomechanical functiolof cartilage(Urban, 1994) Urban (1994) summarisedthe range of
ion con@ntrationsin two discreet areas drticularcartilage, at the surface ([NJa210-230
mM, [K] 7mM [C&1] 46 mM, [Ci] 100110mM) and in deep cartilage ([N260-320 mM,
[K] 911 mM, [C&T 815 mM, [C] 70-90 mM).The primary inérestisn replacinglepleted
GAG near the surfaceof cartilage andtherefore it was important to investigate the
behaviour of P-X peptides and R-X-GAG mixturesn the physiological conditions

representative of this regian

Fouriertransforminfra-red spectroscopy(FTIR, has been used to analyse the secondary
structure of peptides, in particular the amide | region. The peptides used in this study have
been designed to self a4 & S Y o f-Beeticyaiad@erTherefore interest lies in analysing

i K Sshdet percentage of these peptides and peptide: GAG mixtlirassmission electron
microscopy( TEM) allows for high resolution images of the macro and mtrictures of

the peptides in a seldssembled state. At the micilevel, the fibril/fibre formaton can be
analysed morphologically. Thicknesses and of the peptide fibrilfibres can also be calculated.
Rheology has previously been used to explore the biomechanical properties of various
peptide hydrogels, and also to study their gelation mechanismisdand after flow(Aggeli

et al., 1997) Rheology may be used to mimic the mechanical process that these hydrogels
would undergo if useth vivoin cartilage such as shear under load. Walking frequency (stride
length)isca.1Hz (60 strides per minutéPanion et al., 2003; Mason et al., 200bherefore,

the rheological behaviour of the assembled peptides and assembled peptide/ GAG mixtures
were compared alHz. The GAGhosen in this study, wahondroitin sulfate Chondroitin
sulfate, is the most abundant GAG in the proteoglycans present in native cartNagar.
ratiosof 1:16 and 1:64 were chosen based on findipgesented by Aggeét al (2001) and
Nget al (20®). Aggelet al described a model in which the length and width of peptide
fibrils could be calculated through theoretical principles and assumptions paramount to
concentration dependent selissembly, which are based upon the monomeric peptide
concentrdion. Furthermore, N@gt al calculatalthe average individual corprotein end to

end length, GAG chain lengéMeragenumber of disaccharides per chain) and GAG to GAG
spacing of two types of aggrecan from foetal and mature cartilage fabomic force

microscopy AFM images and measuremen(Blg et al., 2003)In thisstudy,the peptide
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mimicked the role of the core protein in the aggrecan. Therefore, combining information
from both these studies, it was possible to determine the amount of GAGs that would be

needed to be give the correctratio of GAGs to peptide.

3.2Aims and obgctives

The aims of this part of the study were to determieteffects of combining the SAPs with
chondroitin sulfatg GAG) at two molar ratios of 1:16 and 1i6430 mM and 230 mM Na
salt solutions representative ofnormal physiological conditios and the physiological

environment within the surface of articular cartilagehe specific objectives were:

1) To determinghe i -sheet percentageof the peptides and peptide/GAG mixtures
physiological conditions

2) To assesthe fibril morphologyof the peptides and peptide/ GAG mixturiesphysiological
conditions

3) To determinghe biomechanical propertiegstiffness of the peptides and peptide/GAG

mixturesin physiological conditions

3.3Methods

This section summarises the procedugeserallyused to prepare peptide solutions for FTIR
and trarsmissionelectron microscopy (TEM). Any exceptions to these procedures are

detailed in the appropriate sections.

Peptides and GAG were weighed as detaile@hapter 2 Sections2.2.1.1and 2.2.1.2
respectivelyWith the exception that in this study for the TEM and FTIR, the concentration
(w/v) of peptide used was 5 mygl.

3.3.1 Dissolutionof peptides, peptide: GAG mixtures and Nealt

solutions.

3.3.1.1Dissolution of peptides forstudiesof peptide alone.

The appropriate Na salt solution 800 pl;described below) was added to the weighed
peptides. Peptides were then taken to a monomeric state (unless otherwise stated), which
was determined by achievirige requiredpHor [pD]and ob®rving the fluidity of the gels;
monomeric peptides were clear and exhibited water likegmdies(above pH 124D 11.6]

for Pi;-4 and below pH 30D2.6] for R;-8 and R;-12). Between 56100 pl 0f0.1¢3 MHCI or
NaOH PG or NaOD aliquots wereadded during this proceskefore the monomeric
solutions vere carefully taken tpH7.4 [pD 7lsing 50100 pl 0f0.1¢3 M HCl and NaOHDC
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sonicated in a water bath at 35 kAt 37C for two hours beforstorageat 4C overnight to
allow the peptidesto equilibrate and prevent any contamination. The psD] was re
measured and readjusted to pH 7.4pD 7]the following dayand the final volumes were
adjusted ta0.5 ml.

3.3.1.2Dissoution of peptides andchondroitin sulfatefor studies of peptide: GAG

mixtures.

The peptides were treatedsdescribed in SectioB.3.1.1 exceptthatchondroitin sulfate

wasadded before bringing the pH bat& 7.4. Chondroitin sulfatgpowder was weighed

(Chapter 2Section2.2.1.9 and 50100 pl of theappropriate Nasalt solutionwas added

a3 111 F2 BninuteFatd2R@ Hé&MbhdFoitin sulfatesolutionwas added to the
monomerised peptide and vortexed for a further 40 srds. After bringing tle PEPGAG

mixture to pH 7.4pD 7 and adding theNa' salt solution to make the final volume to 0.5 ml,

the mixturewasd2 NIl SESR F2NJ fnn &S02y Rat35kyaR3AC2 Yy A OF
for two hours Samples were refrigerated overnight (4°C) to allow theradailibrate and

the pHwas remeasured and readjusted to pH 7.8 D 7]the following day The final volumes

of the mixtures were adjusted 1@.5 ml.

3.3.1.3Dissolution of physiological salts to make up two concentrationdNd" salt
solutions

The peptides an®PERGAGMixtureswere studied in two aqueous salt solutions containing
varying Naion corcentrations (130 mM & 230 mM) nless otherwise stated. These two salt
solutions contained athe ions present in cartilage (Urban, 1998he salts present within
these two salt solutions and their concentrations are listefiahlel0. The onlyspecies that
variedbetween the two salt solutionwasthe concentration of Naons. Thioughout this
thesisan increase in the salt concentratios described as an increase in the *Nan
concentration. The solvent used to dissolve the i@eptidesandchondroitin sulfaten this

study wadistilled water (HO), unless otherwisstated (Sectior8.3.]).

Table10: Concentrations of different salts presentin the two physiological salt solutions.

Salt Salt solution 1 £30mM of NaCl) | Salt solution 2 230mM of NaCl)
(mg.mf?) (mg.mf?)

0.522 0.522
0.555 0.555
5.143 5.143
3.528 11.929
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3.3.2 Measurementand adjustmentof pH

All samples were adjusted to pH or pD (pH in deuterated solutions) of 7.4 + 0.3, unless
otherwise specified. Measured pD values quoted here were those following the a 0.4
correction valuesubtractedfrom the pH meter readingGlasoeand Long, 1960) Sample pH

was determined using a Sartorius Dged meter and a pH electrode probe. The probe was

filled with and stored in a3 M KCI solution.

Prior to use, the Sartorius Do@H meter was calibrated using three different pH standard
buffers at pH 4, 7 and 1@dch within £.01 pH units at 2&). Following this procedure, the

value ofthe pH 7 buffer was rechecked to ensure correct calibration.

The pH of the solutions wasljustedusing micrelitre aliquots of 0.05, 0.1, 0.25, 0.8 1 M
HCI and NaOHDIG and NaODfor the FTIR studyAfter each addition of acid or base, the

A N A
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3.3.3 Fourier Transform InfreRed Spectroscopy$TIR

3.3.3.1Background taFTIR analysis of peptides

The application of FTIR spectroscopy to peptides allows their secondary structure to be
analysed. When amolecule absorbs IR light, the oscillating dipole moment interacts with the
oscillating electric vector of the IR bedWilliams and Fleming, 1995A bond within a
molecule can experience different types of oscillation depending on the energy between its
ground state and excited state. The amount of energy absorbed is dependent on changes in
the dipole moment. Bonds thadre nonpolar show weak absorption and those that are
polar, such as C=0, show strong absorption. Complex molecules will have a variety of
vibrational modes, these will consist of vibrations from individual bonds but there will also
be vibrations from funtional groups. The main amide vibrational modes are termed A and B
and FVII, which enable the study of peptide secondary structure. Of these modes, amides |
to 11l are of mostinterest for proteing blell) (Seshadri etal., 1999)

Tablell: Characteristic infrared bands of the peptic(susi 1972)

AmldeBand Wavenumber (cr)

~3300 NH Stretching
~3100 NH stretching
16001690 C=0 Stretching
14801575 CN Stretching, NH Bending
122291301 CN Stretching, NH Bending
625767 OCN bending mixed with other nodes
640-800 Out of planeNH Bending
537-606 Out of plane C=0 Bending
~200 Skeletal Torsion
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Amide | is the most useful for the secondary structure determinagt®umsi and Byler, 1986)
Arrondo et al. reported that more than 90% prfotein studies used solely amide | band for
analysigArrondo et al., 1993) The reasons why amides preferred over amide Il and llI

were initially explained by Jacksand Mantsch (1995) and Cai and Singh (2004):

1 Amide I, arises from just one functional grapp=0 stretching, which simplifies the
assignmeng¢Jackson and Mantsch, 1995)

1 Amide Il has a strong vibration butis insensitive to secondary structure and may also
be obsured by side chain vibratioii€ai and Singh, 2004)

1 Amide lll, despite it being sensitive to the secondary structure, has a weak vibration
(510 times less than amide 1) and it can be affected by other vibra{iGasand
Singh, 2004)

Amide | stretch is affected by many different intermolecular hydrogen bonding pati@ms

the peptide backbone, therefore it manifests itself as a featureless peak that occurs at 1600
1690 cm. In the same way that the functional groups are located by looking at the
absorption ranges, it is also possible to compare the amide band pealdedeminethe
secondary structureof the sample Table12). Different peptide and protein secondary
structures have unique hydrogen bonding patterns (C=0 or NH groups), which gives rise to
exact vibrational frequencies in the amide | band. The assignment of tmeiske aie gions to

the presence of various secondary structure motifs has been taken from previous studies on
proteins with dominant secondary structures, horpolypeptides and calculated values
(Barth, 2007; Pleon and McLean, 2000)

Peptides and proteins are usually studied in aqueous conditions as these are the conditions

in which they adopt native structuréloweverwater (HO) has sevel IR absorption peaks

with one present at 1650 crfy, which is in the middle of the amide | regi@Biebert and
Hildebrandt, 2007)For this reason, deuterium oxide,(D was usedin aHTIRtudies rather

than HO. The BO bending absorption has alower wavenumber, astdeum has a greater

mass than hydrogen. If the samples in the spectra have been made up u€indgn®amide
oFyRa KI @S | LINAYS aeégvyoz2f FGdl OKSR (G2 GKSY
3.3.3.2Analysis of FTIR data

3.3.3.2.1Peak fitting and assignment
When peptide samples are subjectf@ IR, a spectrum is produced which is then peak fitted.
The peak fitting procedure is an iterative process in which chosen peak functions are adjusted

and matched to the experimental spectrum as closely as possible. Using more component
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peaks may improvehe difference between the experimental and fitted spectra; however
adding too many peaks may cause the spectra to lose meaning. The recommendation from
ThermoCA AKSNJ gl & G2 dzaS F YAYAYIlLf ydzYoSNI 2F LX

additionalpeaks being added if necessary after convergence.

Once the FTIR spectra has had the am{dedion fitted to the component bands, the
assignment of the bands to the different secondary structure motifs is the final stage of
analysis. Secondary structuresm exhibit peak positions over a range of values, depending
on the peptide and the conditions under which it is studied. Differences can arise from
variation in hydrogen bonding, which introduces ambiguity in assignment. Therefore values
which differentauthors assign to different secondary structure components may overlap,

and hence distinguishing each is not e@lckson and Mantsch, 1995)

The R, peptides used in this study were designed to delh & S Y 0 t-Peeticlyainder; |

which can be identified in the amide | region using KARONdo et al., 1993; Barth, 2007;

Kong and Yu, 2007)herefore A y i SNB a (1 | &csheefpedky. The gedk pobidns(i K S |
corresponding to the various secondary structures are present@dlel2 and the peaks

for some of the amino acid side chains are listetiahlel3.

Table12 Secondangtructural assignments oflY A R Bifrate@bands

' YARS L Secondary structure assignment

16131630
16421649

16491655 h-helix
16581672 I -turn
1673 TFA

16901 |
16941697 I -turn

Adapted from{Susi and Byler, 1986; Jackson and Mantsch, 1995; Pelton and McLean,
2000; Harris and Chapman, 1995; Kong and Yu, 2007)

3.3.3.2.2Side chains and triflaroacetic acid (TFA) in the amide | region

Amino acid side chains exhibitcharacteristic absorption frequenciesin the amide | region and
therefore must be considered during the assigent of secondary structures. Chirgadte

al. (1975)reported the side chain absorptions in the presence @) OFortunately, shown in
Table13, the small number of amino acids present in thg peptides simplifies this
consideration. Furthermore, the IR molar absorption coefficient for most side chainsis a lot
weaker compared tottat of the peptide bond itself. Therefore, only arginine, glutamine and

glutamic acid may be detectable in the amide | region of th@@ptides.



Tableldy ! YAy 2 FOAR &ARS OKIFAY I 0a32,Ndplidds? y &
studied by FTIR spectroscopy.

Wavenumber (cr) Molar absorption coefficient/notes

e 1586 ¥ [ pomA a

9 1608 s ' Ao a

16351654 s I pow a
B

L 1567 r Yo a

Sliamic Acic 17061775 s I hogm a
Omithine . No data found, note lysine does not
Foa2Nb Ay GKS |

Phenylalanine No absorption

Tryptophan 1618 Little to no absorption.
Adapted from(Chirgadze et al., 1975; Bar2900)

Trifluoroacetic acid (TFA) is frequently uskding the purification of peptides, which means

it could be presentinthe peptides as a counterion bound to the positively charged residues
(Cornish etal., 1999The amount of TFA presentin the peptide is dependent on the amount
of positively charged residues in the peptide i.e. peptides containing greater numbers of
arginine and ornithine will contain more TFA. The TFA band is located at 1673ane had

to be taken when assigning the secondary structures ofthe ppiid> | & G KS- ¢ C!

sheetregion and could be incorrectly assignedto it.
3.3.3.3Method

3.3.3.3.1Sample preparation
Two sets of solutions of;R4, B;-8andPy;-12 were prepared in . One set of petides
was prepared in 13nM Na salt solution and the other set was prepared in a 88@ N&

salt solution as detaileith Sectior8.3.1

3.3.3.3.2Equipment and data acquisition

Samples were placed in a Thermoe82ITdemountable cell with Cawindows and a copper
spacer inbetween the windowswith a thickness of @5 mm A Thermo Nicolet 6700 FTIR
spectrometer, controlled with OMNIC 7.3 SP1 software, veasluo record the FTIR spectra.
Each spectrum was an average of 32 scans taken at a resolution of! atcnoom
temperature, one r@licate per sample was analysdtkperiments involveplipettingabout

~40 pl of the gel/liquid sample into the cell. A background air spectrum, consisting of an
empty sample compartment (no cell), was always taken before commencing any sample

measurement.

3.3.3.3.3Processing of spectra
As well as collecting spectra for thedkground and the sample, spectra of tiveo Na' salt

solutions in DO were also recorded using the same path length spacer and then they were
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subtracted from the sample spectrum, using the subtract function in OMNIC. Whilst in this
function, the region o800 to 2100 crhwas observed while varying the subtraction factor;

the appropriate subtraction factor was chosen when a flat baseline was achieved in this
region. Subtracted spectra were then baseline corrected with a manually selected baseline,

whose ponts were fixed to the spectral values and interpolated using a spline function.

LY 2NRSNJ G2 FAG GKS I'YARS LQ o0FyRX o6l &aSftAays
peak analysis too{Bradley, 2007) This tool itted a series of defined functions which
summed to ideally match the experimental spectransed| as possible. In order to achieve
GKAAaZ GKS aSO2YyR RSNAGIGAGS 2T (&sanaysédh RS L C
in the 17201580 cmt range) tolocate large negative peaks. Negative peaks in the second
derivative corresponded to actual absorption peé&suart, 2004) Once located, Gausstan
Lorentzian peak functions with constant baseline and a noise of 10 eesrteally aligned at
wavenumbers corresponding to these negative peaks. Initeflyinimum number of peaks
were selected. Peak parameters were optimised by a FletBtuave fMcCormick algorithm
which minimised the root mean square noise ratio of theidesl of the fitted peak sum to
the actual spectrum. Once converged, if necessary, new peak functions were manually added
in the same manner, where the residual was large and the optimisation was repeated. This
process was repeated until it was no longespible to furtherimprove the residual.
hyO8 (KS FAOGSR LISH1a Ay GKS FYARS LQ NBIA:Z
proportion of peptide adopting a particular secondary structure was determined from the
relative areas usigequation §Stuart and George, 1996Jhe relative areas were calculated
for each peak parameter, during the peak fitting, using the peak analysis tool in OMNIC. In
0KAAa addzRe U kkeetniss NIpStiulatirfiegest2 ¥

0 & 0 WEONCBEIR 'Q
YE OICIRANE ¢ QBT GO WPDE® QG
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3.3.4 Transmission Electron Microscopy (TEM)

3.3.4.1Method

3.3.4.1.1Sample preparation
Two sets ofolutions of I;-4, B;-8andPy;-12 were pepared in HO. One set of peptides
was prepared in 130 mM Naalt solution and the other set was prepared in a 230 mM Na

salt solution as detailerh Sectior8.3.1

Carboncoated copper grids (400 mesh grids, Agar scientific) were placed coated side down

on the surface of a 10 ul droplet of the sample to be analysed for 1 min and then blotted on

88



filter paperto remove excess. Grids were then placed on a 10 pl droplet of 2% (204Yng.ml
uranyl acetate for 30 secs for negative staining and then blotted against double folded
Whatman 50 filter paper and left to drfPrepared grid were stored in plastic gristorage

boxes. Grids were examined with a JEA0 JEOL microscope.

3.3.4.1.2Image capturing and processing

Digital images where captured usiag AMT ERB bottom mounted digital G&ahera on

the TEM microscope. AMT image capture engine (Version 602) was usediaterface

between the camera and the computerin order to save the pictures as tiff images for further
processingOnly one replicate per sample was analydetril lengths and widths and twist

pitch were measured with ImageJ software (Version 1.@/jlescribed ifrigure35. Before

Fye YSIFadaNBYSyid é6Fa YIRS GKS | LILINPLINAFGS RA
set scale function. The measurements were then made by tracing over the image with a
straightor segmented line tool and then using the software inbuilt measure function to

measure the cumulative distances.

Figure35. TEM images of P48 fibrils, illustrating how the fibril lengths, widths (long and
short) and twist pitch was calculatedA) 20 random fibrils where chosen and the length
measured, (B) 20 random fibrils where chosen and the width measured, (C) if the fibrils
were twisted the long width (red line) and short width (yellow line) were swead 20
times, (D) the twist pitch was calculated by measuring the first narrowest point to the third,
indicative of afull twist. This was repeated all the way down the fibril length and then an
average of these values was recorded.
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3.3.5 Rheology

3.3.5.1Backgroundo Rheology

Solids deform when stressed, whereas liquids fldlae rheological properties of a material
can be studied by stressitige sample and measuring how much it deforms. To measure the
resistance to deformation of a material (elasticity) #teearmodulus is measured. Tiskear
modulus is he resistance to movement, the stiffar sample is the more resistance to
movement it hasThe modulus is a measure of shear stress divided bgtikarstrain. A
rotational rheometer Figure36) measures theshearmodulus of a sample by oscillating
backwards and forwards, nedestructively, so that it can show the properties under

deformation, before it flows. This can be dant out in one of two ways:

- Controlled stresgoscillates top plate with a set force and measures its displacement.
- Controlled strairg, oscillates top plate using a set displacement and measures the

force.

MOTOR |+ Motor providing the torque for rotation

<+«— Topplate/Cone
~4— Sample
<+— Bottom plate

<+— Base of rheometer

Figure36. Schematic of a rotational rheometer.

The microstructure of liquids in their natural rest condition represents a minimum energy
state.Howeverwhen they are deformed, thermodynamic forces immediately act to restore
the rest state, just like a springike a springnovement from the rest state represents a
storage energy, which expresses itself as an elastic force tryimgtorethe staticstatus
gou.At first these restoring forces increase linearly with the distance that any deformation
takes the mateial away from the state of rest, but eventually nonA y* S wiNdcdulTaea
rate at which the forceincreases with deformatiomiminishes, until at very large
deformationsa steady state condition arises and thlastic force becomes constafi@ames,
2000) Alongsiddhese elastic forces are also viscous forces due to the dissipation and rate

of deformatian. Inconjunction,these two forces produce viscoelastic effects. One way to
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measure the viscoelastic profile of a material is to use oscillatory testing. This involves
applying an oscillating stress or strain as an input to the sample and resolvingstitnge
oscillatory strain or stress output to study the microstructure and therefore predict the

materials” behaviour.

There are two types of responses; a sdikg response and a liquiike response. A solikke
response is where the input stress or strain is in phase with the output stress or strain and
therefore the phase angle would be zero. Whereas for a lidikeresponse, the output

A0NBaa 2NJ aldNI Ay g2dz R 0 Gwiththeinpat@dured?¥ LIKI &S

1 t KIa
>
I 0
. Max
! Strain
— Input Stress Elastic : Viscous
— Measured i :
9Qe ¢

Figure37. Example ophase angle and its relationship to viscous and elastic materials.
Adapted from(Duffy, 2016)

The solid component at any particular frequency is characterised by the storage modulus

('O "O w¢é ) and the liquidike componenis described as the loss modulti©g

"O i "QEg WhereGis the elastic modulus{ and is the phase angl&he combination of

both these parameteryields the complex modulus (G*), which is the meaddne overall

stiffness of anaterial and is calculated by how much a sample moves (shear straiio( a

AAGPSY F2NDS 60aKSIFENI aldNBaa 6 00 d taddethilit H DQO
solidf A1S O0SKI@A2dANP LF DQQ B DQX 450akdSeyhibiii KS LK
liquid-like behaviou(Duffy, 2016)
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Figure38: Loss, complex and elastic modulus.
Oscillatory rheometers have two components of the oscillation setupdaate controlled:

1. The oscillation amplitude (strain or stress)An amplitude sweep can be run to

determine the linear viscoelastic region (LVER). This gives an idea of the stability of
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the sample and this can also be quantified to indicate how muchgnisrequired
to break up the suspension. The larger the force is, the more stable the sample. In
the LVER, the storage modulus does not change, therefore this means thatitis non
destructive to the material and any subsequent tests (frequency sweep$eckept

within the LVER (e.gigure39).

Small LVER
C—

DQ {42 LargelVER] N\

Modulus

Strain

Figure39: Graph demonstrating theinear Viscoelastic RegioAdapted fromDuffy,
2015)

2. The frequency (oscillation tiragcale; A frequency sweep is run to determine the
response at different timescales and this is carried out within the LVER region.
Generally there are three types of material behaviour that can be determined from
rheological data:
1) Viscoelasticliquid; where the phase angle at rest tends towafds 90

2) Viscoelastic solid; where the phase angle atresttends towérds 0

3) Gel; vinere the phase angle isindependent of frequency.

Viscoelastic Solid Gel Viscoelast
N —————— :
/
. N\
Frequency Frequency Freqt
(D Qt€xge Modulus 1, Phase Anale

FiguredO: General material behaviour in terms of storage and viscoosdulus and phase
angle . Adapted from(Duffy, 2016)

Rheology has previously been usedtd only look at bulk mechanical properties of various
peptide hydrogels, but also to study their gelation mechanisms duridgéer flow(Aggeli

et al., 1997) Selfrecovering peptide hydrogels could be ideal candidates for injectable
materials and rheometry can be used to mimic the mechanical process of such procedures;
such as the shearing effect of an injection or the shear of cartilage under load. Thegheol
that will be undertaken in this chapter will not only give an insight into the gelation kinetics

and gel stiffness, both of which directly affect the final use of these materials, but it will also
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be used to determine whether the SAP:GAG systems aredecible and whether individual
samples are repeatable. Hence this will determine whether the preparation method is

suitable for future use.
3.3.5.2Sample preparation

Three replicate samples were measured in triplicate for eaehtide alone chondroitin
sulfatealone and PERZAG mixture in the two Na&alt solutions. Each sample had a total

volume of 4 ml. For each replicate 1 ml was applied to the rheometer.

3.3.5.2.1Peptide control: R;-4, R1-8, B;1-12.

Approximately 40 mg of peptide was weighed into a sanyé, to which 3.5 ml of the
appropriate Nasalt solution was added (i.£30 mMor 230 mMNa' salt solutior). Samples
were then sonicated for 10 minutes. The peptide controls were then prepared as described
inSectior3.3.1.1

Once a pH as close to 7.4 had been achieved, peptide samples were placed in a water bath
at 37C fortwo hours. Samples were stored & 4vernight to allow them to equilibrate and

the pH was remeasured and readjusted to pH 7.4 the following day. This was carried out
using minimal microliter volumes of HCL and NaOH aliquots, vortexifigfor & &f@er2 y R &

each addition. The final volumes of each solution were adjustedrtb 4

3.3.5.2.2Peptide: GA samples: R-4, RB;-8, R1-12: GAG (1:16 and 1:64).

It was hypothesised that the introduction of varying molar ratios of chondrestsulfate
(CS), would not only interact electrostatically with the charged peptide but also with the
charged Nasalt solutionsThereforejn order to establish whether these interactions were
possible, a mixing study was carried out, whereby a gel would be made by combining the
peptide and GAG to produce a peptidAG gel. The concentration of peptide was kept the
same for each sample (10 mg:fhknd the molar ratios of GAG used was 1:16 and 1:64. In
order to carry out several repeats (n=3), the volume of the peptide: GAG mixtures were
increased from 1 ml to 4 ml, with the concentration remaining at 10 mg,.edshown in
Tablel4. The GAG was also found to have some impurities in terms HfviNech was
determined using atomic absorptiopsctrophotometry There was 0.08312 naf Na per

mg of CStherefore this was accounted for in the ratio weights of the GAG.

Tablel14: Masses of peptide and CS weighed out for the different molar ratiSamples
were made up to a total volume of 4ml in two aqueous Nalt solutions.

]
19.4mg 42.1mg 77.6mg 42.1mg
19.7mg 51.5mg 79.0mg 51.5mg
22.1mg 50.2mg 88.4mg 50.2mg
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Approximately 40 mg of peptide was weighed into a sampé, to which 3 ml of the
corresponding Nasalt solution was added (i.430 mMor 230 mM Na" salt solutior).
Samples were sonicated for 10 minutes at@7 The peptides were monomerised as
described in Sectio® 3.1.1 Foreach peptide, the appropriate pre measured amount of GAG
(Tablel4) was hydrated in 950l of the correponding Nasaltsolution. This GAG suspension
was vortexedfoF n 1 a &rd thghRanicated for 5 minutes at®®7. The GAG suspension
was added to the monomerised peptide and vortexed for a furthd® second®n a low
setting. The pHwas adjusted to pH 7.4 or as close to it as possible and then placed in a water
bath at 3PC for two hours. Samples were stored & 4vernight to allow them to equilibrate
and the pH was reneasured and readjusted to pH 7.4 théllowing day. This was carried
out using the remaining 5@ volume of HCl and NaOH aliquots to make the total volume up

to 4 ml.

3.3.5.2.3GAG controlchondroitin sulfatealone.

The highest and the lowest weightsabfondroitin sulfatemixed with the peptides @4 mg

and 88.4 mgTableld), were selected as controls. The preighedchondroitin sulfatavas

hydrated in 3.95 ml of the corresponding 8alt solution. Samples SNB @2 NMGGESR T
secondsand then sonicated for a further 10 minutes aG7 The pH was adjusted to 7.4

using the remaining 50l volume of HCI and NaOH aliquots to make the total volume up to

4 ml.

3.3.5.3Method

All rheological measurements were carriedt on the Malvern Kinexus Rheomete$pace
Kinexus by Malvern Instruments was used to control the rheometer and export rawAlata.
conedplategeometry (50 mm diameter, gap of 0.0330 mngs used with a cone angle of
1°. All tests were run at 3T, usin@ solventtrap (SU0005 PLC) so that the atmosphere was

kept saturated to ensure minimal evaporation of the peptide: GAG samples.

Samples were firstly subjected to an amplitude sweep, which determined the linear
viscoelastic region (LVER) of the samjiherefore two amplitude sweeps were performed

in a shear strain controlled mode from 0-Q00%. One at 1 Hz and another at 20nth a

10-minute pause inbetween the twoamplitude sweepto allow the peptidesto equilibrate.

Both components of the shear modulus (elastic and viscous) at both 1Hz and 20 Hz were
overlaid in Origin Pro. A strain value that lay within the LVER (preferably in the middle), in
GKAOK GKS StlainyYRaKKES NON 2 QaAAizazaa K DONI Y2 Rdz d

of the strain amplitude was chosen (iFeguredl).
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100

—=— Shear modulus (elastic component)(Pa) - 1Hz
—e— Shear modulug (viscous component)(Pa) - 1Hz
—&— Shear modulus (elastic component)(Pa) - 20Hz
—w— Shear moduluszI (viscous component)(Pa) - 20Hz
10 1

' __» Shear strain value chosen
T T > T 1

0.01 0.1 1 10

Shear Strain (%)

Figuredl: Example amplitude sweep run at 1Hz and 20Hz showing both the elastic and
viscous shear modulusstrain value that lay in the middle of the LVER was chosen.

Frequency sweeps were then run to determine the dynamic modulus ofhidrogel
samples. The sweeps were run between 1 and 20 Hz at thelgiermined strain that was
established from the amplitude sweep. Peptide hydrogels were allowed to equilibrate for 15
minutes once loaded, prior to the start of testingisual observatins were recorded in the

form of imageof the gels after 4&ours, prior to testing.
3.3.6 Statistical analysis

3.3.6.1Analysis of variance (ANOVA)

¢ KNRdzZ3K2dzi dGKAA& LI NI 2F (GKS addzRé @I NX 2dza
variation within the data. Fatetermination ofthe length and width of peptide fibresffibrils

using TEM, the null hypothesis was that neither the GAG molar ratio nor concentration of
Na ions would have any effect on the lengths and widths of a given peptidel(P.-8or

P1;-12). Therefore, the data for each peptide lengths and peptide widths was analysed by
two-way ANOVA using SPSS. The analysis enabled understanding of whether the
independent factors (GAG molar ratio, T$alt concentration or their combined effects) had

a signifcant effect on the lengths and/or widths of each peptide fibres/fibrils.
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3.4 Results

3.4.1 Seltassemblyof peptides andpeptide-GAG mixtures at varying
molar ratiosin the presence of two differentphysiological Na" salt solutions

with varying N& ion cone@ntrations.

FTIR analysis was used to study the secondary structure of peptidédR-8 and R;-12 in
the presence and absence diondroitin sulfateat molar ratios of 1:16 and 1:64eptide:

GAG)n two concentrations of Naalt solution.

The FTIRata shovedthat the seltassembled peptide conformatiomasNA O Ksheetyor |
P.:-4, B;-8 and R;-12alone in130 mM and 230 mNla salt solutions and ithe majority of
the peptidechondroitin sulfatenixtures in both N&salt solutions, ashownin Figure42 Of
LI NI A Odzf I NJ A y i S-BliBedpiérEentége ®rmédiyhe ISEPS &ldine, Wi |
indicative ofa selfassembled hydrogel statdncreasing th Na" ion concentration had

different effects which werelependent upon the peptide

The addition othondroitin sulfateat molar ratios of 1:1&nd1:64 in conjunction with the
twoNaal f i az2tdziaAzya KIFIR | @SNE -$haeFomfedilBe/
addition of the GAG t®;;-4 at the lower molar ratiq1:64), resulted in a decrease the
peaks observed in the region of 167890 cm? (anti-LJl NJ ShieeSdonfdrmation)which
was indicative of decreag@dLJS ND S y (ishegtSorngedvinen compared to the peptide
alone Figure42A & B. The addition ofthe GAGto P;;-4 at the higher molar ratiq1:16),
however resulted in an increase ithe overallLJS ND S y-shéeHSgartlless of the

concentration of Naions in the salt solution

On the other hand, the addition @he lower molar ratio ofAG to P-8 and R;-12 in the

130mMNaal £ G a2t dziaz2y OF dsaestPormekiGinitialgne®EaSeypit I 3 S 2

when the molar ratio of theGAG wasdncreased, K S LIS NO S ysheketIcined?
decreasedThe effect was greater fé%,-12 than R;-8 (Figure4?2). It was notablethat the
addition oftheGAGo P,;-MmH KFR | RSGNRYSy il f -sBeetfodned)
especiallyat the higher GAG molar ratiigured2E & F.
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Figured2 CA G0 SR Lw I Y4 RS8andR;-18 &t $ORng.tHinthie presence
of 130 mM (AC and Eand 230 mM (BDand F Né salt solutionwith and without
varyingchondroitin sulfatemolar ratiosof 1:16 and 1:64¢ K Ssheet percentage was
OF £ Odzf F i1 SR 6& | RRAY 3 (K SshéepandtHendividiBglthergally G K S
the areas of all the individualS I {1 & O2YO0AYy SR F2NJ SI OK 3I-NJ LK |
sheetregions are defined by the peaks in the wavelength region of 1688 cm' and
16901672 cn.

97



3.4.2 Morphology of peptides andpeptide-GAG mixtures at varying molar
ratios in the presence of two differentphysiologicalNa" salt solutions with

varying Ndaion concentrations

Physical differences between the fibre morphology of plegtidesP, ;-4, B;-8 and R;-12 in

the presence and absencd chondroitin sulfateat molar ratics of 1:16 and 1:64 in two
concentrations of Nasalt solutiorwere observed by TEM. Representative images are shown
in Figure43 - Figure 45 Varyng networks of entangled fibres or bundles were observed,

which are essential for gel formation.

The TEM images fpeptides alonat both Naion concentrationgFigure43¢ Figure 45A
& D) showed that the gels were composed of fibrils and fibres, as was the case with the
peptide: GAG mixtures-(gure43¢ Figure 45B & E; C & F)

varyingchondroitin sulfatemolar ratios (1:16 and 1:64) by TEKR) R;-4in a 230 mM Na
salt solution, (B) R-4 at 1:64 GAG molar ratioin a 230 mM*Nalt solution, (C) -4 at
1:16 GAG molaatio in a 230mM Nasalt solution, (D) R-4in a 130mM Néasalt solution,
(E) R1-4 at 1:64 GAG molarratio in a 130mM*Nalt solution, (F) -4 at 1:16 GAG molar
ratioin a 130mM Nasalt solution. Magnification of 500. Individual scale l{atsmm) are
shown for each image.
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Figured44: Morphology of the R;-8 peptide in the presence of two Naalt solutions at
varyingchondroitin sulfatemolar ratios (1:16 and 1:64) by TENA) R;-8in a 230mM Na
salt solution, (B) R-8 at 1:64 GAG molar ratio in a 230mM*Nalt solution, (C) £-8 at
1:16 GAG molar ratio in a 230mM Nalt solution, (D) R-8in a 130mM Nasalt solution,
(E) R;-8 at 164 GAG molarratio in a 130mM Nalt solution, (F) -8 at 1:16 GAG molar
ratioin a 130mM Nasalt solution. Magnification of 500. Individual scale l§a€smm) are
shown for each image.
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Figure45 Morphology of the R;-12 peptide in the presence of two Na+ salt solutions at
varyingchondroitin sulfatemolar ratios (1:16 and 1:64) by TEKA) R;-12 in a 230mM
Na' salt solution, (B) R-12 at 1:64 GA@olarratio in a 230mM Naalt solution, (C)#-12
at 1:16 GAG molar ratio in a 230mM *salt solution, (D) R-12in a 130mM Nasalt
solution, (E) B-12 at 1:64 GAG molar ratio in a 130mM*Nalt solution, (F) R2-12at 1:16
GAG molar ratioin a 18@M Na salt solution. Magnification of 500. Individual scale bars
(10mm) are shown for each image.
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The physicgbroperties of R;-4, R;-8 and R;-12 alone in130 mMand 230 mM Nasalt
solution are shown irFigure46. The R:-4 and R;-8 peptide sampleshad a cloudy gel
appearance whenomparedo the clear gel produced by the 12peptidesample. All three
peptides exhibited shear softenifige. if skeared they would flow but after some time, they
would return to their original gel stadeThis characteristic was exaggeraitethe lowerNa

salt concentration. The peptide underwent a range of different physical states, ranging from
isotropic fluid tonematic liquid crystalline/gel, however oneguilibrium was reached at pH
7.4, the sample exhibited nematic gel charactersstiche liquid crystalline properties were

established using a high resolution digital camera, with the sample placbdtiveen
c)

-
d)

Seomad - =

Figured6: Images of (a) R-4. R;-8 and R;-12 in the 130 mM N&salt solution at pH7.4

(b) R1-4. B;-8and R;-12 inthe 230 mM Nasalt solution at pH7.4. Images show their

physical properties 3 days after the gels were made (from left to rightl®, R;-8 and R;-

4) (ce) Photographs of bulk samples exhibiting the birefringgais of P;-4. B;-8 and R;-
12, respectively.

crossed polarized film/lense&{gure46Cc E).

130mM Salt Solution b) 230mM Salt Solution

-u i |
)
e iy
N

Overlapping of the fibrils and fibres made it difficult to definitively assess the morphology,
hence regions in which individual fibrils could clearly be observed were chosen to measure
fibre lengths and widis.The peptides in different salt solutions exhibited a twist pitch,
meaning two widths were recorded; a wide width and a narrow width (where the twist
occurred), values of twist pitch are presentedHigure47, along with their corresponding
widths. Average lengths ranging frooa.410 to 990 nm for the peptides alone acal. 498

to 3518 nm for the peptidésAG mixtures were recordeBigure48).

The average widths and lengths of thg-B: GAG mixtures are summarisedablel5and
Tablel6 and represented ifrigured7 and Figure48, respectively. Fronhie TEM images for
P.;-4, itwas observed that ithe 230 mM Ndsalt solutiorthe fibrils werethicker andonger
than thoseformed inthe 130 mM Nasalt solution.The average fibril width for 2-4in the
130 mM and 230 mNNa' salt solutionsvas9.96 + 0.48 nnfx SEM)and 12.42 + 0.22 nm,
respectively atheir widest point Tablel5). The average fibril lengthin th@d mM and 230
mM Na' salt solutionwere 468.68t 66.34 nm and 532.13 54.24 nm, respectivelyléble

16). However,in the 230 mM Nasalt solution, P-4 exhibited a twist pitch of 236.26 nm
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(Figured7 ¢ Image *J), and at its narrowest point (where the twist ocawd) it had an

average width of 8.58 £ 0.12 nm.

As the Naion concentration and GAG molar ratio were increased the average lengths of the
P.:-4: GAG fibrils were also¢reased compared tdP;;-4 alone. However, this was not the
case for the average widths of the;P: GAG mixtures, as these walféected independently

by the two variables (Naon concentration and GAG molar ratiohs the Naion
concentration wasncreasedthe average width of the f-4: GAG fibril at the GAG molar
ratio of 1:64 decreasedhoweverat the 1:16 GAG molar ratio the average widths of the fibrils
wereincreasedOn the other hand, ate GAG molar ratio for the;R4: GAG mixtures the

230 mM Nasalt solution vasincreased, the average width of the fibrilesalso increased
howeverfor the B;-4-GAG mixturegn the 130 mM Nasalt solution, the average width of

the fibrils wasdecreased.

Tablel15: Average vidths and twist pitch of the ;-4 fibrilsin different Na'salt solutions
and GAG molar ratias

Widths (nm)
P.:-4 130mM P;;-4 130mM 1:64 P;1-4 130mM 1:16
9.96 + 0.48 18.17 £1.60 12.63+0.41
P.:-4 230mM P.1-4 230mM 1:64 P:1-4 230mM 1:16
[12.42 + 0.22) [8.58 + 0.1P° 14.15 £0.92 | [21.44 + 0.2]" [13.02 + 0.4]*
Twist pitch= 236.26 nm Twist pitch= 330.78 nm

The widths were determined from TEMimages at a magnification of 30,000 using the
software imageJ. 20 fibrils were measured for esample. The datais presented as the
mean(n=20) = SEM. The twist pitch was calculated using the measure tool inimageJ. It was
measured for an individual fibre from its first narrowest point to the third, indicative of a
full twist (*wW = Wide width and *$ Short width).

Tablel6: Average lengths of the R-4 fibrilsin different Na" salt solutionsand GAG molar

ratios.
Lengths(nm)
P11-4 130mM P-4 130mM 1:64 P-4 130mM 1:16
468.68+ 66.34 498.08 £ 41.24 674.17 + 76.38
P.:-4 230mM P..-4 230mM 1:64 P.;-4 230mM 1:16
532.13+54.24 973.66 £ 79.75 1075.85 £ 125.09

The lengths were determined from TEM images at a magnification of 12,000 using the
software imageJ. 20 fibrils were measured for each sample. The datais presertied as t
mean (n=20) + SEM

The average widths and lengths of thg-8 fibrils at differentGAG molar ratios and Nian
concentratiors are summarised ifablel7and Tablel8 and represented ifrigure47 and
Figure48, respectivelyFor the measure®®,;-8fibrils, they werethicker andionger in the
130 mM Nésalt solution, when compareathe R;-8fibrilsin the 230 mM Naalt solution
The average fibril width for 2-8in the 130 mM and 230 mNNa' salt solutionsvere20.42 £
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0.25 nmand19.16 + 0.3lat their widest pointand.0.66 + 0.15 nm and 14.45 + 0.25 yah
their narrowestpoint, respectivelyTablel?). In both of these conditions the fibrils exhibited
a twist pitch of 379.24 nm and 345.23 nm, respectiV@ligure47 ¢ Image*3 & 4). The
average fibril length in th&30 mM and 230 mNNa' salt solutionsvas445.27 + 40.74 nm
and410.68 + 32.81respectivelyTablels).

Asthe Na ion concentration increasedhe length of thePy;-8 fibrils/fibres decreased
regardless of the GAG molar ratio. Howenasrthe GAG molar ratio increased the length of
the fibrils/fibres increased regardless of the an concentrationinterestinglyin the R ;-8:
GAG mixtureghere were multiple types of structure observed, fibrils were by far the most
common type but there were instances of nanotube formatidhe R;-8: GAGibrilswere
longer in the 130 mM Nasalt solution, when compared to th ;-8: GAGibrils in the 230
mM N salt solutionThe widths of the fibres of the R8: GAG mixtureswere increasedwith
anincreased Naon concentration and GAG molar ratio. Similathg P, ;-8: GAGibrils were
thickerin the 130 mM Nasalt solution, when compared to tH&,-8: GAGibrils in the 230
mM N& salt solution.

Tablel7: Average widths and twist pitch of the -8 fibrilsin different Na*salt soluions
and GAG molar ratios.

Widths (nm)
P:,-8 130mM 1.64
P.;-8 130mM T1178 LTV =D
P . | [16.40 +0.3p" P,;-8 130mM 1:16
[20.42 + 0.2B" [10.66 + 0.1p [8.96 0.7 1681+ 101

Twist pitch=379.24 nm

Twist pitch= 196.41 nm

P:1-8 230mM
[19.16 + 0.3 [12.03 +0.3]'s
Twist pitch=345.23 nm

P..-8 230mM 1:64
17.22 +1.13

P.,-8 230mM 1:16
[19.90 + 0.4P¥ [10.98 + 0.3F°
Twist pitch= 229.97 nm

The widths ere determined from TEM images at a magnification of 30,000 using the
software imageJ. 20 fibrils wenseasured for each sample. The datais presented as the
mean (n=20) +SEM. The twist pitch was calculated using the measure tool inimageJ itwas
measured for an individual fibre from its first narrowest point to the third, indicative of a
full twist (*W = Wde width & *S = Short width).

Table18 Average lengths of the -8 fibrilsin different Na'salt soluions and GAG molar

ratios.
Lengths(nm)
P,,-8 130mM P,,-8 130mM 1:64 P,,-8 130mM 1:16
445.27 + 40.74 2682.16 +545.21 3518.32+ 432.47
P,,-8 230mM P,,-8 230mM 1:64 P,,-8 230mM 1:16
410.68 + 32.81 799.13 + 57.47 827.87 + 50.37

These were determined from TEM images at a magnification of 12,000 using the software
imageJ. 20 fibrils were measured for each sample. The datasented as the mean
(n=20) £SEM.

From the TEM images f&;-12, it was observed that increasing the*\an concentration

in the salt solution increased the widths of the fibrils, however the fibril length was
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decreased, as shown rable19and Table20 and represented ifrigure47 and Figure48.
The average width d?;;-12in the 130 mM and 230 mNNa' salt solutionsvas4.95 + 0.15
nmand22.72 + 0.32 nmespectively at the widest point. The fibrils in the 28 Na" salt
solution exhibited a twist pitch d397.81 nm at the narrowest point the average width of
the P.;-12 fibrils wadl5.11 + 0.36im. In the 130 mM N&salt solution at a magnification of
x500, R1¢12 showed a less dense network of fibrils and fibres compared to the image seen
inthe 230 mM Nasalt solution atthe same magnification

The average widths and lengths of the fibrils in the 2: GAG mixtures varied depending
on the amount ofNa'ions in the salt solution or GAG molar ratitaple19 and Table20;
Figure47 and Figure48). An increase in th&la ion concentratiorresulted inincreased
widths andlengths of the fibrils regardless of the GAG molar ratidowever as the GAG
molar ratio inceased the length of the fibrils wasicreased regardless of the Nian
concentration; as well as the width of only the,;2: GAG fibrdin the 230 mMNa' salt
solution. Overall the lengths and widths of the;2: GAG fibrils were greatest in the higher
Na ion concentration andGAG molar ratioRigure47 and Figure48). The longest fibrils
formed by the I;-12 peptide were seen in theA& molar ratio of 1:1& both 130 mM and
230 mM Nasalt solutions.

Table19: Average widths and twist pitch of the f-12 fibrilsin different Na‘salt solutions
and GAG molar ratias

Widths (nm)
P;-12 130mM P,;;-12130mM 1:64| P;;-12 130mM 1:16
4.95 + 0.15 31.84 +1.96 14.24+ 0.96
P;-12 230mM P,;-12 230mM 1:64| P;;-12 230mM 1:16
[22.72 + 0.32} [15.11 + 0.3p° 34.24 +2.12 83.80 +4.94
Twist pitch= 397.81 nm

The widthsveredetermined from TEM images at a magnification of 30,000 using the
software imageJ. 20 fibrils were measured for each sample. The datais presented as the
mean(n=20)+SEM.

Table20: Average lengths of the 2-12 fibrilsin different Na+ salt solutiongnd GAG
molar ratios

Lengths(nm)

P.:-12 130mM
990.96 * 75.79

P1;-12 130mM 1:64
588.55 *+ 59.02

P,-12 130mM 1:16
1802.74 + 334.82

P..-12 230mM
893.60 + 100.13

P;;-12 230mM 1:64
1374.98 +114.16

P;;-12 230mM 1:16
1880.11 + 137.65

These were determined from TEM images at a magnification of 12,000 using the software
imageJ. 20 fibrils were measured for each sample. The data is presented as the mean

(N=20)=SEM.
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3.4.2.1Analysis of the effects of Naon concentration and GAG molar ratio on the
lengths and widths of fibrils oP11-4, P11-8 and R1-12.

The effect that the Naon concentration in the salt solution and the GAG molar ratios had
on(a)the lengthgTable21to Table23) and(b) thewidths(Table24to Table26) of the fibrils
formed; was determined by -2vay ANOVA for each peptide and wiasind to varyfrom
peptide to peptide The null hypothesis was that neither of the independent variables (GAG
molar ratio and concentration of N&ons) would have any effect on the lengths and widths

of the peptide fibrils.

Theresults of the analysesvealed that botiNa‘ion con@ntration in the salt solutiorGAG
molar ratioand their combinationsall had a significant effecp0.05)on the length and
widths of the fibrils; in all the peptide hydrogels except in-B2, where the Naion
concentration in the salt solution did not have a significant effect on the length of the fibrils
formed (p = 0.08% (Table23).

Table21: Two-way analysis of variance to determine the effect of GAG molar ratio and
Na" ion concentration had on the length of the i 4 fibrils.

Source df Mean Squarg F Sig.
Salt Solution (SS) 1 2.95E+06 | 23.991 .000
GAG Molar Ratio (MH] 2 1.43E+06 | 11.665 .000
MR * SS 2 4.83E+05 3.927 .022

Error 114 1.23E+05

Statistical significance was determine@a0.05.Independent variables: GAG molar ratio
(MR) and Salt Solution (SS). Dependant variable: Length.

Table22 Two-way analysis of variance to determine the effect of GAG molar ratio and
Na' ion concentration had on the length of the,2 8 fibrils.

Source df | Mean Squarg F Sig.
Salt Solution (SS) 1 7.08E+07 | 43.084 .000
GAG Molar Ratio (MRl 2 3.30E+07 | 20.109 .000
MR *SS 2 1.85E+07 | 11.283 .000

Error 114 1.64E+06

Statistical significance was determinega0.05.Independent variables: GAG molar ratio
(MR) and Salt Solution (SS). Dependant variable: Length.

Table23 Two-way analysis o¥ariance to determine the effect of GAG molar ratio and
Na" ion concentration had on the length of the;2 12 fibrils.

Source df Mean Square F Sig.
Salt Solution (SS) 1 1.76E+06 3.037 .084
GAG Molar Ratio (MR) 2 9.92E+06 17.093 .000
MR * SS 2 1.81E+06 3.113 .049

Error 114 5.80E+05

Statistical significance was determinega0.05.Independent variables: GAG molar ratio
(MR) and Salt Solution (SS). Dependant variable: Length.

104



Table24: Two-way analysis of variance tdetermine the effect of GAG molar ratio and

Na* ion concentration had on the width of the R- 4 fibrils.

Source df Mean Square F Sig.
Salt Solution (SS) 1 174.947 13.379 .000
GAG Molar Ratio (MR) 2 397.873 30.428 .000
MR * SS 2 411.463 31.467 .000

Error 114 13.076

Statistical significance was determinega0.05.Independent variables: GAG molar ratio

(MR) and Salt Solutiq$S). Dependant variable: Width

Table25: Two-way analysis of variance to determine the effect GfAG molar ratio and

Na' ion concentration had on the width of the R- 8 fibrils.

Source df Mean Square F Sig.
Salt Solution (SS) 1 360.995 31.244 .000
GAG Molar Ratio (MR) 2 518.656 44.890 .000
MR * SS 2 81.586 7.061 .001

Error 114 11.554

Statistical significance was determinega0.05.Independent variables: GAG molar ratio

(MR) and Salt Solutiqi$S). Dependant variable: Width

Table26: Two-way analysis of variance to determine the effect of GAG molar ratio and

Na'" ion concentration had on the width of the R- 12 fibrils.

Source df Mean Square F Sig.
Salt Solution (SS) 1 2.69E+04 238.950 .000
GAG Molar Ratio (MR) 2 1.24E+04 110.568 .000
MR * SS 2 1.24E+04 110.333 .000

Error 114 1.13E+02

Statistical significance was determinegab.05.Independent variables: GAG molar ratio
(MR) and Salt Solution (SS). Dependant variable: Width.

Perusal of the data indicadkhat in the 230 mM Nasalt solution, the P-4 fibrils were longer
than thosein the 130 mM Nasalt solutionHowever for the P ;-8 fibrils, the opposite effect
was observed, where the, P8 fibrils were longer in the 130 mM Naalt solution when
compared to the B-8 fibrils in the 230 mM Nasalt solution(Figure47 andFigure48). For
P1;-12, the 2way ANOVAevealed that only the GAG molar ratio hadsignificant effect
(p<0.05)on the length of the B-12 fibrils. The analysis also revealed that,* itm
concentration in the salt solution, GAG molar ratio and the combination of the latter all had
a significant effectd<0.05)on the widths of the B-12 fibrils.
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Figure47: Widths of fibrils of all peptides in two different Nasalt solutions at pH 7.4 at
varying molar ratios of GA@Vidths of the fibrils were determined from TEM images ata
magnification of 30,000 using the software imageJ. 20 fibrils were measured for each
sample. The datais presented as the mean (n=20) £ 95% confidence intervals. Data was
analysed using-way analgis of varianceThis showed that the N&n concentration in
the salt solution, GAG molar ratio and their combined effects had a significant effect on the
overall widths of the fibrils formed by all three peptidgs<0.05).
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Peptides & Salt Solutions
Figure48 Lengths of fibrils of all peptides in two different Naalt solutions at pH 7.4 at
varying molar ratios of GAGLengths of the fibrils were determined from TEM images ata
magnification of 12,000 using the software imageJ. 20 fibrils were measured for each
sample. The datais presented as the mean (n£28P6 confidencenitervals. Data was
analysed using-way ANOYAand statistical significance was determineg&0.05.This
showed that for -4 and R;-8 the Naion concentration in the salt solution, GAG molar
ratio and their combined effects all had a significant effect on the lengths of the fibres
formed (p<0.®). For R;-12, the N&ion concentration had no significant effect on the
lengths of the fibrils formed by,R212 (p=0.084) Howeverthe GAG molar ratio had a
significant effect on the length of the fibrils formed by-R2 (p<0.05) The combined effect
of GAG molar ratio and Nieon concentration in the salt solutidmada significant effect on
the length of the fibrils formed by;R 12 (p=0.049)
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3.4.3 Determination of dastic and viscous shear modubif peptides and
peptide-GAG mixtures at varying molamatios in the presence of two
different physiological Na" salt solutions with varying Naion

concentrations using Rheology

All of the samples tested exhibitedkaA I K S NI DOEQ Qi KA f dzS§X KA OK 02

hydrogels exhibitediscoussolidikebehaviour.

3.4.3.1Shear modulus of peptides alone

Samples were prepared as describadectior3.3.5.2.1 P;;-4 and R;-8 in both Nasalt
solutions fomed cloudy seklsupporting gels, however;R12 formed a clear gel in the
130mM Nasalt solution but in the 230mM Naalt solution it formed a cloudy gel, as shown

in Figure49.
Peptide] 130 mM Nd& Salt Solution

230 mM N4 Salt Solution

n, =
N 4

b WeGe7

‘z'

Figured9: P-4, B;-8 and R;-12 selfsupporting gels at 10 mg.mlin 130 mM and 230
mM Na' salt solutionsimages capture@ days after they were made before testing on the
rheometer(n=3)

As shown ifrigures0, the LVER of the two amplitude sweeps run at 1 Hz and 26ridach
peptide, were used to calculate the shear strain value to run the frequency sweepin

the 130 mM and 230 mM Naalt solutions had a shear strain value of 0.1 % and 0.15 %,
respectivelyP;;-8inthe 130 mM and 230 mM Ngalt solutions had shear strain value of
0.3 %P;;-12 in the 130 mM and 230 mM Nsalt solutions had a shear strain value of 0.3 %
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and 0.1 %, respectively. During the amplitude sweep tests, it was observed that the shear

moduli of the R;-12 gels were considerably lowtran for the R;-4 and R;-8 gels in both

Na' salt solutions, which was concurrent with the weakness of thelP gel when it was

handled and placed on the rheometer for testing. A slight tap of the vial caused shearing in

the gel which did not recovesaguickly as the 24 and R;-8 gels.
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Figure50: The amplitude sweeps (astic and viscous modulus vs. shear strpni Py;- 4,
P.1-8 andP;;-12 at 10 mg.mitin 130 mM and230 mM Na salt solutiors. Shear strain
started at0.01 %and ramped up to 100% at amnperature 37C. Shear strain chosen
within the LVERas (A=0.1 %, B=0.15,%, D and E=0.3 % and F=0.1 %).

For the peptides alone, the shear moduli @f-B and R;-8 were higher than those of, 12

by two orders of magnitude, which indicated that there was variation between the glutamine

based peptide gels and the serine based peptide gels in bothdlssolutions across the
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frequency range studie(Figure51A & B. Increasing the Naalt concentration increased
the moduli of R;-12, indicating that the positively charged serine based peptide was
interacting positively with the increased conceation of Ndions inthe higher ionic strength
solution, hence increasing its mechanical stiffndgge-fold (Figure51C), which was
concurrent with the FTIR analgsiaghe i -sheet component also increased very slight
increase in the shear modwlias noticed more sat the 130mM Na salt solutoninthe Py;-

4 and R;-8 sampleswhereas this effect was nasapparentin the P-12 samplesin either

of the Nd salt solutions, suggesting that as the frequenuyreasedhe P;;-4 and R;-8
sampleshecamestiffer (Figure51A & B. Nevertheless, the frequency sweeps shown in
Figureb1A & B were relatively flat indicating that the experimentsre run near equilibrium
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Figure51: The effect of varying the Na+ ion concentration (130 mM or 230 mM) on the
mechanical stiffness of the j24, B;-8 and R;-12 gels, Strain 0.1 % and temperature’G7
(A) Frequency sweep test between 1Hz and 20Hz forRpe4, P,;-8 andPy;-12gelsin
the 130 mM Na+ salt solution, (B) Frequency sweep test between 1Hz and 20Hz for the
Pi1-4, Pi;-8 andP, ;- 12 gels in the 230 mM Na+ sadblution, (C)Shear modulus extracted
at 1Hz for thePy;-4, Py;- 8 andPy;- 12 gels in both 130 mM and 230 mM Na+ salt
solutions.Data is presented as the mean (n=3) £ 95% confidence intervals. Individual
samples were subject to an amplitude sweep befoommencing the test, in order to
identify the linear viscoelastic region (LVER). A strain value was then chosanthethi
middle region of the LVERd the shear moduli (elastic and viscous) were all calculated by
running a frequency sweep test between 1Hz and 20Hz.
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3.4.3.2Shear modulus of peptide: GAG mixtures

In this study, the mixing of GAGs with the peptides in different ionic strength salt solutions
and the effect on the rheological properties were investigatédias hypothesised that the
charged GAG chains would not only interact electrostatically with the charged peptides but

also with the two ionic salt solutions.

Samples were prepared as deseathinSectior3.3.5.2.2The R;-4 and R;-8: GAG mixtures

in both Ndsalt solutions formed cloudy sedupporting gels, howeverR12 in the 130mM

Na' salt soution at both GAG molar ratios, even after vortexing, sonicating and heating, did
not gel or formaviscous liquid as with other peptidBAG mixtures. After allowing 48 hours

for the P;;-12: GAGnixtures to reach equilibrium, a slight change in appeararidke gels
wasobserved for the mixture at the higher molar ratio (1:16) of GAG. Somesséimbly

was observed on the walls of the tube as well as some solid clumps within the runny liquid,
however the mixture was still liquid in nature. The mixturethat lower molar ratio (1:64)

of GAG alsbadsolid-clumps within the runny liquid but with no sedissembly on the walls

of the tube. These observations were not obvious initially but became more apparent when
loading samples onto the rheometeFfheappeaance of the gels is shownrable26. The
addition of the GAG to 12 in the 30mM N4 salt solutionhad a similar effect. Upon
mixing, the P;-12: GAG mixture @he lower GAG molar ratio (1:64), showed sassembly

on the walls. After vortexing, sonicating and heating small clumps of solid aggregates were
presentin the viscous liquid suspension, which remained after the 48 hours prior to testing
(Table26). Similarly, the R-12: GAG mixture at the higher GAG molar ratio (1:16), exhibited
the same phenomenon however it formed a very weak gel after 48 hours just priottigte s
This gel sheared easily uponinverting and loading onto the rheometer, as shdafl 826

in particular the 3 sample The addition of the GAG tq 8 led b much faster gelation, with
self-supporting gels forming almost instantly on the addition of the GA&ble26); even
before they had been sonicated, vortexed or he@t This behaviour had not been observed
previously with any other of the peptides alone. Gels were very hard to shear once they had

been made which made the measurement ofgdtér 24 hoursvery difficult.
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Peptide] Molar | 130 mM NdSalt Solution | 230 mM N4 Salt Solution
1:64
P-4
1:16
1:64
P11-8
1:16
1.64
P11-12
1:16

Figure52 Py;-4, P1-8and P;;-12 selfsupporting gels at 10 mg.milat two different GAG
molar ratios (1:64 & 1:16) in 130 mishd 230 mM Ndsalt solutionslmages capture@
days after they were made before testing on the rheometer (n=3).

The LVER of the two amplitude sweeps run at 1 Hz and 20 Hz for each peptide: GAG mixture,
which were used to calculate the shear strain value that the frequency sweep would be run
at are shown irFigures3. P;;-4 at both GAG molar ratios and in both the 130 mM and 230
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mM Na salt solutions had a shear strain value of 0.19%68 at GAG molar ratio 1:64 in the
130 mM and 230 mM Naalt solution had a shear strain valof 0.17 % and 0.15 %,
respectivelyP;;-8 at GAG molar ratio 1:16 in the 130 mM and 230 mMsigk solutions had

a shear strain value of 0.1 % and 0.3 %, respectiRghlL2 at both GAG molar ratios and in
both the 130 mM and 230 mM Naalt solutionshad a shear strain value of 0.15 %. The
amplitude sweep test again showed that the shear moduli of the1R gels were
considerably lower than the ;R4 and R;-8 gels in both Nasalt solutions, which was
concurrent with the weakness of the 12 gel wken it was handled and placed on the

rheometer for testing.

The frequency sweeps shownkiigure54A-F, showed that the elastic moduli for all the
peptide: GAG mixturewere higher than the viscous modulus, indicating that the samples
exhibited a solidike behaviour. Their overall flatness of the data lines was indicative that
the test runs were near the equilibrium state of the hydrogefar R;-4, the
addition/presence of more of GAG (1:16hboth the130mMand 230 mMN& salt solutiors,

led to a slight decrease in the shear madlP; ;-4. P,;-4: GAG mixtures in the 230 mN&

salt solutionwere the stiffest hydrogels when compared to those in the 130 Mdsalt
solutionregardless of the GAG molar ratiq,# in the presence of GAG molar ratios 1:16
and 1:64, were also investigated. The observations of the gelation properties of these gels
were reflected in the rheological properties of;F8, where the hjhest shear moduli of all
the peptide: GAG mixtures investigated were seen; i8Rt GAG molar ratio of 1:64 in both

of the Na' salt solutiors. However similarly to,24 the addition of more GAG (1:16) Ry;-8
ledto a reduced stiffness compared tg,8 at the 1:64 GAG molar ratiDespite their liquid

like appearanceP;;-12 samples tested demonstrated solile behaviouras the samples
tested were biphasic (i.e. fluid and flocculated peptidE)e P;-12 gekin the 130mM Na

salt solutionwvere stiffer atthe higher GAG molar ratio (1:16) when compared to those at the

lower GAG molar ratio.
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Figure53. The anplitude swees(elastic and viscous modulus vs. shear strain) of-B,
P;-8 and R;- 12: GAG mixtureat 10 mg.mfttin 130 mM and 230 mM Nasalt solutions.
Shear strain started at 0.01 % and ramped up to 100%enaerature 37C. Shear strain

chosen within the LVER was: (A, B, C & D=0.15 %, E=0.17 %, F=0.1 %, G=0.15 %, H=0.3 %, I,

J, K & L=0.15 %).
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Figureb4: The effect of varying the Na+ ion concentration (130 mM or 230 navijl GAG
molar ratio (1:16 and 1:64pn the mechanical stiffness of the; R4, B;-8 and R;-12 GAG
mixtures. Temperature 37°C. Frequency sweep tesbetween 1Hz and 20Hz for the P4,
P;;-8 and R;-12at GAG molar ratio of 1:16 and 1:64 in the: (A, C & E) 130 & salt
solution& (B, D & F)n the 230 mM Na+ salt sokion, (G)Shear nodulusextracted1Hz
for the Py;-4, P;-8 and R;-12at GAG molar ratio of 1:16 and 1:64 both 130 mMand
230 mM Na+ salt solutiorData is presented as the mean (n=3) + 95% confidence intervals.
Individual samples were subject to an amplitude sweep befommencing the test, in
order to identify the linear viscoelastic region (LVER). A strain value was then chosen within
the middle region of the LVER and the shear moduli (elastic and viscous) were all calculated
by running a frequency sweep test betweBrz & 20Hz.
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3.4.3.3Shear modulus othondroitin sulfatealone

In order to understand the effect of the GAG, rheological studiesohdroitin sulfatealone

in both 130mM and 230mM Naalt solutions were carried out. The lowest (4.85 mg)ml

and highest (22.ing.mf*) concentrations o€hondroitin sulfatewere used (sedableld).

These concentrations were deemed as a good starting point to determine whether the GAGs
alonehad any mechanical properties. All samples were made up as descrilSstiion
3.3.5.2.3 Allthe GAG solutionsregardless of their concentration or thesdisolution they

were in, formed clear runny liquids as showrrigures5.

4.85
GAG
22.1

Figureb5: Varying concentrations athondroitin sulfate(4.85 mg.mttand 22.1 mg.mt) in
130 mM & 230 mM Nasalt solutionsimages capture@ days after thesolutions were
preparedbefore testing on the rheometgn=3)

The amplitude sweep in both the 130 mM and 230 mM $&t solutions Figure56A - D),
showed thathondroitin sulfateat both the highest (22.1 mg.m) and lowest (4.85 mg.rl
concentration had avery large LVER. This indicated that the gels could undergo higher strains
before there was a breakdown in the molecular structure. However, the shear moduli values
were among thedwest in this study, hence the stiffness of these liquids was very low. A
strain value of 10% was chosen to carry out the frequency sweepsfor all safigleasg/A

& B). The shear moduiih the frequency sweep spectrum varied drastically across the
frequency range (1Hz to 20Hz). This behaviour was observed acroshbatiroitin sulfate
concentrations in both N'aalt solutions, in which the viscous moduli and #tastic moduli
crossed over at various points, eventually converged or in most cases the viscous moduli
were higher than the elastic moduli, indicating that the suspensionsformed had a more liquid
nature than solid. This agreed with the physical propestfigure55) of the suspensions

made, which were all liquid.
115



A\ GAG (4.85 mg.mi™)in 130 mM Na® Salt Solution B cac 221 mami?)in 130 mm Na* sait Solution

104 10+
E —v— —~—v 1 E
= 14 T 7 T - o =
Z_') A2 v v ’V 2_')
o o
7 %)
S =] \
= =] \
° ° \ /
o \ o ¥
E 1E-34 \/—=— Shear modulus (elastic component) - 1Hz E 1E-34 —=— Shear modulus (elastic component) - 1Hz
8 ¢ e Shear modulus (viscous component) - 1Hz 8 —e— Shear modulus (viscous component) - 1Hz
S1Ea —— Shear modulus (elastic component) - 20Hz & 1E-4 —a— Shear modulus (elastic component) - 20Hz
0 1E-47 —— Shear modulus (viscous component) - 20Hz P LE-43 o gpear modulus (viscous component) - 20Hz
T ) T 1
1 10 . 100 1 10 . 100
Complex shear strain(%) Complex shear strain(%)
C GAG (4.85 mg.ml™)_in 230 mM Na" Salt Solution D GAG (22.1 mg.ml™)_in 230 mM Na' Salt Solution_
10 104

[y

11

0.14

o©
[

0.014

/F\‘

) e— N

/ \/./.\/ U S
/

—=— Shear modulus (elastic component) - 1Hz
—e— Shear modulus (viscous component) - 1Hz
—4— Shear modulus (elastic component) - 20Hz
—v— Shear modulus (viscous component) - 20Hz

10 100 1 10 100
Figure56: Ampfnple eShse%es:téarT (Ol/i)lastic and viscous modulSSOT/FJsIeXsSHeeaé?tnggﬁhohdr0|t|n
sulfatein both the 130 mM and 230 mM N@asalt solutions at concentrations of 4.85 and
22.1 mg.mt'. Starting shear strain: 0.01%, end shear strain: 100%, Temperati®e Siea
strain chosen within the LVER for frequency sweep was 10% for all samples. Data presented

as the mean (n=3) 95% confidence interval

1E-34 —=— Shear modulus (elastic component) - 1Hz
—e— Shear modulus (viscous component) - 1Hz
—a— Shear modulus (elastic component) - 20Hz
1E-44 —v— Shear modulus (viscous component) - 20Hz

-
m
w

Shear modulus, G', G" (Pa)

Shear modulus, G', G" (Pa)
o
o
et

=
m
A

GAG at different conc"in a 130 mM Na'*Salt Solution GAG at different conc"in a 230 mM Na* Salt Solution

104 105
< <
o
-1 £ 4]
o o
O 014 © 01
E 3
s 0.014 g 0.014
5 ©  —=— GAG at 4.85 mg.ml” (elastic component) 5 —=— GAG at 4.85 mg.ml” (elastic component)
21E-34 —e— GAG at 4.85 mg.ml” (viscous component) & ¢ 4] —e— GAG at 4.85 mg.ml™ (viscous component)
n —— GAG at 22.1 mg.ml™ (elastic component) 0 —4— GAG at 22.1 mg.ml™ (elastic component)
1E-4 —v— GAG at 22.1 mg.ml™ (viscous component) 164 —v— GAG at 22.1 mg.ml™ (viscous component)
1 10 1 10
Frequency(Hz) Frequency(Hz)

Figure57: Frequency swee[Elastic and viscous modulus vs. frequencygbbndrottin
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3.4.4 Summary of the effect of GAG molar ratio and Nzalt solution on

G§KS SftlFaidgArd aKSIFNJ Y2RdzZ dza 6DQU 2F GKS

A summary of the effects of two GAG molar ratios (1:16 and 1:64) and twsaNaolutions
(130mM and 230 mM) on the elastic shear modulus of the peptides alone and the peptide:
GAG mixtures at 1 Hz, is presentedaile27. The data clearly showed that;P, P ;-8 and

their PEP: GAG mixtures had the stiffest gels.

Table27y { dzYYI NBE GlFlofS 2F GKS StladAaodo akKSEN vz

PEP: GAG mixtures at 1 Hz.

9f FAGAO aKSI N Y2 RdzA dza

Peptide alone 1:16 GAG 1:64 GAG
130 mM | 230 mM | 130 mM | 230 mM | 130 mM | 230 mM

10,282+ 9,951+ 4,480+ 10,190+ 7,930+ 10,720+

2,047 880 377 2,385 1,774 3,032
24,604+ 53173+ 7,722+ 8,468+ 26,854+ 23,515+
8,943 2,398 1,087 404 2,737 4,891
24+ 5,608+ 1,813+ 502 + 47+ 130+
4 867 124 186 5 82

The data is presented as the me@*3 +95% confidence intervals.
3.5Discussion

A peptidehydrogel biomaterial for use in the regeneration of osteoarthritic cartilage should
be able to formself-supporting gelsn a physiological environmenshow characteristic
morphology similar to that of proteoglycan structures found in native cartilage and be strong
enough to remain in the area to which it is applied. In gtigdy,it was hypothesise dhat

GAG chains at different molar ratios would not only interact electrostatically with the
charged seHassembling peptides but also with the two ionic salt solutidrogaina better
understandingf whether such interactions were possible, the rheokaddata from this
studywasconsideredalongsidehe data fromthestudies of the selhssembly of thee ptide-

GAG mixtures using FTHRdthe morphological assessment of the pept@AG mixtures
using TEM

Initial experiments of the peptides alonetimo different Nasalt solutions (130 mM Naalt
solution and 230 mM Nesalt solution; gavean insight of how the three peptides would
behave under normal physiological conditions and also within the environment of the
surface layer of articular cartig@.5 SA LA GS GKS RATFTFSNBghesSt Ay
formation betweenthe peptides, they aléxhibited characteristic networks of entangled
fibrils, which were indicative of selfustaining gels as supported by the TEM images.
Increasing the ionic s#ngth of the Nasalt solution had different effects on the three

peptides. RcreassA Yy  KS LIS Nded fygrindd@rs -4, at créasedionic strength
117

G f



could have beedue to the monovalent cation interaction in the unassembled (monomeric)
state. The monovalent cations couldaveinteracted with the negatively charged peptide

forming an electric layer around the negatively charged mongmkich in tun would have

increased the translationale,.,s) energy barrier, preventing sedssembly.Similaly,
increases in the -sheet formedfor P;;-8 and R;-12 at higher ionic strength, could be
attributed to the net positive charge tfiese monomeric peptidesyhich could have caused
local repulsion of the monovalent catigrtiius,not incurring arincrease in the translation
energy barrer. This study highlightedthe potential effects of the surroundingpnic

environment on the biochemical properties of the peptide

A similar study carried out by Carriekal., showed the effect that ionic strerniyhad on the
self-assembly, morphology and gelation of pH responkivgheet tapeforming peptides
(Carrick et al., 2007)This study emphasised the effect that the physiologfi&alconditions
(130mM NaCl inf® ¢ noother salts addedhad on the transition from fluid solutions with
monomeric random cojlto gels with an antparallef -sheet structure. Thehifts in the
transitions experienced by,P4, R 1-8, & R;-12 (Figureb8), as a result of an increase in the
ionic strength were attributed to the screening of electrostatic repulsions between the
positive and negative side chains of the individual pegs rather than a change of the

deprotonation behaviour of the amino acid sideaths or the net peptide charge.

This can be quantified by the DLVO theory, which predicts that the addition of salts will
screen charged groups from each other and therefore decrease the Debye length of the
solvent(Caplan et al., 2000; Cla et al., 2002)The behaviour of this;RXseries of peptides

is consistent with this theory, howevghe effects of different concentrations of salts or
different types of counter ions was not studied by Carathkl (2007).They did comment

that the use of ions with a greater charge (usually divalentions), which have alarger Debye
radius (divalent ion vs univalent iopsllowthe divalentiongo screen the electrostatic
interactions over a larger rangdlossibly affedng the overall seHassembly mechanism,

which couldexplain the results presented here.
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Although initial studies showed promising resuitsterms of peptide ability to form self
supporting gelsn two differentNa' salt solutionsthe aim was to mix thgeptides with
chondroitin sulfate( GAGsyvith the goal of restoringhe biomechanical properties @A
cartilage. These highly negatively charged moleadetd potentiallyinterfere with peptide

selfassembly antherefore this required investigation

The FTIR data showed that a small addiogb@AG, could eitherincrease or decreasd the
sheetpercentage and also, in some instances disrupt the ability of the peptides to self
assemble. In the case of;P in130 mM Nasalt solution, the decreasefinsheet aftera

small addition of GAG(64), could be explained by the interaction of the highly negatively
charged GAG molecules with the negatively charged peptide, increasing the translation
energy required, hence limiting the sel§sembly. However, in the 230 mMN\alt solution

a simila effect was observed, which could be explained by the screening of electrostatic

repulsion between the positive and negative side chains @f4Pwith the increasing
119
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concentration of Naions.Neverthelesghe addition of increased amounts of GAG seemed

to drive the assembly further.

Similarly, in the case of;f28, the addition of the higher GAG molar ratio (1:16) not only
increased -sheetformation but also formed sel$ustaining hydrogels, which was not the
case with 2-12. This behaviour could bexplained by the inherent design of the peptide
amino acid sequence ;P4 and R;-8 each contain four glutamine residyeshich means
they contain four hydrogen acceptor sites and four hydrogen donor sites &aghres9.
Therefore they can form eight intermolecular hydrogen bonds whitéive favourable
enthalpy. Thisis termed the polar zipper effect, 12 has four serine residues, which only
have two hydrogemcceptor sites and two hydrogen donor sit€sgures9), therefore, Py

12 can only form four intermolecular bonds, whiddslessfavourableenthalpy. In addition,
the hydroxyl functional group of serinalso has a high affinity to hydrogen bond with
deuterium oxide (another form of water). This resuitsdeuterium oxide competing for
hydrogen bond interactions with the peptides containing serine residaésrn @using self
assembly to be less favourable. The latteuld explairwhythe P;;-12: GAG mixture, had
such low -sheetformation, lacked fibrillary morphology and did not form seifstaining

hydrogels.

NH _H
4
Figure59: Amino acid residues: a) Glutamine residue b) Serine residue.

Astudy by Milegtalbs | f a2 f 221 SR -bhdet dbritedt witid RE 380G I 3 S
and R;-12in the presence of GAGBhe commented that the addition of lger amounts of

GAG did not inhibit the Ppeptides seHassemblywhich is somewhat contrary to what was
found inthis study. However, isit very importantto note that Miktsl,, tested the peptides

in only a 130 mMNaCl in BO, whereas in our study & investigated two salt solutions
containing varying amounts of physiological salts as well as two GAG molar ratios. Therefore,
difference seen between the two studies are attributed to the difference in physiological

solutions used to reconstitute the péiges.

As with all techniques, FTIR has its limitations especially wheah tasanalyse peptide

hydrogelqdKubelka and Keiderling, 20G49 these biomaterials are very sensitive to the way
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they are treated. The biphassolutions/gels analysed in the FTIR can dissociate upon the
application of mechanical force betweenthe gdiscs, resulting in sheer thinning, therefore
leading to a disproportionate amount of gel and fluid between the IR digush could lead
toinacazN S RS i S Mhektyohtéink Hoyiever, Bvery effort was made to reduce
this with the use of a known path Ilength of 0.25mm. Nevertheldas to the concentration
regime and aqueous salt conditions used, FTIR was the only available tn@asssthe
conformation of the system studied. Despite the possible limitations of the techniUR
analysis clearly highlighted that two of the three SAPs-4Rand R;-8) demonstrated a
IANB I G S NI LIS-dlBS iyf the peSencd & the GAG at 130mM 230mM N4 salt
concentrations, whencomparedtagPmH @ ¢ KA & KA 3 Kshedd, del@awddd@dy G I 3 S
that selfassembly hdtaken placeunderphysiological conditins, making; ;-4 and R;-8,

good candidates to take forward into biological studies, depieg on their fibril morphology

and biomechanical properties. The formation of peptide gels is subject to a difference in the
kinetics of seHassembly which can be influenced by the surrounding conditions and the
molar ratio of GAG. Therefore, the vali@&-shieet percentage presented in this study may
not be indicative of values that the peptide and pept@AG mixtures may have achieyed

they had been leftto reach a full equilibrium state.

When considering the overall morphology of the SAPs anBt@GRG mixturesit was
observed that generally those peptides and peptdlé D YA EGdzNB& GKF G SEK
sheet formation tended to exhibit denser networks of fibrils and fibres, with a greater
proportion of junction points. The presence of these nholar networks with interwoven
morphology indicated the formation of sesupporting hydrogels. Howevighis was not the

case for -12 at both GAG molar ratios and in both *Nalt solutions. This peptide
precipitated out of solution and formed solmthite flocculates, some of which were
observedinthe TEM images for22. These clumps appeared to interact with each other

to form bundles and small networks as was the case in the other gels. The low percentage of
I -sheet formation exhibited in thé=TIR analysis could be linked to the irregular fibril
morphology and this mayave beendue to the unexpected formation of nanotubes

althoughthese werenot widely observed.

¢ KS OKI y 3 SheetpdcBryageiantl morphologys a result of increasirthe Na

ion concentration could have been due to the increased amount of positively charged sodium
ions present in the salt solutions. This cobl’e been as eesultof the interactions with

the differently charged peptide residues, which in theory cbiuhve inhibited or promoted

0 KS ¥F 2 N)-bhéet $¢bndanf stricturas well as fibril formationMoreover, the

presence of other cations and anigpsesent withinthese Naalt solutioncould also have
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played a role ithe interaction with thedifferently charged peptide residues and also have

had positive or negative impacts on the peptide ssdsemblyand fibril morphology

It isimportant to considetthat the variations and trendsbservedn the widths and lengths

of the SAPs and SAFAG nixtures, may nothave beerdirectly related to the concentration

of GAGand Naions presentin thealt solutiors; due to the nature by which the peptides
were processeddrimaging. Peptide and peptid@AG samples were left to dry before TEM
analysis ad therefore itis possible that the drying process could have had an effecton the

fibril/fibre formation and/or association and henedfectedthe fibril widths and lengths.

Neverthelessthe TEM images showd that P;;-4 and R;-8 alone and with GAG
demonstrated a characteristic netark of entangled fibres/fibrilsan indicator that the SAPs

had undergone hierarchical sedissembly to form these structures. Despite having some of
the longest and thickest fibrils; 212, did not demonstrate this characistic network and
hence would not be considered a good candidate for future studies as when coupled with
the FTIR analysi$would appear that the GAGdfectedthe selfassembly and morphology

of P;;-12,which wasot desirable for tle intendedapplicaton.

Previous studiewith the same peptidekave shown that the additionf GAG molecules,
also enhanced the thermodynamic stability of the aggregates, increasbdetcontent and

also acted as a trigger for peptide gelation, especially with the pegitcharged peptides
(Pi1-8and R;-12)(Miles et al., 2016)Mileset al commented that electrostatic interactions
could not be the sole reasonto explain why there were favourable peffB46& interactions.

The authors discussed the potential of other interactions, such as hydrogen bonding
between the GAGs and peptides, whiwiped explain how the GAGs also enabled the self
assembly of likecharged anionic peptides {f4). The authors were able to support their
theory through the testing gbolyethylene glycalPEG) polymers with different molar ratios

of GAG. There were nomparable improvements in the gelation kinetics when compared
to the P;-X, peptides, therefore it was concluded that the GAG must also be interacting
directly with the peptideviaphysical bonds to enhance the gelation kinetics, which could

explainthe tends observed in the study presented here.

The R;-x peptideswerestudied in two differentGAG molar ratios (1:64 and 1:16) add
salt solutiong130mM and 230mMNa’ salt solutior). Eachsolution contained different
concentration of Naions, as welas other salts found in cartilage tiss(ldrban, 1994)as
these particular conditionbad not been studied previouslyheFTIR and TEM anadgs
showed the combined effectbat the ionic Nasalt solutions and the negatively charged

GAG had on the seHssembly and morpholodfibril formation)of the R ;-x peptides. It was
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hypothesised that these changes in microscopic structwvesild lead to changes inthe bulk
mechanical properties of ise peptide hydrogels and hence a rheological study was able to
determine these differences in mechanical properties. Peptide only and GAG only controls
were also tested in order to determine the effect that the addition of GAG and different Na

salt soluton had on the shear moduli.

The rheological studies were not only aldientify the molar ratio ofSAPGAG thagave
favourable biomechanical propertieBut alsoshowedthe effectthat the presence of GAG
chainshad on the mechanical stiffnessf the SAPhydrogelsas afunction of GAG
concentration.Perusal of the dataevealed the combined effect of the three variables
(peptide, GAG molar ratio and Na+ salt concentratiwen) aneffect on the overall shear
modulus at 1Hz. It is also importantto commentthe data for the GAG controls where it
was confirmed that, regardless of the concentration of GAG added to the 130 mM and 230
mM Na' salt solutionsthe sample®xhibited nomechanical strength.herefore the GAG

on its own had negligible stiffneswhen compared to the peptide on its own and the
peptide-GAG mixtureslhis supported previous hypothedbsit the mechanical properties
observed fothe peptide GAG mixtures were due to interactions between the negatively
charged GAG and thpositively/negatively charged peptides as well as thagiaction with

the surroundingdnic Ndsalt solution Given the tw@hysiologica¢nvironments that these
peptides were tested under, it was clear that the addition of the GAG atbior the
mechanical properties of the peptide hydrogeldie tuned over a range of up fourorders

of magnitude(Table27). In all peptide samples tested, theastic component was found to

be greater than the viscousomponent, demonstrating solitlke behaviour of these
hydrogels and in some cases, even exhibiting shear thinning characteristics that may be
advantageous for their future usesin cartilage regetiera Of the three SAIBAG mixtures
itwas clear that two of the peptide hydrogels were more favourable} 8nd R;-8, of which

P.;-8 was the stiffest. Overalllren comparing the behaviour of 8 in both cases (Case 1:

In both 130mM and 230mM Na sdt solutions, with Case 2: In both 180M and 230mM

Na' salt solutions with the addition of two GAG molar ratios); the addition of the GAG had a
very different effectiepending on the ionic strength of Nealt solution that the peptide was

in. In the 130mM Na salt solution, -8 at the lower molar ratio of GAG (1:64) headositive
effect on the moduliWhereasat the higher molar ratio of the GAG (1: 16seemedto have

a detrimental effect on the moduli. The latter was also true for both molapsbf GAG in

the 230mM Na& salt solution. Nevertheless; 8 in both the 130nM and 230mM N& salt
solutions at the lowest GAG molar ratio exhibited an elastic maglofaround +23,000 Pa;

which was relatively high for a gel made of soft matter. Thedies of aggregates captured
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in the TEM imagesf P;;-8 in both Né&salt solutions (13énM and 230mM) at a GAG molar
ratio of 1:64, showed areas of denser bundles of fibrilar networks, indicating that there that
therewere higher number of junctiopoints. This observation supported the results of the

rheological study.

The mechanical properties of the SSRAG mixtures were influenced by the ionic interactions
between the negatively charged GAGs and the positively/negatively charged peptides as well
as heir interaction with the surrounding ionic Ngalt solution. This study showed that the
addition of another charged btpolymer and the change in the ionic strength of the
surrounding solution had a large effect on the stiffness of the individual pepfdeogels

by either promoting a greater number of entanglements in particular peptides or by
inhibiting the peptides ability to form entanglements and junction points. The addition of the
GAG not only provided the high charge found in native tissue, wdoalributes to the
hydration and function of cartilage, but eertainmolar ratics, it improved the rheological
properties of some of the resulting gels. Increasing théibia concentration (as found in

the surface of cartilageallowed for the invesgation of how the peptides would behave in

in vivoconditions and also the effect that this had on the rheological properties of the
resulting gelsOwerallin this study higher concentrations d6AG1:16)decreased the gel
stiffness of theglutaminebasd peptides (P-4 and R;-8). However, atlower GAG
concentratiors(1:64)the stiffnessof the R ;-4 gels was slightly improved, but more so in P

8 gels. Neverthelesthe corresponding peptides alone wegenerallymechanically stiffer.

By contrast, for theserinebasedpeptide (R;-12) gel stiffness was increased at high GAG
concentrations, but the stiffness values were still much lower than the glutamine based

peptides.

A similar study carried by Milext al. at the University of Leeds, also sheethat the GAG

can have a great effect on the shear modulus of the peptides (Miles et al., 2016). Although
the solutionused wasmade up indifferentlyto the one in this studythe authorsalso
commentedhat at higher GAGoncentrations the shear modulus of the peptides decreased,
when compared to the peptides with lower GAG concentratiohise authorsalso
commentedon how thepresence of the GAGs not only affects the peptide interaction but
also has an effect on their rnoscopic stucture. Specifically concluding thadtd shear
modulus of thepeptide gelsvasrelated to the thickness of thibrilsand/or the number of
junction points between the interactinigorils, which in turn islependenton the density of

the chains, theiwidth and lengthand crosslinkingaffinity at the junction points A

conclusion whiclstrongly agreed with théindingsin this study.
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The equilibrium shear modulus of cartilage has bgantedto be in the range of 0.05 to
0.25 MPa(Athanasiou et al., 20090ur strongespeptide andpeptide: GAGelwasP,;-8

(1:64 GAG molar ratjpwith an elastic shear modulus of approximately 0.027 MRlaich
R2Say Qi Lidaheaimbdulus odet®yicartilagekB8aring in mind that the gels are
made of soft matter and have only beentested in an environment thatis meant to mimic the
internal environment of the knee, these peptide: GAG gels have a potential to improve the

biomechanical propertiesf@sAG depleted condylar cartilage.

New SAFGAG hybrid materials have been developed with adjustable mechanical properties.
Their ability to seHassemble and the incorporation @hondroitin sulfate at the correct
molar ratio makes them feasible candidatfor a minimally invasive therapy to aid in the
restoration of mechanical properties to early stage osteoarthritic cartilage. FTIR and TEM
studies have highlighted the SAFAG combinations that were able to form characteristic
self-supporting gels ableot produce characteristic entangled fibrillary networks similar to
those found in native cartilage. Alongside this, the rheological studies at (1Hz) determined

that P;;-4 and R;-8 peptide GAG combinations, were among the stiffest.

The combination of thesstudies has identified that two of the three SAPs demonstrate all

2F GKS GKNBS T O2-dhNdtpeicebtage)diradt islic krfagfed fiolad K |
networks and a high stiffness coefficient.

In conclusion, the data presented in this studdiicates that ;-4 and R;-8-chondroitin

sulfate mixtures have properties which make them suitable candidates for further

investigation for their capacity to restore the biomechanical properties of GAG depleted

tissuessuch as early stage OA cartilage.
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Chapter 4Development of GAG depleted cartilage models

4.1 Introduction

In order to be able to test the ability of the peptide and pept@AG mixtures to restore the
mechanical properties of GAG depleted cartilage, it was necessary tolapean
osteoatrthriticlike cartilage model. Several studies have used-@éydeting enzymes, such

as chondroitinase ABC (CaseABC) to selectively degrade specific proteoglycans of articular
cartilage to study their role in the biomechanical responses otisie and also toreate
osteoarthriticlike cartilage modelgo test novel cartilage regeneration therapi€schmidt

et al., 1990; Chen etal., 1997; Pickard et al., 188&alo et al., 2004; Basalo et al., 2005;
Sasada et al., 2005; Katta et al., 20@)ondroitinase AB(Case ABC) at pH 8 has been
shown to degradechondroitin sulfateA, B and C at greater rates than chondroitin and
hyaluronic acid. It does not bred&wn other GAGs such as heparin, kerasaiffate or
heparansulfate(Yamagata et al., 1968pther studies have shown that the use of SDS within
decellularisation processes can also severely deplete the levels of GAltss parcine
cartilage tissue¢Stapleton et al., 2008; Kheir et al., 201The number ofodium dodecyl
sulfate SD$washes and the concentration of SDS determine the levels of GAGs removed,
however the use of highomcentrations of SDS (2200% w/v) can also lead to disruption of
matrix proteins and collagen fibréSamouillan et al., 2000; Elder et al., 2010; Kheir et al.,
2011) These dmagingeffects can be minimisday using low concentration SDS (0.1 % wihv;
Stapleton etal., 2008; Kheiret al., 2011). Therefore, the use of chondroitinase ABC and low
concentration SDS were investigated for the development of GAG depleted cartilage models

inthis study.
4.2 Aims and objetives

The aim of the research described in this chapter was to create a GAG depleted cartilage

model and characterise the model biochemically and histologically.
4.2.1 Objectives

1) To develop a procedure that would consistently remove GAGs from native porcine
femoral condylar cartilage to create femoral condyles with GAG depleted cartilage.
2) To determine the GAG content of native porcine femoral cartilage and GAG depleted

porcine femoral cartilage.

126



3) To characterise the GAG depleted porcine femoral cartilage uUsstglogy and to

compare the histological features to those of native porcine femoral cartilage
4.3 Experimental Methods

4.3.1 Acquisition of porcine femoral condyles

Porcine femoral condyles were acquired, dissected and stored as descridjter 2

Sectiorn2.2.2.2t0 2.2.2.4
4.3.2 Treatment of porcine femoral cartilage with chondroitinase ABC.

The enzyme chondroitase ABC was used throughout this thesis for the depletion of GAGs
from porcine femoral cartilage, unless otherwise stated.

As recommended by the supplier, chondroitinase ABC (Casdramldroteus vulgaris,
Sigma) was e at the required concentrationith an aseptically prepared buffer solution

at pH 8, with the addition of antibiotic solution to inhibit microbial growth and a proteinase
inhibitor, aprotinin, to prevent autolysis of the ECM proteins. The effect of the CaseABC
treatment on the GAG contdmf the femoral condylar cartilage was determined using the

dimethylmethylene bluassay (DMB assay), outlineddhapter 2Sectior2.2.5.3.1
4.3.2.1GAG epletion of cartilage tissue
Reagents

1 Bovine serum albumin (BSA) 2% (w/v) solution. B8/Q was dissolved in 0/l
of distilled water (dKO).

1 BSA solution 0.01% (wNBSA 10 mg was dissolved in 100 ml dH,0.

1 Buffer solution (pH 8)rizmabase Q.61 g;Sigmapnd0.49 g ofsodiumacetate
(Thermo Fishemvere dissolved iB0O ml of dHO. The pH was adjusted to 8 by
adding 6M HCL or 6M NaOH drafise.

1 Antibiotic solution: (Working concentration: ystatin [250 U.mt], gentamicin [20
U.mH], Polymixin B [200 pg.rl, vancomycin [50 pg.ml, Primixin 1.V [200 pg.rl
amphotericin B [25 pg.m], aprotonin [10 KIU.mf]). Gentamicin(1 mg, 10 mg
Polymixin B2.5 mg ofvancomycin and 10 mg of Primixin .V were dissolved in 1250
ul of nystatin, 10 pl of @rotonin, 5ml ofamphotericin Band0.5 ml of 2% (w/v) BSA
solution. The fnal solutiorwasaliquoted into 07ml volumes into steril&ppendorf

tubes
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T 1 Fy1Qa saltsblitigh@BRS)with 1 mMZand penicillin/streptomycin 100
pg.mit. ZnCj (78.3g) was dissolveth 28 ml of sterile HBS%is solution(25 m) was
filter sterilised and10 ml of penicillin/streptomycin fieat as supplied by the

manufacturejwasadded This was carried out aseptically in aclass Il cabinet.

The Case ABC (10 U) was reconstituted by adding 0.5 ml of 0.01% (w/v) BSA solution. The
reconstituted solution was transferred into a universal container and the volume was made

up to 5 ml usig the 0.01% (w/v) BSA solution. The CaseABC (0.1})Uspiution was
aliquoted in volumes of 0.25 ml into Eppendorf tubes. Aliquots were store208C until

needed (max storage: 6 months).

4.3.2.2Enzymatic painting of CaseABC agarose gel onto porcine fenuarailage
¢ Model 1

The CaseABC (0.1 Unlvas mixed with an agarose gel to allow the painting of the Case ABC
solution onto the surface of the porcine condyle. A control containing just the antibiotic
solution in the agarose gel was also used. Thraeipe femoral condyles (both medial and
lateral condyles) were used for the application of the Case ABC solution and another 3 for the

application of the control solution.

Agarose (15 mg) was dissolved in 4 ml of Case ABC buffer to make a 0.3 % (widr). Sbkut
solution wasplaced in the microwavéor approximately 3045 seconds to dissolve the
agarose. The solution was allowed to cool té@Gbefore adding 1 aliquot (0.68 ml) of the
antibiotic solution followed by 1 aliquot (0.25 ml) of the Case ABQGisaolul'he mixture was
then vortexed gently to ensure thorough mixing of contents and eventual gelling (viscous
liquid). The sehel was kept at 3T until time of application. The control gel was prepared
in the same way except the Case ABC solutionwaaced with 0.25ml of 0.01 % (w/v) BSA

solution.

Porcine femoral condyles were transferredto a sterile class Il cabinet and placed into a sterile
pot. An area of interest was marked out by a permanentmarker and, using a paint brush, the
CagABC gel (azontrol gel) was generously applied to this ar€aglre60). Condyles were

returned to their sterile containers and incubated afG7#or 2 hours.
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Figure6(: Sterile condyles showing the area of interest marked out in permanent marker,
Case ABC gelwas applied to this area to allow the depletion of GAGs.

After the 2 hours, another Case ABC agarose gel (or control gel) was prepaestatsed
above and reapplied to the femoral condyles in the area of interest and incubated@® 37
for a further 2 hours. The process was repeated again and after'trapplication of the
CaseABC agarose gel (or control gel), the condyles were iraibat3?C overnight.
CaseABC enzyme is inhibited by*Zons, therefore the following day, the condyles were
transferred into sterile 250 ml pots and washed twice for 30 minin 200 ml of HBSS Zn

solution on an orbital shaker at room temperature withtagjon of 240 rpm.

Cartilage condyles were then transferred to a sterile dissection table. Condyles were clamped
and two plugs were aseptically remalrom each condyle as describedihapter 2Section
2.2.2.3 Cartilagewas removed from the bone in both plugs. One plug was used for

histological analysis (Safranin Oietag) and the other for GAG analysis.
4.3.2.3Injection of CaseABC solution into porcine femoral cartilagilodel 2

This method of GAG depletion usedthe same reageexsribed in Sectiof 3.2 For Model

2 the enzyme was administered using a 30G needle and syringe toedepremined area
(Figure6l). A control containing just the enzyme buffer solution and antibiotic solution was
also used. Three porcine femoral condyles (both medial and lateral condyles) were used for
the injection ofthe CaseABC solution and another three for the injection of the control

solution.

Firstly, 8.1 ml of enzyme buffer was dispensed into a glass universal container and placed in
a water bath at 37C. Whilst warming, 2 aliquots (1.4 ml) of antibiotic solutiere added,
followed by 2 aliquots (0.5 ml) of CaseABC solution. The solution was vortexed gently to
ensure thorough mixing of the contents and kept at@7until use. For the control solution,

CaseABC solution was replaced with 0.5 ml of 0.01 % (w/\g@&#on.
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Condyles were transferred to a class Il cabinet and placed onto a sterile surface. An area of
interest was marked out by a permanent markBigure61). Usng a 30G needisyringe the
femoral cartilage was injected with the Case ABC mixture (or control solution) at 20 locations
inthe pattern shown irigure61 Approximaely 0.1 ml of the solution was injected at each

site, holding the syringe perpendicular to the cartilage surface. Injection of the CaseABC
mixture (or control solution) was carried out slowly into the cartilage, applying a small
amount of force to the synige plunger and occasionally pulling in and out simultaneously to

ensure deposition of the enzyme.

Treated condyles were then returned to their 250 ml sterile containers and incubatetCat 37
overnight. The following day condyles were washed twice fonB0in 200 ml of HBSSZn

solution on an orbital shaker at room temperature with agitation of 240 rpm.

Two plugs were removed from each condyle as describethiapter 2 Section2.2.2.3
Cartilage was removed from the bone in both plugs. One plug was used for hisiblogic

analysis (Safranin O staining) and the other faBGanalysisHiguresl).

-——

Plug 1) GAG Assay
Cartilaae S
- 2) Histology

X2 | subchondral S
Bone

Figure61: Porcine femoral condyle showing the area of interestrked out in permanent
marker. Schematic to the right shows the pattern in which the Case ABC solution (or
control solution) was injected to this area to allow the depletiaf GAGs. Twenty
injections were made in each site. 9 mm plugs were taken from each site for histological
analysis. One plug was used for Safranin O and the other plug was used to GAG
guantification.

4.3.3 SDS and PBS washes of porcine condylar cartilayeodel 3

A series of SDS and PBS washes were carried out in order to deplete femoral condylar
cartilage of its GAGs. Four methods were developed in model 3. The duration in which the
femoral condylar cartilage remained in either SDS or PBS changed in each nigieed
porcine femoral condyles (both medial and lateral condyles) were used for each method in
this study. Three untreated native porcine femoral condyles (both medial and lateral

condyles) were used as the control in this study.
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Reagents:

1 Sodium dodeylsulfate(SDS) solution (0.1% w/v). SRE(Sigma) was dissolved in
2 Lof dHOand 2 ml of aprotininfordic pharmal0 KIU.mt) was then added.

1 Phosphate buffered salinPBS)PBS tablet2Q; Sigmawere added to 2 bf dHO.
The (H was adjusted tbetween 7.27.4, by addinggM HCL or 6M NaOdtopwise
The solution was then autoclaved adnl ofaprotinin (10 KIU.mt) was added.

9 Salt solution (130 mM Naas outlined inChapter 3Sectior3.3.1.3. KCl, (1.04 g),
1.11 g of Cag110.29 g of NaCl, 7.06 g of NaH@@re dissolved in 2 L of d@.

The method was carried out over four days as described below:

Day 1: porcine femoral condyles (medial and lateral) were placed into 250 ml plastic sterile
containers and 200 ml of 0.1% /wy SDS was added. Containemsre/then secured onto an
orbital shaler using tape. The shakerwas placed in an incubator’& arnd agitated at 240

rpm. The condyles were incubated overnight.

Day 2: the SDS solution was replaced with 200 ml of fresh sterile 0.1% (w/v) SDS and the

samples were returned to the 3Z incubabr and agitated at 240 rpm overnight.

Day 3: the 0.1% (w/v) SDS solution was replaced with 200 ml of fresh PBS containing
aprotinin. The samples were returned to the incubator &t and agitated at 240 rpm for

three hours. This step was repeated, foleohby a final 24 hour incubation in fresh PBS.

Day 4: the PBS was replaced with the 130 mNsilid solution and left to soak overnight at

4°C with no agitation.

Two plugs were removed from each condyledescribed inChapter 2 Section2.2.2.3
Cartilage was removed from the bone in both plugs. One plug was used fololgisal

analysis (Safranin O staining) and the other for GAG analysis.
4.3.4 Histological Characterisation

In order to allow visualisation of any GAG removal from the cartilage as a result of the
methods applied in models (1) to (3), histological analysspeaformed. This analysis was
also carried out using native cartilage to observe any differences in GAG distribution. Femoral
condylar cartilage plugs were extracted fromthe GAG depleted condyles and native cartilage
as outlined above. Cartilage tissugsre fixed in zinc fixative, processed and sectioned as
described irChapter 2 Sectiong.2.3.1to 2.2.3.3 Sectionsvere placed on slides and were

stained with Safranin O and fast green.
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4.3.5 GAG Quantification

The GAG contentremaining in the GAG depleted tissue from models (1) to (3) was measured
using a DMB assay, to quantify the amoungwolifated sugars remaining within the tissue, as
described irChapter 2 Sectior2.2.5.3.1 The GAG content of native cartilage samples was
also determinedfor a comparison to be made. Thereav&porcine femoral condyles (both
medial and lateral condyles) for each GAG depleted model and 3 native cartilage samples.
One plug from each condyle (medial and lateral condyle; GAG depleted and native cartilage)
was used for the GAG analysis. Sampleseweeighed 3 times before lyophilisation (wet
weight) and 3 times after (dry weight) and an average was recorded for the calculation of

percentage GAG per tissue wet and dry weight, as describédapter 2Sectior2.2.5.2
4.3.6 SDS Quantification in GAG depleted cartilage (Model 3)

The SDS concentration within the GAG deplgiettine femoral condylar cartilage was
measured at four different stages of the processfor GAG depletion used in model 3. This was
carried out to determine the amount of SDS remaining at the end of each process within the
GAG depleted femoral condylarrtiéage. This was important because it was thought that
residual SDS in the cartilage might affect the-ssBembly of the peptides and pe ptHBAG
mixtures. The analysis was performed on solutions that the femoral condylar cartilage was

immersedn. Inaddition to reagentdisted in Sectiod.3.3 the followingreagents weraised.
Reagents:

1 Stainsall stocksolution .8 mM, Sigma E9379, Lot no#BCBM984Stainsall (10
mg) was dissolvedin 10 raf 50 %{v/v)isopropanolin d&D.This was then vapped
infoil and store at £C.

1 Stainsall working solution (90 um) was made by mixing 1 ml of the stalhstock
solution, 1 ml of formamide and 18 ml of &bl This was wappedin foil and storel
at £C.

SDS was dissolved in three different solvents (SDS 0.1% w/v, PBS and 130" sl Na
solution) at 2 mg.mt. These solutions were then serially diluted in the appropriate solvent

to produce a range of standarffom 2 to 2000 pg.mland a standard curve was produced.

A clear flatbottomed 96well platewas used for the assay, 200 ul ofaghs-all working
solution was added to each well and 10 ul of each standard was added in triplicates. The
following samples wre analysed:)) the last SDS wad2) the two three hour PBS washes;

(3) the one 24 hour PBS wash andldg 130 mM soakOnemicroliterwas taken from each
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solution and added into the 9%ell plate in triplicates. The plate was shaken for 2 min and
the absorbance of each well was measured using a microplate spectrophotometer at 447
nm. A graph of SDS concentration against absorbance atrid was plotted using the
standard solutions. A linear regression analysis was performed and used to interpolate the

concentration of SDS in the test samples.

4 4 Results

4.4.1 Evaluation of native and GAG depleted porcine femoral condyles

Three different method for producing GAG depleted cartilage were investigated. Images of
sections of native porcine condylar cartilage and porcine condylar cartilage that had been
subject to the three different GAG depletion techniques stained with Safranin O are
presentedn Figure62, Figureb4, Figure66andFigure67. The GAGontentin native porcine
condylar artilage and porcine condylar cartilage that had been subject to the three different
GAG depletion techniques is presentedrigure63, Figure65 and Figure68;, with the

statistical analysis of th@ata shown irFigure70.
4.4.1.1Model 1

Images of sections of porcine condylar cartilage that had been painted with Case ABC agarose
gel and a control agarosgel without CaseABC; stained with Safranin O are presented in
Figure62A & B, respectively. The control cartilage tissue showed charactecestiilage
architecture and cell organisation, throughout the depth of the cartilage tissue, when
compared with native porcine cartilage tissue. Porcine cartilage that had been treated with
the CaseABC showed simitésto-architecture compared to the cdrol cartilage tissuand

native porcine cartilage. It was, however clear from the Safranin O stain distribution that the

CaseABC treatment had removed some of the GAGs from the surface of the cartilage.

Measurement of the depth of GAG depletion in alhgades (n=3 for porcine condylar
cartilage painted with Case ABC and n=3for the control cartilage, painted without CaseABC),
across 6 different points along the top surface of the cartilage, showed that the average
depth of GAG depletion wagpproximatelyl63 um from the surface of the cartilage in the
CaseABC treated cartilage; compared to 8 um in the control porcine condylar cartilage, which
had not been treated with CaseABC. The latter was attributed to the lower levels of GAGs in
the superficial layer otartilage compared to the midone. The data (depth of the GAG
depleted surface layer) was analysed using StudertEsttto test the null hypothesis that

applying the agarose CaseABC gel did not affect the depth of GAG depletion of porcine
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condylar cailage when compared to the cartilage control tissue, treated with only an
antibiotic agarosegel. This showed that the depth of GAG depletionwas significantly greater
inthe CaseABC treated samples than in the control samptesg x 10°).

The GAG cotentration per cartilage dry weiglaf the porcine condylar cartilage painted

with aCaseAB@&garose gel, the control (without Case ABC) and the untreated rairege
condylar cartilage, arshownin Figure63. The native porcine cartilage had the highest
average GAG content at 225 ug.maghe average GAG content of the porcine condylar
cartilage that had been painted with Case ABC (moddl3¥ ug.mg?), was lower than the

GAG content seenin the porcine condylar cartilage that had not been painted with CaseABC,
(control-218 ug.md).
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MEDIAL LATERAL

Figure62 SafraninO stained sections of GAG depéat porcine condylar cartilage treated with an agarose gel containing Case AB@raitgotic/aprotinin solution
(model 1) and a porcine condylar cartilage treated with an agarose gel containing only antibiotic/aprotinin solution (cQntf)l GAG depletecartilage (B)Control
sample. Images to the left were medial condyles sectioned perpendicular to the cartilage surface and images to the rigtérakbcendyles sectioned perpendicular
the cartilage surface. The middle picture is representative images of pepéadtrosssections of porcine cartilage plugs, that have been GAG depleted and one tl
not: (A) GAG depleted, lateral porcine cartilage plug. (B) Control, medial porcine cartilage plug. Scale bars are ddiwduah iimages so that the depth GAG
depletion could be quantified.
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The data showed that the method used in model 1 of painting agarose gel containing
antibiotic solution and CaseABC, onto the porcine condylar cartilage surface, reduced the
average GA@ontent when compared to the control (without CaseABC) and nativergorci

condylar cartilage, by circa 40.%

300
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150

100

GAG concentration per cartilage dry weight (ug:fl
S

Model 1 Control Native cartilage

Figure63. GAG content of cartilage from GAG depleted porcine condylar cartilage in
model 1 compared to the control sample and untreated native porcine condylar cartilage.
Model 1 consist of porcine condylar cartilage painted with Case ABC enzyme containing
antibiotic/aprotinin in an agarose gel. The control porcine condylar cartilage was painted
with buffer containing antibiotic/aprotinin in an agarose gel (without Case AB&a.is
expressed as the mean (N6 95 % confidence limits and is the average of the medial and
lateral condyles.
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4.4.1.2Model 2

Images of sections of porcine cartilage tissue subjected to injection of CaseADing
antibiotid aprotinin solutionand porcine cartilage tissue subjected to injection of antibiotic/
aprotinin solution (control), stained with Safranin O greesented inFigure 64A & B,
respectively. Porcine cartilage tissue treated with both injection techniques showed that
there was removal of GAG in both groups. It was observed that the sections of the cartilage
that had been injected with the Case ABC enzyme tended to have a brighter Fast Green stain
(blue stain) than the sections of the cartilage injected with just the antibiotic/ aprotinin

solution. The GAG content was measured using the DMB assay.

The GAG concerdtion per cartilage dry weight of the porcine condylar cartilage injected
with Case ABC containing antibiotic/aprotinin solution, antibiotic/ aprotinin solution injected
only and untreated native porcine condylar cartilage, are showrigure65. The native
porcine cartilage had the highest average GAG content at 225 dg.Thg average GAG
content of the porcine condylar cartilage that had been injected with CasémB@el 2-

174 ug.mgd), was lower than the GAG content seen in the porcine condylar cartilage that
had not been injected with CaseABC, (contr@D1 ug.md). The data showed that the
method used in model 2 of injecting an antibiotic solution contail@age ABC into porcine
condylar cartilage, reduced the average GAG content when compared to the control (without

CaseABC) and native porcine condylar cartilage, by circa 14 % and 23 %, respectively.
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Figure64: SafraninO stained sections of GAG depleted porcine condylar cartilage treated with injections of Case ABC congaitibigtic/aprotinin solution(model
2) and porcine condylar cartilage treated with injections of antibiotic/ aprotinin solution alone (contr@d) GAG depleted cartilagéth Case ABEB)Control sample
Images to the left were lateral condyles sectioned parallel to the cagtdagace and images to the right were lateral condyles sectioned perpendicular to the ca
surface. The middle picture is representative images of perpendicularsectisns of porcine cartilage plugs that have been injected with Case ABC anbehevdh
an antibiotic/aprotinin solution: (A) GAG depleted, medial porcine cartilage plug. (B) Control, medial porcine cartilage plug
Scale bars are drawn on individual images so that the depth of GAG depletion could be quantified.










































































































































































































































