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Abstract

The repair of complex bone defects remains a surgical challenge and it is hoped that
tissueengineering may offer an unlimited source of bone tissue and circumvent many
of the drawbacks associated with current clinical approaches. Currently, the majority o
bone tissueengineering research has been focused on the differentiation of
mesenchymal stem cells (MSCs) into osteoblasts. TFesgieeering via the
endochondral ossification pathway to prepare a hypertrophic cartilage graft, however,
may be a more adintageous approach. This tissue is able to survive the relatively low
oxygen tensions found in defects and it may provide growth factors that promote
angiogenesis and bone tissue regeneration. Surprisingly little research has been
directed at hypertrophicartilage engineering. The aim of this project was therefore to
investigate the ability of nasal chondrocytes to form a hypertrophic cartilage graft
capable of regenerating bone tissireviva

The methodology used in this study was based on the typissué¢engineering
approach and encompassed scaffold fabrication, tissue characterisationnawgo
studies. Rat nasal chondrocytes consistently differentiated to form hypertrophic
cartilage grafts on both PGA and PLLA/calcium phosphate scaffold maté&itiaise
grafts expressed collagen type X and alkaline phosphatastgcated with large
chondrocytes, in a tissue that had morphological features in common with
hypertrophic cartilage. Gene and protein expression studies demonstrated a decrease
in hyalinecartilage markers and an increase in markers for hypertrophic chondrocytes
as differentiation proceeded. Vital and decellularised grafts cultured on the PGA
scaffold material significantly increased bone regenerationivowhen compared to
empty defect§4mm) in the rat cranium. Decellularised grafts that were reseeded with
MSCs also promoted significant bone tissue regeneration after 12 weeks. This
regeneration, however, occurred at a slower rate compared to the other grafts
evaluated. Foetal calf serurfFCS) was shown to have a significant effect on the
differentiation of the rat nasal chondrocytes. A defined, seduee medium was
therefore developed which was able to support the hypertrophic differentiation of the
chondrocytes. Finally proof of condeptudies demonstrated the ability of a Quasi
vivo® bioreactor to support hypertrophic differentiation of nasal chondrocytes under
flow conditions. It was concluded that nasal chondrocytes could be seeded onto
scaffold materials and cultured under definednditions to prepare a hypertrophic
cartilage graft capable of stimulating bone tissue regeneratiowiva The use of a
decellularised hypertrophic cartilage demonstrated substantial clinical potential for use
as a new regenerative graft material.
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Wi AQAY3Q t D! O2yaiNHU >
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4 images) and 100 pm (bottom 4 images(n=3
animals/construct group)

Figure 557 | Alcian blue staining of cranial defects 12 weeks a 116
implantation to show localisation of the glycosaminoglycang
$SS1a | FUGSNI AYLX I yidl G Ad®nbtrud,
decellularised PGA construct, decellularised PGA construc
seeded with BMMSCs or left unfilled. Magnifications are
(upper 4 images), x10 (middle 4 images) and x20 (botto
images). Scale bars = 500 um (upper 4 images), 200 pm (n
4 images) and 100 pm (bottom 4 images). (I
animals/construct group)

Figure 558 | Increase in the percentage bone volume in cranial def( 117
AYLE FYGSR 6AGK | WEiAGAY3Q
PGA over a 12 week period following implantatioi*{0.01.
n=3 animals/time point)

Figure 559 | Increase in the percentage bone volume in cranial def( 118
implanted with a decellularised hypertrophic construct cultur
on PGA over a 12 week period following implantatfprt<0.05.
n=3 animals/time point)

Xii



PhD Thesis sley 204 Bard

Figure 560 | Increase in the percentage bone volume increase in crg 118
defects implanted with BMMSC recellularised hypertroph
construct cultured on PGA over a 12 week periotlofeing
implantation ( n=3 animals/time point)

Figure 561 | Percentage GAG accumulation within the ECM of hypertro| 120
constructs cultured on the PLLA/calcium phosphate scal
material at day 14, 28 and 42 under statsemistatic and
bioreactor culture conditions. (* p<0.05. n=6)

Figure 562 | Histological analysis of PLLA/calcium phosphate const| 1261
cultured under static, senstatic and bioreactor culturg
conditions. Insermicrographs show nospecific staining. Sca
bars = 100um. (representative images n=6)

Figure 563 | Immunohistochemical aalysis of PLLA/calcium phosphg 122
constructs cultured under static, sersiatic and bioreactol
culture conditions. Insert micrographs show nspecific
staining. Scale bars = 100um. (representative images n=6)

Figure 564 | Comparison of the effect of static, sestatic and bioreacto} 123
culture conditions on collagen type Il mMRNA expression duri
42 day incubation period. The data is normalised to the ¢
expression observed after 72 hours on culture in expan
mediaon the PLLA/calcium phosphate scaffold materials (D
3D chondrocyte differentaiation. (n=6).

Figure 565 | Comparison of the effect of static, sestatic and bioreactol 123
culture conditions on collagen type X mR&kpression during i
42 day incubation. The data is normalised to the g
expression observed after 72 hours on culture in expan
media on the PLLA/calcium phosphate scaffold materials ([
3D chondrocyte differentaiation. (* p<0.05. n = 6)

Figue 566 | Comparison of the effect of static, sestatic and bioreactoy 124
culture conditions on alkaline phosphatase mRNA expres
during a 42 day differentiation period. The data is normalise
the gene expression obsemteafter 72 hours on culture i
expansion media on the PLLA/calcium phosphate sca|
materials (DO of 3D chondrocyte differentaiation.(* p<0.05, ?
p<0.005. n=6).

Figure 567 | The percentage GAG concentration preseim the PGA 126
constructs cultured in three serufnree media compared to the
serumcontaining media. (* p<0.05, ** p<0.01. n=9)

Figure 568 | Representative histological and immunohistochemical anal| 127
of rat nasal chonmcyte constructs after 42 days culture ¢
PGA in serurAiree media 1. (A) Haematoxylin and Eosin St
(B) Toluidine Blue; (C) Alcian Blue; (D) Alkaline Phosphatas
Collagen II; (F) Collagen X. Insert micrographs shovspecific
staining. Scale bar=100 um. (Representative images n=9)
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Figure5-69 | Representative histological and immunohistochemical ana| 128
of rat nasal chondrocyte constructs after 42 days culture
PGA in serudree media 2. (A) Haematoxyland Eosin Stain
(B) Toluidine Blue; (C) Alcian Blue; (D) Alkaline Phosphatag
Collagen II; (F) Collagen X. Insert micrographs shovspecific
staining. Scale bars =100 pm. (representative images n=9)

Figure 570 | Representative histological and immunohistochemical ana| 129
of rat nasal chondrocyte constructs after 42 days culture
PGA in serunaree media 3. (A) Haematoxylin and Eosin St
(B) Toluidine Blue; (C) Alcian Blue; (gakne Phosphatase; (f
Collagen II; (F) Collagen X. Insert micrographs shovspecific
staining. Scale bars =100 pum. (Representative images n=9)

Figure 571 | Collagen type II mRNA expression of the chondrocH 130
throughout the 42 day culture period on PGA. Showing

effect of serurafree media 2 and serurfree media 3 compare(
to serum media on the expression of collagen type Il within
grafts. The data is armalised to the gene expression obsery
after 72 hours on culture in expansion media on |{
PLLA/calcium phosphate scaffold materials (DO of

chondrocyte differentaiation.(* p<0.05, n=6)

Figure 572 | Collagen typ X mRNA expression of chondrocytes through 131
the 42 day culture period on PGA. Showing the effect of sel
free media 2 and serurfree media 3 compared to serul
media on the expression of collagen type Il within the grg
The data is normalised to thgene expression observed aft
72 hours on culture in expansion media on the PLLA/cal(
phosphate scaffold materials (DO of 3D chondrog
differentaiation(* p<0.05 and ** p<0.01, n=6)

Figure 573 | Alkaline phosphatase mRNA expression of chondesg 132
throughout the 42 day culture period on PGA. Showing
effect of serumfree media 2 and serusfree media 3 compare(
to serumcontaining media on the expression of collagen typ
within the grafts. The data is normalised to the gene expres
obsened after 72 hours on culture in expansion media on

PLLA/calcium phosphate scaffold materials (DO of

chondrocyte differentaiation. (* p<0.05 and *** p<0.005, n=6

Figure 61 | Thyroid hormone activation of the Wnt signalling pathw 159
leading to the production of runx2 and the terming
differentiation of chondrocytes.
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1 Introduction

There is a high demand fgraft materiak to repair and regenerate bongssuein a

wide variety of conditions including fracturaon-unions, congenital defects and

trauma. Bone is the second most trangmiad tissue with around 2.2million grafts
0SAY3 LISNF2NX¥SR SOSNE &SI NX / dNNByssuee (KS
is an autograftwhere bone is taken from a site within the patient arelimplanted

into a defect. While generally giving the best clinical resultss thmethod has
drawbacks includin@s longterm postoperative pain and/or donor site morbidity.

There is also a limit to the volume of bone which can be taken by autograft.

Other methods have been used clinically including allografts and xenografts asswell
osteoconductivebiomaterials. Allografts and xenografts require a higkgree of
processing before they can be used, which decreases their osteoinductive potential
and they have the added risk dfsease transmission. Alloplastimimaterials such as
calcium phosphates are widelytilised, but they lack the osteogenic potential of
autograft and the observedhost respnse is not consistenfTherefore the repair of
bone defects remains a challenge for surgeons and it is hoped that t&sggieeering

will provide a new source of bone graft tissue for transplantation.

The majority ofbonetissueengineering research has centred on the differentiation of
adult stem cells into osteoblasts to formew tissue through the process of
intramembranous ossificationThe endochondral ossification pathwahich involves
the initial formation of a hypertropic cartilagetemplate, whichis then remodelled
into bonein vivohas until recently been neglectetlse of the endochondral pathway
may, however, prove to be the tissuengineering strategy of choice for bone
regeneration.Development of most bones in the body and fracture repair commonly
occursvia this pathwayThe use of cartilagas agraft material is advantageous as it

has the abiliy to survive in theelativelylow oxygen concentrations typically found at

1
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the graft site. Hypertrophic cartilage has also beeported to produce the biologida
molecules, such agascular endothelial growth factoWEGIthat could enable graft
integration, blood vessel formatiorand the subsequentemodelling intobone. For
these reasongthe use of a hypertrophic cartilage graft has the potential to become an

alternative approach for the regeneration of bone.

Previous research in this area has hiditkgl the potential of both MS€and nasal
chondrocytes to be a cell source for the production of hypertrophic chondrocyte grafts.
Nasal chondrocytes, however, are an advantageous source due to their ease of
isolation and high proliferation independent offent age. Despite the compelling
arguments that suggest that hypertrophic cartilage has a significant potential for the
regeneration of bone in complex defects, surprisingly little research in this field has
been reported to date. Therefore the aim ofishresearch is to further investigate the
ability of nasal chondrocytes to produce hypertrophic chondrocyte grafts and to assess
their potential for the regeneration of bonén viva The specific objectives of this

research can be found in section 3.



PhD Thesis sley 204 Bard

2 Literature Review

2.1 Basic Bone Biology

2.1.1 Function and BsicSructure

Bonetissueconstitutesthe major loadbearingpart of the endoskeleton of vertebrates

and has a variety dunctionswithin the body It is essentialnot only for maintaning

body structureand allowing for movement, but also for the physical protection of the
internal organs and tissues. Bone is also able to store minerals, fat and growth factors
which, if required, can be releasedClarke, 2008 The marrow found within the
medullary cavities of the long bone and intersticdghe ancellous bones isssential

for haemabpoiesis (blood cell productiongs well as being aource for stem cell

regeneration(Taichman, 2006

Bone structures consist of two majanacrostructures, cancellous (trabecular) and
cortical (compact) boné-igure2-1) (Rho et al., 1998 Cancellous bon&s composed of
trabecular struts, which leads to a hor@mb structurecontaining poredilled with
bone marrow(Rho et al., 1998 This cancellous structuie found in the centre of the
bone and the orientation of the trabecular struts allowstat withstand thestresses.
Cancellous bone is also more metabolicaltyive than cortical bone and is -re
modelled by the osteoblasts, osteocytes and osteocléRiso et al., 1998 Cortical
bone has amore compact structure witta more defined architecturend is not as

regularly remodelled
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Cancellous Bone

Figure 2-1: The structure of a long bone, showing the positioning of the cortical and

cancellous bone as well as the positnif theperioseum (Adapted from Rho et al

(Rho et al., 1998.

The primary tissue of dne, osseous tissue, is hard but lightweight amdinly

composed othe mineral, hydroxyapatite, angroteins of whichcollagen type Is the

major component(Clarke, 2008 Bone has a high compressive strength, but poor

tensile and shear stress strengthaple2-1). These propertiesmakes bone relatively

brittle, however, it does possess some elasticity due to the high collagen content

within the osseous tissu@iutmacher et al., 2007

Table2-1: The mechanical strengths of cortical and cancellous lfdoénacher et al.,

2007)

Cortical Bone Cancellous Bone
Compressive Strength (MPa) 100230 2-12
Tensile Strength (MPa) 50-150 10-20
Fracture Toughness (MP&ff) 2-12 -
. 2dzy3Qa az2Rd 7-30 0.50.05
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The main cells found within bone tissue are osteoblasts, osteocytes and osteoclasts
which are responsible for bone formation, maintenance and resorption respectively
Osteoblasts are mononucleated bofmming cells, which are found on thactive
surfaces of bone andare derivedrom osteoprogenitors. They produce an osteoid fpre
bone) extracellulamatrix (ECM) which mmineralised to form new bon&larke, 2008
Once osteoblasts are entrapped within the mineralised matrix they then further
differentiate into osteocytes. Osteocytes (mature bone cells) are found within lacunae
in the bone and maintain the bone through ECM maintenance andiucalc
homeostasis (Bonewald, 1999 Finally osteoclasts are large multinucleated cells
equipped with phagocytdike mechanisms similar to macrophagds$ey are foundin
Howships lacunaen actively resorbing bone gacesand slowly resorb bonéBoyle et

al., 2003.

2.1.2 Ossification

Ossification is the processf bone formation during embryogenesis and skeletal
development. It occursvia two pathways intramembranous ossification and
endochondral ossificatiorintramembranous ossification is required for the formation

2T GKS WTFE I G0Q 02y S yarnitzaaD Kariel 2002 imkeBeas O NI Y A «

endochondral ossification producése long bones, such as the tibia.

2.1.3 Intramembranous Ossification

Intramembranous ossification revolves around the direct differentiation of
mesenchymal stemcells (ME8C Ay (G2 2ai0S2o0fladaz FT2N¥Ay3I |
Initially MSG condense to form compact nodules, producing ateosl ECM as they
differentiate into osteoblasts (Gilbert, 2000. Osteoblasts deposit a caltum-
proteoglycan ECIMwhich has the ability to bind calcium salts allowing for the initiation

of calcification(Gawlitta et al., 201D Calcification of the ECM proceeds in the form of

bony spicules radiating from the osteoblas@nce the osteobkts are isolated within
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the calcified ECM they further differentiate into osteocyt&&hen calcification is
complete MS€once again compact around the edges of the bone and differentiate to

form the periosteum, depositing ECM parallel to the b@@dbert, 2000.

Intramembranous ossification relies on thiemporal expression of several growth
factors and transcription factors. Bone onphogenic proteins (BMP), in particular
BMP2, BMP4 and BMP7, are essential in ensuring the direct differentiation of neural
crestderived MS€into osteoblass (Gilbert, 2000. Transcription factor, runx2, is also
important as it upregulates the expression of genes associated VEEM
mineralisation, such as osteopontin and osteocalcin. Runx2 also has an effect on
vascular endothelial growth factor (VEGF) expression, arkeytly factor for attracting
endothelial cells into th&CMenablingthe formation of capillaries and the subsequent
vascularisation of the bongCarlevaro et al., 2000This vascularisation of the bone is
essential in intramembranous ossification as osteoblast require a high rate of nutrient

exchamge in order to survivéHing, 2004

2.1.4 Endochondral Ossification

The majority of the skeleton, including the axial and appendicular skeleton, is formed
during embryogenesis through endochondral ossificat{®vuelling and Vortkamp,
2010) This method of ossificatiomvolvesthe formation of a hypertrophic cartilage
template which calcifies and is remodelled into bolsdochondral ossification and
the chondrocyte differentiation pathway can bseen the growth plate of young
children and adolescentsFigure 2-2). Proliferative columnar chondrocytes, which
produce a complex hyalireartiiage ECM, in which the predominant protein is collagen
type 1l These cells then undergo terminal differentiationtoi hypertrophic
chondrocytes, which produce a mainly collagen type X HES&btti et al., 2010,
Gawlitta et al., 2010)
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Figure 2-2: Images of the growth plate of the rat, showing the different states of

chondrocyte differentiation seen during endochondral ossification. (A) Haematoxylin
and eosin staining to show the general cell morphology in the growth plate; (B)
collagen type Il ladisation; (C) collagen type X localisation and (D) alkaline
phosphatase localisation. (Images used with permission from Kwa(kakrciak,

2009).

During embryonic endochondral ossification MSCs condense in the area ef bon
formation and differentiate into two populations of chondrocytes, distal and columnar
(Wuelling and Vortkamp, 2010pistal chondrocytes proliferate at a low rate and form
the articular cartilage which is found covering the ends of bones in the jQivitelling

and Vortkamp, 2010)Columnar chondrocytes are responsible for bone formation and
subsequent tissue growth within the growth plate. These columnar chondrocytes are
transient, highly proliferative cells, which are organised into coluamtscan be found

towards the centre of the bon@Nuelling and Vortkamp, 2010)

Columnar chondrocytes have a specific morphglagd produce a complex hyaline
cartilage ECM, consisting of type Il collagen, type IX collagen, type Xl collagen,

v
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aggrecan, chondronmodulh and matrilin3. Columnar chondrocytes also
characteristically express the transcription fac&RY (sex determig region Y-pox 9
(sox9, which works through the parathyroid hormone receptor pathway (PTHrP) to

keep the chondrocytes in this proliferative stgf@eschaseaux et al., 2009)

Hypertrophy is the final differentiation state in chondrocyte diffetiation.
Hypertrophic chondrocytes are larger than the proliferative chondrocytes and produce
a characteristic hypertrophic ECM, which includes collagen type X and alkaline
phosphatase(Scotti et al.,, 2010, Gawlitta et al., 201@oth of theseECM progins

have specific roles in the endochondral ossification process. Collagen type amplays
essential role in the entrapment and binding of matrix vesicles within the ECM as well
as implementing an influx of calcium ions into the vesi@&ssch and Wuthier1994)

A complete deletion of collagen type X in mice resulted in abnormal trabecular
development and the under development of bon@éwan et al., 1997, Chung et al.,
1997) Alkaline phosphatase has been shown to be expressed on the membranes of
hypertrophic chondrocytes within the growth plate, with a complete deletion in mice
resulting In the hypomineralisation of bone@nderson et al., 2004)Alkaline
phosphates is known to hydrolyse inorganic pyrophosphate (PPi), producing
orthophosphate for mineral incorporation and reducing the inhibitory effect of PPi at
the mineralisation sit€Robison, 1926)Fleisch et al., 1966)

Endochondral ossification is tightly regulated by the several signalling molecules,
growth facbors and transcription factors. This regulation can be sedfigare2-3 and
illustrates the importance of the temporal changes in the expression hefsd
molecules in the differentiation of columnar chondrocytes into hypertrophic. Errors in
this gene expression through gene mutations, can lead to developmental problems,

such as dwarfism.
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Figure 2-3: Gene expression in the growth plate and their role in regulation of
hypertrophic differentiation.

Sox9,transforming growth factobeta (TGH ) and Indian hedgehoglifh) all work
through the PTHrP pathway in order to keep the chondrocytes in a proliferat
columnar phenotypdDeschaseaux et al., 2009, Pateder et al., 2000, Mak et al.,.2008)
This expression of PTHrP keeps the chondrocytes in a proliferative state and is essential
in the growth plate in order to maintain the width of the proliferative zone of the
growth plate. Overexpression of PTHrP in mice leads to chondrodysplasia chaeatte
by a delay in endochondral ossification and mice being born with cartilaginous
endochondral skeleton(Weir et al., 1996) As mentioed above sox9 is highly
expressed by proliferative chondrocytes within the growth plate, witheterozygous
deletion results in campomelic dysplasia, a severe form of dwarfism affecting all
cartilage and endochondral structur@dattori et al., 2010)TGF A a 2F 4GSy SYLJX
9
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articular cartilage tissuengineering as it is well known to inhibit hypertrophic
differentiation and downregulates collagen type X and alkaline phosphatase expression
in cultured chondrocytes(Ferguson et al.,, 2000, Okeefe et al.,, 1988% the
chondrocytes start to differentiate, they take on a gmgpertrophic phenotype,
expressing signalling molecule Ihh. Ihh is essential at regulating the width of the growth
plate in developing long bones as it is able to inhibit the further diffesgioin of

proliferative chondrocytes in a dose dependant maidek et al., 2008)

Expression of transcriptionfactor runx2 is essential to induce proliferative
chondrocytes to exit the cell cycle and differentiate into hypertrophic chondrocytes
(Deschaseaux et al., 200Bunx2 is an essential transcription factor for several other
key molecules requiredof mineralisation, including osteopontin, VEGF and specific
matrix metalloproteinase§MMPs). MMPs are required for the breakdown of matrix
proteins in order for mineralisation and remodelling into bone to ocqWiu et al.,
1998) MMP-13 is especially important during endochondral ossification as it breaks
down the collagen type Il initially laid down by the proliferative chondroctftesch et

al., 2004) Osteopontinis a noncollagenous bone matrix protein, which allows for
osteoclast attachment to mineralised matrix, therefore allowing for matrix remodelling
(Reinholt et al., 1990) VEGF is essentifidr attractingendothelial cells and allowing
for the ingrowth of blood vessels into the cartilage. Vascularisation of the tissue is
essentialfor nutrient exchange within the tissue as well as delivering osteoblasts,

osteoclasts and haematopoietic precurs@¢8otti et al., 2010)

The fate of the hypertrophic chondrocytes after terminal differentiation is highly
debated (Shapiro et al., 2005)it is believed that some hypertrophic chondrocytes
undergo apoptosisgcharacterised by DNA fragmentation and ufsauctural changes,
leaving behind the ECM as a scaffold within which vascularisation and bone formation
can occui(Zenmyo et al., 1996l is also thought that some hypertrophic chondrocytes
undergodransdifferentiatiore A Yy G-Brmidgcgll§Shapiro et al., 2005However,

definitive evidence of this process occurring in the gitowlate is lacking with most

10
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reports being circumstantial and based on microscopy examination of the chondro

osseous junctiorgShapiro et al., 2005)

2.2  Bone Repair and Remodelling

Unlike soft tissue injuries, which repair through the formation of fibrous scar tissue,
bone defects heal through the formation of new bone which is indistinguishable from
the uninjured tissugGlowacki, 1998 The repair of the damaged bone resembles that

of ossification during organogenesis and is comprised of a combination of both
intramembranous and endochondral ossificati@imitriou et al., 2005 When bones

are fractured a complex cascade of events is required in order to restore the integrity
of the bone. Thesevents are essential in ensuring that the required cells (®48d
osteoclasts) and soluble molecules (growth factors, cytokines, hormones and vitamins)

are delivered to the injury sitéBarnes et al., 199®Bolander, 1992

The initial damage causes the disruption of blood vessebund the fracture, the
coagulation of the subsequent internal bleeding leads to the formation of a
haematoma enclosing the injury site and initiating angiogenic actilnfifammatory

cells, fibroblasts and stem cells are then recruited to the injuty and new blood
vessels are formed from the expansion of the -prasting vessels. Soluble molecules,
such as growth factors and cytokines, are released at this stage in order to encourage

and regulate the reggrowth of the bongCarano and Filvaroff, 2003

Granulation tissue eventually fors at the end of the fractured bone and is gradually
replaced by fibrocartilage. The internal callus of this fibrocartilpgeceeds through
the process ofendochondral ossification and becomes mineralised by calcium
phosphate,in the form ofhydroxyapaite crystals to form a woven bone callus, while
the external callus undergoes intramembranous ossification to foparéosteum This
repair gives rise to a large callus which needs to be remoddiltexicallus iseduced in

size as the woven bone undergoes remodelling amdpaced with secondary lamellar

11
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bone. Thevascular supplglso is remodelled to be appropriate for the final bone tissue

(Trueta, 1963Carano and Filvaroff, 2003

This process ofatural bone repair can only occur withinkmne defect or fracture

whichis less than2-2.5 times the diameter of the bongritical sized for bone repair),

where the fractured surfacesare close together(Reichert et al., 20Q9Gugala et al.,

2007). Critical size defds in the bone are defects which will not repair within the
FYAYFEEQa fAFSGAYS yR 0S02YS &0 NNBR NI (K
union (Petite et al., 200)) which serioushaffects the quality of life of the patientslue

to the associated loss of functiofprosse et al., 20081t is therefore necessary to
investigate the use of a bone graiftaterial in order toallow oraid the healing of thge

defects.

2.3 Clinical Bone Defect Repair

Healing complex bone defects, which will not heal naturally, can be achieved either
through bone transplants or by the insertion of a tissmgineered graft. Any material
used to fill these defects should ideally be osteoconductive and osteoinductive.
Ostkeoconductive materials provide a scaffold which promotes the growth of bone on
the graft material, whereas osteoinductive materials stimulate bone precursor cells to

progress down the bororming cell lineag€Albrektsson and Johansson, 2001

2.3.1 Current Approaches for Bone Gtaf

The most commonly used method in repairing critical bone defects is by transplanting
a bone graft into the defect. Bone grafts are required to fill a void and support and
enhance biological regeneration and arassified asl) autologous, where the hee is
harvested from the patient with the defec®) allogenei¢c where bone is harvested
from another person orcadaver or3) xenogenei¢c where bone is harvest from an
animal sourcgParikh, 2002 A more recentpproachis to use a biomaterial to fill the

defect and encourage bone growth. Thge of graft material usedis dependenton

12
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several factors including: the clinical application; defect size and the volume of bone
required; the desired bioactivity and resorption rates; side effects and the availability
and cost of the graf{Brydone et al., 2010 All current clinical methods have different
activities and strengthsT@ble 2-2), which affect their ability to aid bone tissue

regenerationin viva

Table 2-2: The different properties of current bone graft techniques, showing their
structural strength and osteoconductive and osteoinductive nature (adapted from
Brydone et al(Brydone et al., 2010.

Graft Type ]Strength Osteoconductivity | Osteoinductivity
Autografts

Cancellous + ++ +
Cortical ++ + +/-
Allografts

Cancellous + ++ +
Cortical ++ +/- +/-
Demineralised bone matrix - ++ +++
Calcium phosphates - + -
Bioactive Composites + + -

Autologous transplantation (autograft) is seen as the gold standard for bone repair.
Bone tissue is harvested from the patient, usually from the iliac crest or tibia, resulting
in a living, osteoconductive and osteoinductive graft. Autografts have beeveprto
allow for efficient repair within the defeah vivo(Frohlich et al., 2008 One advantage

of autologous grafts is that there is no immune rejection of the g(@tang et al.,
2009. It is also possible to harvest bone with its vascularisation intact, which can be
reattached at thesite of injury to reduce the chance of tissue necrosis after
implantation into a low nutrient wound bed. Autografts, however, do have

disadvantages. There is a risk of donor site morbidity and prolongedopesative
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pain, which affects around 180 % d patients(Meijer et al., 2007Goulet et al., 199y
The volume of bone which can be harvested from the patient is also limited, especially
in younger patients, and therefore autografts are not suitable when large or multiple

defects are present without causy instability of the donor bongHing, 2004

Allografts and xenografts, where bone is taken from a cadaver or animal source
respectiely, have been used to circumvent the issues seen when using autografts.
There is no donor site morbidity or associated poperative pain. Allografts also allow

for higher volumes of bone to be harvested and therefore are useful when looking at
large ormulti-defect repair. Bone allografts, however, are less osteoconductive and
osteoinductive than autologous bone grafts due to the higygree of processing
required to reduce immunogenicity and ensure sterility of the allografts. This leads to
slower ratesof revascularisation and a higher rate grfaft re-absorption (Frohlich et

al., 2008. Allografts also have the potential disadvantage to cause immunogenic
responses and possible viral transmission between patiébmien and Parsons,
1991, Chang et al., 20090ne study using allografts for bone regeneration after bone
tumour resection showed a 19 % chance of fracture, 14 %umion and a 10% chance

of infection(Mankin et al., 199p

The use of biomaterials teepair defects is a relatively new fiedshd some of the bone
substitutes used for clinical applications are shown in

Table 2-3. Calcium phosphates are commonly used as biomaterials for bone repair due
to their osteogenic potential and biocompatibility and have been researched for their
ability to repair bone defectsince the 1920¢Albee, 19200gose et al., 2005While
hydroxyapatite is the main component in bone and has a high compressive strength, it
is a brittle material which has low rates of resorpti@tevens, 2008 A biomaterial
should in general degradm vivo at the same rate at which cells within the body
depost new ECM. Tytalcium phosphate, therefore, is often used as an alternative to
hydroxyapatite, as although it is not as strong it fi@ster resorption rates which are

more comparable with the rate of ECM depositifidgose et al., 2005The use of a
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biphasic calcium phosphatéusually a mixture of hydroxyapatite and -talcium
phosphate), is seen to be advantageous, as this biomaterial is a balance between
strength, from the hydroxyapatite, and higher resorption rates, fromcéicium
phosphate. Biphasic calcium phosphates ased in many of the biomaterials used for
bone regeneration. The use of calcium phosphates, however, do have drawbacks as

these materials can be prone to fatigue, fracture, toxicity and wW€aiang et al., 2009

Bioactive composites, where there i€@ambination of polymer and calcium phosphate,
have also been used in the repair of defects. The majority of these biomaterials utilise
collagen as the polymer, as this is one of the main ECM components within bone itself
and is a haemostatic agent as welk aiding bone regeneratiofLawson and
Czernuszka, 1998The advantage of these composite scaffolds is that they may be
able to better simulate thanechanicalcharacteristics of natural bone (compressive

and tensile strength(Lickorish et al., 2007

Bioactive glass (bioglgsare also used for the repair of defects and are composed of
SiQ, NaO, CaO and,Ps in different proportions.Bioactive glasses have been shown
to bond with bone more rapidly than other bioactive ceram{&onishi etal., 1997,
Oonishi et al., 2000)as well as stimulating osteoblasts. This stimulation has been
attributed to the release of soluble silica and calcium ions from bioglasses after
implantation. (Xynos et al., 2000)Bioglass 45S5 is the most commonly used
formulation of bioglass, developed by Hence et al in the late 1960s, and coAfains

% Si@and a 5:1 ratio of CaO te®s. Bioglastias been shown to blkighly reactive in
agueous media and is extremely bioactive, howevierdoes have disadvantages
including mechanical weakness, which makes it unable to be used idb&mathg

applicationgJones, 2013)

Other methods include the direct injection of growth factors into the site of the defect

in order to promote new bone regeneration. BMPis the mostcommon growth

factors used for bone tissue engineeriagd is approved for use in the treatment of

bone ddects by the FDABMR2 is a member of the transforming growth factor b
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super family and has been shown to promote th&teogenesi®f MSCs and result in

bone formation bothin vitro and in vivo(Zhang et al., 2014While this method has

been shown to be clinically effective it neetisbe implanted with a arrier, such as

collagen spong®g to prevent immediate diffusion from the injury sitie to its short

half-life (7-15 minutes) (Friess et al.,

1999) This short

halfife means that

supraphysical concentrations of BMPare required, which can cause complications

and side effectssuch aosteolysis, ectopic bone formatiaandradiculitis(Carragee et

al., 2011)

Table 2-3: Current biomaterials approveddr clinical use for the repair of large or

complex bone tissue defects.

Product Name| Company Composition Form
. . Paste
Norian®SRS® | DePuy Syntheg  Calcium phosphate 1
Putty
Conduit® TCP | DePuySynthes | | -tricalcium phosphate | TGranules
oo : Granules
ChronOS® DePuy Synthes | -tricalcium phosphate 1
T Preform shapes
Biphasi Ici G I
OpteMx® Exactech iphasic calcium fGranules
phosphate T Preform shapes
Medtronics
MasterGraft® . Biphasic calcium
Spinal and {Granules
Granules . . phosphate
Biologics
Medtronics . . : :
MasterGraft® Spinal and Biphasic calcium fCompression
Matrix p . phosphate and collager] resistant blocks
Biologics
i -tricalcium phosphate | fPutt
Vitoss® Stryker Biotech pnosp TPutty
and collagen fpreform shapes
NovaBone NovaBone 45S5 Bioglass TiParticles (99
TMAn>YVU
BioGran® Biomet3i 45S5 Bioglass fiParticles (390
oyn>Yuv
12mg recombinant BMP sCollagen
INFUSE Medtronic 2 in collagen carrier 9
sponge

sponge
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2.4 Current Tissudgngineering Approaches to Bone Transplants

The clinical approaches to bonegeneration discussed insection 2.3.1, havethe
ability to repair bone defects, howevgthey all havetheir disadvantagesRegenerative
medicine ad in particular issueengineeringof a bone graft therefore, would be
advantageous as it allows a natural tissue to be produced that will enable complete
bone healing which has fewer sigdfects to the patient as well as overcoming

problems with mateial quality and abundance

wSASYSNI G6APBS YSRAOAYS OFly 0SS RSTAYSR |a |
KdzYly OStfasx GAaadzSa 2N 2NHI yaIMasog antB & (0 2 N,
Dunnill, 2008) Tissueengineering is found within this field and is an
danterdisciplinaryfield that applies the principles of engineering and life sciences

toward the development of biological substitutes that restore maintain, or
improvetissue function or a whole organ.({Langer and Vacanti, 19p3The work

presented within this thesis aims to tissue engineer a hypertrophic cartilage which can

be used to regenerate bone within complex defeci@e area of tissue engineering

quickly evolving to include more novel approaches using a combination of scaffolds

cells and growth factoréTuan et al., 2003 to allow for tailormade bone grafts which

will enable the repair of the damaged bon&able 2-4 shows examples oin vivo
experiments using tissuengineeing approachesisingeither growth factors, cells or

both and a scaffold to induce bone repair in critical defects.

The most common approach in tisstengineering is to utilise a scaffold to support
cellsin vitro while they create an extracellular matrix, which will proval@®oundation
for the formation of a new native tissugloward e al., 2008. This approach has been
utilised for bonetissueengineeringas shown infable 2-4. The majority of this work
revolves around using adult stem celdSCsand growing thesecells on scaffolds
includingporous ceramics, such as hydroxyapa{Beuder et al., 1998 and polymers,
such as PGL¢&EHFAmMINn et al., 200 to produce bone througimduction ofosteoblastic
differentiation followed by ECM formatianThe bulk of this research h&scussed on
17
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following the pathwayof intramembranous ossificationo produce a bonetissue;
however this method otissueengineeringhas drawbacks as bone requires a high
nutrient exchange and high vascularisation which is not present within the wound bed

(Hing, 2004

There are several clinical studies utilising regenerative medicine for the regeneration of
bone in nonunion defects. The majority of these studies g8liMSC derived from the
patient and a calcium phosphate scaffold materigdljle2-5). The advantages of these
materials is that the use of both MSC and calcium phosphates have been approved for
use individuallyChatterjea & al., 2010) The majority of clinical studies have focused

on the addition of undifferentiated MSC directly on to the scaffold before direct
implantation into the defect without in vitro differentiation. This thesis differs from the
current in human dahical studies and aims to fabricate a fully engineered tissue which

iIs both osteoconductive and osteoinductive, which will give equivalent or better

adzNBAOFf 2dzi02YSa GKIFy (GKS Od2NNByd w3aztR
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Table 2-4: Examples of current bone tisswmgineering approaches fon vivobone

healing
Cell Source  Scaffold material | Species Details Reference
None rhTGF I y R -2N Rabbit |fOrthopic bone formed in (Jansen et
calcium phosphate cranial defect&ompared to al., 2005
implants not loaded with
growth factors

Human VEGF encapsulated Nude | fCompared to  scaffol( (Kanczler

BMCs PLLA Mice without VEGF et al.,
TAfter 4 weeks enhance| 2008
bone formation seen

Human PLGA Nude |TCritical size defects (4mm) | (Levi et al.,

Adipose Mice |fDefects engrafted with 2010
derived undifferentiated adipose
Stem Cells derived stem ce#l showed
bone regeneration
throughout
MSCs Triphasic ceramic | Goat | 120mm bone defect (Nair et
coated HA fAfter 4 months completeg al., 2008
repair seen

Non Crosslinked Collagen, Rat |[f7mm cranial defects i (Lyons et

cellular and Wistar rats al., 2010

MSCs {Both celifree and MS@rafts
showed excellent healin
compared to the empty
defect.

MSCs PLGA Rabbit |fin vitro bone formation| (Ren et al.,
before implantation into 2005
mandibular
T After 12 weeks polymer ha
degraded and defect wal
filled with bone

Osteogenic| PLGA/hydroxyapatite Nude |fPlaced subcutaneously | (Kim et al.,

cells Mice | nude mice 2008

derived {8weeks post in  vivo

from ESC implantation new bone hag

formed on the composite
scaffold
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Table2-5: Examples of in humaclinical studies looking for the regeneration of bone in
a variety of defects

Cell Number of
Scaffold ) Outcomes Reference
Source patients

{ First clinical trial in
humans using hMSCs
3( ] 1 Good clinical recover ©
Bone : ong bone | with bone regeneratior] (Quarto et
marrow Hydroxyapatite defects) and integration of theg al., 2001)
host bone with no side
effects after 67 years

follow up

15 patients had no ney
bone formation and
highlighted the variation
of bone marrow
aspirates

Bone 6 (intraoral

Hydroxyapatite (Meijer et
Marrow y yap osseous defects

al., 2008)

1 First clinical study tg
use autologous MS(
derived from adipose
tissue and expanded.

Adipose| i -tricalcium 1 (maxiofacial | § Use of rhBMP (Mesimaki
tissue phosphate | reconstruction)|  Use of a microvasculg et al., 2009)
flap

1 8-month  follow up
indicated presence o
mature bone.

2.5 TissueEngineering Bone using the Endochondral Ossification

Pathway

Most bone tissueengineering research, as discussed in previous sections;emsed

on the direct differentiation of stem cells into osteoblasts to produce bone tissue and
therefore mimics the intramembranous ossification pathwayhis differentiation
technique however, has several drawbacks for clinical applicatioB@steoblasts and
bone tissue require high nutrient exchange rates and oxygen levels within the tissue
and because of these requirements, cannot withstand the hypoxic conditisually
found in a wound bed(Malda et al., 2008 It is therefore, more difficult for these
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grafts to survive once implanted into a defect unless a functionally adequate blood
supply can be immediately established to the tisstiéis need for high nutrient
exchange also limits the size of graft that can survive dunngtro culture as well as

after in vivoimplantation.

Therefore tissueengineering a bone graft material following the endochondral
ossification pathway maybe an advantageous method to circumvent the problems
seen when using the intramembranous pathway. The production of a hyjric
cartilage template which can be implanted into a defect and be remodelled into bone
maybeadvantageous as cartilage is an avascular tiisaieis better ableto survive the

low oxygen tensions found within the wound bdgharly work demonstrated thability

of immortalised articular chondrocytes to become hypertrophic and mineralise in
pellet culture (Oyajobi et al., 1998 There are however, significant concerns
associated with the use of genetically modified cells for a clinical applic&wottiet

al have also demonstratedhat MSG can be directed down a hypertrophlmeage
producingcell pelletsin vitro which express a low level of collagen typeaKd after
extended culture in the absence of TGF SEKAOAG | YAY SN A &SR
vivo subcutaneous implantation thesgrafts were able to beremodeled with the
cartilage template being reabsorbed and replaced with bone oss{8estti et al.,
2010.

Work carried out previouslyn our laboratory demonsated that chondrocytes isolated

from the nasal septumand the sternumhad the ability to progress down a
hypertrophic differentiation pathwayKwarciak, 200P This was achieved through the
addition of ascorbic acid (vitami@) and insulin into the culture mediuscorbic acid

has been shown to be a critical factor in the process of endochondral ossification with
ascorbic deficiency causing scurvy and an ascorbic acid deficiency in the growth plate
causes a decreased chondyte proliferation, ECMdeposition and osteoblast cell
number (Kipp et al., 1996 In vitro, addition of ascorbic acid has been shown to

significantlyincrease alkaline phosphatase activéiyd collagen typeX mRNA levels
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chondrocyteqLeboy et al., 1991.eboy et al., 1989Insulin is used as an alternative to
insulin growth factor (IGF) as it has the abilityptod to both insulin receptosand IGF

1 receptors (Ballock andReddi, 1994 Insulin causes the morphological increase in the
cellular volume of the chondrocytes as well as being mitogenic to chondrocytes
(Bohme et al., 1992ayhe use of these nasahd sternumchondrocytes resulted in
hypertrophic tissueengineeredgrafts which not only had a large cellular morphology
but also expressed high levels of alkaline phosphatase and collagen typle X.
mineralization of thesegrafts was detected in vitro using the coditions above

(Kwarciak, 2009

Previous research has shown that undifferentiated hyaline chondrocytésatiform
new bonewhen placed into a bone defect (Vacanti995) However, initial work
illustrated thattissue engieered hyalinechondrocyteconstructs,differentiated down
a hypertrophiccartilage phenotype, can producenaineralisal cartilage matrafter in
vivosubcutaneous implantatio(Kwarciak, 2000 Stringer et al also demmstrated that
cells derived from ® week human embryoniemursproduced osteoinductive signals
for the regeneration of vascularised bonevivo(Stringer et al., 2007 Therefore, the
potential of hypertrophic cartilage graftto be remodelledinto bone tissue once

placed within ebonedefectneeds to bdurther investigated

2.5.1 Cells foBoneTissueEngineering

The advantage of using live and metabolically active callsssueengineering bone is
that they can provide theappropriatetissue ECMrequired to initiate repair.The cell
source used for tissuengineering shoulde available in high enough numbersyt
cause immuneejection of the grafinor havetumourgenetic potentil. It is important

for bone tissueengineering that the chosen cell source has osteogenic potential

and/or is capable of producing a matrix with osteogenic potential

The majority of previous work in bone tissaagineering research is currently cerdre

on the use of stem cells and their differentiation down an osteogenic pathway to
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recapitulate intramembranous ossification. Adult stem cells haneviouslybeen used

in bone tissueengineering as they are isolated from mature tissues and enable the
harvesting of an autologous stem cell souradile circumventing both the ethical
objections and potential immune responses seen with embryonic stem cells (ESC).
Adult stem cells howeveunlike ESC are multipotent rather than pluripotent in their
differentiation capacity and thereforehe appropriate stemcell source is required to
ensure that the isolated cellsave sufficient capacityo fully differentiate down an
osteogenic lineage. Commonly used adult stem cells lavee marrowderived
mesenchymal stem cells (BMSCs)and adiposederived mesenchymalstem cells
(ASC).

ASC were first derived by Zakal in 2001 and have been shown to have osteogenic
and chondrogenic potentialZuk et al., 200R In published data however,there is
variation in the onsistency of ASC to differentiate down particular pathways, while De
Ugarte et al and Hattori et al showed no difference between the osteogenic and
chondrogenic differentiation of ASC arBM-MSG, Im et al and Mehlhoenet al
observed a lower osteogenic dnchondrogenic potential of ASOe Ugarte et al.,
2003 Im et al., 2005Hattori et al., 2004Mehlhorn et al., 200%

BM-MSG are the most commonly sourced adult stem cells for bbegueengineering

due to their known ability to directly differentiate into bone precursors, osteoblasts.
These cells are available in fewer numbers and their isolation is more invasive than
ASC, however their differentiation protocol is well established and bone marrow
agirates have been approved for medical uBM-MSG have also previously been
shown by Scottiet al to differentiate to produce the markers of hypertro

differentiation.

However the use of adultstem cells still hsdrawbacks BM-MSG are commonly
isolated from a bone marrow biopsy from the iliac crest. This procedure is invasive and
can cause posbperative pain for upto 2 years after thebone marrowhas been

harvested Alsq adult stem cells have not produced high levels of ECM on
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differentiation when cultured in a thre-dimensional (3Dgnvironment This restraint,
limits the size of tissuegraft which can be produceih vitro for implantation into a

defect site.

An alternative to adult stem cells is to find a cell source which is able to undergo
hypertrophic differentiation and produce a higavel of appropriate ECM. Two such
cell sources have been identified by previous work by A Kwardiaekasal septum
cartilageand rib cartilage(Kwarciak, 200p Both of theg cartilage sources have been
shown to differentiate down a hypertrophic lineage, producing cells with a large
cellular morphology and expressirige hypertrophic markers collagen type X and
alkaline phosphataseThe use of chondrocytes harvested from thasal septum
cartilage is advantageous as these cells are easily accessibirvestingclinically and
therefore, the donor site is less likely tbe subject totissuemorbidity or pain.Nasal
chondrocytes are also highly proliferative and this proéifem capacityis notrelated

to the patientQ age. This high proliferatiopotential should permithe biopsy size to

be kept relatively small. Therefore the use of nasal septum chondrocypegeastially
more advantageous than the use &M-MSG, due tothe high amount of ECM
produced, the ease of isolation and the ability to differentiate doavhypertrophic

cartilage phenotype

2.5.2 Scaffolds for Bon&issueEngineering

While the majority of research in thisea uses pellet cultures as ad8nensional (B)
environment for the cellsit is necessary to look at the use of scaffolds in order to
produce larger grafts to create a fully functional grégdsueand for repair of critically
sized defectsA major function of a aaffold is that of a3D supporting structure in
appropriate shapeemplates for cell proliferation, ECM deposition antissue
regeneration Ideally a scaffold for tissueegeneration should be:(a) biocompatible,
promoting cell adhesion and proliferation; (b) biodegradable (ideaith the rate of

scaffold degradatioroccurring at the same rate as that of new tissue formation); (c)
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representative of the physical and mechanical properties of the target tig&@akaman

et al., 201). While the physical properties of the scaffold are important when directly
implanting into loadbearing sites the method used in this thesis is to use the scaffold
to produce a hypertrphic tissue in vitro before implantation into a defect site,
therefore the physical and mechanical propertasthe scaffoldare not as vital in this
research as it is hoped that the new tissue will take on the required properties
Previous research in bonBssueengineeringhas utilised ceramics, polymers and
ceramic/polymer composites as scaffolds to replagme defects Refer Table 2-4);
however as we are looking to create a hypertrophic cartilage it is also importaooko

at scaffolds used for cartilage tissue engineering

Cell attachment to scaffolds isffected by the adsorption of proteins on to
biomaterials. These pretns contain integrins such as RGD {@&hgAsp), which are
essential structures recognised bye transmembrane integrin receptors of treells
These receptors then form localised focal adhesions which adhere the cells to the
biomaterials. This integribinding can then activate a signalling cascade, which will
alter gene and protein expression of the cdl&evens and George, 2003herefore

the ability for proteins to adsorb on to biomaterials is essential in cell attachment,
survival and differensition. When biomaterials come into contact with serum based
media spontaneous, nesgpecific adsorption of soluble ECM proteiascurs. ECM
proteinsadsorb with a wide rangef orientations and 3D conformatiordependent on

the characteristics of the biomatial, including topography, chemical composition and
hydrophobicity (Wang et al., 2012)For example highlyhydrophobic biomaterials
thermodynamically bind proteins which majause denaturation and decreasein
bioactivity, however, highly hydrophilic biomaterials expel proteins from the
surrounding area anthhibit adsorption(Wilson et al., 2005)it is thereforeessential
that any biomaterialused for tissueengineering is able tsupport the adsorption of

proteins and consequently cell attachment.
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Calciumphosphatebased ceramics, such agdroxyapatite,have been used as bone
substitutes for around 40 years andost research using scaffolds for bone tissue
engineering has centredn the use ofthese substrates. This interest iecausethe
inorganic component of natural bone is-89 % calcium phosphate, witthe mineral
present ashydroxyapatite crystals (HA[Lichte et al., 2011 Calcium phosphates are
also known to be biocompatibléHutmacher et al., 20Q7and while they are not
osteoinductive the release of Cdand PQ” ionsfrom these materialpermitsthem to

bind to bone and allow new tissue formatighichte et al., 2011 Calcium phgshates

have also been shown to allow for protein absorptenmd subsequentell attachment,
migration and differentiation(Wang et al., 2012)The optimum pore size for
osteogenic differentiation has been shown to be around-300 pum (Kuhne et al.,
1994). However while thispore ske allows good nutrient exchangas the porosity of

the ceramic increases the material become more bri{i#evens, 2008 Therefore
while calcium phosphate cemics may have a similar compressive strength and
composition to natural bone, the brittleness and low tensile strength seen at the
required porosityfor bone tissue regeneratiomakes these ceramics difficult to use in

a clinical application due to tlre potential predisposition to fractureThe use of
synthetic hydroxyapatite is common as it has a chemical composition which is similar
to bone, as well as being ndaxic andnot causingan immune responsé€Silva et al.,
2005. Other calcium phosphates such as brushite are used in bone cements and have
been faund to be nonrtoxic and able to bind well to natural bone. Brushite also has the
advantage of being remodelled into hydroxyapatiteviva While calcium phosphates
are often used for bone tissue engineering they are not used for cartilage tissue
engineerng. Calcium phosphates ardowever often incorporated into the
osteochondral constructs where two scaffold layers are utilisedjwal phosphate for

the subchondrabone and a polymer based scaffold for the cartilage element of the

tissue engineered constru¢Martin et al., 2007)

Polymeric scaffolds have also been uskm both bone and cartilage tissue

engineering and both naturally occurring and synthetic polymers have been used.

26



PhD Thesis sley 204 Bard

However due to their low elastic modulydoading of these materials leads to plastic
deformation and a reduction in scaffold porosity tleéore, they are not ideal for load

bearing sitegLichte et al., 2011, Gorna and Gogolewski, 2006

Naturally occurring polymers such as collagen, gelatin and fibrin, been utilised for bone
and cartilage tissue engineering. Blee proteinrbased polymers ardound in the
extracellular matrixof tissues and have the advantage that thegve the potential to
direct cellular migration, growth and organisation during the process of tissue
regeneration.Naturally occurring polymers magause immunogenic responses and
there is less control over mechanical and biodegradable properties. There is also an
issue with batch to batch variation and a limited supply leads to them being costly. (Lui
et al., 2003) Synthetic polymers are advantageous as they can be fabridatdze
biocompatible, degradable andasy to processmaking them goodcandidates for
scaffold fabrication for 3D cell culture There may, however, be issues with cell
attachment and growth whemnising this polymers.dbyesters, such as polyglycolic acid
(PGA) and poly(elactic) acid (PLLA), have been well researchetigsueengineering

as they haveFood and Drug AdministratiorFIDA approval for other medical uses
(Ueda and Tabata, 20D3Although the ates of degradation of these polyesters can be
controlled RdzZNA Yy 3 GKSANJ Godzt {1 € RSAINIRFEGAZ2Y (GKSe
products which can cause inflamtian and necrosis of nearby tissuéShoichet,
2010. These polyesters have been used successfalyhe formation ofboth tissue
engineeredbone and cartilagegrafts (Table 2-4). Cell attachment on to polymeric
biomaterials is variable and dependent on the polymer used. Natural polymers have
the advantage of being composed of proteins which contain integrins far cel
attachment and thereforeit is not dependent on protein adsorption. Synthetic
polymers, however, do not have proteins and integrins on their surface and therefore
cell adhesion to the scaffold i®liant on protein adsorption to the surface of the
biomaterial. Polyesters PGA and PLLAave both been shown to allow foiprotein
adsorptionand subsequent cell attachmemtithout the need for surface modification

(Atthoff and Hilborn, 2007)
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To overcome the lack of mechanical stability seen with polymers and the brittle nature
of ceramics at the required porosjtgomposite scaffolds have been investigated. The
rationale for utilising a compositscaffold of polymer and ceramic is thaalone,
neither of the materials abovemimics the physiechemical properties of natural
trabecular bone. It is therefore hoped thhay fabricating composites opolymersand
ceramics will allow for the advantages lwdth materials to be harnessegdlickorish et

al., 2007. For examplethe ceramiccomponentwill increase the mechanical strength
and osteoconductive nature of the scaffold whereas the polygcmnponent enables
the fabricationof a porousnon-brittle scaffoldwhich canbe biodegradableMost work

in the area of composite scaffolds has revolved around the incorporation of
hydroxyapatite within the polymer, through electrospinnifigim et al., 2006, Deng et
al., 2007) Therefore the cells will not experience the hydroxyapatite until the polymer
degrades andcexposes the mineral.hErefore a method of surface precipitation and
modificationof a scaffold raterialmay have more of amfmmpacton the cells culturedin

it and highlight the osteoconductive nature of the hydroxyapatite.

In this research we are looking to create a hypertrophic cartilage, which will mineralise
into bone. It is therefore, essentiahat the scaffold material is able to support both
cartilage and bone. Due to this synthetic polymer scaffolds were chosen as a basis for
this research as they have been used for the tissngineering of both tissues.
Synthetic polymer scaffolds can be fadated in several different ways, including
textile methods,particulate leachingmelt moulding, electrospinning and 3D printing.

All of these fabrication methods produce scaffolds with different structures and
surface topographyLiu and Ma, 2004When tissueengineering it is important that

the scaffolds areporous and allow for nutrient exchange and the bwild of
extracellular matrix. Particule leaching, 3D printing and melt moulding produce
micropore structures, whereas textile methods and @&lespinning produce fibrous
scaffolds, with either micro or nanofibg(Stevens and George, 2005) this thesisve

will focus on fibrous scaffolds produce using textile methods and electrospinning. The

PGA scaffold material is a naroven needlepunched PGA scaffold purchased from
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Cellon.This method produces a highly porommscrofiber scaffold material with a high
surface area. Electrospinning will also produce a fibrous scaffold with a more mat like
structure. Electrospinning was first used in the @93or industrial applications and has
recently evolved to process polymers with hoticro- and nane fibers for tissue
engineering applications. Electrospun scaffolds are produced by forcing a
polymersolvent solution through a capillary under a high tage onto a grounded
collection target As the jet travels through the air the solvent evapourates depositing a

nonwoven polymer fabric on the collection target (Ma. 2004).

The scaffolds produced by Cellon have a micrometer fibre diameter, howeverediffer
fibre diameters have been shown to have different effects on cell attachment,
migration and differentiation.When looking at the ECM the fibrous structures of
collagen and other ECM proteins have a nanoscale topography, it has therefore been
suggestedthat a nanofibe diameter maybe best suited for mimicking the natural
environment of the cellsn vitro (Stevens and George, 200%) this thesis, however,

we have decided to utilise microfibescaffoldsas hypertrophic chondrocytelsave a

large micrometer morphology and therefore should respond to the microfiber

topography of the scaffolds.

2.5.3 Decellulansed Extracellular Matrix as a Scaffold forBone Tissue
Engineering

TheECM is unique and specific to the cell type and function ofifseie The presence

and composition of the ECM is also important for tissue and cell survival and for cell
growth factor and celmatrix. The ECM is composed of a complex mixturepodteins
which have both structuraloles (e.g.collagen$, and functionalroles (such agyrowth
factorg), in the tissugBadylak et al., 2009ECM provides the ideal topographic signals
for tissue regeneration and it also acts as a store of bioactive factors such as growth
factors. In addition, the ECM can modulate the interaction of various growth factors
with the cell surfaceTherefore the interaction between the cells and the ECM is
important in both the maintenance of the tissues and the migration and differentiation
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of celswithin the tissug(Badylak, 200R For these reasonshe use of an ECM scaftbl
maternal has someadvantageousover the use of manufacturedsynthetic graft
materials The 3D environment has been shown to have a large effect on cell
behaviour, attachment and migration as well as allowing for construcéweodelling,

producing a lgh quality tissue with optimal functionalifBenders et al., 2093

Curently, decellularised matrices are being investigated for thgereeration of several
tissues including heart valveasimir et al., 20Q3Rieder et al., 2004 trachea
(Remlinger et al., 2030 muscle(Borschel et al., 2004and abdominatissues such as
bladder and small intestinéChen et al., 1999 The use ofa decellularised ECMs a
scaffold material is currentlgmployedin the clinic in the form of &oneallograft For
these bone graft materialsn which isthe bone is either taken from a cadaver or
xenogereic source. Howeverbeforein vivouse, allograftbone grafts require a high
level of tissueprocessingo ensure effective removal of all cellular material to prevent
an immune reaction to the graft material. However, many of the bioactive factors
stored in the bone are removed during the tissue processihgréffore, the capacityof
allogeneic bone graftdo regenerate bone isreduced compared to that of an

autologousbone graft.

When developing a decellularised graft it is important that the cellular content is
removed in order to modulate the macrophage mediated immuasponsein viva
However, there are currently no set guidelines for the amount of cellular material
which must be removed from the tissu¢o prevent an immune reactianlt is also
important that the architecture and topography of thECMis minimally alteed and
that ECMproteins are not removed from the tissue duringetdecellularisatiorprocess

as these are essential enablingcellular migration, invasion andstimulating tissue
formation . The biomechanical properties aftissue should also not bdtared by the
decellularisingprocesghe tissue as these properties also have a large effect orcd¢tie

differentiation and migration within the tissu@enders et al., 2093
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While theuse of decellularisedECM of organs and tissues isolated from the human
body are advantageous as they have a better microstructure andhdmbanical
properties, theavailability of tissues for harvest is lo@Hoshiba et al., 2070 This is
especially the case when looking faypertrophic tissue which is only present in the
growth plate of the young and adolescent. Therefapproaches foculturing cells in

an appropriate 3D environment to produce an ECM vitro which can then be
decellularised has been utilised since the 19Wdsere ECM from fibroblasts was
successfully decellularised by both Chetnal and Hedmanet al (Chen et al. 1978
Hedman et al., 1979

Therefore, 1 is suggested that a decellularised hypertrophic cartilage may be able to
act as a bone graft subsite to stimulatebone formation in vivg as it will contain all

the cuesrequired for angiogenesis and bone remodelliAg.discussed ineBtion2.1.4
hypertrophic chondrocytesindergo apoptoss once terminally differentiatedHence,
these cellamay have a limiteddirect role in thesubsequentone formation, once the
ECM of the hypertroplaicartilage contains the appropriate bioactive facttrsnitiate
angiogenesis and to attract osteoclaahd osteoblast progenitors to initiate the
cartilage remodelling into bone.Therefore, 1 is therefore thatif a decellularised
hypertrophic cartilag were used as a bone graft substitutee ECM is not disrupted
and that the growth factors are not removed from the graturing the

decellularisation process

When looking at current decellularisation methodsis essential that a methods
chosenwhich removes the majority of the cellular material without disrupting the
ECM. Physical methodsuch agepeatedfreezethawing of the tissueare effective at

cell lysisand cause little disruption imltra-structure or the mechanical properties of

the tissue. Hypotonic solutions can also be used as they lyse cells through simple
osmotic effects withoutaffectingthe ECM. The use of detergents, such as sodium
dodecyl sulphate (SDS)an havedeleteriouseffects on the ECM which increase with

exposure timeto the detergent.However, detergents can bexcellent decellularising
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agents as they dissolve cell membranes and dissocigdtalar DNA fromthe histone
proteins. Therefore detergents should be used at low concentrations for short periods
of time in order to minimise ECM disruption.Chelating agents, such as
ethylenediaminetetraacetic aciEDTA are important for dissociating the cells from
the ECM proteins, but can cause subtle protpiotein interaction disruptions.
Peracetic acid is often used as iaidfecting agenandto remove residual nucleic acid
from the tissue with a minimal effect to the ECMis therefore essential to pick the
correct decellularisation protocol to optimisthe removal ofcellular content while

minimising ECM disruptiofGilbert et al., 2006

2.5.4 Culture Conditions foBoneTissueEngineering

The culture conditions used when culturitigsue engineered tissuese important for

appropriate celdifferentiation, ECM production andssuesurvival.

Static cultures are typically used to culture cells as cell pellet. However, mass transport
of oxygen and soluble nutrients and exchange of waste products can become a
problem if the cell pellets become too largéell pellets larger than 1 min diameter

can exhibit a necrotic core caused by hypoxia and a lack of nutrient exchange
(Sutherland et al., 1986 Static cuure conditionshave also been shown to have a
detrimental effect of the production oglycosaminoglycans5AQG within the ECM of
chondrocyte pellet cultures as well as those cultured on RK8artin et al., 1999
Hiraoet alshowed that hypoxia inhibits terminal (hypertrophic) differentiation through
the activation of the smad pathway keeping the chondrocyies hyaline phenotype
(Hirao et al., 2006 Therefore when investigating hypertrophic differentiation it is
important that the chondrocytes do not experience hypoiiavitro as this will inhibit

the hypertrophic differentiation othe chondrocytes.

The mass transport issue can be resolved by addindimension offlow of culture
mediuminto the culture systemthereby simulatingthe transport of nutrients to the

centre of the 3Dcultured tissue This mass transfer becomes more esserdslthe
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chondrocytes produce ECM which blocks the pores of the scafald flow hasalso

been shown to have a positive effect on the amount of Gk@Gositedwithin the ECM

as it increases intracellular signadji which in turn increases cellular proliferation and
ECM productionYellowley et al., 1997 Mild shear stress accelerates endochondral
ossificationby leading to an increase in collagen type X and runx2 expre§Siamlitta

et al.,, 2010 Wong et al., 2008during hypertrophic differentiation. Thereforet is
important that both flow and mild shear stress aregsent within the culre system

not only to aid nutrient transferbut also to support the differentiation and ECM
production by the chondrocytes.The fluid flow, however, shouldnot result in high
shear within the culture system as this will result in cellular damage and may affect

chondrocyte attachment on to the scaffold material.

Fluid fow can be added ta tissueculture system by imply placing theculture vessel
containing the3D constructsonto an orbital shaker plateset at low speed. This culture
O2YyRAGAZ2Y A | NBmishilcEhitNGS Rioweer, the fuid Bow in these
systems is difficult tanodel and therebre, the amount of shear andddies present in
this system is unknowrBioreactorsare designed to produce fluidiow in a tissue
culture system Therefore,bioreactorshave the ability to produce controllable flow

dynamics allowing for egtnal mass transport and shear stress within the system.

Several bioreactor types have previously been utilised for 8i2 culture of
chondrocytes, such as wawalled bioreactors(Bueno et al., 2005 rotating wall
vessels (RW\)/unjakNovakovic et al., 199%nd perfusion bioreactorgDavisson et

al., 2003. All of thesebioreactorsproduce low shear andenable high chondrocyte
proliferation and GAG accumulation within the ECQNbwever while these reactors
have been used for the production of articular cartilage, little research exists using

bioreactors for the production of a hypertrophic chondrocyte graft.

Bioreactorsare advantageousor the production of tissuen vitro for both research
and clinical applications ofissueengineeed tissues. The use of bioreactazsables

the standardisition of cultures and limit operator variability duringe in vitro culture
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periodsresulting in morereproducible tissue production. This will be essential when
looking for regulatory approval for future tissemgineered therapies.Another
hindrance to the success ti§sueengineeringor clinical applications is the cost the
production oftissuegrafts The use of a bioreactoand the automation of then vitro

production may lead to a decrease in costs of productibiissue grafts

2.5.5 Development of Seruntree Culture Conditions foBone Tissue

Engineering

Foetalcalf serum (FC3)gs become alkey addition toin vitro cell culturemediaas it
supplies a cocktail oderum proteins, including growth factors, hormones, enzymes,
vitamins and trace elements, which are essential for cell attachmefoinction and
survivd (Brunner et al., 2010However the addition of FCS does have drawbacks when
producing a productor clinical useFCS is deridefrom animals and thereforehere is

a risk of viral transmission through the cultures and into tissuegrafts. FC$ also
highly variablebetween batches as different animals produce different levels of growth
factors and hormones. This variabiligould have a detrimental effect on cell
proliferation and differentiation. Culture systems which use FCS will also encounter
problems when trying to obtain regulatory approval for use within the clinic duésto
highly variable and undefined nature. Théye, when considering the production o&
hypertrophic cellular graft it is vital that a defined media is used with the ability to
reproducibly yield the same amount of cellular proliferation and differentiapattern

of the cells.

Hypertrophic chondroytes have previously been cultured and maintained in serum
free media where additionsof specific bioactivefactors have been made to
compensate for the lack of FGSis important that FCS proteins which are required for
cell attachment, proliferatiorand differentiation are substituted into the serufree

media so as not to affect cell cultures, while making the media more defined.
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Bohmeet al showed that insulin or insulitike growth factor (IGF) is required for the
proliferation of chondrocytesBohme et al.,, 1992a)in 1982 Burch and Lebovitz
observedthat the addition of thyroxine induced both the growth and maturation of
embryonic chick cartilagén vitro (Burch and Lebovitz, 1933 More recently both
thyroxine and triiodothyronine have been shown to be a strong initstof
chondrocyte hypertrophy when present at a concentration similar to that found in
plasma and can create linearly organised chondmegythile increasing the production

of collagentype Xand alkaline phosphatase serum-free conditions(Bohme et al.,

1992Db, Ballock and Reddi, 1994, Robson et al., 2000, Okubo and Reddi, 2003, Bohme et
al., 1992a)

35



PhD Thesis sley 204 Bard

3  Aims and Objectives

As discussed irSection2, the healing ofnon-union fractures andarge bone defects
remains asignificant clinical challenge. Currenpractices based on the use of
autologous bonegrafts are the mostlinically effetive, but suffer from welknown
limitations as described ine&gtion 2.3. Therefore theapplicationof tissueengineering
remains an attractive fieldf research for theregeneration of boneBone tissue
engineeringto date has often centred orhe direct differeriation of MSG into
osteoblasts to form bone following thentramembranous ossification pathway
Surprisingly limited research has been performed on the potentiaf the
endochondral ossification pathway and hypertrophic cartilage graftsviercome the
limitations of other repair strategies andegenerate bone tissuethrough the
differentiation of chondrocytes The aim of this PhDthesis, therefore,was to
investigate the feasibility of usinthe endochondral ossification pathway to form
hypertrophic catilagetissuefor use as graft materials to repair bone defe@gecific

objectives were:

1 To investigate the use @alectrospinning to produce scaffolds for hypertrophic
cartilage tissuesngineering and to consider the modification of these scaffolds
with calcium phosphate in order to produce a composite scaffalih

enhanced osteogenic potential.

1 To investigate the effect of different batches$ foetal calf serunon the ability
of nasal septum chondrocytes to differentiate down a hypertrophic lineage and

produceproteoglycanswithin the extracellular matrix

1 To eproducibly differentiate chondrocytes down a hypertrophic lineagag a
range of experimental and commercial scaffobdterials, and to examinethis

differentiation using both gene and protein expression.
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1 To investigate the ability of hypertrophic chondrocyte grafts to heal bone
defects in ann vivorat model and to compare these results with the use of a

decellularised graft and a decellularisgraftre-seeded with MSE

1 To carry out preliminary research into the use of a Quag®flow bioreactor

for the production of hypertrophic chondrocyte grafts.

1 To develop a serurdree media in order to aid with culture standardisation and

the possibleaegulatory approval ofiypertrophic chondrocyte grafts

On completion, this research will add substantially to knowledge of hypertrophic
chondrocyte differetiation and the potentialclinical application of hypertrophic
chondrocyte tissueengineered graf as a material or template for bone tissue

regeneration.

37



PhD Thesis sley 204 Bard

4 Materials and Methods

4.1 Materials

General tissue culture materials were supplied by Sigwdaich, Poole, UK. Materials
for RNA work were supplied by life Technologies, UK and immstachiemical
analysis materials were supplied by Vector Laboratories, UK. Suppliers of other

materials are stated within the methods section.

4.2 Methods

4.2.1 Scaffold Fabrication and Analysis

4.2.1.1 Electrospinning

PLLAmolecular weight 4%9 kDa)was dissolved in 8 (wWw) in dichloromethane to
produce a polymer spinning solution. Polymer solution (3 mas electrospun at a
voltage of 16 kV at a rate 3 Uimour across a distance of 45 cmRandom fibre

scaffolds were spun onto a stationary flat metal plate

4.2.1.2 Alternate Soaking Protocol

Electrospun PLLA was treated using an alternative soaking protocol based on the
method described by Tagucéi al (Taguchi et al., 1999Scaffolds were soaked in 200
mM calcium chloride in 1 Mris-HCI| pH 7.4containing 10 % (v/v) ethanol (Fisher
Scientific, UK) for 30 seconds, washed in 2b/A46 ethanol in distilled water for 30
seconds, soaked in 120 mM sodium hydrogen phospbatganing 10 %(v/v) ethanol

for 30 seconds and wasH in 25 %(v/v) ethanol for 30 seconds. This protocol was
repeated for 5 and 10 cycles with the intention of depositing calcium phosphate on and

between the scaffold fibres.
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4.2.1.3 Scanning Electron Microscopy

Scdfolds were attached to scanning electron microscopy (SEM) specimen stubs using
carbon tabs. Samples were then sputter gold coatsthgan Edwards Sputter coater

S150B. Samples were then imaged using Phillips XL20 un@ddiatizam.

4.2.1.4 X-Ray Diffraction

Scaffolé were mounted on glass slides using micropore tape and analysed using the
Phillips PW1830 set at 40 kV and 30 mA. Scans were performed betWeand3B0 at

a rate of 1°.minute™ with a step size of 0.05.

4.2.1.5 Hydrophilic Analysis

A goniometer was sed to analyse the hydrophilicity of the scaffoldg using the
contact angle method. Scaffolds were placed on the stage and Q 2roplet of
distilled water was placed on the surface of the scaffold the contact angle between the
water and the surface ofhe scaffold was then measuredrigure 4-1 illustrates a
schematic of a goniometer, showing the contact anglebetween the water droplet
and the surface of the scaffold. Higher contact angle values represent a more

hydrophobic surface.

* ¢ Contact angle

< /Water droplet

Scaffold surface

Figure 4-1: Diagrammatic of a goniometer showing the water droplet, the scs

surface and the contact angle,
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4.2.2 Cell Culture

4.2.2.1 Nasal Chondrocyte Isolation

Nasal cartilage was harvested from the nasal septum of 6 w&kkVistar rats within 2
hours of slaughterThe artilage was washed in sterile €/Mg**-free phosphate
buffered saline (PBS) and cut into small sections before being incubated in 2.5 % (w/v)
trypsin solution for 30 minutes on a shaker plate at 37 °C in a humidified atmosphere
to remove any remaimg endothelial cells from the cartilage tissue. Cartilage tissue
was then washed in PBS to remove the trypsin and digested for 15 hours in bacterial
collagenase (3 mg., filter sterilised)with 10 %(v/v) FCS (Biosera, UK) in basic
media: Dulbecc® modfied eagle media (DMEM) supplemented with 100 units'm
penicillin and 10 pg.mL* streptomycin) (PS)10 mM pH 7.4 Hepes Buffer (Hepes), 1 %
(v/v) 100x MEM noressential amino acids (NEAA) and 2 mBdnytL-glutamine (Glu)

at 37 °C in a humidified atmosphere. Digested tissue was then passed throughra 0.2
cell strainer (BD Biosciences, Erembodegem, Belgium) to remove any undigested
cartilage.The isolated chondrocytes were washed in PBS and centrifuged at 1000 rpm

for 5 minutes to remove the collagenase.

Chondrocytes were rgsuspended in basic media and a cell count was performed using
a haemocytometer. Chondrocytes were plated out at 2délls per 90 cm cell culture
dish in 15 nh of expansion media: basic media supplemented with 1¥84 FCS and
10 ng. mL* basic fibroblast growth factor (FGF). Culture dishes were placed in

incubator, at 37 °C humidified atmosphere d¥bCQ@95 % air.

4.2.2.2 Meserchymal Stem Cell Isolation
Rat MSG were isolatedfrom the bone marrow of the femuwithin 2 hours of the
animal being slaughtered. Rats were sprayed down with 70 % (v/v) ethanol and
Trigene® (Scientific Laboratory Supplies, Nottingham, UK)tlemdemurs removed
from the hind legs. ABofttissue was removed from the femurs before the emdshe

bone wereremoved and 10 1 of expansion mediavas flushedthrough the bone
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cavity and a syringe and syringeneedle was usedto harvest the bone marrowThe
bone marrow from each femur was placed in a T25 culture flaskteantsferred to an
incubatorat 37 °C with a humidified atmosphere of 5 %00 % air. BMMSCswere
allowed to attachto the surface of the culture flaslor 24 hours. After 24 hours the
attached cells were washed with PBS atidt BM-MSG were cultured in expansion

media.

4.2.2.3 Cell Expansion

When cell cultures had reaché@® %confluence the culturemedia was removed from

the cells andhe cell monolayers washed twiessing sterile PBS. 3Lof trypsin/EDTA
(0.05 % (w/v) porcine trypsin and 0.02 % (w/v) EDTA 3fiNigt"-free Hanks balanced

salt solution) was added to eachilture plate andthe cultures werancubated for 35
minutes at 37 °C untihe cells had detached from the culture ptees The detached

cells were transferred to centrifuge tubes, FCS was added%(Jv/v) final
concentration) to inhibit the typsinand the cell suspension was centrifuged at 1000
rom for 5 minutes topellet the cells Cell pellets were rguspended in expesion
media and a cell count was performed using a haemocytometer. Chondrocytes were
plated out at 1x1B8cells per 9 cndiameter culture dish and MSC were plated out at
2x1@ cells per T75 culture flask. Cells were placed back into the incubator at 37 °C
humidified atmosphere of 6 CQ@95 % air. This process was repeated until a
sufficient number of cells were present the maximum number of passages which cells

were subject to was 2.

4.2.2.4 Mesenchymal Stem Cell Lineage Testing
MSC Adipogenesis

BM-MSG were plated out in 6 well plates at a density of 1XR1€ells per well and
cultured until 70 % confluentThe BMMSG were cultured in adipogenic induction

media: basic media supplemented with 1 mgnBSA, 10ug.mL? insulin, 1 uM
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dexamethasone, 10QuM indomethacinand 0.5 mM 3isobutytl methyl xanthine
(IBMX) for 72 hours and then cultured for 5 days in basic medium supplemented with 1
mg.mL! BSA and 1g.mL* insulin. Once differentiatectells were washed with sterile
PBS and fixed with 2 @4/v) gluteraldehyde for 30 minutes at room temperature. Fixed
cells were then washed twice with sterile PBS and adipogenic differentiation detected
by incubation of the cells witkil Red O[3 parts stock solution (0.5 @l red Oin 100

mL Isopropanol (FisheBcientific, UK)) to 2 parts distilled water, filtetddr 2 minutes

at room temperature.The $ain was removed and cells washed five times with distilled

water before imaging.
MSC Osteogenesis

BM-MSG were plated out in 6 well plate at a density of 1X1®lls per well in basic
medium supplemented with 1 mglit BSA and 10 nM dexamethasone for 24 hours.
The BM-MSC cultures were then differentiated in osteogenic media: basic media
supplemented with 1 mg.m* BSA, 10 nM dexamethasone, 6.mL* ascorbic aid
and 10 mMi -glycerophosphate for 14 days. After differentiatjotihe cells were
washed with sterile PBS and fixed in 7QW%) methanol at-20 °C for 30 minutes’he
fixed cells were washed twice with distilled water and osteogenic differentiation
detected by incubation of the celfor 10 minutes at room temperaturavith 40 mM
alizarin red(pHQ B 4.1 with ammonium hydroxide Stain was removed and cells

washed five times with distilled water before imaging.
MSC Chondrogenesis

BM-MSG were placed irmicromass culture: 5xf@ells in 5QuL of basic media with @

% (v/v) FCS wergipetted as a droplet in a 12 well plate and left to attach for 24 hours.
The culture medium was gently removed and tledl enicromasses were culturefdr

14 daysin chondrogenic media: basic media supplemented with 1 ng.®SA, 100
nM dexamethasone, insulin transferrin and selenium (ITSugsOL " ascorbic acid and

10 ng.nt* transforming growth factor (TGFROAfter differentiation the micromasses

42



PhD Thesis sley 204 Bard

were washed wit sterile PBS and fixed in 70(9#6/) methanol at-20 °C for 30 minutes.
Fixed cells were then washed twice with distilled water and chondrogenic
differentiation detected by incubation of the cells with 3 % (v/v) acetic acid for 1
minute followed by 1 % (v) alcian blue (1 g alcian blue in 10Q acetic acid, pH 2.5,
filtered) for 18 hours at room temperature The micromasses were then
counterstained with 0.05 % (w/v) neutral red (0.5 g neutral red in 1Q0drstilled
water). The $ain was removed and csliwashed five times with distilled water before

imaging.

4.2.3 3D Cell Culture

4.2.3.1Pellet Culture

Cells were expanded until passage 2 and trypsinised as previously described in Section
4.2.2.3 A cell count was performed using a haemocytometed 8110 cells were
suspended in 0.5 nof basicmedia in a 20 mtube. The cells were then centrifuged at
1000 rpm for 5 minutes to form a cell pellet. The pellet vadlswed to form for 24

hours in a humidified atmosphere of 5% £95% air at 37 °C. The basiedia was

then carefully removed as not to disrupt the pellet and replaced with R oh
differentiation media. The pellets were then cultured for 21 days in differentiation

media.

4.2.3.2 Scaffold Preparation

Biofelt® PGAcaffolds(Cellon, Luxemburg) and electrospun PLLA were both cut to a
diameter of 6 mm using a cork borer. Scaffolds werentsterilised for 15 minutes in
isopropanol. Once sterilghe scaffolds were washed three times in sterile PBS and

conditioned in Basic media with 10(%v) FCS for a further 15 minutes.
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4.2.3.3 Scaffold Seeding and Culture

Cells were expanded until passage 2 cells ppsinisedas previously described in
section4.2.2.3 A cell count was performed using a haemocytteneand 2x16 cells
were suspended in expansion medium atiten seededon the scaffolds as follows
Scaffolds wre placed insterile, non-tissue culture treated sterile 9 cm dishes (2
scaffoldsper dish) the appropriate number of cells (4x ®l@ells/2 scéolds) was
added andcells allowed taattach for 72 hoursat 37 °dn ahumidified atmosphere of

5% CQ@95 % air on an orbital shaker set at 35 rpm.

After 72 hours a cell count of the unattached cells present indhkure media was
performed to asess thelevel ofcell attachment which had occurre@he cellseeded
scaffolds (constructsjvere placed into a 6 well plate (@onstruct per well) and
cultured in differentiation media for 42 days at 37 ifCahumidified atmosphere of 5
% CQ@95 % air on an orbital shaker set at 30 rpihe Differentiation media was

changed every 3 days.

4.2.3.4 Bioreactor Culture

The Quasvivo® bioreactor chambéKirkstall Ltd, UK)media reservoir and tubing was
sterilised at 121 °C for 15 minutes and washed wttitrile PBSAfter seeding irsterile,
non-tissueculture treated 9 cndishes;the resulting constructsvere placed within the
culture chambes (Figure4-2) and cultured in differentiation media for 42 days at 37 °C
in ahumidified atmosphere of 5 % @95 % air under a flow rate of 11Qyminute™ of

culture medium.
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B Peristaltic pump

Peristaltic pump

Media reservoir

Culture chamber

—

D),

Media
Reservoir

L=

Bioreactor

Figure4-2: Bioreactor set up showing the peristaltic pump, media resg and culture

chamber. (A) photograph of the bioreactor set up in a laminar flow hood; (B) a

schematiadiagram of the flow through the bioreactor system.
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4.2.3.5 Differentiation Media
ChondrocyteHypertrophic Differentiation Media

Chondrocytes were differentiated using basic media supplemented with (M@Y4-CS,
1 pg.mt insulin and 5Qug.mL™* ascorbic acigis described by Kwarciak et(warciak,
2009)

MSC Hypertrophic Differentiation Media

BM-MSG were seeded in basic media supplemented with Hv#6) FCS, 1 mg/ml BSA

and 100 nM dexamethasone. Chondrogenic media was then used for 14 days: basic
media supplemented with 1 mglit BSA, 1Q.mL's  wm n &' 16X s Y. mgmL?
recombinant human isulin, 0.55 mgnL! human transferrin (substantially irefiee),
nopmB2a2RAdZY aSt 3WANRNY2t B DO .mLDdleR Acidramds60 > 3
mg.mL* bovine FCS albumin}00 nM dexamethasone, 3@.mL" ascorbic acid and 10
ng.mL* TGF 1. Theculture medium was then changed to a hypertrophic differentiation
media: basic media supplemented with 1 mggn { ! = m 7 BOXIFS 100vTiM
dexamethasone, 50g.mL* ascorbic acid and 1 nM thyroxifier the remaining 14 days

of the culture period
Seum-free Chondrocyte Hypertrophidifferentiation Media

Serumfree differentiation was carried out without the use of FCS. Three media were

tested:

Media 1 basic media supplemented with 1 md-MBSA, 1ug.m insulin and 50

ng.mL* ascorbic acid.

Media 2: basic media supplemented with 1 mg-mBSAM n n L2 103 WSind 50

ug.mL* ascorbic acid.
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Media 3 basic media supplemented with 1 mg-MBSAM n Lmist 10X ITSind 50

ng.mLt asorbic acid and 1 nNhyroxine

4.2.4 Histological and Biochemicalmfalyss

4.2.4.1 Cryopreservation and Weighing @rafts

After 42 days of culture theonstructswere removedand washed in PBSgently
blotted with tissue to remove excess liquid aaach constructut into two equatsized
pieces witha scalpelFor each constructalf the constructwas weighed and placed in

a 2 mL conical centrifugation tubewhichwas stored at20 °C until rquired for aGAG
assay.The other half of the scaffold was embedded in optimum cutting temperature
tissue mounting medium (OCT) (cut sideifgcupwards) on a cork disc, @nbeaker of
isopentane (FBher Scientific, LoughboroughlK)held in liquid nitrogen, wrapped in
Parafilm and stored at20 °C until required for histological and immunohistochemical

analysis.

4.2.4.2 Histology andmmunohistochemistry

OCT embeddedonstructswere sectioned at a thickness of>8n using a cryostat and
mounted on to 3aminipropyltriethoxysilane (APES) coated slides and allowed to dry

overnight.
Haematoxylin and Eosin Staining

Sections on APES slidesrevéixed in 4 %w/v) paraformaldehyde (PBApH 7.27.4)

for 30 minutes at 4 °CThe sectionsvere then washed in PBS and dried overnight.
Haematoxylinand Eosin staining was carried out using an autonsiitmingmachine
(Shandon, Runcorn, UKlhe slies were first placed imaematoxylinwashed inl %

acid alcohol, Scotts tap water and tayater before being stained with eosifhe
stained sections were washed again in water, dehydrated through alcohols, cleared in

xylene and mounted in DPX (Fishee8tific, Loughborough, UK).
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Alcian Blue

Sections on APES slides were fixed in(A6 PFA(pH 7.27.4) for 30 minutes at 4 °C.
The sectionswvere then washed in PBS and dried overnightissue sectionsvere
rinsed in 3 %v/v) acetic acid and stained with 1 @&/v) alcian blue in acetic acid (pH
2.5) for 18 hours before being counterstained with 0.%vi#v) aqueous neutral red in
distilled water for 1 minute. The stained sections washed in distilled water, cleared in

xylene andnounted in DPX.
ToluidineBlue

Sections on APES slides were fixed in(dvf6 PFA (pH 7:2.4)for 30 minutes at 4 °C
followed bywashingin PBS anthen dried overnight. The fxed sections were stained
with 1 %(w/v) toluidine blue in 0.5 %w/v) sodiumborate for 10 seconds, washed in

distilled water, cleared in xylene, air dried overnight and mounted in DPX.
Alkaline Phosphatase

Sections on APES slides were fixed in 700/% ice cold methanol (Fisher Scientific,
Loughborough, K) at-20 °C for 30 muntes. The tissue sectionwere then washed in
PBS and dried overnight. A SIGMAFASCIP®/NBT {&romo-4-chloro-3-indoyl
phosphate/ Nitro blue tetrazolium) tablet was dissolved in I0ahdistilled water.The
tissue gctions were then incubated with th8IGMAFASY BCIP®@/NBT solution for 15
minutes at room temperature (alkaline phosphatase was detected as a blue/black

colour change) and washed in distilled water and mounted in DPX.
Alizarin Red Staining

Sections were fixed in 70 @&/v) ice cold methanbat -20 °C for 30 minuted he tissue
sectionswere then washed in PBS and dried overnight. Sections were stained with
alizarin red solution342 mg of alizarin red in 25lnof distilled water and pH adjusted

to 4.1 with 10 %v/v) ammonium hydroxidejor 10 minutes, washed in distilled water
and mounted using aqueous mount.
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Immunolocalisation of Collagens

Sections on APES slides were fixed in @#o) paraformaldehyde (pH 7-2.4) (PFA)
for 30 minutes at 4 °CThe tissue sectionsvere then washed inPBS and dried

overnight.

Fixed sections were preeated with 10 mg.ni* bovine testicular hyaluronidase in PBS
and 2 mg.m* pronase fromStreptomyces Grisetis PBS for 30 minutes at 37 °C in a
humidified atmosphere and washed for 10 minutes in PBS.og@ambus peroxide
activity was quenched with 3 % (v/v) hydrogen peroxide (3®avsolution) in 50 %
(v/v) methanol for 5 minutes. The sections were then washed for 10 minutes in PBS
before being incubated with 3 % (w/v) BSA and 10 % (v/v) horse serumnglocki
solution for 1 hour to avoid nespecific staining. The sections were incubated for 15
hours at 4 °C with theppropriate gimary antibodies: goat antiollagen type 1l (0.4
mg.mL?, dilution 1:2Q (Cambridge Bioscience, Cambridge, UK); Mousecaliigen

type X, (0.4 mg.i', dilution 1:100) (Quartett, Berlin, Germany); rabbit acilagen

type X, (0.4 mg.h*, dilution 1:50) (AbCam, UK) and blocking solution contithe
tissue sectionsvere washed three times for 10 minutes with PBS and incubatiéd w
the appropriatebiotintylated secondary antibodies: biotintylated rabbit agtat 1gG
(dilution 1:100) (Vector Laboratories, UK); biotintylated rabbit -gotat IgG (dilution
1:100) Wector Laboratories, UK); biotintylated horse amtouse (rat adsoréd) 1gG
(dilution 1:100) Yector Laboratories, UK) for 1 hourhe tissue sectionsere washed
three times for 10 minutes in PBS and incubated with ABC reagent from the
Vectastain® Kit (Vector Laboratories, UK) for 30 minutes at room temperature before
undergoing three further washes in PBS. Diaminobenzidine tetra hydrochloride (DAB)
substrate (Vector Laboratories, Peterborough, UK) was prepared followieg

Y | y dzF | OinisilabkBns Beiore being applied ttissue sections for 210 minutes

until a suitalle brown colour develogd. The ®ctions were then counterstained with

haematoxylinand mounted with DPX.
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4.2.4.3 Glycosaminoglycan Assay

Proteoglycan content of the tissue engineered constructs was assessed by measuring
the amount of glycosaminoglycans (GAG) ie tBCM. The constructsere weighed

after and freeze dried overnight before beingweighed in order to assess the water
concentration within the construct. Freeze drietbnstructs were then digested
overnight in a papain digestion buffed.05 % (w/v) papain (from papaya latex) and 6

mM n-acetyl cysteine in 200 mM phosphate buffer containing 1 mM EDTA, pHt6.8

60 °C.

The GAG concentration was then analysed using diethylmethylene blue (DMB)
following the protocol described byFarndale et al., 1986PpMB (10 mM in ethanol
(Fisher Scientific, UK) was further dissolved into 5Q0distilled water containing 40
mM glycineand 40 mMsodium chloride with pH adjusted to 3 using hydrochloric
acid).50 pL of sample was then mixed with 230 of DMB and the optical density was
measured at 525 nm (5300 absorbance filter) using the spemphotometer. This
reading was then compared to @éondroitin sulphate standard curve to give a GAG
concentration present in the sampl&.otal percentage matrix was then calculated
using the following formula:

dwi d o O

b ¢ DO Qé i 000GF—0———————— T TT
WE €0 00160DWQ P

4.2.5 Gene Expression

The gene expression of the chondrocytes was assessed at various time points, as
shown in the schematid={gure4-3) The gene expression was then either normalised to
chondrocytes at passage 2 on tissue culture plastic or after 3 days on the scaffold

materials in expansion media.
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Experimental Plan Samples taken
Passage 2 chondrocytes cultured on 2D Passage 2 tissue culture
tissue culture plasticin expansion plastic (2D) cultured
media chondrocytes
Chondrocytes seeded on scaffold 3D undifferentiated
material in expansion media for 72 ————> chondrocytes— day 0 of
hours differentiation

3D differentiating
chondrocytes, samples taken
atday 3,7, 14, 21, 28, 35
and 42

Chondrocytes moved into
differentiation media and cultured for ——>
42 days

Figure4-3: Schematic diagram showing the experimental plan and the time points at

which the gene expression of the chondrocytes will be assessed

4251 RNA Extraction

After culturethe tissue engineeredonstructswere washed in PBS anddtafrozen in

liquid nitrogen for 30 seconds. A tissue pulveriser was then used for 1 minute in order
to homogenise the sample in PBS. The homogenised sample was then centrifuged at
11,0000 rpm for 2 minutes in order to gain &ssue pellet. RNA was extraetl
immediately from thistissue pellet using the Bioline Isolate II RNA Mini Kit (Bioline
Reagents Ltd, UK) antde RNAconcertration determined using a NanaBp 2000
Isolated RNA was diluted to a concentration of 10uhg.using Rnase free water and

stored at-80 °C until it was required for cDNA synthesis.

4.2.5.2 Reverse Transcription Polymerase Chain Reaction

cDNA was synthesised using a high capacity RNA to cDNA master mix (Life
Technologies, UK) and 100 ng of RNA in total@action.

51



PhD Thesis sley 204 Bard

Table4-1 gives the composition of a cDNA synthesis reaction, these reactions were run
in a thermal cycler using a cycle of 10 minuteat’C, 2 hours at 37 °C, 5 minutes at
85 °C and then 10 minutes at 4 °C. cDNA was then stor&D&C until real time PCR

was performed

Table4-1: Composition of reagents per cDNA synthesis reaction

Volume per reaction|
Reagent

(WD)

Reverse transcription buffer 2

Random primers 2

. Deoxyribonucleotide  triphosphat
Master Mix 0.8
(ANTPS)

Multiscribe Reverse Transcriptase 1
Nuclease free water 4.2

Sample RNA (10ng/L) 10

4.2.5.3 Real Time Polymerase Chain Reaction

Real time PCR was performed using a 7900Fast Real Time PCR machine in a 96 well
plate with an experimental volume of 10L Table 4-2 shows the reagents (Life
Technologies, UK) required per real time PCR reaction. Three technical repeats were

performed per reaction.
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Table4-2: Composition of reagents per real time PCR reaction

Volume per reaction
Reagent

(uD)
Tagman mastermix 5
Nuclease free water 3.5
Target primer/probe 0.5
Endogenous control primer/probe (GAPDH) 0.5
cDNA sample (5 ngl) 0.5

Tagman probes and primers were used for the detection of the expression of collagen
type Il, collagen type X, alkaline phosphatase, Ihh, sox9 and runx2 (Life Technologies,
UK). Non template and reverse transcriptase negative controls were used to check for
cDNA contaminationTable4-3 shows the assay identification numbers for the primers

and probes used for-§CR.

wSadzZ Ga 6SNB |yl fmahadSiRrelatin o/t hdusekeeping deie,
glyceraldehyde phosphate dehydrogenase D! t 51 0 SELINB&&aA2y d ¢KS
then normalised to either a). gene expression of undifferentiated chondrocytes on 2D
culture plastic, for comparison between thea$wlds, or b). undifferentiated 3D

culture chondrocytes, to assess the differentiation on the scaffolds.
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Table4-3: Tagman primer and probe identification numbers of assays used dufing g
PCR.

Gene Tagmanprimer and probe assay numbe

Collagen type I, alpha 1 Rn01637087_m1

Collagen type X, alpha 1 Rn01408030_m1

Alkaline phosphatase Rn00575319 gl

lhh RNn03810376_m1

Sox9 Rn01751069 _mH

Runx2 Rn01512298 m1l

GAPDH 4352338E

4.2.6 Construct Decellularisation

This protocol was adapted from a protocol for the decellularisation of articular
cartilage published by Khedt al (Kheir et al., 2011

The tissue constructsvere removed from culture and washed with PBS before
undergoingthree, freezethaw cycles.The constructsvere frozen at20 °C for 2 hours
before being thawed at room temperature for 2 houihe feeze thaw cycles were
then repeated with thegraftssubmerged in hypotonic buffer (10 mM TFridCl, pH 8.0,
filter sterilised, with the addition of protease inhibitorsyhe constructsvere then
placed in an ionic buffer (0.1 @/v) sodium dodecyl sulphate (SDS), 0.1 % (w/v) EDTA
in distilled water, filte sterilised, with the addition of protease inhibitorahd left for 1
hour gently shaking@t room temperature on an orbital shakéat 100 rpm) before
beingtransferred tohypertonic buffer for 1 hour oman orbital shaker(at 100 rpm)at
room temperature The tissue constructeere cycled through ionic and hypotonic
buffers three times in order to lyse the chomdytes in the constructThe constructs

were then decontaminated using a 0.1 % (v/v) peracetic acid solution for 1 hour on an
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orbital shaker atLlO0 rpm. The constructsvere then washed 3 times with sterile PBS.
The degree of ecellularisation was assessed by DNA qtigation (Section4.2.6.])

I v R -dmidiro2-phenylindole (DAPI) stainin@ection4.2.6.9 and its effect on
the extracellular matrixcontent was assessed usintpe glycosaminoglycan assay
(Sectiord.2.4.3.

4.2.6.1 DNA Quantification

DNA was isolated from théssue constructdoth pre and post decellularisation to
assess the efficacy of the decellularisation proc€mstructswere weighed before
extractionwith Trizol® reagent (Life Techngies, UK)Trizol®0.5 nm.) was added to
each construct and the constrydhomogenisedand incubated for 5 minutes at room
temperature. Chloroform was added(0.1 nl), shaken vigorously, incubated for 2
minutes and centrifuged at 12,000 g for 15 minutes&afC.The @ueous phase was
removed and ethano(0.15 ni/sample) was addedand the sanples incubated for 2
minutes andthen centrifuged at 2,000 g for 5 minutes at@ The supernatant fraction
was removed and thegllets were incubatedvith 0.1 M sodium citrate in 10 %/v)
ethanol solution(0.5nL) for 30 minutes andefore beingre-certrifuged at 2,000 g for
5 minutes at 4 °Cl'’he sipernatanswere removed and75 %(v/v) ethanoladdedto the
pellets (1 mi/pellet) incubated for 15 minutes and centrifugkat 2,000 g for 5 minutes.
The ellets wereair dried before beingre-suspen@éd in 8 mM sodium hydroxid€0.3
mL/pellet). The DNAvas then quantified using theaxsioDrop 2000

4.2.6.2 n Qdiamidino-2-phenylindole Staining

8 um cryosections were cut fro®@CT mountedtonstructsand transferred to APES
coated slides and Xed in 4 %(w/v) PFA for @ minutes.The tissue sectiongere
washed with PBS three times for 5 minutes. The chondrocytes were permeabilised in
0.1 % (v/v) Triton-X-100 for 10 minutes and PBS washes were repeated. The
chondrocytes were stained witBAPI for 15 minutes in the darRhetissue sections

were then washed in PBS and imaged with a fluorescence microsétpn bound to
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double-strandedDNADAPI has an absorption maximum at a wavelength of 368
(ultraviolet) and its emission maximum is at 46t (blue). Thereforgfor fluorescence
microscopy DAPI is excited wittiravioletlight and is detected through a blue/cyan

filter.

4.2.7 In Vivo Experiments

In vivoexperiments were carried out usiriggsue engineered constructsrmed from

rat nasal chondrocytes grown on PGPae constrgts were placedin 4 mm full

thicknesshealingdefectin the cranium of 8 week old Wistar rgfsigured-4). Allin vivo
work was carried out by Christine Freeman undlee appropriate animal license
(license number40/3311).

Rats were placed under anaesthetic using IsoFlo (Isofluorane) (Abddmdtrdtories,

UK) and given antibiotics, Synulox (Pfizer, UK), and a painkiller, Metacam (Boehringer
Ingleheim, Germany). Once under anaesthetlte rats were weighed. A midline
incision was made the skin covering the skuwhd both the skin and periostum were
retracted to reveal the cranium. Two 4 miull thicknessdefects were drilled into the

skull using a 3.5 mm diamond burr with saline irrigati@rafts were cut to 4 mm
diameter using a sterile biopsy punch and placed into one of the defectshathther

being left empty.The periosteum was closed over the defects and secured with 2 vicryl
stitches, before the wound was closed using 4titches. Anaesthetic was turned off

and the animal given oxygen for 3 minutes.
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Construct Empty

filed Defect D ()

Figure4-4: Schematic of operation showing the positioning of the two 4 mm defects in

the skull and the filling of one defect with a construct.

Constructswere allowed to heal the defect for 4, 8 and 12 weeks, before the animals
were culled. Rats were anesthetised using IsoFlo and their vertebrae separated, the
heads were then removed from the animal and placed in 1Qv#6) neutral buffered
formalin and sbred at room temperature.The rat headswere then examined by

microCTand histology to assess tliegreeof new bone formation irthe defectarea

4271 W[ A @RI Q

Constructswere removedfrom the culture after 35 days and washed in PBS twice

before implantation in to thdonedefects.

4.2.7.2 DecellularisedGrafts

Constructswere removed from culture after 35 days and decellularised using the

protocol described in sectiof.2.6before being implanted intthe bonedefects.

4.2.7.3 Recellularisedsrafts

Constructswere removed from culture after 35 days and decellularised using the
protocol described in extion 4.2.6 The decellularised constructsvere then
recellularised with  BM-MSG using the following methodology. BMSCs were

harvested from femws of a different rat to those undergoing thien vivotesting, as
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described previouslySéction4.2.2.29 and cultured until passage (&ction4.2.2.3. 48
hours before implantation, the cultures of BMSG were trypsinised using the
protocol described in sectiont.2.2.3 and a cell count was performed using a
haemocytometer. Decellularisedonstructs(4 mm diameter)were placed in culture
dishes andlL x10 cells in basic media with % (v/v) FCS, 1 mg.it BSA and 10 nM
dexamethasonedded per construct. The culture dishes were incubatadan orbital
shaker set to 35 rpm at 37 °C humidified atmosphere of 5 6o airfor 48 hours
to enable cell seeding to occur. The BAMECseeded constructs were then implanted

into the bonedefects.

4.2.7.4  Microcomputed Tomography Analysis

Rat heads were fixed in 10 dv/v) neutral buffered formalin and analysed using a
desktop high resolutiomicrocompued tomography (nicroCJ system (Skyscan 1172,
Skyscan, Belgiumyhe headsvere placed horizontally into a polyethylene tube in the
system and rotated, while the-pays originate from a point source.Scans were
performed at 100 kVp, with 4 mm aluminum¥ A f G SNJ ' yR | LIAEST

Images were taken throughout 360 ° with 2 images being averaged at each point.

4.2.7.5 Decalcification of Ratkulls

After micracCTanalysis the rat heads were skinned and all the soft tissue was removed.
The &ulls were then @ced ina neutral aqueous solution 00.5 M EDTA and 0.4 M
sodium hydroxide in distilled water pH 7f0r 14 days changing the EDTA solution
every 7 days as the EDTA beesnsaturated with calciumk8lls were thenX-rayed to

check that the calcium had bagemoved from the bone.

4.2.7.6 Paraffin Wax Embeddingnd Sectioning

The skullswere washed in running wat for 20 minutes before being dehydrated

through alcohols and embedded in molten paraffin wake wax blocks were cooled

FT2N) on YAydziSa 2y AOS IyR p >Y aSOilAzya
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were then stained using heamatoxylin and eosin (Sectdh4.2 and alcian blue
(Sectiord.2.4.2.

4.2.8 Statistical Analysis

All statistical analysis was performed using Graphgaiftivare. Initially aD'Agostine
Pearsontomnibus K2" testwas performed to check the normality of the data
Significance between two groups of data when analysed using the studenttést.

For comparison betweerhree or more group®f dataa one way ANOV/Agllowed by

¢dzl SeQa GSad srFa dzaSR G2 I aa Signficaic&kwas a A Iy A
observed with data exhibiting a p valuedehan 0.05.
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5 Results

5.1 Scaffold Fabrication

Scaffolds were fabricatetly electrospinnng PLLAto create randomly aligned fibre
mats (Figure 5-2). These scaffolds were also modified useng alternate soaking
protocol (%®ction 4.2.1.9 to create a composite PLLA/calcium phosphate scaffold

material.

After treatment with the altermtive soaking protocdhe dry weight of the electrgaun
PLLA scaffold material significantly increas€wyyre 5-1), suggesting thaimineral
material had been deposited in bedgn or on the scaffold fibresimaging the
composite scaffolds with SEM showed thatragipitate was present botin between

and on the scaffold fibres after treatment with the alternate soaking protodeigre
5-2). When comparing the SEM images of the electrospun PLLA anéGlelfigure

5-2 and Figure5-3 respectively) it can be seen that the fibre diameter and the pore
size of the commercial PGA is largBre precipitate was analysed using XRD and was
found to consist of 2 phases of calcium phosphate, hydroxyapatite and bruBigieré
5-4).

Contact angle determinatiowas also performed oboth the experimental PLLA and
commercial PGA scaffold materials. Thddition of calcium phosphate led to a
decrease in theontact angle of distilled water with the scaffold materi@bble5-1),

when compared to the PLLA alone and the commercial PGA.
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*%k*

Weight (mg)

PLLA PLLA/Calcium Phosphate

Figure5-1: Weight of the PLLA scaffaldoth pretreatment and postreatment by the
alternative soaking technique to form RLLA/calcium phosphatompositescaffold

(** =p<0.001. n= 6).

Figure 5-2. Randomly oriented electrospuLLA polymer fibres, (A, B) before
alternative soaking(C, D) after alternative soalgnThe scale baia images A, B and D
=20mm and in image C=5@m.
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Figure 5-3: Scanning electron microscopy image of the wawmven needle punched

t D!' a0l ¥F2f R LIzZNOKI &SR FNRY /Stt2yd 06a0l f S
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Figure5-4: Representative XRD analysis of the precipitate on and within the PLLA fibres. This shows the presence of two phases of

calcium phosphatenhydroxyapatite( ll greyandbrushite (A redh the precipitate (n=3.
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Table5-1: Measurement of the contact angle of water on the surfacehefscaffold
material. Analysiswas performed on 3individual specimensper scaffold groupthe

results are expressed #s mears +/- standard deviatios

Scaffold Material Contact Angle
Electrospun PLLA 70+3°
PLLA/Calcium phosphate 15+1°
PGA 60+4°

5.2 The Effect of Serum on Chondrocyte Hypertrophy

Initial experiments ofat nasal chondrocytesultureson PGA did not result in complete
hypertrophicdifferentiation of the grafts after 42 days of culturéhe onstructs were
observed to be heterogeneous in cell composition, with small pockets of
morphologically large hypeamphic cells expressing collagen type X and alkaline

phosphatase surrounded bgrge areas oémaller undifferentiated cell@-igure 54).

FCS batch testing was therefaradertakento find a FCS which promoted the growth
and proliferation of the chondrocytes without inhibiting the hypertrophic
differentiation pathway.Table5-2 shows the information on the 5 batches of RG&

were tested. For batch testingpellet cultures of nasal chondrocytes were usked
investigate the chondrogenic capacity of the ser@ecfion 4.2.3.) and nasal
chondrocyte/PGA constructs were used to investigate the effect of the sera on the
ability of the chondrocytes tandergohypertrophy (Sectiord.2.3.3. The chondrogenic
capacity of the sera was investigated by measurement of the amount of GAG in the
pellet cultures. Hyperbphy of the chondrocyte constructs was monitored by histology

to examine cell morphology anchmunolocalisatiorof collagen type X.
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Figure5-5: Immunohistochemical analysis of rat nasal chondrocytestructs after 42

days culture. (A) haematoxylin and eosin Stain; (B) toluidine blue; (C) alcian blue; (D)
alkaline phosphatase; (E) collagen type Il; (F) collagen type X. (Insert micrographs show
non-specific staining)Arrows indicate areas of hypesphy as shown by chondrocytes
exhibiting a large morphology co located with high GAG concentrations and collagen

type X expression.
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Table 5-2: Manufacturer and batch number of the five FCS batches tested for

chondrocyte growth and hypertrophic differentiation

FCS Number| Manufacturer Batch Number
1 Biosera S1900.050
2 Biosera S10830.050
3 Sigma F9665
4 Sigma F7524
5 Biosera -

As shown inFigure 5-6, the concentration of GAGvithin the constructs, which is
indicative of the proteoglycan content of the extracellular matvaried greatly
depending on the FCS used during the pellet differentiation experiments. FCS 3 and 4
were shown to produce chondrocyte pellets with significantly lower GAG
concentratiors than FCS 1. However the changes in GAG were not significantly
different whencompared to FCS 5, which been usedgrevious experimentfor the

differentiation of ratnasal chondrocyte

Figure5-7 illustrates that the hypermpphic differentiation of chondrocyte cultures on
PGA after 3 weeks of differentiation is highly variable depending on the batch of FCS
used. Whilst FCS 1 had the highest % GAG in the pellet cUtigied5-6) it is own to

inhibit the differentiation of chondrocytes down the hypertrophic pathway. Full
hypertrophy of the construct was not expected after a 3 week culture period; however,
hypertrophic clondrocytes should have been present after this period of culture.
Constructs cultured using FCS 2, 4 and 5 have evidence of hypertrophic chondrocyte

differentiation, which was demonstrated by not only the morphological increase in
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chondrocyte cellular sizgigure5-7) but also by the expression of hypertrophic marker
collagen type XHigure5-7). FCS batch was chosen for all further experiments as
although the percentage GAG within the constructs is shown to be the lowest it did
allow for the most extensive hypertrophy within tleenstructs, with comparable levels

to that seen using FCS batch 5. FCS batch 4 was therefode thusmighout the
following experiments to ensure and that the degree of hypertrophy obtained between

different experiments (using serugontaining media) was producible.

**

Glycosaminoglycans (% of ECM dry weight)

Figure5-6: DMB assay showing the GAG concentration present in the PGA pellets 21
days after culture in the 5 different sera (* p <0.05, **p <0Q1345.
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Haematoxylin and Eosin Collagen

Type X

& oS

FCS1

FCS2

FCS3

Fcs4 |

FCS5 |

Figure 5-7: Representative analysis of constructs cultured in F6Sshowing the
degreeof hypertrophic differentiation seen after three weeksofture Haematoxylin
and eosin staining showed the increase in cellular volurdeaated withexpression of
the hypertrophic marker collagen type X (magnification xsk@le bars = 200m, insert
micrographs show negative controls,5)=

68



PhD Thesis sley 204 Bard

5.3 Hypertrophic Differentidion of Rat Nasal Chondrocytes

Both the experimental (electrospun PLLA and electrospun PLLA/calcium phosphate)
and commercial (PGA) scaffold materials were assessed for their ability to support
chondrocyte attachment, proliferation and hypertrophic diffet&ation after 42 days

of culture in differentiation media.

Initial chondrocyte attachment studies showed that the PGA and PLLA/calcium
phosphate scaffold allowed foomparablelevels of attachment after 72 hours (84.75

% and 87 % respectivelfigure5-8). The PLLA, however, resulted in a significantly
lower chondrocyte attachment of 68.92 %igure5-8).
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Figure5-8: Chondrocyte attachment to PGA, PLLA and PLLA/calcium phosphate scaffold

materials after 72 hours on a shaker plate. (** p< 0.00B)n=

After a 42 day culture period on the scaffold materjalee chondrocytesexhibited
hypertrophic differentiation on thePGA and PLLA/calcium phosphate sca$fold
Hypertrophy was shown biyhe chondrocytesxhibiting an increase in cellular volume
with co-localisation of hypertrophic markers collagen type X and alkaline phosphatase

(Figure5-10)) in the ECM. Theonstructs formed form either PGA or PLLA/calcium
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phosphate composite scaffoldsere also positive for collagen type Il expression and
stained stronglywith toluidine blue and alcian blue showil@AG present in the ECM.
The electrospun PLLA scaffold material, however, was unable to produce a
homogenousconstruct with small clusters of hypertrophic cells being formed on the
scaffold surfaceThese chondmyte clusterswhile expressing collagen type &id not
express alkaline phosphatase. The Ptasstructsalso stained weaklwith alcian blue

or toluidine blue suggesting that thergaslow GAG accumulation within the ECDDue

to the poor performance offte PLLA scaffold material no further investigations using

this scaffold material were performed.

The presence oGAGiIn the constructswas confirmed by the quantification of GAG
within the constructECMafter 42 days of culture. The percentage of GAG acdated

within the ECM by PGA and PLLA/calcium phospbased constructs was
comparable, with an average of 12.91 % and 14.10 % respectively of the dry weight of
the ECM being constituted of GA@hen culturing on the PLLA scaffold material only
0.28 % othe ECMwas found to becomposed of GAG-{gure5-11).

GAG production using the PLLA/calcium phosphate scaffold was also compared to that
achieved usig the PGA scaffold materitdroughout the culture periodRigure5-12).

The PLLA/calcium phosphate scaffold material allowed a higher &Aa@nulation
earlier on in the culture, with significantly higher percentage GAG being seen at day 14
and 28 compared to the PGA scaffdtiigure5-12). However by day 42 the percentage

of GAG while still higher is not significantly increased when using the new PLLA/calcium

phosphatecompositescaffold materialKigure5-12).

No mineralisation ofconstruct ECM was observed using the PGA scaffold material,
while some alizarin red stainingvas observed in the PLLA/calcium phosphate
constructs wherestainingwas within or along the surfacef the scaffold materialvith

little staining seen within the tissue itselFiQure 5-13). Due to the intense loss in

alizarin red staining in the PLLA/calcium phosphate this alizarin red staining may well
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be due to the release of calcium ions from the scaffold which are entrapped within the

tissue
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Electrospun
PGA Electrospun PLLA PLLA/Calcium Phosphate

Heamatoxylin
and Eosin

Toluidine Blue

Alcian Blue

Figure 5-9: Histological and immunohistochemical analysis of constructs formed by culturing chondrocytes on PGA, PLLA and
PLLA/calcium phosphate scaffold materials for 42 days. The images show haematoxylin and eosin; toluidime dbbien blue
staining.(n=10). Scale bars = 106n.
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Collagen Type
I

Collagen Type
X

Alkaline
Phosphatase

Figure 5-10 Histological and immunohistochemical analysis of constructs formed by culturing chondrocytes on PGA, PLLA and
PLLA/calcium phosphate scaffold materials for 42 days. The images show collagen type Il; collagen type X and alkali@sg@hospha

staining. Insertmicrographs show nespecific staining (n=10). Scale bars = [L@0
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100 ym

Figure5-13: Mineralisation present within theonstructsafter 42 days of culture under
semistatic conditions Imagesshow staining for calciurasing alizarin reen the PGA
scaffold material (A) and the PLLA/calcium phospliat®positescaffoldmaterial (B)

(C) Shows alizarin red staining of the PLLA/calcium phosphate scaffold at day O of
culture.Scale bars = 1g@m.
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5.4 Protein and Gene Expression during Chondrocyte Hypertrophic
Differentiation on PGA and PLLA/Calcium Phosphate Scaffoldekials

In orderto further understand the process of hypertrophic differentiation of the nasal
chondrocytesthe ECM gene and protein expression was investigated as well as key
signalling moleculg Ihh, andthe transcription factors,sox9 and runx2. Théwo
scaffold materials, PGA and PLLA/calcium phospbtatepositewere investigated for

their effect on the expression of these key genes and proteins.

5.4.1 The Effect of 3D Culture on Gene Expression

Transferring chondrocytes from a monolayer (2D) culture t@[a culture on the
scaffolds was shown to have a significamnpact on the gene expression of the
chondrocytesafter 24 hours When using the PGA scaffold materiedllagen type I,

Ihh andsoX9 expressiory the chondrocytes in the construct wasreased However,

the genes associated with hypertrophic differentiation, collagen type X and alkaline
phosphatasewere decreased Kigure5-14). However, tansferring the chondrocytes
from 2D cultureto culture on the PLLA/calcium phosphateomposite scaffold
however, had a different effect to culture on PGA While the expression of
hypertrophic associated genes (collagepédyX, alkaline phosphatase anghr2) was
reduced andthe expression olhh remaired increased, the expression of $»and

collagen type Wasreduced Figure5-15).
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Figure5-14: The effect oD cultureof chondrocytes othe PGAscaffold materiahfter
72 hours in expansion culture media gene expressioffhe datais normalised to the
gene expression observedl passge 2 on tissue culture plastd culture (* p<0.05,

*r n<0.0001, N=6)
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Figure 5-15: The effect of3D culture of chondrocytes on PLLA/calcium phosphate
scaffoldmaterialon cell gene expressi@fter 72 hours in expansion medighe datas
normalised to the gene expression obseraegassge 2 on tissue culture plastic (2D

culture) (* p<0.05, ** p<0.01n=6)
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5.4.2 Extracellular Matrix Gene and Protein Expressioon PGA and
PLLA/calcium phosphate composite scaffolds

When comparing gene expression on the PGA scaftoldhat of the PLLA/calcium
phosphate scaffolslit was necessary to normalise the values to sboof the 3D
undifferentiated construct values so that the effect of the scaffold material on

chondrocyte gene expression can truly be assessed.

5.4.2.1 Collagen type Il

Collagen type eneexpressioron both the PGA and PLIcalcium phosphatscaffold
material constructs also showed a significant increase in collage type Il expression
between day 3 and day 7 andasfoundto peak at day 7 of the culture with.97 and

6.44 foldincreasesin expressiornobservedrespectively Figure5-16 and Figure5-17
respectively) The PGA scaffold,olvever, cause a sigrificant downregulation of
collagen type Igene expressiomy day 14 with lower levelshan the collagen type
gene expression observed in thendifferentiated 3D PGA scaffold cultyr@=igure
5-16). Both scaffold materials downregulatecollagen type 1l expressiotinroughout

the culture with the lowest levels of expression being observed on day 42 of the
culture (Figure5-16 and Figure5-17). Collagen type Wasalso deposited in the ECM of
the constructsand was present throughout the culture perioth both the PGA and

PLLA/calcium phosphate scaffaldnstructs(Figure5-26 and Figure5-28 respectively).

Collagen type Il expressionf athe PLLA/calcium phosphateonstructs was
downregulated throughout the culture period when comparedcullagen type Il gene
expression on the PGA scaffold materiglg(re 5-18). At day 28 andday 42 the
collagen type Igeneexpressiorwasobserved to be significantly downregulatedthe

PLLA/calcium phosphate scaffadnstructs(Figure5-18).
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Figure 5-16: ollagen type Il mMRNA expression during hypertrophic differentiaion

PGA scaffold materiaklative toits expression level seafter 72 hours of culture in

expansion medigay 0 of3Dchondrocytedifferentiation) (¢** p<0.001. n=§
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Figure5-17: Collagen type Il mRNA expression during hypertrophic differentiation on

PLLA/calcium phosphatescaffold material relative tthe mRNA expression levels seen

after 72 hours of culture in expansion media (day 0 of 3D chondrocyte differentiation).

(* p<0.05. n =8).
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Figure5-18: Qollagen type 1l mRNA expression in the chondrocytes during hypertrophic
differentiation culture on PLLA/calcium phosphate scaffold material compared to
expression seen on the PGA scaffold matefiak data is normalised to the gene
expression observed passage 2 on tissue culture plastic (2D cultul@®}.p<0.01 and

*p< 0.05. n =8)

5.4.2.2 Collagen type X

Collagen type X mRNA expression significantly incdeiseughout the hypertrophic
differentiation of the chondrocytes omoth the PGAand PLLA/calcium phosphate
scaffold materialbetween day 3 and day 35ifure5-19 and Figureb5-20 respectively.
The gene expressiqgrealed at day 35vith an 85.6%nd 77.4%old increasecompared
to day O of culture on the scaffold materidiowever, there was a trend for the
collagen type X genexpression to decreasalay 42on both scaffold material@~igure
5-19 and Figure5-20), although this trend did not reach significan€ollagen type X
deposiion within the matrixof both PGA and PLLA/calcium phosphate griajtsvas
detectade by immunohistochemical lotsation by day 28 although its gene
expressionwas upregulated by day 1l4However,collagen type Xprotein was not
detectablein the ECM at day 1dy immunohistochemical loceation (Figure5-28 and
Figure5-26).
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Figure5-19: Collagentype XmRNA expression during hypertrophic differentiation on

PGA scaffold material relative to mMRNA expression levelsas@ery2 hours of culture

in expansion media (day 0 of 3D chondrocyte differentiatioff). p<0.01. n =8)
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Figure 5-20 Collagen typeX mRNA expression during hypertrophic differentiation on

PLLA/calcium phosphate scaffold material relative to mRNA expression leveddteeen

72 hours of culture in expansion media (day 0 of 3D chondrocyte differentiation).

p<0.05. n 8)
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When compared to theonstructs formed on th&GA scaffold materiatonstructs on
the PLLA/calcium phosphate scaffadthowed an upregulation ofcollagen type X
throughout the culture period, with significant increasseen on day 14 and day 42

(Figure5-21).
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Figure 5-21: Qollagen type X mRNA expression during hypertrophic differentiaftion
chondrocytes cultured on PLLA/calcium phosphate scaffoléompared to the
expressionobservedon the PGAThe data is armalised to the gene expression

observed at pasge 2 on tissue culture plastic (2D cultu(@)< 0.05. n 8)

5.4.2.3 Alkaline Phosphatase

Alkaline phosphatenRNAexpressiorof PGAconstructs(Figure5-22) followed a similar
pattern to that shown by collagen type Xefer Figure5-19 and Figure5-21) with a
significant increase in expression between day 3 and dayf@Bwed by anon-
significantdecrease in expression at day 4the PLLA/calcium phosphatenstructs

however, give a cdimued increase of alkaline phosphatase throughout the culture
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period upto day 42 Figure5-23). Unlike collagen type X, alkaline phosphatasévity
was seen at theeripheryof all the constructsat day 14 andvasobserved to increase
throughout the cultureperiod until day 42 where itwas expressed throughouboth
the constructsmade using both PGA and PLLA/calcium phosplfatie 5-26 and
Figure5-28)

Alkaline phosphatase expression was upregulatedthe PLLA/calcium phosphate
scaffoldconstructswhen compared to the PGéonstructs with asignificant increase in

expression observed atg 14in the PLLA/calcium phosphatenstructs(Figure5-24).

40 *

304

20 1

Day of culture

Relative expression (compared to Do 3D culture)

Figure5-22: Alkaline phosphatase mRNA expression during hypertrophic differentiation
of PGAconstructsrelative to mRNA expression levels saétar 72 hours of culture in

expansion media (day O of 3D chondrocyte differentiatigfip< 0.05. n =8).
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Figure5-23: Alkaline phosphatase mRNA expression during hypertrophic differentiation
of PLLA/calcium phosphateonstructsrelative to mRNA expression levels saftar 72
hours of culture in expansion media (day 0 of 3D chondrocyte differentiati¢fp<

0.05. n =8).
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Figure 5-24: Alkaline phosphatasemRNA expressionof chondrocytes during
hypertrophic differentiationof PLLA/calcium phosphateonstructscompared tothe
alkaline phosphatasexpression seemm the PGAonstructs The data is normalised to
the gene expression observed at @ags 2 on tissue culture plastic (2D cultur@&p<
0.05. n =§)
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Analysis of thegene expression and protein localisation aikaline phosphatase in
constructs aday 14, 28 and 4af culture, showed the progression of the hypertrophic
differentiation. At day 14 staining with alcian blue and toluidine blusvas pale
illustrating the low amount of ECM present. At this early stagdlifferentiation, the
ECM presenin the constructconsised of mainly collagen type Il and no collagen type
X expressiorwas seen Figure5-26 and Figure5-28). Howevery alkaline phosphatase
was expressed on the periphery of theonstructs By day 28 collagen type X and
alkaline phosphatasewere present within the ECM andvere associated with
chondrocyteswith large cell morphology Figure5-26 and Figure5-28). By day 4all
the constructsreproducibly displayedhypertrophicfeatureswith chondrocytes with a
have a large cellular volume and the ECM contaidengse staining focollagen type X

and alkaline phosphatas€&igure5-26 and Figure5-28).
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Figure 5-25: Representative histological analysis of chondrocytes grown on PGA scaffolds after 14, 28 and 42 days of culture,
showing the localisation of extracellular proteins and within the ECM of the construct. Inset microgragphsegiadive controls,

scale bars=100 pum (n=3 separate experiments).
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Figure5-26:. Representative immunohistological analysis of chondrocytes grovidGadscaffolds after 14, 28 and 42 days of cultyre
showing thelocalisationof extracellular proteingnd within the ECM of the&onstruct.Inset micrographs show negative controls,

scale bars=100 purfn=3separateexperiment}
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Figure5-27: Representative histological analysis of chondrocytes grown on PLLA/calcium phosphate scaffolds after 14, 28 and 42
days of culture, showing the localisation of extracellular proteins within the ECM of the constructs. Inset micrograptegahosy

controk, scale bars=100 um (n=3 separate experiments).

88



PhD Thesis sley 204 Bard

Alkaline
Phosphatase

Collagen
Type |l

Collagen
Type X

Figure5-28. Representative immunohistological analysis of chondrocytes grown on PLLA/calcium phosphates sfifdld, 28
and 42 days of cultureshowing thelocalisationof extracellular proteins within the ECM of tbenstructs.nset micrographs show

negative controls,ale bars=100 purtn=3separateexperiments.
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5.4.3 Transcription Factor and Signalling Moleculene Expression

5.43.1 Sox9

The expressiorlevels of sox9 were different between constructs formed fromthe
different scaffold materialsifter an initial increase inox9 expression as chondrocytes
were movedfrom 2D to 3D culturen PGA scaffolsl (Figure5-14) the expressiorof
sox9 was significantly reduced at day 3 otilture. After this initial inhibition the
expression obox9 was not signiicantly altered Figure5-29). Atrend for an increase in
sox9 expressiopeakwasseen at day 3svhich correspondedo the time period when
peaks in collagen type X expression and alkaline phosphatase express&g
observed(Figure5-19 and Figure5-22). In the PLLA/calcium phosphatenstructs,the
expressionof sox9 was initially downregulated as the chondrocytegre transferred
from a 2D tathe 3D culture environmentThe expressiomf sox9 was then significantly
upregulated between day 3 and day 14 (with a 99.93 fold increase). Howesesoad
peak in expressiomas seen at day 3Was observed during chondrocyte culture on
both the PGA anthe PLLA/calcium phosphate scaffald

When sox9 mRNA expression on both scaffold materials compared to the 2D
culture hyaline chondrocytesox9 is significantly upregulatedh the PLLA/calcium
phosphate constructson day 14 of the culture No such increase ino%9 gene
expression was observed at day 14 in the PGA constrdotgever, expression levels

of sox9 werecomparable on day 28 and day 4ddure5-31).
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Figure5-29: Sox9 mRNA expression during hypertrophic differentiatiahondrocytes
on PGA scaffofdrelative to mRNA expression levels saéer 72 hours of culture in

expansion media (day 0 of 3D chondrocyte differentiatigpyx 0.05. n =8).
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Figure5-30: Sox9 mRNA expression during hypertrophic differentiatiahondrocytes

on PLLA/calcium phosphate scaffotdlative to mMRNA expression levels saégar 72

hours of culture in expansion media (day 0 of 3D chondrocyte differentiatigrp<

0.001. n =B).
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Figure5-31: Sox9mRNA expression in chondrocytes during hypertrophic differentiation

on PLLA/calcium phosphate scaffotdlative to sox9 expression seeim chondrocytes

cultured onthe PGA scaffoldThe data is normalised to the gene expression observed

at passge 2 on tissue culture plastic (2D cultuf&p< 0.05. n 8)
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5.4.3.2 Indian Hedgehog

The expression profile of Ihif both the PGA and PLLA/calcium phosphatastructs
were shown to follow a similatemporal pattern, with a peak inlhh expression
observed at day 21F{gure 5-32 and Figure 5-33 respectively) which wa then
significantly decreased by day 28. The relative fold expressasnsignificantly higher

for the PLLA/calcium phosphateonstructs peaking with a 62.40 fold increase,
compared to a 20.32 fold increage the PGA constructsHowever, this can be partly
attributed to the lower increase in expression as the chondrocytes were moved on to

the PLI/calcium phosphate scaffol@ections.4.1).

When comparing the two scaffold materials on the differentiation from 2D culture Ihh
expression is een to be significantly upregulated at day 14 and day 42 on the
PLLA/calcium phosphate scaffold material when compared to the PGA scaffold material
(Figure5-34).
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Figure 5-322 Ihh mRNA expression in the chondrocytes during hypertrophic
differentiation cultureon PGAelative to mMRNA expression levels saftar 72 hours of

culture in expansion media (day 0 of 3D chondrocyte differentiaifpp)0.05. n =8).
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Figure5-33: Inh mRNA expression duriegondrocytehypertrophic differentiation on
PLLA/calcium phosphate scaffeltelative to mMRNA expression levels sadier 72
hours of culture in expansion media (day 0 of 3D chondrocyte differentiat{px

0.05. n =8).

o

14 28 42

©
= [ rpca
S B3]
3 .
& 1001 * PLLA/ Calcium Phosphate
a
o
et
80 1
=}
CR K]
5 %)
o gO- 12828
E &‘0’4
[ ¢ I}
o & &
2 KR
= 40- - 15252 *
9 0’0‘4
[72} [ JC I
4 i 15¢5¢ f 1
@ 20 0’0‘4
= & &
o 0.0‘4
@ L]
=2
k<
[5)
o

Day of Culture

Figure 5-34: IThh mRNA expression in the chondrocytes during hypertrophic
differentiation culture on PLLA/calcium phosphate sca$faddterial compared tdhh
expression seeim the PGAconstructs The data isnormalised to the gene expression

observed at pasgle 2 on tissue culture plastic (2D cultu(&)< 0.05. n 8)
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54.3.3 Runx2

Runx2 was initily downregulated when the chondrocytes were transferredm 2D
monolayer culture to culturen either the PGAscaffotls or PLLA/calcium phosphate
scaffolds (Figure5-14 and Figure5-15). However the expression profilevas found to
differ once the chondrcytes were cultured onthe two scaffold materials. PGA
constructsshowed agradualincrease in runx2 expressiaver time in culturewith a
significant pealof runx2 expressioat day 28 Figure5-35). Whereas in PLLA/calcium
phosphate constructsa significant increase in runx2 expressiwasseen on day 3 of
culture, after which the expression levelsdchot significantly alter throughout the

differentiation period Figure5-36).

When runx2 mRNA expression on both scaffold matevias compared to theunx2
expression level i@D culturel hyaline chondrocytesthe expressiorof runx2 wasseen

to be comparable throughout the culture perioBigure5-37).
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Figure 5-35: Runx2 mRNA expression durictgpndrocytehypertrophic differentiation
on PGA scaffofdrelative to mRNA expression levels saéer 72 hours of culture in

expansion media (day O of 3D chondrocyte differentiatigjp< 0.001. n =8).
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Figure 5-36: Runx2mRNA expression durirgpondrocytehypertrophic differentiation
on PLLA/calcium phosphate scafgldelative tothe runx2mRNA expression level seen
after 72 hours of culture in expansion media (day 0 of 3D chondrocyte differentiation).

(*p< 0.05. n B).
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Figure 5-37. Runx2 mRNA expression in the chondrocytes during hypertrophic
differentiation culture on PLLA/calcium phosphate scaffaldmpared to expression
seen on the PGA scaffold materidhe data is naonalised to the gene expression

observed at pasge 2 on tissue culture plastic (2D cultufe)=8)
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5.5 Cranial Implantation of Hypertrophi€onstructQultured on PGA

5.5.1 Construct Decellularisation

PGA constructarere decellularisedby washing the constructs witharying numbers of
hypertonic and ionic buffer cycleSection 4.2.6). After 2 cycles a significant decrease

in genetic materialvas seen with an averagef 79.68% DNA removalbtained The
removal ofDNAwas not significantly increased lifie addtion of another a cycle of
washing with hypertonic and ionic buffer@igure 5-38). The removal of genetic
material is also confirmed by DAPI stainifgg(re 538) Two cycles of washing with
hypertonic and ionic buffers also did not have a significant effect on the percentage of
GAG removed from the ECM of the constructs when compared to 1 cycle, whereas 3
cycles was shown to significantly increase the amounGafG removed from the

constructs Figure5-40).

1001 f % !
I 1
80 poye N ey
—_ v,
: 7
o
g 60 |
e | ===
<
Z 401
o
X
201
1 7
1 2 3

Cycles of Decellularisation

Figure 5-38 The percentage DNA removal after cycleswafshing the constructs
cultured on PGavith SDS and ionic bufef* p<0.05, n=3
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Hgure 5-39: DAPI staining illustrating the removal of genetic material from
hypertrophicconstructscultured on PGAfter (B) 1 cycle, (C) 2 cycles and (D) 3 cycles of

the decellularisation protocol compared (A) cellularigesdts (magnification x5).
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Figure 5-40: The percentage loss of GAG from tenstructscultured on PGAfter
cycles ofvashing theconstructs withiSDS and ionic bufef* p<0.05, n=3)
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5.5.2 ConstructsPrelmplantation

5521 W[ A @angtrA®

Before implantation constructswere shown to stain positively for the markers of
hypertrophy, collagen type XFigure 5-41(E)) and alkaline phosphatasé&idure
5-41(D)). They were also shown to contain chayayites with a large cellular
morphology Figure5-41(A)) and had a high GAG conteRigure5-41 (B, Q). The
constructswere also shown to be negative for alizarin red staining and therefore there

was no mineralisation of theonstructsbefore implantation into the defect.

100 ym |

Figure 5-41. Immunohistochemical and histological staining of tR&A constructs
before implantation into the cranial defentodel (A)haematoxylinand eosirstain; (B)
toluidine blue; (C) alcian blue; (D) alkaline phosphatd&®ecdllagen type X; (F) alizarin

red. Insert micrographs show napecific stainingScale bars = 100um.
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5.5.2.2 DecellularisedConstrucs

An average of 79.68 DNA removal was achieved during the decellularisation process
(Figure5-38), this removal of genetic materiabuld be visualised by the decrease in
DAPI staining shown iRigure5-42 after the grafts underwent the decellularisation

protocol.

A

Figure5-42: DAPI staining illustrating the decellularisation of #@®Aconstruct before
implantation into the cranial defect. (&onstructefore decellularisation; (B) construct

post decellularisation (magnification x5).

The decellularisation protocol led to a 10.48 decrease in GAG content in the ECM
and this carbe seen in the dwer intensity of both toluidine blueFgure5-43(B)) and
alcian blue Figure5-43(C))staining in thelecellularised construa when canpared to

0 KS Yebnst@dtsy(HgQre 5.37Btaining for collagen typewasalso decreased in
the decellularisedconstructs(Figure5-43(E))compared to theWf A EbRsyfBtOThe
lack of staining bylizarin red again shaed that there was no mineralisation of the

construct before implantation into the cranial defe&tigure5-43(F)).

100



PhD Thesis sley 204 Bard

100 ym

Figure 5-43. Immunohistochemical and histological staining of decellulariB&aiA
constructsbefore implantation into the cranial defect. (Apematoxylinand eosin
stain; (B) toluidine blue; (C) alcian blue; (D) alkaline phosphatase; (E) collagen type X;

(F) alizarin red. Insert micrographs show specific stainingScale bars = 100 pm.

5.5.2.3 BM-MSC Recellularise@onstructs

BM-MSG were characterisedo assess theidifferentiation multipotentiality before
being used forconstruct recellularisation. Chondrogenic, osteogenic and adipogenic
differentiation was achieved from thBM-MSG derived from rat femursKigure5-44)
using welldescribed, classical differentiation protoco8nce characterised and seeded
on to thedecellularised construct®API staining showed théte BMMSG were able

to attachand penetrate into the decellularisembnstructs(Figure5-45).
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Figure5-44: Staining to show the differentiatiocapacitiesof rat BM-MSG. (B)Alcian

blue staining to shovproteoglycanrich extracellular matrix of micromass cultures of
MSCs cultured under conditions to induce chondrogenic differentiation (contrdD{A))
Alizaiin red staining to show mineralisation in MSCs cultured under conditions to induce
osteogenesis (control (C)); @) red O staining of lipid vesicles in MSCs cultured under

conditions to induce adipogenic differentiation (con(i))
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Figure5-45: DAPI staining showing the attachment and penetratioBdM-MSG into
the decellularisedPGAconstructs(A) brightfield image of the decellularised construct,

(B) DAPI imagshowing thepenetration of the BMMSC into the

5.5.3 Repair ofCranialDefects 4 Weeks after Implantation

After 4 weeks of implantatigra small amount obone formation, indicative of defect

healing was observedsingmicroCT Somemineralisationwas evident in all defects

implanted with constructs with little apparent bone formation in the empty defects
(Figure5-46). Further analysis showetdt the averaggercentage bone volume in the
RSTSOU UGUNBIFIOGSR gAl0K GKS WiAQAY3IQ ANIFiIZ R
was 15.15 %, 19.91 % and 14.10 % therefore all grafts showed an increased healing
compared to the empty defestwhere pacentage bone volume in #se defects was

7.60 % [Figure5-47). While these increases were not significant it suggeshat the

grafts mayhave enhaned better healing(i.e. bone formation) alater time periods

|l Aad2t23A01t lylfteara 2F GKS RSTSOla akKz2g!
decellularised graftead occurred by week 4. The decellularised graft also shows some

bone formation within the defect as highlighted by the arrowigure5-48). The alcian

blue staining shows a decrease in ECM, highlighted by a decrease in GAG, around the

invading blood vessel&igure5-49)
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ft MSC Recellularised
Graft

Empty Defect ‘Living’ Graft Decellularised Gra

Figure5-46:. MicroCTanalysis othe cranial bonalefects 4 weksafter implantation of
either Wi A JA Y3 QT R BNBNSCfretzlltHaNSeBGAdonsttugtdRompared to
the O 2 y (eN®ByeféBts (n=3 animals/construct group)

104



PhD Thesis sley 204 Bard

2]
o
[]

N
o
1

Percentage Bone Volume (%)

201 —
“
0 T * T

— - — —
[3) = = b
© © © ©
2 = = =
&) ] O] U]
[a] > ° °
O )

= £ 7 ”
% > = =
= = ] s
L =] =}
© ©

o o

) J9)

o @

O]

n

=

Figure5-47. Percentagébone volume in the emptyefectcompared to the repair seen
dzaAy3 Wi AQPAYy3IQ:I RSOSt f BBAcoMItrac8 R wekkg Rftera { /| NJ

implantation (n=3 animalséonstructgroup)
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Empty Defect ‘Living’ Graft Decellularised Graft MSC Recelluarised Graft

Figure 548 Haematoxylin andS 2 & A y AGFAyAy3a 2F ONI y;\ If RSFS0Ga n 8551
decellularised PGA construct, decellularised PGA constreggeded with BMMSCs or left unfilled. The arrow highlights the ir
bone formation in the deellularised PGA construct. Magnifications are x4 (upper 4 images), x10 (middle 4 images) and x20

images).Scale bars = 500 um (upper 4 images), @@0(middle 4 images) and 100 um (bottom 4 imagés¥3 animals/constru

group) 106
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Empty Defect ‘Living’ Graft Decellularised Graft MSC Recelluarised Graft

Figure 5-49: Alcian blue staining of cranial defects to show localisation of the glycosaminoglycans in the defects. 4 we
AYLE FyalFdA2y gA0K SA ddediNdrised PEA dogsiruttadacellul@rised PRAYEaEnatikaeed With BMMSC
or left unfilled. Magnifications are x4 (upper 4 images), x10 (middle 4 images) and x20 (bottom 4 iBagleshars = 500 um (up|

4 images), 20@m (middle 4 images) antDO um (bottom 4 images{n=3 animals/construct group)
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5.5.4 Repair of Cranial Defects 8 Weeks after Implantation

After 8 weeks of implantation g 2 2 F  {cénStruciséisiod shgwaiGhe ability
to significantly heal the defects.e. stimulate bonedrmation) when compared to the
empty defects(Figure5-50). The average percentage bone volumvas significantly
KA 3IKSN g K Synstrlict (22.04 WWag #n@lantedcompared to an average
healing in the empty defect (7.07 Y8jigure5-55). Thedecellularisedconstructsalso
gavea significat increase in bone healing both visuatly microCT{Figure5-50) and
through percentage bone volume agsis(Figure5-51) where a 30.73 % bone healing
wasobserved. Bone mgenerationusing the decellularisedonstructs was greatehan
GKFG 27F dofstuctsWiBvieded i iicrease wasiot significant A smaller
increase inbone formation wasobservedwith the BM-MSC recellularisedonstructs
(Figure5-50). However, the average percentagmcrease inbone volume of 18.29 %
wasnot found to be significantly different when compared tbat of the empty defect

(Figure5-51).

Histological analysis of the defects showed that bone regeneration was occurring
OKNRdzZAK2dzii 020K GKS Wi AGAY FASC lrefdlularR&GIOS f  dz
construa, however, did not show signs of being remodelled into boRgre5-52).

Alcian blue staining of the defecisK2 4 SR | RSONBIFaS Ay 9/ a Ay
BM-MSC recellularised constructs as the Hypertrophic cartilage ECM is degraded, as

represented by low intensity staining indicating a decrease in GGr¢5-53).
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MSC Recelluarised

Empty Defect ‘Living’ Graft Decellularised Graft

Figure5-50: MicroCTanalysis otranialdefects after 8 weeks of implantation either
Wi APAYIQT orRBMMSCE feadfularisdtiyp&tiophic constructscultured on

PGAcompared to the emptfcontrol)defects (n=3 animals/construct group)
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Figure5-51: Percentage bone volume in the empty defect compared to the repair seen
dza Ay 3 Wi A JAY 3QIBM-REOBdeliuldrsedideriiopHi cohsifugts
cultured on PGA 8 weeks after implantation. (* p<0.05, ** p<0.01. n=3

animals/constructgroup)
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Empty Defect ‘Living’ Graft Decellularised Graft MSC Recelluarised Graft

Figure5-521 | SYIF 2E@ft Ay | yR S2aAy &idlAyAy3a 2F RSTSOGa y 6SS1:
PGA construct, decellularised PGA construesaededwith BM-MSCs or left unfilled. Magnifications are x4 (upper 4 images
(middle 4 images) and x20 (bottom 4 imag&xale bars = 500 um (upper 4 images), 2®0(middle 4 images) and 100 um (bott

4 images)(n=3 animals/construct group)
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Empty Defect ‘Living’ Graft Decellularised Graft MSC Recelluarised Graft
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Figure5-53: : Alcian blue staining of cranial defects to show localisation of the glycosaminoglycans 8 weeks after implantation with
S A U K S NJPGAcsmstrice) degelufarise®GAconstruct, decellularise®GAconstruct reseeded with BMMSCs or left unfilled.

Magnifications are x4 (upperirhages), x10 (middle 4 images)d x20 (bottom 4 imagesycale bars = 500 um (upper 4 images), 200
pm (middle 4 images) and 100 um (bottom 4 imgg@s=3 animals/construagroup)
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5.5.5 Repair of Cranial Defestl2 Weeks after Implantation

Visual assessment aficroCTimagesshoweda higherdegreeof bonehealing with all

construct typescompared to that of the empty defectF{gure 5-54). Significant
AYONBIFasSa Ay LISNOSydal3IsS o02yS @2t dzyS 6SNB
(38.48 %) and decellularised grafts (38.59 %) when compared to the empttyf 45

%) Figure5-55). There was no significaulifferencein bone formationbetween the

Wi AGAY3IQ | v BonstRIBOEVE MSEE rechlllul@ri§e®onstructs showeda
percentage bone volume of 21.22 whichwas not significant when compared to the

empty defects Figure5-55).

MSC Recelluarised

Empty Defect ‘Living’ Graft Decellularised Graft

Figure5-54: MicroCTimagesof the cranialdefects afterl2 weeks of implantation of
eitherWt A @Ay 3 Q3 or BRI reicelkilariseidyper8dphic constructs cultured

on PGAompared to the emptycontrol)defects.(n=3 animals/construct group)
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Figure5-55: Percentage bone volume in the empty defect compared to the repair seen
dzaAy3 Wit AGAYAQ>S RSOSTt hygertrophi corstRucts oyilRredaofl /| NI (

PGAafter 12weeks after implantation. (** p<0.01. n=$imals/construct group

|l Aad2t 23201t lylfeara 2F GKS RSTSOla akKz2g!
and decellularised grafts, however, at week 12 there is also some evidence of bone
regeneation in the BMMSC recellularised graffigure5-56). More intense alcian blue

staining is observed in the areas of new bone regeneratagufes-57).
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Empty Defect ‘Living’ Graft Decellularised Graft MSC Recelluarised Graft

Figure 5-56: Haematoxylln and eosin staining ufanlaldefects 12 weeks aftelmplantatlonﬂ )\ 0 K S )\ ¥ KFSBNdoristruéPf ADAY =
decellularisedPGAconstruct, decellularise®GAconstruct reseeded with BMMSCs or left unfilled. Magnifications are x4 (upper 4
images),, x10 (middle 4 images) and x20 (bottom 4 ima§es)e bars 500 um (upper 4 images), 2@0n (middle 4 images) and

100 pm (bottom 4 imagesjn=3 animals/construct group)
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Figure5-57: Alcian blue staining ofranialdefects 12weeks after implantatiorto show localisation of the glycosaminoglycdr¥s
$SS1a | FGSNI AYLI |y PGAscasfuctgdedeliilariSelGACE dlict, dedelularBeesAonstruct reseeded
with BM-MSCs or left unfilled. Magnifications are x4 (upp@méges), x@ (middle 4 imagesgnd x20 (bottom 4 images). Scale bars
=500 um (upper 4 images), 200 um (middle 4 images) and 100 um (bottom 4 infag8synimals/construct group)
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5.5.6 Healing Over a 12 Week Period

W[ A ¢akdy @cellularisedconstucts were shown to significantly increase the
percentage bone volume within the cranial defect over the 12 week implantation
(Figure 5-58 and Figure 5-59 respectively). While an increase in percentage bone
volumewasobsewnved when using 8BM-MSC recellularisedonstructthis increasavas

not significant over the 12 week implantation peridelqure5-60).

[e)]
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Percentage Bone Volume (%)

Week 4 Week 8 Week 12
Figure5-58: Increase in the grcentage bone volumia cranial defects implanted with

Wi A Bypeftidghic construct cultured on PGAer a 12 weekperiod following

implantation (p**<0.01. n=3animals/time poinj
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Figure5-59: Increase in the grcentage bone voluma cranial defects implanted with

decellularisechypertrophic construct cultured on P@x@er a 12 weelperiod following

implantation (p *<0.05. n=3&nimals/time poinj.
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Figure 5-60: Increase in the peentage bone volume increasa cranial defects

implanted withBM-MSC ecellularisechypertrophic construct cultured on PGRer a

12 weekperiod following implantatiorf n=3animals/time poinj.
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5.6 The Effect of Bioreactor Culture on Hypertrophic Differentiation

The amount ofGAG accumulatioby the PLLA/calcium phos@ate constructsvaried
significantly depending on the culture conditions utilisétiglre5-61). A significant
increase in theGAGaccumulation in the ECMas observed by day 28 whdhe
constructs were culturedutilising semustatic culture conditions compared to
constructs cultured nder static conditions.The accumulation oGAGinto the ECM
wasthe greatest atall time points whenthe constructs were cultured in the perfusion
bioreactor compared to the semstatic or static conditions Figure 5-61). The
constructs incubated in thévioreactor contained 49.81 % GAG within ith&€CM
compared toGAG levels 014.10 % in the ECM of constructs culturaghder semi

static conditions and..54 %n the ECM of constructs cultureshder static conditions.

Histological and immunohistochemical analysis illustrated a laickhypertrophic
differentiation in constructs cultured under static conditions. This was indicatethe
absence of collagn type X and alkaline phosphatase expressiorithe constructs.
Alcian blue and toluidine blue stainingndicative of proteoglycan formatignwas
present but at a low intensityCollagen type Il expressiowas alsoconserved under
static conditions Figure5-62). However, loth the semistatic and bioreactor conditions
enabledfull hypertrophic differentiation of the chondrocytes after 42 days oftune.

This was confirmed by the chondrocytes developing a larger cell morphology, typical of
hypertrophic chondrocytes, and expressing collagen type X and alkaline phosphatase

(Figure5-62).

Analysing theconstructsfor mRNA expression shedthat all of the culture conditions
resulted indownregulation of collagen type Il army day 42 therewasno significant
difference inthe collagen type Il genexpression between the culture conditions
(Figure 5-64). Collagen type X andkaline phosphataseyene expression wagsot
significantly upregulated during static culture atite expressionof these proteins

remaired at a low level(Figure5-65 and Figure5-66 respectively) Tre low level of
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collagen type X and alkaline phosphatase gerpression corresporati to the low
levels of hypertrophic differentiation seen in th@nstructs incubated under static
conditions(Figure5-62). The semstatic conditions and the bioreactgave constructs
similar levels of collagen type X upregulation throughout the 42 day culture period
(Figure5-65). However the use of the serstatic conditiors resulted inhigher gene
expression for alkaline phosphatase and denser staining for the enzyme in the
constructscompared toconstructs incubad inthe bioreactor Figure5-66 and Figure

5-62respectively.
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Figure5-61. Percentage GAG accumulation within tBEM of hypertrophic constructs
cultured on the PLLA/calcium phosphate scaffold matetialay 14, 28 and 42 under

static, semistatic and bioreactor culture condition$.[§<0.05. n$)
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Static Semi-static Bioreactor
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Figure 5-62: Histological analysis of PLLA/calcium phosplaiastructs cultured undestatic, semistatic and bioreactor culture

conditions. Insert micrographs show rgpecific stainingScale bars = 100urfrepresentative images n=6)
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Static Semi-static Bioreactor
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Figure5-63: Immunohistochemical analysis of PLLA/calcium phosphate constructs cultured under statstaserand bioreactor

culture conditions. Insert micrographs show sspecific staining. Scale bars = 100um. (representative images n=6)
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Figure 5-64. Comparison of the effect of static, sestatic and bioreactor culture
conditions on collagen type MiRNA expression during a 42 dagubationperiod.The
data is normalised to the gene expression observed after 72 hours on culture in
expansion media on the PLLA/calcium phosphate scaffold materials (DO of 3D

chondrocyte differentiation(n=6).
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Figure 5-65. Comparison of the effect of static, sestatic and bioreactor culture
conditions on collagen type X mRNA expression during a 4id@dyation The data is
normalised to the gene expressiobserved after 72 hours on culture in expansion
media on the PLLA/calcium phosphate scaffold material® ¢b 3D chondrocyte

differentiation. (* p<0.05. n= 6
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Figure 5-66. Comparison of the effect of static, sestatic and bioreactor culture
conditions on alkaline phosphatase mMRNA expression during a 42 day differentiation
period The data is normalised to the gene expression observed @aftenours on
culture in expansion media on the PLLA/calcium phosphate scaffold materials (DO of 3D

chondrocyte differentiation(* p<0.05, *** p<0.005. n6).
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5.7 Serun-Fee media

Three serurffree media Table5-3) were assessed for their ability to not only support

chondrocyte growth and survival but alsogopport hypertrophidifferentiation.

Table 5-3: Composition of the three serufree mediaand seruracontaining media

tested for chondrocyte survival, growth and hypertrophic differentiation.

Media composition

Media 1

Basic media with 1 mgidt BSA, Jug.mL™ insulin and 5Qug.m_

Lascorbic acid

Media 2

Basic media with 1 mglit BSA m AmL' 20X ITS (0.
mgmL* recombinant human insulin, 0.55 nml’ human
transferrin (substantially iroif NB S 0 InL'soblipm seldnite
ntTamstaAYy 2t SAO .nmLodidaEd and 50 mels
bovine FCS albumiahd 50pg.mL* ascorbic acid

Media 3

Basic media with 1 mgiit. { ! = MLt 10X H'$ (@.¥igmL
! recombinant human insulin, 0.55 nmyL™* human transferrin
(substantially irorf NBE S0 '@ @R AdxY &St .8
YlinoleA O I O A R’ oleicranid andd50 mmL™ bovine FCY
albumin) 50pug.mL* ascorbic acid and 1 nM thyroxine

Serumcontaining

media

Basic media with 10% FCSpd.m_* insulin and 50pg.mi*

ascorbic acid

Serumfree media 1 was shown to produ@®nstructswith a significantly lower GAG

content (1.94 % of ECM dry weight)an constructscultured in serurdree media 2

(15.94 % of ECM dry weighgerumfree media 3(19.44 % of ECM dry weighapd

serumcontainingmedia used in previous experimen{$2.91 % of ECM dry weight)
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(Section5.3) (Figure5-67). No significant difference was seen between seffuee

media 2 and 3 and the serugontainingmedia Figure5-67).

251 f 1
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Percentage GAG Concentration

0 [ I

Seruml—freel Seruml—freeZ Seruml—free3 serumlmedia

Figure5-67: The percentage GAG concentration present inR@& constructsultured
in three serurfree mediacompared to the serumontaining media (* p<0.05, **
p<0.01. n9)

Serumfree media 1 producedraftswith a lowleveltoluidine blue Figure5-68(B)) and
alcian blue Figure5-68(C)) confirming that the quality of the EGMkspoor with a low
GAG concentrationChondrocytes with a large cellular morphology can be seen in
within the constructs Figure5-68(A)). However, chondrocysein these constructs did

not produce alkaline phosphatasEigure5-68(D)) or collagen type Xigure5-68(F)).

Serumfree media 2 was shown to produce chondrocytes with a large cellular
morphology Figure5-69(A)) and good quality ECM witkensestaining for toluidine
blue Figure5-69(B) and alcian blueF{gure5-69(C)). Thegrafts were also shown to
express collagenype X Figure 5-69(F)) and alkaline phosphatasgiqure 5-69(D))
showing that cell proliferation and hypertrophic differentiation were supported by

serumfree media 2.

This level of hypertrophic differentiation and chondrocyte proliferation was also

supported by seruniree media 3 Figure5-70). However staining for alkaline
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phosphatasavasmore intense when using this meddaompared to seruniree

media 2 Figure5-70(D))

A B
C D
E F

Figure5-68: Representative histological and immunohistochemical analysis of rat nasal
chondrocyte constructs after 42 days cultureon PGAIn serumfree media 1. (A)
Haematoxylinand Eosin Stain; (B) Toluidine Blue; (C) Alcian Blue; (D) Alkaline
Phosphatase; (E) Coleg Il; (F) Collagen X. Insert micrographs show-specific

staining.Scale bars =100nu (Representative images n=9)
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