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ABSTRACT

Tissue engineering aims to find altimate solution forcartilage regeneratioiCurrent
strategies for cartilage repair using chondrocytes are limitedth®y usabilityof cell
sourcesas observed in several contemporary techniques such as autologous cell
implantations Cartilage tissue engineering strategies involving scaffold fabrication are
common. kwever,only few studies haveescribedhe use ofscaffdds as apromoter

for chondrogenic differentiatiorCartilage extracellular matrix derived scaffolds contain
many bioactive factorsthat havechondrogenic potentiabf which if appropriately
manage@d may provide the key to successful cartilage repair owtsoThe present
thesis describes a potential biomaterial derived from bovine articular cartilage that
possesse chondrogenicproperties, thereby being expected to promoteartilage

regeneration

Bovine articular cartilage matrix derivg(€MD) porous scafilds were fabricateat
three different oncentrations (5%, 15% and 30%), through the use of femneg
method or,physically treated for crodsking enhancementising either ultraviolet
(UV) light or, dehydrotherma(DHT) treatment or @ombinationof both methods. The
scaffolds were characterizegsing morphology, FESEM, FTIR, TGA, DSC, and
porosimetry UV and UVDHT treated 15% CMD scaffoldgere found to be théest
scaffold possessing the best possible physical propéfissandermalfibroblastcells
(HDF) isolated from redundant skin obtained throeglsmoplastic surgeryere used
as cells for the in vitro analysisIDF cells were cultured on UV and UVDHT treated
15% CMD scaffolds ford2 days. Resazurin reduction tesmtd DNA quantification
showed an increasing cell proliferation during the first 3 weeks. GAGs production and
the up-regulation ofSOX9, COMPCOL2A1,and ACAN geneswere seethroughou

weeks of cell-scaffold culture. The increase or decrease HDF cell proliferation



GAGs productio and gene exprs®n appearedorrelated withthe scaffold shrinkage

and contractiompatterrs.

In conclusion, bovine articular CMD porous scaffolds have the potential to induce
chondrogenic differentiation in human dermdlrdéiblasts Whilst the presentesis did

not demonstratéhe precise underlying mechanisms by whichondroinductionis
achieved from thes€EMD scaffolds it is proposed that future studies are conducted to
investigate the involved pathways to better demonstrate the chondrogenicigsopiert

this material



ABSTRAK

Kejuruteraan tisu bertujuan untuk mencari penyelesaian muktamad untuk pertumbuhan
semula rawan. Strategi semasa untuk pembaikan tulang rawan menggunakan kondrosit
adalah terhad dengan kebolehgunaan sumber sel seperti yekg ke beberapa teknik
kontemporari seperti implantations sel autologous. Strategi kejuruteraan tisu tulang
rawan yang melibatkan fabrikasi perancah adalah biasa. Walau bagaimanapun, hanya
beberapa kajian telah menggambarkan penggunaan perancah sebagajys bagi
pembezaan chondrogenic. Perancah matriks extracellular tulang rawan mengandungi
banyak faktor bioaktif yang mempunyai potensi chondrogenic jika diurus dengan baik,
boleh menyediakan kunci kepada hasil pembaikan rawan berjaya. Tesis ini
meneragkan biobahan potensi berasal dari tulang rawan artikular lembu yang
mempunyai cidciri chondrogenic, yang dijangka menggalakkan pertumbuhan semula
rawan.Perancah berliang matriks tulang rawan artikular lembu (CMD) yang diperolehi
telah direka di tiga keekatan yang berbeza (5%, 15% dan 30%), dengan menggunakan
kaedah bekypengeringan atau, fizikal dirawat untuk peningkatan hubungan silang
sama ada menggunakan uinagu (UV) atau, dehydrothermal (DHT) rawatan atau
gabungan kedudua kaedah. Perancah del dicirikan menggunakan morfologi,
FESEM, FTIR, TGA, DSC, dan porosimetri. Perancah CMD yang dirawat dengan 15%
UV dan UVDHT merupakan perancah terbaik yang mempunyai kemungkinasifafat
fizikal. Setsel kulit fibroblast manusia (HDF) diasingkan gada kulit berlebihan

yang diperoleh melalui pembedahan cosmoplastic telah digunakan sebaghidséhm

vitro analisis. Sel HDF dikulturkan di atas perancah CMD dirawat dengan 15% UV dan
UVDHT untuk 42 hari. Pengurangan dalam ujian Resazurin dan kiastifDNA
menunjukkan percambahan sel yang semakin meningkat dalam tempoh 3 minggu
pertama. Penghasilan GAGs dan kitaran atasan bagi gen SOX9, COMP, COL2A1, dan

ACAN diperhatikan sepanjang 6 minggu kultur -petancah. Peningkatan atau



pengurangan dalam mwambahan sel HDF, penghasilan GAGs dan eksperasi gen yang
muncul dikaitkan dengan pengecutan perancah dan corak pengecutan.

Kesimpulannya, perancah berliang artikular lembu CMD mempunyai potensi untuk
mendorong pembezaan chondrogenic dalam fibroblasrkaliusia. Manakala tesis ini

tidak menunjukkan mekanisme yang tepat tentang chondroinduction yang dicapai
daripada ini perancah CMD, adalah dicadangkan bahawa kajian masa depan perlu
dijalankan untuk menyiasat laluan yang terlibat supaya lebih sifat acigerdc bahan

ini dapat ditunjukkan.
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CHAPTER 1: INTRODUCTION

11 Introduction
For the past three centuriesjs commonly accepted that cartilage damage results in

poor healingAs described by Huntel]f we consult the standard Chirurgical Writers
from Hippocrates down to ¢hpresent Age, we shall find, that an ulcerated Cartilage is
universally allowed to be a very troublesome Disease; that it admits of a Cluraave
difficulty than carious Bone; and that, when destroyed, it is not recavé¢radter,
1809. Articular cartilage has limited healing capacity followingiajury due to low
mitotic activity and limitel supply of cells (chondrocytes). In addition, thiesence of
vascular supply and blood perfusion, and limited mobility of chondrodygtethe
damaged sitefurther adds to this insyBuckwalter & Mankin, 1997Curl et al., 1997
Kasemkijwattana, Kesprayura, & Chanlalit, 20®0cPherson & Tubp Shelbourne,
Jari, & Gray, 2008 Over the lasfew decades, physicians and scientists have been
working hard to find several different strategiesrépar damagedarticular cartilage.
The target has always beén restore the damagddyaline cartilageto its original
condition. In the past severdifferent procedurebave been suggesteabwever they
have been less attractive due to the limited repaicooues Arthroscopic lavage and
debridemer{Finkelstein & Mayer, 1931 marrow stimulation techniqu@idie, 1959,
osteochondralgraftfHangody & Fules, 20Q3Hangody, Kish, Karpati, Szerb, &
Udvarhelyi, 1997 Hangody et al., 20Q4Jacobs, 1965Lane, Brighton, Ottens, &
Lipton, 1977, and aitologouschondrocyteimplantatiofPeterson, Minas, Brittberg, &
Lindahl, 2003 have been the main surgical procedulescribed, howevemone has

proved to be the ultimatolution for cartilage regeneration.

Tissue engineering repair strategsegh as the use ofganized delivery o$uspeded
cells by means of scaffold constructs ¢#nn the voids within cartilage defectd his

provides a superior alternative rouine surgicalinterventions, whicthas been shown
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to producegood midterm outcomesTo engineer cartilage one must consitterneed
to fulfil all three prerequisites of thBssue engineering triad: the cells whighll
function just likechondrocytesthe appropriate extracellular matrixhich provideghe
signalling factors, anthe appropriatdissuemicro-architecturghat recreates the natural

state of the cartilage microenvironment

Tissue engineering solutions for cartilage repair using chondsoeyeelimited bythe
low number of available chondrocyteghis is mainlydue tothe limited available
sourcedhat are required fahis treatment. Moreover, additional procedure is nedded
retrieve cartilage &m a donor region of the patient. In aduht we need to be mindful
that allogeneic chondrocytesay not be the mossuitablecell of choicesdue tothe
immune responsef elicits following transplantatiaidyc, Malejczyk, Osiecka, &
Moskalewski, 1997 Kyriacos A. Athanasiou, 2013oskalewski, Hyc, & Osiecka
Iwan, 2002.Tissue enmpeered adultcells havebeen said to posseshondrogenic
differentiation potentialHowever, harvesting these chondroprogenitassusually no
easytask Chondroprogenitor cells can be isolated from bone maft@mgobardi et
al., 2006, synovium(Nishimura et al., 1999Shirasawa et al., 20Q6fat (Erickson et
al., 2003, and skin(Sommar, 2010 and be used for cartilage tissue engineering

(Johnstone, Yoo, & Stewart, 2008

Different natural (collagen, Wrin, chitosan, hyaluronic acid, alginate gels, agarose,
silks, and etc.) and synthetic (PH2AGA, polyurethanes, polycarbonates, polyfumarates,
PEGT-PBT block copolymers, etc.) biodegradable polymers have been used for scaffold

fabrication for cartilage $isue engineeringextracellular matrix components can be

includedduring thefabricaton ofthe scaffoldMahmoudifar & Doran, 201)2The ideal

biomaterials for tissue engineering are supposed to be biocompatible atukicoin

addition, they musprovide good cell adhesiaite, possesigh porosity for good cell



penetration allow nutrient exchangéo occur andare bioresorbable. The biomaterial
mustalsoprovide a frameworlthat allowsproper mechanical properties for migration

and proliferation of seeded cellBhis in turn allows early weight bearingo occur A
tailored surface chemistry can enhance appropriate cellular responses in order to
maintainor promote their phenotyp expressionThe scaffold design is also important

to assistn theformation of the desiredssue This can be achieved lsing cell culture
systems to generate fully functional tissues that support production of ECM components
to mimic the biochemical and mechanical properties of native articular cartilage as

closely as possible.

1.2 Problem statement

Typical approaches ofactilage tissue engineeringave included theseeding of
chondrocytes or chondroinducible cells omstom made scaffolds that can simulate
chondrocyteto thrive as if these cells live within themative environment. Different
hydrogel and porous scaffolds composed of synthetic and/or natural materials have been
fabricatedpreviously with the itertionsto mimic cartilage extracellular matrixVhile
different methods have been applied to fabricate biocompatible scaffolds that can
support cartilage matrix production, none of the scaffolds has shown to be ideal for
cartilage tissue engineeringspecially when ansidering these materials laak the

ability to initiate anychondrogenic effectsTherefore, a study was conducted using a
novel biomaterial and an unconventional source of cell to demonstrate a superior
outcome based on our hypothesis that a good biomaterial using acceptable and more
abundant cell source may be adequate for the requirements needed for successful
cartilage repir to occur. In thepresent thesjsa potential biomaterial derived from
bovinearticular cartilage matrix to induce chondrogenesisuman dermal fibroblasts

aspotentialchondroinducible cellare described and discussed



1.3

1.4

Objectives
Fabrication, charderization, and optimization of bovine articular cartilage

matrix derived porous scaffold.
Isolation, culture and characterization of Human Dermal Fibroblast cells.
Investigation of the chondgenic effects of bovine articular cartilage matrix

derived poras scaffold orhumandermalfibroblast cells in 3D culture.

Thesis layout

This thesis consists of six chapters. Following the introduction, the second chapter

critically reviewsthe relevance of this study within the current literature. The third

section vill disclose the underlying theory and the experimental stepdved in the

fabrication, characterization and optimization of bovine articular cartilage matrix

derived porous scaffolds. Chapter four outlinesptaeedures that lead theisolation,

culture and characterization of human dermal fibroblasts (HDFs). The fifth chapter

discusses the methodology and rationales of assessment of chondrogenic effects of

bovine articular cartilage matristerived porous scaffolds on HDF celBEnally, the

sixth chapter provides the discussion, conclusion and the suggestions for future works

of the present thesis



CHAPTER 2: LITERATURE REVIEW
2.1 Introduction
Cell-based therapies in cartilage tissue engineering take advantage of highly porous
interconnected three dimensional solfé that can provide enough surface area and
space for cell attachment, proliferation, extracellular matrix production and deposition
to occur;which alsoincludesnutrient and waste exchandspart from selectinguitable
cells and growth factorghe use of proper scaffolds with appropriate physiochemical
structure (Pramanik, PinguanMurphy, & Abu-Osman, 201R will favour cellular
biocompatibility and adhesion/proliferation. The scaffolds must possess suitable
geometry and mechanical propertigtutmacher, 2000 has to behighly porousand
haveinterconnectivitypetween areapossesstability and consistendy its mechanical
strength, and a proper surface mionorphology that will support cellular
differentiatior{Pramanik et al., 20)2Different threedimensional (3D) constructs such
as complex branched helical microchannels of microfluidic hydragalsrovide good
network structuredG. Huang et al.,, 2033 Various types of hydrogels, polymers,
scaffolds and compositesf different materials that can support cartilage matrix
production have beepreviously described (Hutmacher, 2000Lu, Zhu, Valenzuela,
Currier, & Yaszemski, 20QIMoradi, Dalilottojari, PingguastMurphy, & Djordjevic,
2013 Moutos & Guilak, 2008 The mateial from which the scaffold is fabricated plays
a key role in chondroinductioft. has been suggested that modified native extracellular
matrix (ECM) may contain bioactive factors that can contribute to cell growth,
migration, and differentiatiorDifferent constructghatincorporate bone and cartilage
matrix components have been tested tioeir chondrogenic effectgpreviously In
addition, eémineralized bone implanteave been used for certain reconstructive
procedures since before 198bGlowacki & Mulliken, 19850ther studies have also

described the use oflayer collagen porous constructieh sandwiche demineralized



bone paticles which demonstrated positiaondroinductive effects on human dermal
fibroblasts(J Glowacki, 1996J Glowacki & Mizuno, 1997J Glowacki, Yates, Little,

& Mizuno, 1998 S Mizuno & J Glowacki, 1996Shuichi Mizuno & Julie Glowacki,

1996 Shuichi Mizuno, Lycette, Quinto, & Glowacki, 1992Howeverthe issue of
ossificationformation was observationin theseconstructs In general, the closer the
material is to cartilage native matrix the higher the probability of achieving a suitable
engineered cartilagd-or this reason, pure cartilage matrix derived (CMD) scaffolds
have recentlybeen suggested as a viable alternatB2 culture of chondroindulle

cells on cartilage matrix components seems logical, as they are expected to provide
structural and biochemical signals at the same {vhe&phy, Haugh, & O'Ben, 2010
Rowland, Lennon, Caplan, & Guilak, 201Q. Yang, Peng, Guo, Huang, Zhang, Yang,

et al.,, 2008Z. Yang et al., 2000Human(Q. Yang, Peng, Guo, Huang, Zhang, Yao, et

al., 2008 and porcingCheng, Estes, Awad, & Guilak, 2008rticular cartilage ECM
derived scaffolds have been fabricated and shown promising results with human adipose
derived adult stem cells and canine bone marrow stem cells respectively, isgpibert
hypothesis that a scaffold derived absolutely from cartlage ECM can induce

chondrogenesis.

To better understand the nature of cartilage ECM derived scaffolds a brief description of

cartilage matrix compositiowill be described in the subsequeabshapters

2.2 Biochemical Composition of Articular Cartilage

Human cartilage is a seraolid jelly-like connective tissue which is derd/&om

embryonic mesenchymé#.has four classifications based on the matrix composition:

fibro cartilage, elastic caléige, fibroelastic cartilage, and hyaline cartilage. The

hyaline cartilage which is bluish white when unstained is mainly seen at the diarthrodial
joints covering long bones and also forming the growth plates during the longitudinal
growth ageArticular cartilage which is composed of hyaline cartilage acts as-a low
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friction wearresistant gliding surface by means of its high compressive strength
(Buckwalter & Mankin, 199Y. Like all other connective tissues, the hyperhydrated
articular cartilage @nsists of cells and matrix. Extracellular matrix of the articular
cartilage consists of water and solids. The precise biochemical composition of the

extracellular matrix of the articular cartilage is depicted in the TaBle

Table 2-1: Biochemical composition of articular cartilage.

CONSTITUENT VALUE BY WEIGHT
Water 66%- 79%
Solids 21%- 34%
Inorganic
Ash 5%- 6%
Organic
Collagen 48%- 62%
Protein 8%- 15%
Glycosaminoglycan 14%- 23%
Hyaluronde <1%
Lipid <1%
Lysozyme <1%
Glycoprotein ?

221 Water

Intracellular and intercellular water account for@®% of the articular cartilage wet
weight with differences in distribution in superficial and deep z¢Bhssale &
Richardson, 2008 The degree of hydration varies with age and sp¢kleBeuvitt,
1973. The watermacromolecules interaction within the matrix determines the

mechanical properties of the articular cartilage ti§sueziker, 199).



2.2.2 Collagens

Collagen forms 120% of wet weighBhosale & Richardson, 20p8.e.60% of the

dry weightof adult articular cartilagélcDevitt, 1973. It also formshe endoskeleton

of cartilage(Huber, Trattnig, & Lintner, 2000 The most abundant form of collagen and
the principal component of the macrofibrilar framework is type |l collageno®¥b)
whichis seen aa macrofibrilar frameworkvithin cartilage tissuegnd is responsible for

providing the tensile strength of the articular cartilégjeosale & Richardson, 208

2.2.3 Proteoglycans

Proteoglycans are heavily glycosylatggcoproteinmolecules consisting of core

proteirs with covalently attached negatively charged long lirgdgcrosaminoglycan

(GAG) chains produced inside the chondrocytes and secreted into the cartilage matrix
(McDevitt, 1973. Proteoglycans form 1R0% of wet weight of the articular cartilage.
They are the filler substances existing betwess forming large complexes, both to
other proteoglycans and alsodallagenmolecules providing the compressive strength

of the articular cartilage. They are also involwedindingcations(such asodium
potassiumandcalcium) andwater, creating a Donnan effect and regulating the
movement of fluid and electrolytes through the m&ighroth, Burwell, & Laurence,

1979.

2.3 Rationale of Current Study

Considering the current limitations of cartilage tissue engineering strategies, this thesis
is focussed in thelevelgpment of a biomaterial scaffold derived from bovine articular
cartilage extracellular matrix that wouldromote chondrogenic differentiation of
chondroinducible cells and henpeoviding evidence to the potentidevelopment of

tissue engineered construthsit closely mimic native articular cartilage.
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The source from which the matrix is derived isnajor concern.Human sourcesire
impracticaldue to lack of supplies and the ethical issues related to their procurement.
Porcine derived products also havinitations mainly due to religious ethical
considerationsMore so for a country such as Malaysia where over 60% of the
population are predominantlivuslims Animal sources with high abundance but

without ethical issues can be solution of choice.

Preservig the integrity of native cartilage ECM components is a key factor in taking
advantage of the total capacity of bioactive factors responsible for chondrogenesis.
Therefoe nonrinvasivefabrication methosl must be consideraghen developing this

material

The weak metanical properties of absoluEeCM derived scaffolds accounts for the
majority of the disadvantages that ayisspeciallyafter seeding the celldt has been
mentioned previously that the tendencysoéffdd shrinkage and contractiaan be a
issue as the result of thihis limits the ability of the scaffold to induce and enhance

chondrogenic differentiation of nechondrocytic cells.

Finally, for cartilage tissue engineering purposes, the scaffexiiscted tsupport the
maintenance ofchondrocytes or differentiation of other cells with chondrogenic
potential. Maintenance of the chondrocyte phenotype is especially important for
cartilage tissue engineering, as chondrocytes are particularly quick to lose their

phenotype duringhe expangon process in vitro

All in all, to help alleviate tb abovementionedissues four major concerns with

cartilage matrix derived scaffoldseedto be addressed

1 The source of cartilage harvesting is supposed téatgee quantity easy to

access anthust e costeffective.



1 The fabrication method is to be novasive b and extent thathe bioactive
components within the cartilage matare not loss or damaged

1 Proper fabrication and treatment strategies must be applied to improve the
physical architecturand enhance the mechanical properties of the scaffolds.

1 Chondrogenic potentials of the scaffolds must be proved through in vitro

studiesusingchondroinducible cells.

Hence, he scaffolds need to be tailored from an abundeosteffective, andan
ethiclly acceptablesource The fabrication procedures will not cause significant
degradation in ECM components while providing a proper architecture that allows the
cells to penetrate deep into the core of the scaffold, attach, proliferate and exert
chondrogeit differentiation.In this study, bvine articular cartilagevas focussed as

the potential source of cartilage matrix harvesting for tissue engineering applications

since it fulfils all of the mentioned criteria

2.4 Bovine Articular Cartilage : A Potential Saurce of Cartilage Matrix

Articular cartilage with animal source has drawn attention in tissue enginekemntp
its abundanceConsideringthat the world cattle populatiors estimated to bever 1.4
billion animalgYearbook, 201f bovine cartilage isa vast potential source of

inexpensive matrix acquisition.

Viscoelastic and mechanical properti@Sharlebois, McKee, & Buschmann, 2004
Fulcher, Hukins, & Shepherd, 2008. Park, Hung, & Ateshian, 204hestructure of
high density proteoglycangHunter, 1809 and the three dimensional collagen
architecturgJeffery, Blunn, Archer, & Bentley, 199in bovine articular cartilage have
already been investigated. Howeyvtre suitability of bovine articular cartilage matrix

in fabrication of scaffolds with chondroinductive effects remains undetermined.

Abundance, inexpensiveness and lack of religious ethical issues (unlike porcine, canine
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and murine) are thadvantagef tailoring scaffolds derived fronbovine articular

cartilagefor tissue engineering applications.

2.5 Enhancing MechanicalProperties

Achieving a mechanical strength similar to that of native articular cartilage is vital to the
success of cartilage tissue amggred constructs, as one of the primary functions of the
tissue in vivo isto provide mechanical supportAlthough CMD scaffolds provide
numerous advantages for cartilage tissue engineering, it has been proven that the they
provideweakresistance teompessiveforcegDiekman, Rowland, Lennon, Caplan, &
Guilak, 2009, leading to cell mediated contraction and shrinkage of the conhstruc
(Zaleskas et al., 2004As a resultthe cells within the construct will have less access to

the diffused nutrients and less room for multiplication and matrix produ@@ohee,
Grodzinsky, & Spector, 2001For this reason, various techniques have been developed

to improve one or both aspects.

Mechanical properties, resorption kinetics, and biocompatibility of coltagsed
biomaterials can be influencéy crosslinking method(Bellincampi & Dunn, 1997L.
Damink et al.,, 199BDifferent methods of lemical and physical crosknking
treatments have beemsed extensivelyto enhancethe physiemechanical and
immunogenigroperties of matrix derived constru@ellamkonda, Ranieri, Bouche, &

Aebischer, 1996

2.5.1 Chemical crosslinking

Chemical cros$inking of collagen fibres in animal hidés an establishetéchniqueto

increasetheir resistance against decompositiGollagen is the mostbundant matrix
protein in the animal kingdorfLodish et al., 2000 For medical applications, chemical
crosslinking is done tadecrease collagen degradatitimough the use gfroteinases as

well as minimizing immunogenicity of xenograftgRatner, 2001 Several chemical
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crosslinkers have been used in fabrication of lbgc grafts and include
glutaraldehydd.. O. Damink et al., 1995 hexamethylene diisocyanate
(HDI)(MendozaNovelo, MataMata, VegaGonzalez, CauiciRodriguez, & Marcos
Fernandez, 2034 1-Ethyl-3-(3dimethylaminopropykarbodiimide(EDC, EDAC or
EDCI)(J. Lee, Edwards, Pereira, & Samii, 1996lowever, chemical crodmking

causes changes in thmolecular architecture of the construaad thereforecan

decrease cell growth significanf{$. J. Huang & Edelman, 199%armarSmith et al.,

2004 Kimuli, Eardley, & Southgate, 2004

2.5.2  Physical crosslinking

Physical crosdinking methods havealso been appliedduring the development of
matrix derived constructs to enhance their mechanical progétiesilatha &
Rajaram, 2003Weadock, Miller, Bellincampi, Zawadsky, & Dunn, 199%evin S
Weadck, Edward J Miller, Eric L Keuffel, & Michael G Dunn, 199hysical cross
linking strategies such as ultra violet (UV) light and dehydrothermal (DHT) treatment
for cartilage matrix components have been found to enhance mechanical properties
(Haugh, Jaasma, & O'Brien, 2008lthoughcontradictory findings have been repsatt

with the use ofchemicas. Carbodiimide treatment was reported to retain the original
dimensions of CMD scaffoldRowland et al., 2013 However, the use of
glutaraldehyde treatmenrgsults inhigher stiffing effectascompared to DHT treatment
(Haugh, Murphy, McKiernan, Altenbuchner, & O'Brien, 2DINevertheless hie stiffer
carbodiimide or glutaraldehyde treated CMD scaffolds showed higher cehratat,
proliferation and migration with perosteoblast cells compared to DHT treated scaffolds
(Haugh et al.,, 20D)1while inhibition d cell attachment and alterations in newly
synthesized matrix composition in MSCs seeded on carbodiimide treated CMD

scaffolds were reported imatherstudy(Rowland et al., 2013
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Considering the disadvantages of chemical cliogng, in this study weremained
focussedon physical treatments: ultraolet (UV) irradiaion, dehydrothermal (DHT)

treatment, and combinations of them.

2.6 Human Skin: A potential sourceof cells(Fibroblasts)

Scaffolds and hydrogelre mainlycomposed of type Il collageit hasbeendue tothis

that these materials have beshown to induce ah support the differentiation of
mesenchymal stem cells baith vitro and in vivo, with and withoutthe addition of
growth factors.Many studies have also demonstrated that culturing stem cells in an
environment similar to that of in vivo cartilage can rpoie and support

chondrogenesis.

Threedimensional culture of cells for tissue engineering necessitageseedingof
high densities of cellse. 10°-1® cell*ml-1 on 3D construdBuckley, Thorpe, O'Brien,
Robinson, & Kelly, 2009 C.Y. Charles Huang, P.M. Reuben, G. D'lppolito, P.C.
Schiller, & H.S. Cheung, 200&R. Mauck, C:B. Wang, E. Oswald, G. Ateshian, & C.
Hung, 2003a This high number of cells must either be isolatethige quantitiesor
subcultured to reach these numbers. Theedfoe cells with easy isolation and rapid
proliferation wouldbe the source of choic&Vhile harvesting stem cells from bone
marrow and through liposuction asaid to beminimally invasive, other moresadily
available andnuch easier t@xtract are presently availabl€he «in, which hasan

average surface arefh5-2 nt in adult is one such source.

One issue that needs to be highlighted is thdtuee of chondrocytes in monolayer
yields fibroblastic cellswhich may not be ideal to produce cartilaginous réisan,
Cho, Hong, Rhie, & Yon, 2008. It has been demonstrated thagrecarsensitive sub
populations of cells isolated from goat dermisdemonstrated multi-lineage

differentiation potential These cells were referred tiermisisolated adult stem cells
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(DIAS) have beemeportedto possesshondrogenigotential(Deng, Hu, & Athanasiou,
2007 SanchezAdams & Athanasiou, 20)2 Whatis interesting to note is that las

been shown that some variations of fibroblastic cell lines may be induced to
differentiate into various directionf~rench, Rose, Canseco, & Athanasiou, 2004
Sommar, 2010 Monolayer culture ofabbit dermal fibroblast cell line, ptesated with

IGF-I on aggrecan coated plates have been reported to induce chondrocytic
differentiation (French et al., 2004 Human foreskin dermal fibroblasts seeded on
collagen/demineralized bone powder constructs have shown chondrogenic
differentiation(J Glowacki, 2000J Glowacki & Mizuno, 19977J Glowacki et al., 1998

J Glowacki, Zhou, & Mizuno, 200% Mizuno & J Glowacki, 1996Shuichi Mizuno &

Julie Glowacki, 1996S Mizuno & Glowacki, 2005Shuichi Mizuno et al., 199 ates

& Glowacki, 2003 Zhou, Yates, Eid& Glowacki, 2009.

Fibroblast growth factors (FGFs) are a family of growth factors involved in many
signalling pathways anthe developmental processe$ cellfPowers, McLeskey, &
Wellstein, 2000 Thisse & Thisse, 2005 Fibroblast growth factet8 (FGF18) and
Fibroblast growth facte? (FGF2) havebeen shown to have chondroinductive effects
during cartilage repaiiChiou, Xu, & Longaker, 20Q@.iu, Xu, Colvin, & Ornitz, 2002
Moore et al., 2006 Fibroblastcan be cultivated from embryonic and adult tissaesl
they also are able tdifferentiate into chondrocytes that arelsebf mesenchymal

origin.

The environment by whichcells arecultured is one of the mostmportant of the
determining factors ithe differentiation of cultured cells.le use oflireedimensional
culture of fibroblasts is not enough on its own to produce chondrodytdare of
murine embryonic fibroblast cells on perlecan (an ECM elioksr protein) has been
shown to produce massive formation of cartilaginous nodules and expression of

chondrocyte markers such as collagen 1l (COLII), aggrecan (ACAN) and perlecan
14



(PLC) (French et al., 1999In addition, theculture of rabbit dermal fibroblast cell lines
on aggrecarcan lead to the formation of denseellular aggregates rich in cartilage

matrix component@rench et al., 2004

It is possible that theofced expression afeveralreprogramming factors (Klf4 and c
Myc) and one chondrogenic factor (SOX&n be achieved through thedudion of
chondrogenic cells from mouse skin fibroblag#ramatsu et al., 20310utani et al.,

2013.

Clonal analysis of human dermal fibroblasts isolated from foreskin ustemdard
dermal fibroblast culture system showed thattfoas of thee cellsare unipotent antb
certain extentpipotental(Chen et al., 2007 In all, dermal fibroblasts are no longer
assumed to béerminally differentiated cells and hencan possess differentiation

capabilities.

The ecision of dermal tissue fdaheisolation of fibroblastic cells is much less invasive
thantheremoval of cartilage. The donor site will usually heal withexy complication

or resultingfrom chronic pain. It is preferable thahonsunexposed areas of the skin
like the anterior aspect of thighs and buttock area used for partial thickness graft
procedure For full thickness grafts, skin at the groin is the most commonly asexd
donor site. Cubital and p@atricular areas are also considegeibd areas for harvest
sincethey leaveminimal scars athedonor sites. Howevethe sizeavailable for harvest

is limited andthere is a risk fowwound infection.lt is therefore important that tissie
which are aeptcally handledwhich remainsundamaged and unexposed to sunlight
areassuch as thaxilla, groin or foreskin arehosen for these reasordsing Neonatal
Foreskin Fibroblasts from newly circumcised Infantauiseay way of obtaining skin
tissug¢French, Liu, & Athanasiou, 2002The human foreskin is a very good potential

sourceof cells sincemany communities around the worjitactice of circumcision
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regularly as part of their culturena religious practicd8VHO/UNAIDS, 2007%. It is
worth noting that he use of the preputial foreskin as an alternative donor site is not a
new idealn any hospitglhaving an active maternity or paediatric surgery service, one
may obtain all the foreskins necessary. Redundant skin and leftovers from casimopla
surgeries that are otherwise usually discardga also be used for tissue engineering

applications.

In this study, scaffolsl composed of decellularizedovine articularcartilage vere
fabricated, characterized and optimizég different concentratios and physical
treatments The tissue engineerirend chondrogenipotential oftwo of the optimized
scaffold was then tested ®eedhg the scaffold with human dermal fibroblastand

evaluating the properties of the construantsl the cellsgfter longterm static culture.
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CHAPTER 3: FABRICATION, CHARACTERIZATION AND

OPTIMIZATION OF CMD SCAFFOLDS

3.1 Introduction
Attempts to repair and regeneratamag@d cartilage through -cartilage tissue

engineering have failed to meet the needs of most pati@sspite this, issue
engineeringechniquesisingmulti-prongedstrategiesare still promising approaches

solve this problemApart from the difficulties in havingsuitable cells and growth
factors, the use of a proper scaffold with appropriate physiochemical structure
(Pramanik et al., 20)2hat isbiocompatibleandimprovescell adhesion/proliferation
appears limited Scaffolds mustnot only posses suitable geometry and mechanical
properties (Hutmacher, 2000 but also need to demonstrategh porosity and
interconnectivity, stability and consistency of mechanical strength, and a proper surface
micro-morphology(Pramanik et al., 20)2Different threedimensional (3D) constructs
such as complex branched helical microchannels of microfluidic hydrogels can provide
good network structurg$s. Huang et al., 20)3The material from which the scaffold

is fabricated plays a keyole in chondroinduction. Various types of hydrogels,
polymers, scaffolds and composites of different materials that can support cartilage
matrix production have beatescrited. (Hutmacher, 2000Lu et al., 2001 Moradi et

al., 2013 Moutos & Guilak, 2008 It has been suggested thHat modifying native
extracellular matrix (ECMjhat contairs bioactive factorsvhich promotesell growth,
migration, and differentiatiosan be expectedn general, the closer the material is to
cartilage native matrix the highéne probability ofit beconing a suitable engineered
cartilage. For this reason, cartilage matrix derived (CMD) scaffolds have recently drawn
the attention of many researchers This is especially so since 3@Rulture of

chondroinducable cells of€MD comporents appears to provide structural and
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biochemical signals at the same t(Merphy et al., 2010Rowland etal., 2013 Q.

Yang, Peng, Guo, Huang, Zhang, Yang, et al., 2808ang et al., 2009

Although CMD scaffolds provide numerous advantages for cartilagge engineering,

it has beershown thathey have a weak resistantcecompressive loadin@iekman et

al., 2009, leading to cell mediated contraction and iskeige of the constru¢Zaleskas

et al., 2004 As a resultthe cells within the construct will have less access to the
diffused nutrients and less room for multiplicatienmatrix praluction(C. Lee et al.,
200J). In orderto improvethe mechanical propertieghysical crosdinking strategies
such as ultra violet (UV) light and dehydrothermal (DHT) treatmemet normally
recommendedHaugh, Jaasma, et al., 2008levertheless thidoes not always appear
to produce good result€ontradictory findings have been reportedhwibhe use of
chemical methods. Carbodiimide treatment was reported to retain the original
dimensions of CMD scaffoldfRowland et al., 2093 However glutaraldehyde
treatmentesultsin higher stifhess agsompared to DHT treatme(iiaugh et al., 2001

It has been demonstrated thhe tstiffer carbodiimide or glutaraldehyde treated CMD
scaffolds showed higher cell attachment, proliferation and migration vedsteoblast
cells compared to DHT treatestaffolds(Haugh et al., 20D)1while a different study
showed thatculture of MSCs on carbodiimide treated CMD scaffolds resulted in
inhibition of cell attachment and alterations in newly synthesized matrix

compositiorfRowland et al., 2013

Scaffolds for cartilage tissue engineering are typically polymeric/biopolymeric-three
dimensional constructs meant to provide temporary physical, mechanical and biological
support for the chondrocytes and chonddoicible cells(lzadifar, Chen, & Kulyk,

2012. The main aim of tis chapteris to present the methodology of fabrication,
treatment and optimization bbvine articulalCMD porous scaffolds for cartilage tissue

engineering applicationdn this chapter, or study descritethat how thephysical
18



structureof the CMD scaffolds is used as the main criteria for scaffold selectimssG
morphology, pore size, porosity, and mechanical propediethe scaffolds will be
studied through different testsh@modynamiqoroperties infrared spectroscopgata

will be used as complementary tests for further characterization and additional

supportive data to rationalize the architectural characteristics of the scaffolds

3.2 Materials and Methods

3.2.1 Cartilage Matrix Derived (CMD) Scaffold Preparation

Bovine articular cartilage (BAC) was excised from both proximal and distal surfaces of
metacarpophalangeal joints of calf hooves procured feotocal slaughter house

(Figure 31).

Figure 3-1: A) lengthwise incision along the cannon bone down to metacarpophalangeal joint,
B&C) Peeling the skin off, D) Opening the joint, E) Shaving the cartilage from bone, F) De

cartilaged bone with shaved cartilage flakes ithe container.
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BAC tissues from 9 cow legs were lyophilized (FreeZone, Lanconco, USA) after
weighing. The dry weights were measured using an electronic balance with a resolution
of £0.0005g (SHIMADZU AY220 Analytical Balance).

The rest of the cartilagessue was pooled, minceshattered and homogenized using
BIOSPEC Tissue TEAROW (#985370395) in 1 X phosphate buffered saline (PBS),

5 mMehylenediaminetetraacetic aci(EDTA) and 0.15 mNdhenylmethylsulfonyl
fluoride (PMSF) buffer solution at pH 7.4.€hresulting slurry was centrifuged at 2000
rpm for 5 min, and the collected supernatant was further centrifuged at 6000 rpm for 5
min. The tissue slurry was decellularized in 1% TritelDO (Fisher Scientific)
prepared in 0.01M TrsiCl (Sigma # T5941) antkft in a 4°C fridge Vkile gentle
agitationwas appliedor 12 h. After 12 h, the decellularized slurry was centrifuged at
6000 rpm for 5 minwashed with PBS, and incubated for 12h at 37°C in a hybridization
oven with a low rotating speed in 50U1BINAse | (Sigma # DN25) and 10 mM
TrisHCI (Sigma # 88438). Finally, the slurry was washed twice with PBS and
centrifuged at 6000 rpm for 5 min.

The scaffolds were produced by mixing the decellularized slurries with ultrapure water
( UPW; conduct i/omiat 35 °G totll .06 cad@ value < 1 ppb;
membrapure Aquinity, Scientech, Taiwaar)d placed in cylindricaleflon moldsat 3

mm depth and 7 mm diameter. Scaffolds were prepared at 5%, 15% and 30%(w/v)
concentrations, frozen at a constant tempeeadf-80°C for 2 hours in a freezer, then
freezedried at-50°C, 0.04 millibar for 16 hours with no additional annealing steps, and
post treated by: (A) no treatment (control), (B) exposed to ultraviolet light at an energy
concentration of 8 JJcmfor 90 mi n f or each side (& =254
dehydrothermal treatment which means heating the scaffolds in a-fira@mhvection

oven (Lab Companion GE1 E, China)at 120AC for 24 h

Uv foll ow by DHT t ane B)tDHiktreatmeft oftlldedby 6UYV
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treatment (ODHTUVG6). Although all dry sc
matrix, codes of the scaffolds are named as 5%, 15% and 30% CMD scaffolds based on

the preparation concentration.

Figure 3-2: Fabrication process of CMD scaffolds consists of the following step$A&B) mincing
and shattering the cartilage flakes(C) homogenization in PBSEDTA-PMSF solution, (D) yielding
the slurry after several wash/centrifugation steps, and(E&F) dispensing the diluted slurry into the

holes of the Teflon mold.

3.2.2 Characterization of CMD Scaffolds

3.22.1 CMD scaffold macro and micro morphologies

A digital camera (Canon PowerShot A570 IS) was used to capture-secigsnal

images ofthe top view of the CMD scaffolds. ImageJ®, version 1.47v software was
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used for crossectional surface area Ameasurement. Percentage of shrinkage was
calculated using Eq.1 for each type of scaffold with respect to the constant circular area

of the mold(An,) with a diameter of 7 mm.

Pb3EOET EADATT.. ... (Eq. 1)

3.2.2.2 Field emission scanning electron microscgp(FESEM)

A field emission scanning electron microscope (FESEM) (QUi4r280 FEGi FEI)

was used to assess migrmrphology, pore ge, and pore distribution. All scaffolds

were gold coated (at a thickness of around 450 A) using a 150-miarged sputter
coater (Quorum Technologies). ImageJ® software was used to calculate the pore sizes.
Colour thresholding in ImageJ® facilitates tthetection of pore borders and enhances
measurement accuracy. FESEM images of n=3 samples from each group of scaffolds at
a magnification of 100 x were used for pore size measurement. Since all the identical
samples from each concentration and treatmente weniform,the data of a
representative scaffold from each group were analysed for pore size measubeamient.
image was divided into 9 virtual equal squares. Measurements were done randomly
from 3 of the squares. For edmroeters sveremp | e
measured. The mean pore diameter was calculated from the average of maximum and

minimum diameters of a pore.

3.2.2.3 Porosity measurement

Scaffold porosity was measuragsing microvolumetric modification of the liquid
displacement methotdased on anovel method developed by the author to meet the
requirements of this study, and detailed at length in the following chéyteadi,
Pramanik, Ataollahi, Kamarul, & Pingguaviurphy, 2014. Briefly, changes in hexane

level in a glass pipette after immersing )( and removing § ) of each scaffold
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(nO011for each type of scaffold) were re

ImageJ® software. The percentage pore volume was calculated using Eqg. 2:

417 ®ATOAT Oi-A—100 ¢ é (Eq. 2)

3.2.2.4 Thermogravimetric analysis (TGA)

Thermal stability of CMD scaffolds (n=3 for each type of scaffold) was assessed using a
thermogravimetric analyser (TA Instruments, Q500) at a constant heating rate of
10°C/min in over a temperature range of 25 to 825 °C in a controlled nitrogen gas

atmosphere.

3.2.2.5 Differential scanning calorimetry (DSC)

Melting temperature and creisking of CMD scaffolds (n=3 for each type of
scaffold)wereanalysedusing aMettler DSC820 system (Mettler Toledo, Ulg} a
constant heating rate of 10°C/min in over mperature range of 25 to 100 °C in a

controlled nitrogen gas atmosphere.

3.2.2.6 Fourier transform infra -red (FTIR) spectroscopy

A FTIR spectrometer Thermo Scientific® Nicolet iS10Wwas used to analyse the
secondary structure of proteins within the CMD scaffeldng & Yu, 2007 Ribeiro et

al., 2013. Spectra were acquired from a 1.5 mm diameter sampling(lax&afor eah
type of scaffold and n=3 measurements from 3 different spots per each saitipie)
diamond crystal at a resolution of 4 ¢im the wave number region between 4000 and

650 cm’.

3.2.2.7 Mechanical properties

Compressive strength and modulus of the scaffpldsO7 f or each group)

dimensions of 6 mm in diameter and 2 mm height were measured in compression mode
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at a crosshead speed of500um/min using an Instron 5848 micro Tést@verall
Youngo0s modul uobtainggvehenamaterialsiwese sedpgtifrom 0.7%

strain to 95% strain

3.3 Results

3.3.1 Bovine Articular Cartilage Water Content

Weight measurements of wet and fredeed native bovine articular cartilage samples showed
ataverage weight percentage of dry material in bovine articular cartdalge 81 + 3%, which

is the maximum solid content of BAC samp(€sgure3-3).

Bovine Articular Cartilage Weight Changes
by Lyophilization Time

- 100%

326% 1 31.8% %ilj% ?0.9%

Wet 6 12 24 48
Lyophilization Time (h)

Weight (g)
OFR,r NW-AUOGO NI ®
|

Figure 3-3: Weight measurements of wet and freezdried native bovine articular cartilage samples
(n=33) showed the average weight percentage of dry material in bovine articular cartilage to bd 3

+ 3%, which is the maximum solid ontent of BAC samples.

3.3.2 Macro and Micro Morphologies of the CMD Scaffolds

Figure 3-4shows the macroscopic morphologies and surface appearance-toéaiea
30% (Figure34: A), 15% (igure 34: B), and 5% Figure 34: C) CMD scaffolds.
Samples show a highlporous spongy naturd=igure 34: D). While 15% and 30%
CMD scaffolds retain their cylindrical shape, the 5% scaffolds look more deformed.

Scaffolds showed substantial changes in the size after forgirey as compared to
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their original mold size (shrirdge after lyophilization). Since there is a greater amount
of water present in 5% CMD samples, the amount of total heat extracted from these
samples during freezgrying is much higher than those of 15% and 30% CMD
scaffolds, leading to a higher level dfr;ikage. However, differently treated samples

displayed different rates of shrinkagaiggesting thatreatmentplays a role in

determinng theshrinkage ratef the CMD scaffolds

Figure 3-4: Photograph of representative nontreated A) 30%, B) 15% and C) 5% CMD scaffolds.

The inset image D) depicts the spongy elastic nature of a 15% CMD scaffold.

15% and 30% UV and 15% UVDHT scaffolds showed the lowest lsigen (25.9 *
15%, 259 + 2%, and 253 + 2.7%, respectively) among all treated CMD scaffolds as
seen in Figureg-5. One way analysis of variances showed no significant difference in

shrinkage between the three mentioned groups (p>0.05).
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Figure 3-5: Percentage of shrinkage in CMD scaffolds( n 07 f or e with ldiffergnt o u p )

concentrations and treatmentmethods*: P>0.05.

FESEM images in Figure-8 demonstratethe uneven and irregular shaped highly
interconnected gres amongdhe 5%, 15%, and 30% CMD scaffolds as a result of the
freezedrying scaffold fabrication method. Pore size analysiagimageJ® showed an
average pore diameter of 14®&pum for nontreated 5% CMD scaffolds, and 1846&

pum and 19 £ 61 pum fa nontreated 15% and 30% scaffolds respectively (Figuée 3
A-C). The average pore size in Aveated 5% CMD scaffolds is significantly lower
than that of nottreated 15% and 30 % CMD scaffolds (FigBfé). As it can be seen in
the FESEM images of Utaated CMD scaffolds (Figure@® D-F), UV treatment did
not affect the pore size of 5% scaffolds, but deimonstratea moderate and mild
increase in the pore sizes of 15% and 30% scaffolds respectively. The correlation
between the shrinkage and pore sizé the CMD scaffolds was small 40.097).
Shrinkageof the scaffolds during freezslrying is not necessarily associated with a
change in pore sizgince thiss determined by the rate of cooling and annealingng

the lyophilzation procesgHaugh, Murphy, & O'Brien, 20Q9However,anincreasein

the pore size of 15% and 30% scaffol¥as coincident withan increase in shrinkage
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suggeshg that the degrading effect of UV on loose bands results allenscaffolds

with bigger pore sizes.

Image analysis of DHT treated scaffolds (Figuré: &-I) shows a significant drop in

pore size of 5% and 30% scaffoldsscomparedo a decrease in 15% scaffolds

As observedin Figure 39: J-L, UVDHT treated 15% ad 30% scaffolds show the
biggest pore sizes while the pore sizes of 5% UVDHT are smaller than ttieeated
5% scaffolds. FESEM images of DHTUV samples (Figg#® M-O) indicate big pore
sizes for 15% samples, which are almost the size of those foi5%e UVDHT.
However, a decrease in the pore sizes in 30% DHTUV scaffolds observed

Interestingly, 5% DHTUV samples showed the biggest pore.sizes
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Non-treated

Figure 3-6: FESEM images of CDM scaffolds with different concentration and treatments. The
scale bars represent 1 mm. Inset images with the same scale bars are representative of colour

thresholding through ImageJ® software used folpore size measurement.
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Figure3-7 shows the average pore sizé<CMD scaffolds with different concentrations
and treatments ( dethed fromhh FESEM imagks usirmagal® )
software The 5% DHTUV, 15% UV, UVDHT and DHTUV, and 30% U&taffolds
showed the biggest mean pore diametélswever, me way analysis of variances
between the five mentioned groups revealed no significant difference between them

(P>0.05).

300 -

Pore Diameter (um)
z

50 A

Figure 3-7: Pore sizes of nortreated and treated CMD scaffolds with different concentrationsnd
treatments( n ©50 f or ,ealwuated fgrm BESEN images using ImageJ® softwaresterix

stands for P>0.05 (norsignificant difference).

3.3.3  Porosity of CMD scaffolds

Porosity measuremenisinga modified microvolumetric Archimedes method showed
an average porosity of 94% and above fotradldifferent CMD scaffolds (Figur8-8).
Considering that the biggest difference between the porosities is still less than 4%

among all the differentrgups, itis suggestedhat scaffoldsmay still be porousIn
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addition, since these differences weignificant,it may be thathe resultant increase in

surface areaay provide bettecell attachment and migration.
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Figure 3-8: Percentage of porosity of different scaffoldsconsisting of varying cartilage matrix
concentrations and different treatments( n O1 1 f or .@aosity measurements have been

done through microvolumetric modification of liquid displacement methodt: P<0.05.

Plotting the shrinkage against the porosity showshhatcreasing the concentration of
CMD from 5% to 15% the porogiof all treated and untreated scaffqltiee outcomes
are not affectedignificantly (P>0.8).In contrast, alecreasem the shrinkage (P<0.05)
except for DHT (P>0.05¢an beobservedHowever, increasing the CMD concentration
from 15% to 30% does nogsult insignificant changes ithe materiakhrinkageexcept

for the DHT group, while the dferences in porosity of different treatmemtsmain
significant (P<0.05). Téresuls suggest that 15% CMD concentration is a critical value

beyond which significant changes in porosity and shrinkagars(Figure3-9).
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Figure 3-9: Correlation between shrinkage and porosity among CMD scaffolds with different
concentrations and treatments. Markers with small, middle, and big sizes indicate for 5%, 15%,

and 30% cartilage matrix concentrations respectivel.

All 5% and 15% treated scaffoldsowed a porosity d38%, while the highest porosity
among the 30% group waxbservedn UV treated scaffolds 96.7 + 0.5%. This result
indicates that when the scaffolds were shrinking, the shape and size changed
significantly without much change in total number of pores, resultinghonaogeneous
porosity of over 94% for all specimens. Furthermore, the higher porosity in few treated
5% CMD scaffolds is indicative of breaking of the surface (as revealed in thresholding
inset images in Figure-@for 5% scaffolds) as a result of increased open porosity. Since
30% CMD concentration is more than a critical value, which is in this pure water media
15% CMD, the total number of pores also decreases with greater amount compared w

5 or 15 % CMD scaffolds.

Pluralization of shrinkage, pore size, and porosity data as major criteria in scaffold

engineering suggests that although 5% and 15% DHTUV groups show big pore sizes,
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but simultaneously show high percentages of shrinkagehwails them for selection as

good scaffolds.

On the other hand, the 15% and 30% UV and also 15% UVDHT groups show the
lowest shrinkages, proportionally biggest pore sizes, and high porosities, and hence all

three groups can be scaffolds of choice framtiew of architecture.

Considering all the above characteristics, including shrinkage, pore size and porosity of
the entire CMD scaffolds and to confirm our selection, the other data of all 15% CMD

scaffolds was assessed and characterized further.

3.3.4 Compressive tests

Figure 3-10 shows the results of mechanical testing in compression mode for all
treatments of 15% along with 30% UV treated CDM scaffolds. UV and UVDHT treated
scaffolds showed the highest compressive modulgsaaong other scaffolds, while

one way analysis of variances showed tha
scaffolds was not significantly different from that of UVDHT scaffolds (p=0.874). On

the other hand, the 30% UV treated scaffolds exerted weak compressive strength and
low Youngbds modul us. Considering the maxi mu
joint cartilage which is said to be 0-84. 0 MPa f or an average
moduli measured for 15% UVDHT and UV treated CMD scaffolds (0.274+0.05 MPa
and 0.355+0.06 MPa respieely) falls between the range of -B2% of compression

moduli values of natural cartiladézadifar etal.,, 20l The Youngbés mod:!
UVDHT and UV treated CMD scaffold are significantly higher than untreated 15%
CMD scaffolds and significantly higher than the compressive uiha@gported for
potential scaffold substitutes such as 1.5% and 2% agar046.®KPa and 765 KPa
respectively) and mechanically enhanced agarosefiE&thacrylate (51+%kPa -

93+4kPa) hydrogel$G. Huang et al., 20)2
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Figure 3-10: The compressive stress/strain representative curves ohtreated and treated 15% and
30 UVtreated CMD scaffolds. The inset graph conm

differently treated 15% CMD scaffolds. (*: P>0.05)

3.3.5 Surface Morphology

Figure 3-11 illustrates the surface topography changes in 15% CMD scaffolds after
different crosdinking treatments, compared to the rmeated sample at higher
magnification. The typical namstructure of collagen fibrils, with their bands, is
revealed in all samples by the very high magnification inset images in RHglLikeA
ramous surface morphology car Iseen in all treated samples while +#aated
material shows no signs of dehiscence. It indicates that morelictkisg between the
collagen polymer chains in the fibrils has occurred due to the different physical
treatment. The DHT sample shows moueface cracks compared to other materials
(Figure3-11: C). On the other hand, UV and DHTUV treated materials (FigRtkEs B

& E) show the fewest cracks. In addition, the UV treated scaffolds show many network
structures indicative of maximum crelasking, and the UVDHT treated scaffolds are
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moderately ramous. Considering these results, UV and UVDHT appear to have the

more optimal surface morphologies, compared to the other treated ereated

scaffolds.

Figure 3-11: FESEM images of fibrous surface morphology of A) Nosireated, B) UV, C) DHT, D)

UVDHT, and E) DHTUV 15% CMD scaffolds. The scale bars represent 1Am (for insets 1um).

3.3.6  Thermogravimetric Analysis (TGA)

All CMD materials show two main decgrosition temperatures according to the two
major weight losses (Figuf212). The first weight loss (2@6 wt %) appears at around
265°C and is due to adsorbed moisture, adsorbed water and also collagen present in the
material. The next decomposition (66 wt %) occurs at almost 720°C and represents

the inorganic components in cartilage.

Increases in thermal stability, which is measured in terms of the first decomposition
temperature, is a result of and proportional to formation of dnolssd structures
(RodriguezBaeza, Neira, & Aguilera, 2003The 15% UV scaffold group showed the
highest thermal stability of all treatments. The onset and offset temperatures of the first

decomposion of 15% UV treated sample computed at 300.85 and 393.7 °C
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respectively, which is higher than those of other treatments (see the inset in Bigures
12: A & B). The average weight residue after the first decompositior6 is 3 %

regardless of treatmefudr all 15% samples (see the inset in FigBHE2: C).
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Figure 3-12 TGA of all the 15% CMDD scaffolds in nitrogen gas atmosphere at heating rate of
10°C/min, A) onset and B) offset temperatures of 1st demposition, and C) weight residue (%)

after 1st decomposition of differently treated 15% CMD scaffolds in TGA.

3.3.7 Differential Scanning Calorimetry (DSC)

Figure3-13 shows the DSC results and indicates melting points ifT°C) of the 15%
CMD scaffolds with different treatments. The 15% UV treated scaffold shows a
significantly higher melting temperature compared to the other treated artceatad
scaffolds, indicating that it may have better mechanical propewtiésh has already
been shown in mechanicstiudy A higher melting point occurs due to the more cross
linking present in the 15% UV treated scaffolds than in othertreated or treated
scaffolds. The crosnks may have been damaged due to thermal energy in other

treated scaffolds or by otheeitments.
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Figure 3-13: DSC analysis of 15% CMD scaffolds with different treatments indicating the melting

temperature of each treatment.

3.3.8 FTIR

The FTIR spectra of 15% CDM scaffolds with different treatments are shown in Figure
3-14. Articular cartilage extracellular matrix (ECMD) derived scaffolds mainly consist
of collagen Il and proteoglycans. Amide | (C = O stretch), Amide Il (Ml stretch, Ni

H bend combination), Amide Il (C N stretch, Ni H bend, Ci C stretch) and Amide

A (N = H stretch) at wave numbers 1655, 1550, 1250 and 333%) oespectively are

the representative bonds of collagen, while sulphate stretthQ(C S stretch) occurred

at 1125920 and 850 cih, Amide | (C = O stretch) at 1640 ¢hand Amide Il (Ni H
stretch, Ni H bend combination) at 1545 €nare characteristic of Proteoglycans
(Camacho, West, Torzilli, & Mendelsohn, 2Q0(etra, Anastassopoulou, Theologis, &

Theophanides, 20Q03Ribeiro et al., 2012 Saarakkala, Rieppo, Rieppo, & Jurvelin,

36



2010. All the chaacteristic FTIR peaks, including Amides |, Il, Ill, and A as well as

sulfate groups for collagen and proteoglycans are shown in Rgl#e
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Figure 3-14: Typical FTIR absorption spectra of 15% CDM material with different treatments.
Wave numbers defined in blue and dark red are representative for collagen and proteoglycans
respectively. The two sharp peaks at 2847 and 2915 on 15%UV are representatiog alkane

groups formed during UV treatment.

The two skarp peaks at 2847 and 2915 wave numbers on 15%UV group spectrum are
due to new alkane group formation from alkene groups during UV -tnbssg
treatment (Figur&-14). The broken bonds from the alkenes in turn help the alkanes to
make more crosslinks vhitthe other chains of polymer collagens, as shown in Figjure

15. The more crosbnks through UV in 15% CMD scaffolds would restrain the scaffold

structure during cell culture study better than other treated scaffolds.
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Figure 3-15: Alkene to alkane shifts will create new crosginking bonds.

Considering the sensitivity of the Amide Il band at 1235'¢mnative collagen tertiary
structure and & deformation related insensitivity of the absorbance 50 bfri*, the
1235/1450 cnf ratio can help in quantification of degrada(iGilbert, 1988 Jus et al.,
2011). The ratio was 1.022 in untreated 15% CMD scaffolds and showed a decrease
after treatment with UV (1.011) and UVDHT (1.008), indingthigher croséinkage in
initially UV treated samples, while increasing in DHT (1.030) and DHTUV (1.023)

treated scaffolds resulting from a partial degradation in samples first treated with DHT.

Our FTIR findings show that the effectiveness of physieatinent of CMD constructs

is highly dependent on the concentration of CMD content in the construct. At low CMD
concentrations (e.g., 5% CMD in our case) UV treatment causes morditkoss
reconfirming the findings of Bellincampi and Du(Bellincampi & Dunn, 199Y. When

the CMD concentration is increased to 15% the DHT treatment forms a higher cross
linking while UV treatment has more denaturation effects, which replicate the findings
of a study on allagen fibers conducted by Weadock efkal S. Weadock, E. J. Miller,

E. L. Keuffel, & M. G. Dunn, 1996 At the same time, alkene to alkane transitions

provide supportive crodsmkings.

3.4 Discussion

ECM-based strategies are already established in tissue enginéBenders et al.,

2013. Native cartilage ECMierived scaffolds have been shown to support
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chondrogenesi§Cheng, Estes, Young, & Guilak, 2Q1Rlso, the effects of physical

(UV and DHT) and chemicakérbodiimide) cros$inking treatments on chondrogenic
differentiation and celinediated contraction of porous CMD scaffolds have already
been studiedRowland et al., 2013 However, the purpose of the current study was
quantitative assessment of changes in the architectural and mechanical properties of
physically crosdinked CMD scaffolds.

Consideringother studies done weraly based or8% (Q. Yang, Peng, Guo, Huang,
Zhang, Yao, et al.,, 2008nd 10%(Cheng, Estes, Awad, & Guilak, 2008CMD
scaffolds and according tihe propational weight of dry material content in native
fresh bovine articular cartilage, we produced bovine CMD scaffolds with three different
concentrations of CMD material: 5%, 15% and 30% concentrations.

The scaffolds underwent one of the five physical treatnconditions for crosknking
(Non-treated, UV, DHT, UVDHT, and DHTUV). Remarkable deformation and
shrinkage after treatment, and small pore size were the major criteria to eliminate the
5% scaffold group. UV and UVDHT treated15% scaffolds as well agrgated 30%
scaffolds showed the biggest pore siassompared tall other samples. Although UV
treated30% scaffolds have the same concentration of dry material as the native cartilage,
they showed a lower porosity, a relatively higher shrinkage, aedydow compressive
strength compared to UV and UVDHT treated15% scaffolds. Structural stability,
sufficient surface area for cell attachment, adequate space for diffusion of nutrients, cell
migration and matrix deposition have been accounted as beh&fatiares of scaffolds

with 9597% porosity(Seal, Otero, & Panitch, 20p1UV and UVDHT treated15%

CMD scaffolds showed high porosity rate ( a4 9 8 %) and hi.gThe Your
compressive moduli of these scaffolds appeared to be higher than pure and enhanced
agarose and agarose/PE& Huang et al., @L2), cell seeded porous scaffolds derived

from native porcine articular cartilag€Cheng et al., 20)1 and close to PEG
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hydrogel¢Bryant & Anseth, 200Ras potential alternative constructs for cartilage tissue
engineering.

While both UV aad UVDHT treated 15% scaffolds showed high pore sizes, low
shrinkages, and high porositié$y treated 15% scaffolds showed a higher compressive
strength, better thermal stability in TGA and DSC analyses as well as newly formed

alkane peaks in FTIR whichreobvious indicative of a higher degree of crasking.

Crosslinking changes the mechanical strength of the scaffold due to breaking of
unsaturated bonds and converting to primary bonds between the polymer chains as
confirmed by FTIR study. The breakingf unsaturated bonds and consequent
transformation into the primary bonds are mainly responsible to change the porosity in
the CMD scaffolds as revealed in the SEM micrografiime surface morphology of

UV treated 15% scaffolds also showed an optimaltwiaed collagenous surface that

favours better cell attachment.

DHT treatment has been reported to have beneficial effects in terms of providing bigger
pore volume favouring cell attachment, proliferation, matrix production ananeetix
interactions(Rowland et al., 2003 DHT treatment was also reported to incretse
mechanical properties of collaggiycosaminoglycan scaffold$iaugh, Jaasma, et al.,
2009. Our findings indicate that although the compressive profile of DHT treated 15%
CMD scaffolds as well as its pusity are as good as UVDHT treated CMD scaffolds,
DHT treatment results in higher shrinkage and smaller pore sizes at 15% cartilage
matrix concentratioras compared to UV and UVDHT treatments. UV and UVDHT
treatments on 15% CMD scaffolds can yield stifiviD scaffolds with low shrinkage
rates that simultaneously possess optimal microstructure and biocompat{Duity.
study employedb%, 15% and 30% CMD scaffaddand, based upon data obtained
suggests that 15% CMD concentration is a critical value beyahdh results in

significant changes in porosity and shrinkage.
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Thereforefairly simple, feasible and cost effective UV and UVDHT treatments on 15%
CMD scaffolds are promising candidates to provide the desired architecture while
preserving bioactive factsr both of which are major concerns in the tissue engineering
of scaffolds.

Future studies are required to elucidate the particular chondroinductive capabilities of
physically treated CMD scaffolds, and to further characterise the results of the present

study.
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CHAPTER 4: DEVELOPMENT OF MICROVOLUMETRIC
MODIFICATION OF LIQUID DISPLACEMENT METHOD

FOR POROSITY MEASUREMENT

4.1 Introduction
As discussed in Chapter 3, the measurement of porosity for light and highly porous

materials has required the development of a novehtguh. In this chapter we detalil

the wider background to such an undirtg, and the development of thechnique.

Porous materials find widespread applications almost in all the areas, covering
engineering to medicin@ertoldi, Fare, & Tanzi, 20t H. Park & Miwa, 2003 Parrilli,

201Q Pramanik et al., 2032 For these applications, the porosity and pore size have
significant effect on different properties of porous materials. For instance, porosity is a
highly determinant factor in fabrication of thrdenensional (3D) scaffolds in tissue
engineering to mimic the extracellular matrix as templates onto which cells of various
tissues attach, proliferate, move and fundtiohnson, Bahrampourian, Patel, &
Mequanint, 2010Pramanik et al., 20)2Pore density is important the fabrication of
synthetic mateals used in various applications such as filtration, bioreactoriytiaah
devices, prosthesestc (Bradham, 1960 Fry, DeWeese, Kraft, & Ernst, 1964
Furneaux, Rigby, & Davidson, 1989Therefore, it is essential that characterizations of

the porosity of these materials be conducted accurately

Due to the importance, various methods have been developed to chazacths
porosity, such as (BET) whichusesthe c hi medesd principle ba
tomographic i maging techni gueGalvo, Botticohi me d
Capannelli, & Hernandez, 200®einador et al., 20)1and gaéSzepes, Kovacs, &
Szaboné, 2003Vestermarck, 20Q0Nestermarck, Juppo, Kervinen, & Yliruusi, 1998

displacement & well as computerize tomographic imadivigrgés, Ayala, Grau, &
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Tost, 2008 methods of porosity measurement are routinely used for porous material
characterization. Eligibility of apjation of each technique for different porous
materials depends on their physiochemical properties. Although 4@itris assumed

as a gold standard technique for porosity measurement especially in biomedical field, it
is not applicable to neopaque matgals. Cost and timeonsuming process of data
acquisition especially at high resolution rendering and the need for high performance
imaging machinery and users are still important concerns and hence measuring the
porosity through other methods is consaterProbable invalid equation due to absence

of a truly linear region, shrinkage of some samples, need of degassing thermal
preparations, limited nitrogen gas adsorption with highly porous solid sgiigkes,

1999 and restrictions with the minimum sample §&earif, DiMemmo, Davidovich, &
Sarsfield and cost are some limitations with BET surface area analysers: Cost
effectiveness and feasibility have ebeen
based liquid displacement methods are still favourable. However, determining the
porosity of noropaque small sized highly porous light materials through these methods
has al ways been a big concern. However
computerzed tomography (mice€T) techniques are comparatively better. In micro
CT, pore distributions from several tomographical images, generally developed by X
ray, are combined together to get total porosity of sm@ll &affolds. Variations of

Ar ¢ h i mendigesbaseddiquid displacement method are still favourable due to their
simplicity, inexpensiveness and ease of use for determination of porosity of solid
materials with irregular shapes. Suspengieigure 41: A), level (Figure 41: B), and
overflow (Figure 41: C) methods are three different modifications of liquid

di spl acement using the same Archi medes?®o
technique is the most preferred method in terms of accuracy and pré@digibes,

2009.
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Figure 4-1: Schematic diagram of the A) suspension, B) leland C) overflow methods of

measuring volume.

However, there are sevelahitations associated with these methods. For instance, the
accuracy of each method depends on how delicate the weight or volume changes are
read. On the other hand, precision aeduracy of the method depend on the readability

of the weighing scale or volumetric readings. Moreover, the sample is to be suspended
stationary in the liquid by means of a striluige, which can affect the readings by
exerting a tension effect. Considegithe weight and geometry of the sample, the string
weight and volume may also not be negligible. Thus, suspension method cannot be used
for small and very lighter objects. Overflow method on the other hand may not be
applicable to very light and highlyopous materials due to their geometry and the

limitations caused by surface tension.

Therefore, there is still an unmet need for a much precise method for porosity
measurement of ultright highly porous materials. In this study, we aim to develop a

verypreci se and accurate modification of
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applicable for very small and light objects up to the volume of only few microditets

as those used within this thesis.

4.2 Materials and Methods

4.2.1 Experimental Set up

A 10 ml glass pipette with an internal diameter of 7.2 mm was used for the experiment.
The narrow tip of the glass pipette was cut and the other side was sealed with a rubber
cap. A small magnetic bar (29x6 mm, 3 g) along with a modified insulin syringe
plunger wasnserted in the pipette to assist in taking out the soaked sample from the

glass pipette. (Figuré-2)
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B Glass Pipette
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8 Digital Camera

I

Porous Sample

Plunger

Magnetic Bar

Figure 4-2: components of Microvolumetric liquid level displacement method for porosity
measurement: A magnetic bar, plunger from insulin syringe, and 10 ml glass pipette end sealed
with rubber cap 2) Set up and vertical alignment of the measuring pipette and its internal

components.

An OCA 15ECoptical contact angle measuring instrumetdtaphysic®, Geamany
was used to capture the images more perfectly during test. The sample table for contact
angle measurement was replaced with the glass pipette, which was totally aligned and

fixed vertically in between light source and the camera. (Figt&e®8 and4-3)
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' || Glass
—Pipette

Digital Camera

Plunger

Figure 4-3: Laboratory set up for modified microvolumetric level displacement method for porosity
measurement. The measuring glass pipette with its components aligned vertically in between the

light source and the digital camera. The monitor shows the liquid level.

The glass pipette was filled up to the lens vision level with liquid hexane (Fisher
Scientific # H/0421/PB17), which can be clearly observed on the computer monitor.
Hexane is as an inertheap, relatively safe and colourless liquid. The digital level
marker was adjusted at the liquid level after proper focusing and the image was captured
on the computer screen (Figuded: A). Using a micropipette, 100 ul of hexane was
added to the previousvel (Figure4-4: A) and the second image was captured with a
new liquid level marker. The distance between the two markers was later used for scale
calibration with the image processing software (Figitte B). This calibration step is

most importantd validate our technique as precise and accurate. The new level was

assigned as the new reference baseline.

4211 Microvolumetric Measurements

Using a fine tip tweezer and side pinching with agility, the sample was moved into the

standing pipette and let to sinnce the sample was sat on the plunger surface, the
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elevation of the liquid level inside the pipette from the baseline was marked with a level
cursor on the computer and the image was captured (RigdreC). An external U
shaped permanent magnet wasdut pull up the suspended sample, which was sitting
on top of the plunger, with help of inside magnetic bar in the glass pipette, and then it
was removed with the tweezer from the glass pipette. The plunger was left to settle back
down the pipette. Theiquid level marker was established and the last image was

captured (Figurd-4: D).

100 pl

Bas:cglille___ ________ ‘Ea__"__l?}a_thl!_ —————— [ s -—-IIy'l——— =i _*IVZ

- il

Porous
E E Sample | W

Figure 4-4: Microvolumetric level method for porosity measurement: A) Baseline establishment, B)
Level calibration with 100 pl volume and second level establishment, C) V1: level elevation after

immersing the sample, and D) V2: Volume depletion after removing the sample.

Changes in the hexane level in the pipette from the baseline after calibration were
recorded. When the swle was immersed in the pipette, it sank into the hexane and sat
on top of the plunger surface and the hexane level elevated to a higher level compared
to the baseline. This volume change was recorded by the digital camera and galled (V
representing # absolute volume of the sample. After removing the sample the hexane
level droppedto a lower level compared to the baseline. The image of this volume

depressiorwhich was called (V) and represented the pore volume in the sample was

48



captured by the camerusing a SCA20 software version 4. 2. datgphysics®
Instruments). Changes in the hexane level were precisely measured through length
measurement using ImageJ® 1.47v software. The volume calibration image was used to

convert length to volume through igeJ® software.

Percentage of total pore volume was calculated as:

47 DATOA T OI-A— 100%

Where, M is volume change after immersing the sample (absolute volume = volume of
solid matter without pores) and, V6 volume change after rawing the sample (pore

volume).

4.2.2 Validation of Microvolumetric method

To assess the accuracy and precision of the microvolumetric method of porosimetry
three standard porous samples were prepared. Two groups of porous alumina made of
alumina/poly(ethylene oxide) composites with different ratios were fabricated by
means of sintering. Briefly, 5.45 g and 5.62 g of poly(ethylene oxide) (density: 1.21
g/cc) were mixed homogeneously with 0.86 g and 0.81 g Abensity: 3.95 g/cc),
respectively and then thmixture powder was pelletized in a stainless steel mould at
room temperature at 100 MPa uniaxial pressure using a hydraulic press. The pellets
(f10 mm3 5mm) were then sintered at 1000°C temperature for 3 hours in nitrogen
atmosphere to get 65% and 70% qu@ alumina structures, called aluminal and
alumina2, respectively. Sintered porous glass bars (R & H Filter Co. Inc, Georgetown,
USA) with dimensions of 4 mm x 5 mm x 50 mm and porosity of 61.5%, as supplied by
manufacturer, also were selected as thel tsiandard porous material (Figur&4A).
Porosity measurement of standard porous samples was carried on through both

microvolumetric method and mici©T imaging.
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4.2.2.1 Field Emission Scanning Electron Microscopy (FESEM)

FESEM was performed using a Qudit250 FEGi FEI microscope to confirm the

outer surface porosity of the fabricated porous samples.

4222 Micro-CT

Micro-CT hasbeen widelyused as one of the best techniques to show the total pore
volume and porosity present in a material with complex geonfBastoldi et al., 2011

H. Park & Miwa, 2003Parrilli, 2019 Zhang Yang & Xiaofeng, 2007 Therefore, three
replicates of each standard porous group were subjected to-@licimnaging for
porosity analysis using ak$ScanBruker 1076in vivo micro-CT (parameters: voltage:

59 kV, current: 100 uA, filter: Al 0.5 mm, resolution: 18 pum, rotation angle: 180°,
rotation step: 0.7°, and number of scan slice: 100). Samples were mounted on

polystyrene foam prior to CT scanning

4.2.3  Statistical Analysis

A Bland-Altman analysifAltman & Bland, 1983 Bland & Altman, 198% was used to
assess agreement between two methods of porosity measurement with the actual values.
XLSTAT® version 2014.1.05 package for Excel® (2007) was used for data analysis. A

range ofagreement was defined as mean bias +2 standard deviation (SD).

4.3 Results
Actual size of the sintered porous pellets from three different porous materials is shown

in Figure 45(A). Micro-CT and FESEM images shown in Figure5(B) and 45(C-E)
clearly show lhe porous structure of representative porous aluminal and aluminal2, and

glass samples.
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Figure 4-5: Digital photographs (A), Micro-CT 3D rendering images (B), and FESEM micrographs

(C-E) of representative porous aluminal, glass, and alumina2 samples respectively.

The original results of porosity measurement by miwmtumetric and micreCT
methods along with the actual porosities for two types of porous different sintered
alumina scaffolds and glass scddls are illustrated in Tabi1. As it can be seen, total
mass volume of the samples are to the scale of only few hundred microliters and volume

measurements have been done to the resolution of less than one microliter.
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Table 4-1: Micro -volumetric and micro-CT porosities compared with the actual porosity, mean and difference between each method and the actual value.

Samples V. V, Actual Porosity Porosity from| Mean: Difference: Actual| Porosity from| Mean: Difference:
micro-volumetric Actual and Micre | and Micre | micro-CT Actual and Micre | Actual and Micre
(7)) (ul) (%) volumetric volumetric CT CT
(%) (%)
Alumina 1-1 59.2 1125 | 65 65.5 65.3 -0.5 40.6 52.8 24.4
Alumina 1-2 55.6 1075 | 65 65.9 65.5 -0.9 74.1 69.6 9.1
Alumina 1-3 56.6 109.5 | 65 65.9 65.5 -0.9 79.1 72.0 -14.1
Alumina 21 66.7 1422 | 70 68.1 69.0 1.9 73.3 71.6 -3.3
Alumina 2-2 61.9 1319 | 70 68.0 69.0 2.0 834 76.7 -13.4
Alumina 2-3 55.6 1194 | 70 68.3 69.1 1.7 84.3 77.1 -14.3
Glass 1 1728 2745 | 61.5 61.4 61.4 0.1 55.9 58.7 5.6
Glass 2 2414 | 389.9 | 615 61.8 61.6 -0.3 70.9 66.2 -9.4
Glass 3 107.5 | 170.8 | 61.5 61.4 61.4 0.1 79.6 70.5 -18.1
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Figure 4-6compares the measured porosity through mi@iametric and micreCT

methods with the agtl porosity of porous glass, aluminal, and alumina2 materials.

While the values obtained from miew@lumetric method are almost equal to the actual

porosities, with small standard deviations, the values gathered from-@icrare

different from actual pwsity and have very big standard deviations.
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Figure 4-6. Comparison between the measured porosity through micreolumetric and micro-CT

methods with the actual porosities of porous glass, aluminal, anduathina2.

Figure 4-7(A) shows the scatter plot of measured porosity through rvighametric

and micreCT methods versus actual porosity values. There is a strong correlation

coefficient of R=0.92 for micrevolumetric and actual porosities while that of ric

CT method and the actual porosities is only 0.14, indicating a weak correlation between

the microCT and actual porosities. Figude7(B) represents the Blardlltman plot of

the difference versus mean porosities of each pairs of data, indicating ast almo

consistent difference at various average porosities between the-vuiaroetric and
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actual porosity compared to the changing difference for different values of mean

porosity between micr€T and the actual.

Figure4-7(C) also shows the Blan@lltman gots of the data with the bias and precision
lines for both micrevolumetric and micraCT methods. The accuracy (biag3:023)
and precision (confidence interval.459,0.413) for micrevolumetric method is much

higher than that of mic,k€ T method (Bias 6.1, Cl:-21,33.1).
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Figure 4-7: A) Scatter plot of measured versus actual porosity and the corresponding regression
coefficients for Micro-volumetric and Micro-CT methods, and B) scatter plot of diffeence versus
mean porosity of Micro-volumetric and Micro-CT with actual porosity, and C) Bland-Altman plots

of the data showing the level of agreement between measured and actual porosities. The solid lines
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indicate the accuracy and the square dotted linesepresent the precision of the two techniques.

95% of the data are expectedtofallwt hi n N1. 96 u.

4.4 Conclusion

In this chaptera r evi sed modi fication of Archi me
displacement method to increase the accuracy and precision of porosity measurements
of small light highly porous materials for many advanced aptiios is hereby
presentedOur method consists of using a pipette as a more delicate measuring cylinder
along with the improved sample loading and removal system, and taking advantage of
digital imaging and computer assisted image processing to increaperformance of

liquid level change readings.

Our findings show that the precision and
method of porosity measurement is much higher than that of Mi€tcAlthough each

group of our standard samples were ifedied with constant conditions, miero
volumetric method shows similar results with a small standard deviation for each type

of construct, while micrCT method fails to do so. We achieved an excellent precision

and accuracy in porosity measurements. daglability of microvolumetric method is

down to 1 pl volumes.

This method is applicable to any porous material regardless of opacity, lightness, shape
and degree of porosity. Taking advantage of the magnetic bead/plunger escalator
technique instead of a Nable size string to suspend the sample, high performance lens

with integrated continuous fine focusing ability, and adjustable observation and camera
tilt angle, minimize the measurement errors and brings in a high precision and accuracy

to the measurenmds.

Microvolumetric level method is one of the most accurate and precise methods of

porosity measurement for ulttight highly porous materials. Simple desigeasibility,
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open source ImageJ® software and straight forwarded results all are the luéribfgs

modification.
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CHAPTER 5: ISOLATION, CULTURE AND CHARACTERIZATION OF

HUMAN DERMAL FIBROBLASTS

5.1 Introduction
There are two main strategies for isolation of human dermal fibroblast cells: enzymatic

digestion of skin samples anthe outgrowth (explant) methodwhilst enzymatic
digestioncan shorten the HDF production timé often yields a noFhomogeneous
population of fibroblastshereforethe explant method igreferred when one seeks to
isolate a pure population of HDF cells withind34 weeks(Froget et al., 2003Further,
the explant method can yield high motility cellwhich are more suitable for tissue
engineering applications in terms tifeir better penetration into the scaffol(Rittié &

Fisher, 200h

In this chapter we explain the explant method HDF cell isdation with minor
modifications Subculture and preservation IdDF cells as well ascharacterizatiorare

alsodescribed.

5.2 Materials and Methods

5.2.1 Cell Isolation

Ethical approval foithis study wasbtained from thdJniversity of Malaya Medical
Centre (UMMC)ethics committee (PPUM/MDU/300/04/03, 22 April 2011). Redundant
human skin from cosmoplastic surgery was procured from the UMMC operating
theatre Preferablyskin from nonsunexposed areas of the body of female subjeets

used for cell cultivation. Thaverage age of the subjects was 27.5 + 15 years. The
minimum and maximum ages were 8 and 42 years respectively. Preoperative
antimicrobial preparation (prep andage) was done as the routine technique prior to
incision. After excising the extra fulhickness skinin some occasions along with the

underlying fat tissuethe tissuevas dipped in Povidone lodine and then 70% ethanol
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each for 510 seconds. The skin sample was then washed with sterile saline and
immediately transferred tacell culture clea room in a sterile container with saline and
3-5X AntibacteriatAntifungal solution (Penicillin 100 1U/mL, Streptomycin 100
eg/ mL, and Amphotericine B 0. 25outingideanlL ) .
laminar flow biological safety cabinet. Th&irs samples were transferred to another
sterile container with wash medium containing DMENG (4.5g/I glucose) with L
glutamine and Sodium Pyruvate [cellgro® #103-CM] and 3X Penicillin
StreptomyciaANeomycin Solution [GIBCO # 15640]. Any remaining Infeachal fat

was removed (Figuré-1, A-C). The skin was first cut into strips of @l5cnf. The
epidermis was dissected from dermis using scalpel and surgical blades @-igupa.

The dermis then was minced to A5mnf pieces (Figure5-1, E&F). Nunc
EasYF| as k E N uTas tissue Eulture flasks were pmetted with working
medium (DMEM with 4.5¢g/l glucose,-glutamine and Sodium Pyruvate [cellgro® #10
013-CM] supplemented with 20% FBS [SIGMA # F1051] and PSN [GIBCO # 15640])
and left to dry out inside tHaminar flow biological safety cabinet:2) minced dermal
pieces were transferred to each flask and incubated (FglireG1). 30-45 minutes
later 12 drops of working medium per each skin piece was gently added to the flasks on
top of each sampleThe flasks were incubated in 5% G@t 37T. The flasks were
checked for possible drying of medium an@ #@irops of working medium was added on
top of each skin sample when necessary. After 3, dayglthereafterevery 23 daysthe
medium was changedintil the cells started to grow, then the concentration FBS in

working medium was decreased to 10%.
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Figure 5-1: Outgrowth method for HDF isolation. A) Full-thickness skin washed in DMEM + 310X
Antibiotic solution, B & C) Dissecting infradermal fat layer, D & E) Dissecting Epiderm from

Derm, F) Mincing the Derm, G, H & I) Putting small minced derm samples in prevetted T25 flask.

5.2.2 Cell Harvesting

After thecells started to grow, the skin pieces were removed and cultured in new flasks
with the same described method, and the same process was followed again. Cell
isolation from the @ame skin pieces was repeated up to six times. After the flasks
reachectonfluerce ofup to 70100% passaging was done using TryPLE S@lect
[GIBCO#12563011] Briefly, the medium was removed and discarded and cells were
gently washed with prevarmed (37€) PBS. After discarding the PB3ml of TryPLE
Select® was added to each T25 flask and incubated at 37°dnBnutes with

intermittent monitoring undeaninverted phase microscope (Nikon ECLIPSE TS100)
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for cell detachment. Cell detachment was enhabgedpping the flask. 5 ml working
medium was added to each T25 flask to inactivate the TryPLE Select®. The cell
suspension was transferred to 15 ml centrifuge tubes and spun at 220 RCF for 5
minutes. The supernatant was gently removed and the cellwa#eesuspended in

1ml fresh medium.

5.2.3 Cell Count and Viability (Dye Exclusion Method)

Preparation of Trypan Blue Solution

0.2 gm Trypan Blue (Sigma Catalog #7B78) was dissolved in 99.8 ml Ukpare
water and filtered througl 0.45um hydrophobic memhmna syringe filter (Thermo
SCIENTIFIC Catalog # 9057). 0.2% Sodium Azide (Sigma Catalog # S2002) was
added to make stock solution. 2 ml stock solution was added to 0.43 gm Sodium

Chloride (NaCl) in 9.58 ml Ultrgpure water to makthe Trypan Blue workingsolution.

Cell Count and Viability

20 pl of the cell suspension was transferred to a 1.5 ml mmn@rifuge tube and
topped up with the same amount of Trypan Blue working solution. After placemant of
cover slip (Hausser Scientific, Horsham, PA)a@Bright-line Haemocytometer, 20 pl

of Trypan Blue/cell suspension mixture was transferred to each of the two charmbers o

thehaemocytometer.

Theunstined(viable) and stained (nonviable)cellswere counted sepaately in the
haemocytometerThe total numberof viable cells was multiplied by 2 (the dilution
factor for trypan blue) to obtain the total numberof viable cells per ml, and the total
numberof viable andnonviablecells wereaddedup to obtainthe total numberof cells

perml.
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52.3.1 Subculture of HDFs

According to the cell count results 5X16ells per square cm were transferred to new
T75 flasks. 1215 ml fresh working medium was added to each flask and incubated at
37° in a 5% CQ@humidified incubator. Subulturing theHDF cells wascontinued up to

Passge 4 and then cryopreservation was done.

5.2.3.2 Cryopreservation

At passage 3when the cells reached confleenthe medium was discarded and the
cells in the T75 cell culture flask were washed twice with-18ml prewarmed
Phosphate Buffered Saline (PBS). PB&swdiscarded and cell harvesting was carried
out using TryPLE ExpreSsthrough the previously described method. After spinning
the cell suspension at 220 RCF for 5 minutes and discarding the supernatant, the cell
pellet was resuspended in 1 ml of workingdium. Cell counng was performed. The

cell suspensiarwith a density of 1810’cells/m| was transferred to a 2 ml cryovial and

7% Dimethyl sulfoxide (DMSO) [SIGMA#2650] was added to each vial. The cryovial
was labelledkeptat room temperature for 3@inutes for equilibration, placed inNar
FrostyE freezing conéandmovedrta-§0°Clfreezemand leftc i e n
overnight. The next dayhe cryovial was shifted taliquid nitrogen tank fotong-term

conservation.
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5.2.4 Resazurin Standard Cuwe for HDFs

Determining cell number and viability without the need to harvest or digest cells
provides certain advantages. It allows the researcher to track the changes in cell number
precisely without the need of inferencand also to the see the chasge cells as the
result ofexternal factors in real tim&esazurin7-Hydroxy-3H-phenoxazir3-one 10
oxide) has been used as a 4#toxic cell number/viability quantifying assay with a
variety of cell typegDienstknecht et al., 201Gago et al., 200eney, Bazs®ombi,
Oravecz, Szab6, & ZNlagy, 2000, bacteria(Lorenz et al., 200&iekstina, Muceniece,
Cakstina Muiznieks, & Ancans, 20Q8Rutherford et al., 2002and fungi(Xu, Rao,

Zhu, & Chai, 1993 since the reagent was finsttroduced in 1924Pesch & Simmert,
1929. The indigo blue and nefuorescent Resazurin can easily diffuse through cell
membranes without harming the cells. A significant overtime reduction of
AlamarBlue® dye ceancubated with posmitochondrial fractions of murine hepatic
cells has shown the role ahicrosomal, mitochomhl and cytosolic enzymes in
intracellular metabolism of Resazur{iR.J. Gonzalez, 2001 Resazurin is oxidized

inside the cells and turns into pink fluorescent Resurfin (Figneae

NADH/H* NAD* + H20

Reduction Reactions

0 (0] -0
RESAZURIN RESURFIN

Figure 5-2: The bluish Resazurin passively diffuses intohe cells and gets oxidized into pinkish

Resurfin which diffuses back into the intercellular space.
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Both Resazurin reduction and Resurfin production can be measured through
colorimetric and fluorometric readings respectively. This helps to visually igehgf
metabolic activity of the cells which suggests that cells are indeed viable. Cost
effectiveness, safety, ease and feasibility of long term use and good correlation to other
reference cell viability assays as well as feasibility of the applicatiorotiogér
chemiluminescent assays are the reasons of the superiority of Resazurin among other
assaygChen et al., 200 Dienstknecht et al., 201®ampersad, 20)2

Although Resazurin has been used to assess viability in a wide range and number of
animal and human cells including Swiss 3T3 mouse fibrobl@gts/tik-Harbin,
Brightman, Waisner, Lamar, & Badylak, 1998at hepatocytegO'Brien, Wilson,

Orton, & Pognan, 20Q3Retinal Pigment Epithelial Cells (RPE¥)u, Chung, Yu, Seo,

& Heo, 2003, and Mesenchymal Stem Cells (MS@B)jenstknecht et al., 20]0its
suitability for use with primanHDFs has not yet been shown.

In this study, varying densities of primafDF cells in mowolayer culture on TCP were
subjected tdour different formulations from two commercial brands of Resazurin dye

at varying incubation times. We show HDF attachment rate on TCP 4 hour after cell
seeding. We report a detailed method to determine the miadtiegiormulation for dye
preparation, Resazurin standard curve for primary HDFs, and also sugigéstas a z u r i |
Reduction Nomogramo as a graphic tool f

primary HDFs based dResazurin absorbance

5.24.1 Cell Seeding

HDF cels at passage 5 were seeded at different densities (2, 6, 20, 50, and 100 x10
cells/well) in quadruplicates in six separate Nunc®wadl plates prevetted with
working medium. The last well in each rovasvleft unseeded as blankeWlg including

the blak were topped up to a final volume of 500 ul with working medium and

incubated in 5% C&t37°C for 4 hours.
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52.4.2 Cell Attachment

Four hours after cell seeding two of the\2dll plates with different cell densities were
removed from the incubator and subjecte trypsinization and cell harvesting. The
cells from each well were collected in separate 1.5 ml microcentrifuge tubes and span
for 5 min at 220 RCF. After removing the supernatant, the cell pellets were resuspended
in 200 pl of fresh medium and cell wat using the Trypablue and haemocytometer
method was performedhe average + SD cell number attached on TCP surface, 4

hours after seeding varying cell densities was calculated.

5.2.4.3 Dye Preparation

To prepare the stock solutions, the Resazurin sodiumpsealter (SigmaAldrich #
R7017) was dissolved in Phosphate Buffered Saline (Sijavéch # P4417) solution

and Phenolreil r ee Dul beccods Modi fi ed Jfldrgh, e ds
Cat No.: D5921) separately at a concentration of 140mg/liter accotdinthe
instructions from Sigma technical support team. AlamarBl(léfe Technologies #
DAL1100) readymade stock solution was also purchased from a local company. The
stock solutions where then-dduted with either PBS or Phenol reee DMEM to

make 10%working solutions.
5.24.4 Resazurin Assay

4 hours after cell seeding and incubation thev@ll plates were also checked under an
inverted microscope for cell attachment. The working medium was removed gently and
discarded. 3ml of either prgarmed 10% AlamarBe® in PBS or AlamarBlue® in
DMEM or Resazurin in PBS or Resazurin in DMEM was added to each well and the
well-plates were réncubated. After 50 minutes all four waqdlates were wrapped in
aluminum foil and shaken at 60 rpm for 10 minutes on an orbigddeshDuplicates of

100 pl of the dye from each well were transferred to a TPWd&Bplate and the
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absorbance was measured in the plate reader (FLUOstar OPTIMA (BMG LABTECH)
at 570nm and 595 nm. Measurements were repeated eenpdr up to 22 hours.hE
foll owing ma n u f (Gang atrak, r200d wad wsednto caiculate the
percentage of AlamarBlue®/Resazudye reduction:

DXo2Aa1l WXoRodt easgednitl ut i on. 4
WXeo2A1l WXoNADdDUntrpas gdiowd ht T o P

Where:
OOX = mol ar extinction coefficient of A
URED = mol ar extinction cil@e@EDci ent of

A = absorbance of test wells
A° = absorbance of positive growth control well

21 = 570nm

a2 600nNnm
% reduction in Resazurin at different cell densities was plotted against time to get the

Resazurin Standard Curve for Human Dermal Fibroblasts.

5.2.5 HDF cell doubling time

Cells in culture proliferate on a binary fission basis; on the other hand each cell cleaves
into two equal cells at an invariant rate. When the duration of time per cell repartition is
known, population sizes can easily be predicidte mean generational time (the time

the cells need to double) can be calculated from population sizes at given times.

Generation of a growth curve is useful in evaluating the growth characteristics of the
cells particularly when growth kinetics of cethn a special material is considered. From

a growth curve, the lag time, logarithmic population doubling time and the stationary
phase (saturation) density can be determined. The results are plotted cfinadog

scale, then the populatia@oubling timecan be determined by identifying the cell
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number along the exponential phase of the curve, tracing the curve until that number has

doubled, and calculating the time between the two.

Methods

HDF cells were seeded at a density of 25XdélIs/well in pentalicates in 6well plates
(TPP, Switzerland) prevetted with 500> of working medium. The last well in each
plate was left unseeded as the blank. After 4 hours of incubation in 5ar@37°C
all wells including the blank were topped up to a final volumhe8ml with working
medium and réncubated.

Five aliquots of cell suspension with the same density (2.5 vtére also prepared
for total DNA quantification through Hoechst 33258 method.

Resazurin reduction test, cell count, and DNA quantification \weréormed at 24 h

intervals every day.

DNA Quantification

Preparation of EDTA/PBE solution

10 mM (0.02922g) Ethylenediaminetetraacetic acid (EDTA) white powder (SIGMA
#E6758) was dissolved in 100ml PBE (pH=7.8) and labelled properly, then autoclaved
andleft to cool down. (The EDTA will not dissolve in PBE unless its pH is adjusted to

7.8)
Preparation of DNA Standard

5 mg Deoxyribonucleic acid sodium salt from calf thymus Type 1 fibres (SIGMA
#D1501) was weighed using a SHIMADZU AY220 Analytical Balanoesterile
condition and dissolved in 5.00 ml of EDTA/PBE solution in a small sterile glass
container inside the laminar flow hood. The container was lefa B+4°C fridge

overnight (016 hours). Once in a while
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12 hours the DNA started to make a gel. sSkmar the DNA, it was pipetted up and
down several times using a sterile glass pipette. The DNA was filtered throudh a O
pm syringe filter (minisart SRP15, Sartorius, Germany) after it was fully dissolved. The
precise DNA concentration was checked witdamodrop ND2000 (Thermo Scientific).

As DNA tends to be absorbed onto the plastic surfaces, it was aliquotezinhbljou
tubes and frozen a0°. (This way the DNA standard solution can be stored for

several months without significant degradation)

Hoechst Stock Solution

50mg of Hoechst 33258 (SIGMA #861405) was dissolved in 25.00 ml ofpute
water in a lighttight bottle to make 2mg/ml Hoechst stock solution.

Preparation of TEN Buffer

A mixture of 10 mM Tris, 0.2 M NaCl, and mM EDTA in PBS was prepared,
autoclaved, and the pH was adjusted to 7.4. The TEN buffer was used for diluting the
Hoechst stock solutioto a working solution of 0.ag/ml.

Papain Digestion
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At eachdaily time point,pentaplicate®f cells in the 6well plate were trypsinized and
harvested and subjected to Papain digestion after performfregazurin test and cell
count.

1 ml of digest butr with the following formula was added to each cell pellet.

Digest buffer ingredients:

1 L-Cystein HCI (Sigma # C1276) 0.1576 g

1 EDTA (Sigma # E6758) 0.0806 g

1 PBS 100.00 ml

3 ul (=5 KU) of Papain (Sigma # P5306) was added to each tube and incubat®Pm
oven for 1 hour with intermittent vortexixings. The digests were centrifuged at
10,000 RPM for 10 min to sediment the residual debris. The supernatants were then

ready for DNA quantification.

Standard DNA Curve

Serial dilutions of standard DNA we made at 50, 25, 12.5, 6.25, 3.125, 1.5625, and
0.78125 pg/ml with PBEFigure 53). Triplicatesof 40ul of each dilution along with
triplicates of each cell digest sample were transferred to a black, flat dense bottom 96
well-plate (Falcon, Caing # 3916). 200 pl of the working Hoechst solution (0.2
pg/ml) was added to each well in a dark room. Wrapped in Aluminium foil theelle

plate was transferred to the microplate reader (FLUOstar OPTIMA BMG LABTECH)

and absorbance was read at excitat&#0 nm and 595 nm. An’R al ue of O 0.

the standard DNA dilution concentration against optical density was accepted.
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Figure 5-3: Preparation of serial dilutions of standard DNA.

5.2.6  Characterization of HDFs

5.2.6.1 Morphology:
The morphology oHDFs on tissue culture polystyrene was studied using an inverted
phase microscope. Also Confocal and FESEM micrograph&E seeded on collagen

scaffolds (precisely described in Chapter 5) were used@dét cell morphology.

5.2.6.2 Tri -lineage Differentiation

Tri-lineage differentiation was performed to rule out the possibility of presence of stem
cells in HDF population.HDF cells at passage 4 were used for -limeage
differentiation. Human Bone Marrow Stem Cells (HBMS®@3s also used as the
positive control group. Immediately after thawing the cells they were washed with fresh
medium and centrifuged at 220 RCF for 5 minutes. The supernatant was discarded and
the cell pellet was resuspended in 1 ml of fresh medium. Cell @nehviability test

was done using Trypan Blue solution and Neobar Hemocytometer.

Adipogenic Differentiation
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Cells were plated in Labek®Il 4-Chamber glass slidg&igure 54) at a density of
25003500 cells per cm( 86000 cel | / chamb3ri) a®@n@O2i ncu

humidified incubator for 2 hours, then topped up with working medium.

Figure 5-4. SeedingHDFs in 4Chabber glass slides for adipogenic and osteogenic lineage

differentiation.

The mediumwas replaced every 3 days until the cells weredd@fwnfluent. Upon
reaching a state of confluency, the medium was replacefldipogenesis induction
medium (STEMPR® Adipogenic Differentiation Kit A1007601) and thé medium
change is made reference differentiation day 1. The adipogenidifferentiation
medium was changed every32days forup 21 days. Inverted phase microscopic
monitoring for lipid droplets was performed every day for both test and control groups.
At day 21 the medium was discarded dhe cells were washed very gently with pre

warmed PBS and then GRed O staining was carried out.
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Oil-Red O Staining
Dye Preparation

0.5g OiltRedO (Sigma # 00625) was dissolved in 100 ml Isopropanol (Fisher #
P/7500/17) in a warm water bath to prepateck solution.Three parts of GRedO

stock solution were mixed with 2 parts of ulpare water to make the work solution.
Staining

The medium was removed and discarded. Cells were washed with PBS. Fixation was
carried on through incubating the cellsttw4% Paraformaldehyde for 30 minutes at
room temperature. After discarding the fixing solution the cells were washed with PBS
three times and then 0.5 ml ulpare water one time. 0.5 ml of @GRedO working
solution was added to the cells in each cham@nd incubated for 50 minutes at room
temperature. Removal of the dye was followed by gentle washing withpulteawater

three times. 0.5 ml Hematoxylin was added to each chamber and incubated for 10
minutes at room temperature. Hematoxylin was remaretl cells were washed with
ultra-pure water again. Stained cells were watched under inverted phase microscope and

pictures were snapped.
Osteogenic Differentiation

Cell seeding was done with the same method described for adipogenic differentiation.
After getting confluency the working medium was replaced with Osteogenesis induction
medium (STEMPR® Osteogenic Differentiation KitA1007201) and this medium
change corresponded to differentiation day 1. The Osteogenesis differentiation medium
was changed evy 23 days for 21 days. Inverted phase microscopic monitoring was

performed every day for both test and control groups. At day 21 the medium was
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discarded and the cells were washed very gently withwprened PBS and then

Alizarin-Red staining was cardeout.

Alizarin -Red Staining

Dye Preparation

2.0 g AlizarinRed (Sigma # A5533) was dissolved in 100 ml yituae water and
Filtered through a 0.45 pum filter pap@H was adjusted to 4.2 using 10% Ammonium
Hydrochloride.

Staining

After discarding the medm the cells were washed with PBS, and then fixed through
incubating with 10% Formaldehyde for 30 minutes at room temperature. Fixative
removal was followed by gentle washing with PBS three times andputeawater one
time. Addition of 1 ml Alizarin Rd to each chamber was followed by incubation at
room temperature for 30 minutes. The dye was removed and cells were washed with
ultra-pure water three times, each time with gentle shaking for 5 minutes. Image

acquisition was done after addition of 1 mraHpure water.

Chondrogenic Differentiation

Small droplets of cell suspension were put in a centric order in previously medium
coated @éwell plate (Figure 55) at a total density of fOcells per square cm and

incubated.
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Figure 5-5: Centric cell seeding for Chondrogenic Differentiation.

Two hours later 2 ml of chondrogenesis differentiation medium (STEMPRO
Chondrogenic Differentiation kitA1007101) was aded to each well and incubated.
The Chondrogessis differentiation medium was changed evefy @ays forup to21

days. Inverted phase microscopic monitoring was performed every day for both test and
control groups. At day 2Xhe medium was discarded and the cells were washed very

gently with prewamed PBS and then Safranin O staining was carried out.
Safranin-O Staining

Cells were rinsed with PBS and then fixed with 10% Formaldehyde for 30 minutes at
room temperature. Washing the cells with ufitae water was followed by putting 2 ml
1.5% aqueouSafraninO for 40 minutes. The dye was removed and cells were washed
with ultrapure water three times. 2 ml of 0.02% alcoholic fast green was added and
removed after 30 seconds. 2 ml of 1% acetic acid was added and deaftere3
seconds and cells wemnsed quickly with ultrgpure water and watched undan

inverted phase microscope.
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5.2.6.3 Immunologic Differentiation

Flowcytometry

CryopreservedHDF cells at P6 were used for flowcytometry. Bovine Aortic Endothelial
Cells (BAECs) were used as negative contiohmediately after thawing the cell
suspension was diluted with fresh pvarmed complete work medium and centrifuged

at 220 rpm for 5 minutes. The supernatant was discarded and the cell pellet was
resuspended in 1ml fresh medium. Cell count was perfothredgh Trypan Blue and
Haemocytometer chamber method. Cells were washed with 15 ml of wash medium
(0.5% Bovine Serum Albumin [aMReSCO # 0332g] in PBS) and centrifuged at
2000 rpm 5 minutes. The cell pellet was resuspended again in 12 ml wash medium an
filtered through a 70 pM BD Falcd¥ nylon cell strainer [REF 352350]. Filtered cells
were counted again and then divided into three separate tubes along with one tube for
BAECs, each %cells and inqubhatedyon @e & 4°c for 20 minutes. After
centrifuging at 2000 rpm for 5 minutethe supernatants were discarded. The BAECs
sample as the negative control and one ofHBd- tubes were planned to be stained
with CD90 (AntiFibroblast Antigen Mouse monoclonal Antibody) (AS02)
[Calbiochem® # CP28] as the primary antibody. The settibH tube was aimed to be
stained with FITC conjugated CD31 CO.3E1D4 IgG2a antibody [GeneTex #
GTX43622] as the negative contdland the lastHDF was meant to remain unstained.
The BAEC negative contrdlandHDF Sample were resuspended respectively in 85 pl
of sheath fluid [BD FACSFloW # 342003] + 3 pg/15 pl of CD90. THeDF negative
control2 cells were resuspended in 90 pl of sheath fluid + 10 pl of CD31, and the last
HDFs were resuspended in 100 pl of sheath fluid. All tubes were incubated at room
tempeature for 45 minutegSaalbach et al., 1996aalbach, Aust, Haustein, Herrmann,

& Anderegg, 199y After removing the primary antibody, cells were washed two times

with sheath fluid and centrifuged at 2000 rpm 5 minutes. BAEC negative chatdl
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HDF Sample were resuspended in 90 pl of Sheath fluid and 10 pl of Cy5 conjugated
Goat AnttMouse IgG Secondarpntibody [Thermo SCIENTIFIC # PA128523],
wrapped in Aluminium foil and incubated for another 45 minutes at room temperature.
After washing out the secondary antibody all samples were centrifuged at 2000 rpm and
resuspended in 500 pl of sheath fluid @akien for flowcytometry. The final evaluation

was done by using the FACS CANTO II.
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QPCR

In the present studywo fibroblast specific markers along with four stemness markers
were used for fibroblast characterization through gene expression. Taldeo@/s the

particulars of different gene assays used for QPCR.

Table 5-1: TagMan® assays used for characterization of human dermal fibroblasts through gene

expression

Markers Gene name Abbrev. | NCBI Ref. Seq.| Assay No.

Endogenous Glyceraldehyde ®hosphate GAPDH NM_0012%799.1 Hs02758991 g1

Control dehydrogenase

Fibroblast Markers Fibroblast Specific Protein 1 S100A4 NM_002961.2 Hs00243202_m1
Fibroblast Surface Antigen THY1 NM_006288.3 Hs00264235_s1

Stemness Markerg Octamerbinding transcription factor] OCT4 NM_001173531.1 Hs04260367_gH
Sex Determining Region Box 2 SOX2 NM_003106.3 Hs01053049_s1
NANOG NANOG | NM_024865.2 Hs04260366_g1
Rex1 ZFP42 NM_174900.3 Hs01938187 _s1

1 Fibroblastspecific protein 1 (FSP1) is a cyto/nucleoplasmic and extracellular

calciumbinding protein thatis enoded by S100A4 gene. FSP1 is assumed as a
fibroblast marker in different orgaig®sterreicher et al., 201$trutz et al., 1995

1 Fibroblast surface antigen, known also as CD90 and-ITHyhymocyte
differentiationantigen 1) is a heavy cell surface protein which is encoded by THY1
gene. In humans, Thy is expressed by endothelial, smooth muscle, sommoé
marrow cells, and also @ibroblastsof most vertebrate species stud{&halbach et al.,

1997 Vaheriet al., 197%.
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1 OCT4 is a protein encoded in human by POU5SF1 gene aimgdakved in the
selfrenewal of undifferentiated embryorstem cells.

1 Sex Determining Region -Box 2 (SOX2) is a transcription factor responsible
for pluripotency of stem cells.

1 NANOG is also a transcription factor in embryonic stem cells and is responsible
for maintaining the pluripotency and seénewal.

1 REX1 is protein encoded by ZFP42 gene and is responsible for maintaining the

pluripotency of mesenchymal stem cells.
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53 Resuts

5.3.1 HDF Cell Morphology
Fibroblast cells ar&known for their spindle shape morphology. Although they bear
irregular round shapes when suspended, they start spreading when attaching on plastic

surfaces. They align parallel while featuring wavy whirling @gements in confluent

states (Figuré&-6).

Figure 5-6: Daily serial micrographs [form A) Day 0 to L) Day 11] ofHDFs seeded on tissue culture

polystyrene at an initial density of 3x1&/cm?®.
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Confocal lasescanning micrographs &fDFs in 3D culture on CMD porous scaffolds
also shows their spindihaped morphology (Figuie7: B). FESEM micrograph of a

spreadingdDF cells with its cell processes is shown in FigtHg C.

Figure 5-7: Representative figures of human dermal fibroblasts: A) Typical spindle-shaped
morphology of HDF cells in monolayer culture on TCP, B) 3D culture on CMD porous scaffold
stained with Live-Dead assay, and C) FESEM micrograph of aisgle HDF cell spreading its

processes and attaching on CMD surface.

5.3.2 HDF Resazurin Standard Curves

Four (4) Hour HDF Cell Attachment on TCP
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Cell attachment on tissue culture polystyrene plates four hours after seeding 2
100X10°HDFs was found to be 35.98B6 (Figure5-8). Based on this data, the
Resazurin standard curves were plotted on the basis of the number of the attached cells

rather than the seeded density.
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Figure 5-8 Representative inverted microscpe images ofHDF cells seeded on TCP at varying
densities of: A) 2x16, B) 6X1C, C) 2x1¢, D) 5x1d, and E) 10 cells per well 4 hours after seeding.
The graph F plots the harvested cell number 4 h after seeding against the initial seeding density

(n=8 for each cell density).

HDF cell number quantification in a wide incubation time and cell density range was
feasible through AlamarBlue®/Resazurin dye diluted with either PBS or Rreshol

free DMEM.
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Our data did not follova normal distributiorpattern As such,KruskalWallis Testwas
conducted andevealed no statistically significant difference in % reduction of the dye

among four different formulations at each cell seeding density (P > 0.05).

When % reduction in AlamarBI§eDMEM was plotted against theell number at
different incubation time points the standard curve remained linear with correlation
coefficients almost above 0.95 except for 1 and 4 hours (0.62 and 0.82 respectively),
while regression lines showed overlappings at 1 and 2 hours anchdt43eurs, and

also dislocations at 3, 4, 6, and 12 hours (Figc®¢.
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Figure 5-9: Reduction of AlamarBlue-DMEM as function of cell density in monolayer culture at

varying incubation times from 1 to 22hours.

The correlatiorobtainedbetween % reduction in AlamarBfBS and cell number at
different incubation time points remained linear with correlation coefficients almost all

above 0.95 except for 1, 6 and 22 hours, which were 0.75, 0.91, and €p86étireely,
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while regression lines showewerlappingat 1 and 2 hours and at 4 and 6 hours, and

also dislocations at 2, 5, and 12 hours (Figui®).
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Figure 5-10: Reduction of AlamarBlue-PBS as function of cell density in monolayer culture at

varying incubation times from 1 to 22 hours.

Plotting % reduction in ResazufibMEM versus cell number at different incubation

time poins showed linear correlation with coefficients almost above 0.94 except for 1,

3, 4, and 6 hours (0.83, 0.83, 0.85 and 0.92 respectively), while regression lines showed
overlappings at 3 and 4 hours and at 5 and 6 hours, and also dislocation at 4, 6, and 14

hours (Figure>-11).
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Figure 5-11: Reduction of ResazurinPBS as function of cell density in monolayer culture at

varying incubation times from 1 to 22 hours.

The correlation between % reduction in Resazurin diluted in PBS and cell number at
different ncubation time points remained linear with correlation coefficients all above

0.95 with almost no significant overlapping or dislocation (Figuie).
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Figure 5-12: Reduction of ResazurinPBS as function & cell density in monolayer culture at

varying incubation times from 1 to 22 hours.
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The Friedman Test showedlsignificantdifference between alhefirst 5 time points at

every given celtlensiy in theResazurilPBS group (P < 0.05) (Figukel13).
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Figure 5-13. Resazurin Reduction Nomogram as a practical tool for quantification of Human
Dermal Fibroblasts cell density in monolayer culture at 1 to 5 hours incubation times. The orders of

all 5 curves look reasonable and logical

Our results confirm thathe % reduction in ResazurinAlamarBlue® has a linear
correlation withHDF cell number and that there is no statistically significant difference
between the two different commercial dyesgardless ofthe dye preparation
formulation is.Although there was no significant difference in the % reduction of the
dye among four different formulations at every cell density, howewsrsidering the
correlation coefficientsthe order andhe regularity of the curvesResazurifPBS
redudion nomograms suggeste@s a practical graphic tool for determinationHidF

cell number at different incubation times frord hours(Figure 513).

The lineaiity of the correlation between the Resazurin reduction ldbdF cell number
appears to suppothe previous findinggAl-Nasiry, Geusens, Hanssens, Luyten, &

Pijnenborg, 200;7Voytik-Harbin et al. 1998 Yu et al., 2003 Although our findings
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showed similar features to the previous studies, howeawewitle dyeconcentration as

well as thecell density and type our studyare the advantages ofir results

The correlation between the Resazurin dye absorption and the cell number has been
studied with different cell typesAlamarBlue® dye has been shown to have a good
constant correlation witlswiss 3T3 Mouse Fibroblasell number in a wide rangef

dye concentration and cell dengifpytik-Harbin et al., 1998 Thecorrelation between

the optical density of AlamarBlue® dye and Retinal Pigment EpitheGfifmber has

been reported to be linear with a correlation coefficient of 0.951 through absorbance
method at 2, 4, 6, 9, 12, and 24 hour time p@¥uset al., 2003 and eventually
plotting the AlamarBlue® % reduction against the Idgpan of choriocarcinoma cell
density(16.6 500 X 16) was also reported to be linear with regression coefficients of
0.737 0.81(Al-Nasiry et al. 2007.

Although comparison betweehe four different dye formulations showed no significant
difference between the four formulations at any given cell density, the correlation
graphs look quite different in terms of the order of the curves and ¢belation
coefficients (Figure5-12). As mentioned in the results section, several curve
displacements and overlappings can be seen in both AlamarBlue® groups while curves
in both Resazurin groups are more regular, with less overlapping/displacements.
Correlation curves in ResazuflPBS group look even more attenuable. Instructions
from different companies generaligcommend 2 to 4 hours of celye incubation. Our
results also show the lowest correlation coefficients for thehdur of incubation
(0.620R*O 0 .) 8n®ng all groups except for the Resaz®BS group (R=0.95).

Although the correlations betweén reduction in Resazurin diluted in PBS and cell
concentrations at different incubation time points were -Rgfinear, the nomogram

was modified,summarized and focused on the first 5 hours of incubation as most

researchers prefer shorter incubation times.
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All in all, ResazurilPBS shows the best graph in terms of order, accuracy, and
correlation coefficientsOur findings suggest the ResazuRBS reduction nomogram
as the practical choice tool for determination of printaBF cell number in monolayer
cultures HDF cell number can easily be determined with a high accuracy by having the

% reduction of Resazurin at any incubation time between 1 kwuss using the

suggested nomogram.

5.3.3 DNA standard Curve

The microplate readers are designed to present the data from serial dilutions of
standard DNA in the form of a scatter graph plotting the relative fluorescence units
against DNA concentration. In &t range between30 pg/ml of DNA the regression

line is linear with a high correlation coefficient. A@R0 . 95 i s wusual l

(Figure5-14).

Linear regression fit
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Concentrations in ug/ml

Figure 5-14: Plotting the relative fluorescence units (RFU) against the DNA concentration (pg/ml)
yields a linear regression with high R2 value. This line is esl as the DNA standard curve for

guantification of DNA containing cell extracts.
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5.3.4 HDF Cell Doubling Time

Figure5-6 depicts the daily serial inverted microscopic imagddfF cells seeded at a
density of 3x16 cells/cnf on tissue culture polystyrene. Ascan be seen in Figufe
15(A) HDF cells show a lag period of-2 days after seeding. The logarithmic phase

starts at the'3day and continues untitg" day.
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Figure 5-15: Growth curves of HDF cells at P5 within 12 days culture based on A) cell count, B)
DNA quantification, and C) percentage reduction in Resazurin. The lag, logarithmic and stationary

phases are seen in graph A.

5.3.5 Tri-lineage differentiation

The adipogenic differentiation medium tends to induce stem cells to produce lipid
vacuoles while having no effects on rstem cells. O#RedO staining ofHDF cells
fed with Adipogenic differentiation induction medium for two weeks stabvwew
lipidification signs inHDF cells at passage 2 due to cell contamination with fat cells at

low passages while no signs of lipidification in HDF cells at Passage 6. Human bone
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marrow stem cells (HBMSCs) as the positive control cells showed lipicblezcafter

staining(Figure 516).

Figure 5-16: Inverted microscope images of A) HBMSCs at P8, B)iDFs at P2, and CHDFs at P6,
all treated with adipogenic differentiation induction medium for two weeks ad after Oil-Red-O
staining showing the abundant lipid vacuoles in HBMSCs (A), rare vacuoles iHDF cells at low

passage No. (B), and no evidence of lipid droplets HDFs at passage 6 (C).

Alizarin red staining of HDF cells at P2 and P6 and HBMSCs atr&ged with
osteogenic differentiation induction medium for two weeks shows vast calcification

signs in HBMSCs and few in HDF cells at P2 while no signs of ossificateiseem

HDFs at P6 (Figuré-17).

Figure 5-17: Alizarin -Red staining for Osteogenic differentiation shows numerous calcification
signs in HBMSCs (A) and rare ossification signs irHDF cells at P2 (B), but no evidence of

osteogenic differentiation in DHFs at P6 (C).

Chondrogenic differentiation medium also failed to indétiaF cells to go through
chondrogenesis. Figura18 depicts Safrank®D stained HBMSCs (A) andiDF cells

(B) both treated with chondrogenic differentiation induction medium for three weeks.
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While HBMSCs show chondrogenic differentiation, no changeseen inHDF cells

toward chondrogenes{gigure 518).

100/m

Figure 5-18 Safranin-O staining of A) HBMSCs at P8 treated with chondrogenic differentiation

induction medium for 3 weeks, and BHDF cells at P6 with the same treatment.

The results othe ti-lineage differentiation test showat althoughHDF cells at low
passages may show some weak evidences of lineage differentiation, which is due to the
contamination with other cellsgt higher proper passages they get more and more

purified and do noshow any evidence of lineage differexiton.

5.3.6  Immunostaining

5.3.6.1 FlowCytometry

Flowcytometry graphs dfiDF cells at passage 6 show a single cell population stained
for CD90 as the fibroblastpecific marker. No-stained cells were used as negative
control, taking place in the 3rd quarter indicatthgt cells did noshow any signal for
CD90 marker (Figuré-19-A). Cells positive for CD90 only were located in the Q4
quarter (Figures-19-B). Figure5-19-C also shows the histogram of cells stained with
mouse monoclonal antibody to CD90. TheaXis ofthe histogram represents the signal
value in channel numbers, while theaXis shows the number of events per channel

number. Signals with identical intensities accumulate in the same channel. Therefore,
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this histogram shows that the majority of eventsuaudated in the Cy5 channel and

were positive for CD90.
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Figure 5-19: Flowcytometry scatter plots of HDF cells at P6 stained with Cy5 for CD90. A)
unstained HDF cells as control were placed in'8 quarter, B) pure population of Cy5 stainedHDFs
for CD90 as the fibroblastspecific marker, C) Histogram of Cy5 as a single parameter. X axis
represents the intensity of the signal in channel numbers while Y axis shows the quantity of the

events per channel number.
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5.3.7 Gene expression

Results of gene expression profileWDF cells are shown in Figurg-20. The THY1
gene which is contairs information for production of fibroblast specific antigen (FSA)
wasexpressed twicemuchin HDF cells at P5 compared to HBMS(38) and HADSCs
(P0). The S100A4 gene encoding the data for fibroblgstcific protein 1 showed the
same expression value in HBMSCs asHDF cells but a much lower expression in

HADSCs.

Desmin expression in fibroblasts was much higher than HBMSCs, rhostthe same

in HADSCs.

All four stemness markers (REX1, SOX2, NANOG, and OCT4) showed much higher

expression values in both HBMSCs and HADSCs comparkidtecells.
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Figure 5-20: Relative quantification of expression of fibroblastspecific marker and stemness genes
in primary human dermal fibroblasts (HDF) at passage 5. Human bone marrow stem cells
(HBMSC) at P8 and human adipose derived stemetls (HADSC) at PO were used as controls.

GAPDH has been used as the housekeeping gene.
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Fibroblastic contamination in HADSCs used at PO can be the reason for equal
expression of Desmin in these cells wildFs. On the other hand the expression of

stemnesgienes in fibroblast populations is not supposed to be(Page et al., 2009

54 Discussion

In this study weusedthe outgrowth technique fathe isolation ofHDF cell. Although

the outgrowth méhod might seem a slower methahdit yields a lower recovery of
cells compared to the enzymatic digestimethods yetthis provides the opportunity of
multiple reuses of the gkiexplants for cell isolation. Asompared tothe enzymatic
digestion method of cell isolatipthe outgrowth method tends to isolate cells wéth
higher motility. When cell motilitys a concern, especially when the cells are meant to
be seeded on porous materials and the ability of cells to penetrate deep into the inner
layers of the scaffolds is a matter of importarthe,outgrowth method is the technique
of choice for selecting thenigrating cells(Rittié & Fisher, 200h Moreover, even
though the first isolation from freshly cut skin might tak& #veels, the same skin
pieces can be shifted tew culture dishes for the next course of isolation which will
yield cells much fastefwithin 3-7 day3. This process can be repeated several times,

resulting in a high total cell yield.

HDF morphology was confirmed througthe use ofinverted phase, anfocal and
scanning electron microscopes. Application oflieage differentiation induction
media proved the purity ?iDFc e | | popul ati on s") amdbeipgrfreep e r

from stem cells.

As an immunophenotyping test flowcytometryHiDF cells stained with Cy5 for CD90
(THY1) as a fibroblasspecific cell surface protein confirmed the identity of H2F

cells.
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The gne expression profile #1DF cells was also compared with that of two types of
stem cells which revealed that ourDF cell pgulation is significantly different from

stem cells.

In conclusion, wemanaged to isolate a high motility pure population of human dermal

fibroblasts which is perfectly suitable for tissue engineering application.
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CHAPTER 6: CHONDROGENIC EFFECTS OF CMD SCAFFOLD S ON HDFs

6.1 Introduction
Cell-based therapies in cartilage tissue engineering take advantage of highly

interconnected porous scaffolds capable of providing enough surface area and space for
cell attachment, proliferation, nutrient and waste exchange asaseéixtracellular
matrix production and deposition. The material from which the scaffold is fabricated
plays a key role in chondroinduction. Various types of hydrogels, polymers, and
composites of different materials that can support cartilage matrix giroclin@ave been

tried. (Hutmacher, 2000Lu et al., 2001 Moradi et al., 2013Moutos & Guilak, 2008

It has been suggested that modified native extracellular matrix (ECM) may contain
bioactive factors that can contribute to cell growth, migration, and chogwiog
differentiatior(Badylak, 2002 Benders et al., 2013zadifar et al., 2012 Human(Q.

Yang, Peng, Guo, Huang, Zhang, Yao, et al., 2@0®I porcing(Cheng et al., 2009
articular cartilage ECM derived scaffolds have shown promising resultsthgtlise
ofhuman adipose derived adult stem cells and canine bone marrow stem cells
respectively, supporting the hypothesis that a scaffold deriveduadly from cartilage

ECM can induce chondrogenesis. The source from which the matrix is derived is a big
concern. Human sources cannot be practically reliable on a high throughput rout due to
lack of abundance. Porcine derived products also have liomgatue to religiouand

ethical considerations. Animal sources with high abundance but without ethical issues
can be the solutions of choice. Preserving the integrity of native cartilage ECM
components is a key factor ensuring thatthe total capacity fobioactive factors
responsible for chondrogenesis. For cartilage tissue engineering purposes, the scaffold is
supposed to support the maintenance of chondrocytes or differentiation of other cells

with chondrogenic potential.
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In chapter 3 we presented tldetailed process of fabrication, characterization and
optimization of bovine articular cartilage matrix derived porous scaffolds for cartilage
tissue engineering applications. We showed that UV and UVDHT treated 15% CMD
scaffolds possessed optimal geometnd architectureln this chapter we present the
detailedmethod of assessmeifior thechondrogenic effects of bovine articular cartilage
matrix derived porous scaffolds on human dermal fibroblast c&bls.assess the
biocompatibility of the optimized KD scaffolds HDFcell viability and proliferation
werequditatively and quantitatively assessed through serial Resazurin reduction, DNA
quantification, and confocal laser scanning dmedd emission scanning electron
microscopy imagesthe dondroinductie potential of the CMD scaffoldsasassessed
through serialrelative quantification of the expression of the chondrogenic genes as
well as the production of sulphated glycosaminoglycans.,Alsanges in scaffold size
and shapewere quantified andthe corelation between scaffold shrinkage and cell

proliferation and chondrogenic differentiation was described

6.2 Materials and Methods

6.2.1 Cell Seeding

HDF cells at passage 4 were resuspended in Chondrogenic medium at a final density of
10 x16 ml™. The Chondrogenimedium consisted of DMEMG supplemented with

20% (v/v) FBS, 1% Penicillistreptomycin, 1% HEPES, 1% nessential amino

acids, 1% ITS+Premix, 50 pg/ml-&scorbic acid, 40 pg/ml -Proline, 10 nM
Dexamethasone, 10 nM TdF3Cheng et al., 200€heng et al., 2031). Yang, Peng,

Guo, Huang, Zhang, Yang, et al., 20@eng et al., 2001 UV and UVDHT treated

CMD scaffolds(n=17 for each group at every time pomgre prewe t t ed wi t h
chondrogenic medium and incubatedair37°C humidified 5% CQ incubator for 15

mi nutes. 50 el of HDYFells}was dently seadedeon ®4dcto n

scaffold. The scaffolds were incubated an37°C humidified 5% CQ incubator for 3
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hours, then topped up very gently with 1 ml of-pr&rmed fresh chondrogenic medium.
Chondrogenic medium was changed every two days. Cell viability tests, scanning
electron microscopy for cethatrix interaction studyand biochemical and wiecular

analygswere performed at Day 2, 8, 15, 22, 29, 35, and 42 time points.

6.2.2 Cell Growth and Viability

Cell viability was determined using LIVE/DEAD Viability/ Cytotoxicity Kit
(Invitrogen, UK) 1 ¢l of Calcein AM (4md. 5n canloy
Ethidium homodimer (2mM in DMSOA® 1:4 (V/V) (Molecular probés -
Lifetechnologieg, USA) were diluted in 1 ml prevarmed 37°C PBS. At every weekly

time point e out of each seeded scaffoldogps (UV and UVDHT) underwent
staining through incubati on @&PQ 56 COafor ¢ |

45-60 mirs prior to imaging.

Imaging was performed with green fluorescence at ex/em ~495 nm/~515 nm for live
cells and red fluorescened ex/em ~495 nm/~635 nm for dead cells using a confocal

laser scanning microscope (Leica TCS SP5 Il, Germany).

6.2.3  Cell Proliferation

Cell proliferation was assessed e Resazurin reduction ass@pienstknecht et al.,

201Q Voytik-Harbin et al., 1998Yu et al., 2008 At days 2, 8, 15, 22, 29, 35,cA2

the seeded and naeeded CMD scaffold®=16 for each group including the unseeded
control sample)were incubated (37°c, 5% GOwith 1 ml of prewarmed 10%
Resazurin in PBS for four hours. The absorbance was measured by a plate reader
(FLUOstar OPTMA BMG LABTECH, Germany) at 570 nm and 595 nm. Percentage
reduction in Resazurin was calculated using the manufacturer defined f¢@aumg et

al., 2003
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6.2.4 Cell-scaffold Interaction Studies

The seeded scaffolds were preserved in 2.5% Glutaraldehyde and underwent
dehydration ira graded ethanol series (25%, 40%, 60%, 80%, 95% and 100%, each for
30 min), followed by freezerying overnight. The freezdried samples were then
coated with goleballadium (Quorum, Q150R s) and scanned using a Qa0

FEGT FEI microscope for celcaffold interaction studies.

6.2.5 DNA Quantification

Scaffolds (nO5) were subjected (GawlinePap ai n
Hoemann, 2004 Moradi, Pramanik, Ataollahi, AbdeKhalil, et al., 2014 Briefly,
scaffolds were digested by incubating in 1 ml of Papain digest buffer (0.0t M L
cysteine, 0.01M NADTA, and 0.125 mg/mL papain in 0.1M sodium phosphate buffer)

for overnight at 65°c with interittent agitations. After precipitating the remaining
debris, the digest solution wasalysedor DNA content using Hoechst 33258 @4

pl.mi™® in TEN buffer)with calf thymus DNASigma D1501) as standarBlate reading

was performed at (ex/em ~355 nm&©4nm) in a microplate reader (FLUOSstar

OPTIMA BMG LABTECH, Germany).

6.2.6  Construct Shrinkage and Contraction

A separate 48 well plate with seeded and-seaded UV and UVDHT treated scaffolds
(n=7 for seeded and n=5 for nemeded) was used for shrinkage .t&erile plastic

discs with known constant diameter of 9 mm were used as the scales @-igul|
scaffolds were treated with the same media exactly like the other plates. The media
were removed every other day fuantification ofsulfated glycosamioglycan (GAGS)
production using a 1;8imethylmethylene blue (DMMB) assay (Sigma, USA). Digital

images of top views of the plate were captured after discarding the medium and were
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analysedhe by ImageJ® software for crosectional surface area changéle plastic

discs were used for setting the scales in each picture in ImageJ®.

uv UVDHT

SEEDED

PLASTIC

DISC

.!l' ."

NON_SEEDED

Figure 6-1: Scaffold shrinkage test afterHDF cell seeding at different time points was tested by
measuring the crosssectional surface area of the scaffolds. Plastic white discs with known constant

diameter were used for setting lte scale in each picture.

Total shrinkage was calculated by dividing the ciesstional surface area at each time
point to that of the original scaffold:
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To determine the celhediated contraction (CMC) the contraction of seeded scaffolds
was minused from that of neseeded control€C. Lee et al., 20Q1Schulz Torres, M

Freyman, Yannas, & Spector, 2000
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6.2.7 GAGs Quantification

The sulfated gg osami nogl ycan ( GAGs) content i n
digested sampl es ( n @imethyhmatisylena blsee(Bm@ml U s i
assay with a chondroitii-sulfate standard as described elsewh@zaroline D

Hoemann, 2004 Absorbance reading was performed at ex~595 nm in a miroplate

reader.
6.2.8 GeneExpression

6.2.8.1 RNA Isolation

RNA isolation from seeded scaffolds was done using-RBagerit solution
(LifetechnologieE #AM9738) and according to the instructions from the
manufacturgBiosystems, 2008 The scaffolds were gently washed with PBS and
transferred to 1.5 ml microcentrifuge labelled tub&éechanical shredding and
homogenization of the scaffolds were done using pestles in 1.5 ml-oantofuge
tubes. 500 ul Chloroform (Fisher # BP 11#bwas added to each tube, vortaked,

and incubated at room temperature for 15minutes, followecebirifugation at 12000
RCF, 4°C, 15 min. The upper clear layer containing RNA (250 ul) was transferred to a
new tube and the two remaining lower layers containing DNA were froze80@ the

same tube for further DNA quantification through Hoechst as&).ul Isopropanol
(Sigma # 19516) was added to the RNA and vortex mixed, and then incubated at room
temperature for 5minutes. Centrifugation was performed at 12000 RCF, 4°C, for 10
min. The supernatant was discarded. 1 ml of 75% Ethanol (prepared fswiutab

Ethanol and UltrdPure distilled RNAse/DNAs&ee water) was added to each RNA
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pellet, vortexmixed, and incubated at room temperature for 5minutes. Centrifugation at
7500 RCF, 4°C, for 5 min was followed by removal of supernatant Ethanol. The RNA
pellet was resuspended in 20 ul Ul#Rure distilled RNAse/DNAs&ee water
(Invitrogen # 10977), vortemixed and subjected to RNA quantification using the

Nanodrop ND2000 (Thermo Scientific).

6.2.8.2 cDNA Synthesis

cDNA synthesis was done using the Highpaciy RNA-to-cDNAF  Kit (Applied
Biosystems # 4387406). Up to 2000 ng of RNA from each sample plusRliitea
distiled RNAse/DNAse r e e water, coll ectively t o
transferred to a 0.2 ml PCR tubaend topped up with 10 pl oRX RT Buffer Mix
(includes dNTPs, random octamers, and oligel8Ja nd f i n a20K Enzyine ¢ |
mix (MuLV and RNase inhibitor protein). RTPCR was performed using a MyGene

Series Peltier Thermal Cycler Model MG96G.

6.2.8.3 TagMan® Gene Assays

Collagen, type 1, alpha provides genetic information fahe construction of the type 1
collage macromolecule that is the most abundant form of collagen in the human body
and acts as the supporting and strengthening of tissues like bone, tendon, cartilage and
skin. Molecular locatin of this gene is on the long arm of chromosom@afional

Library of Medicine, 2014p

Triple-stranded ropéike procollagen macromolecules azemposed of two pralpha
1(l) and one pralpha 2(Il) (encoded by COL1A2 genehairs that twist together.
Processed procollagens make mature collagen molecules whichrearige and form
long thin collagen fibrils. Crostnkage of these thin fibrilsesuls in formation of

extracellular strong collagen | fibr{National Libray of Medicine, 2014t
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Located on c hdlagendye2naphald®ene, dlso known as COL2A1

is responsible for encoding the production of-pheha 1(Il) chain, a subcomponent of
collagen type Il which is primarily found in cartilage tisslteis also found in the
vitreous (eyeball gel), the inner ear and the nucleus pulposus (the central part of the
inter-vertebrate digcMutations in COL2A1 gene have been shown to cause defective

collage type Il and end up with several disor(idadional Library of Medicine, 2014d

Aggrecan, the most abundant proteoglycan in the cartilage, is a protein with several
adjunct sugar molecules. Attaching to the other components of cartilage, Aggrecan
organizes and reinforces molecular network imitthe cartilage. The gdike structure

of cartilage comes from the water molecules attached to the sugar pggretan. The

gene that contains the information for production of Aggrecan in called ACAN, a

member of PG family of gen@dational Library of Medicine, 2014a

Proteoglycan 4 is a large protein synthesised specifically by the superficial
chondrocytes of the artitar cartilage acting as a boundary lubricant at the cartilage
surface. The protein is encoded by PRG4 gene located on the long arm of chromosome

1(National Library of Medicine, 2013e

SOX9 is the official symbol foSRY (sex determining region ¥jox 9 gene which
provides instructions fomproduction ofSOX9 protein that plays a critical rolén
development of the skeleton and reproductive systermgthe embryonicterm The
proteinacts as a transcription factonding to specific regions of DNA and regulag
the activity of other genedt acts asa transcription factor for the HMG (high mobility
group) domain expressed in cartilagells SOX9 gene is expressed in cartilage
coincidentally with COL2A1 ger{8ell et al.,, 199y. SOX9 protein binds to and
activates the essential chondroegpecific enhancer sequences in fotindrocytic

cell{Veronique Lefebvre, Huang, Harley, Goodfellow, & de Crombrugghe,; 1992t

135



al., 1997 Wright et al., 1995Zhao, Eberspaecher, Lefebvre, & de Crombrugghe,

1997.

Cartilage oligomeric matrix protein encoded ®®MP gene on chromosome 19 is one
of the calciumbinding proteins found in the ECBpaces surrounding chondrocytks.
has been shown that COMP enhanoedrix assembly during chondrogenesis of human
mesenchymal stem celfslaleenZsmith, Calderon, Song, Tuan, & Chen, 20Kipnes

et al., 2003
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Table 6-1: TagMan® Assay Probes Used in QPCR.

Gene name Abbrev. | Transcript | NCBI Ref. Seq. | Assay No.
Variant
Collagen | Col1Al NM_000088.3 Hs00164004_m1
Col1A2 NM_000089.3 Hs00164099 m1l
Collagen 1l Col2A1 |1 NM_001844.4 Hs00264051_m1
2 NM_033150.2
Cartilage COMP NM_000095.2 Hs00164359 m1l
Oligomeric Matrix
Protein
Sex Determining SOX9 NM_000346.3 Hs01001343 g1
Region Y-Box 9
Aggrecan ACAN |1 NM_001135.3 Hs00153936_m1
2 NM_013227.3
Proteoglycan 4 PRG4 | A NM_005807.3 Hs00981633 _m1l
B NM_001127708.1
C NM_001127709.1
D NM_001127710.1
Glycerddehyde 6| GAPDH| 1 NM_002046.4 Hs02758991 g1
Phosphate
Dehydrogenase
2 NM_001256799.1

6.2.9 Gene Expression

To assess the quantitative expression of each of the genes listed in table 1, triplicates of
1 pl of cDNA sample were transferred to a 96 well PCRtel (MicroAm®
InduraPlat& , Applied Biosystem®), topped up with 1@ of TagMar® master mix, 8

pl of Nucleaseree water, and {ul of the target/housekeeping gene (Tag®akssay).
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The plate was sealed with adhesive film (MicroAapApplied Biosystem®). QPCR

was performed using@tepOnePIUs R eTanke PCR SystemLife Technologies.

Relative quantification (RQ) of expressed genes was calculated from threshold cycle

(Ct) values using the following formula:

YO ¢ ¥ Y
Where:
Y6 6 00 00
And:
Y6 6 00 00
6.2.10 FESEM

The same samples used for confocal laser scanning microseopypreservedfter the
scanning sessiom 2.5% Glutaraldehyde and underwent dehydration process in graded
ethanol series (25%, 40%, 60%, 80% and 100%, #acBO min), followed by freeze
drying. The dry samples were then coated with g@liadium (Quorum, Q150R s) and
scanned using a Quanfa250 FEGi FEI microscope for cekcaffold interaction

studies.

6.3 Results

6.3.1 Resazurin Reduction

Figure 6-2 depicts theesults of percentage reduction in Resazurin absorption in HDF
seeded UV and UVDHT treated CMD scaffolds. A steep increase was seen in Resazurin
reduction in UV treated scaffolds during the first three weeks after cell seeding,
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indicating of cell proliferion within the porous spaces of the scaffolds. This rapid rise
was followed by a mild drop and the subsequent monotonic plateau resulting from the

retardation in cell growth due to lack of space andadlicontact inhibition.
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Figure 6-2: Percentage reduction in Resazurin absorption in HDF seeded UV and UVDHT treated

CMD scaffolds at different weekly timepoints.

Significant increases in Resazurin reduction (P<0.05) in UV group during the first three
weeks of culture was indicating the cell proliferation which was followed by a drop in
the fourth week followed by an almost constant trend up to thevek. Resazurin
reduction showed a milder steep during the first three weeks but the same steady trend

during the rest of time points.

6.3.2 Confocal laser scanning microscopy (CLSM)

Serial CLSM graphs of HDF cells seeded on both groups of CMD scaffolds clearly
illustrated the cell attachment and progressive proliferation and infiltration of the
growing cells inb and filling the pores of the porous scaffolds. Although cells seeded

on UVDHT scaffolds showed a slower growth during the first 2 weeks, they reached the
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same confluent state at third week as those seeded on UV treated CMD scaffolds. Both
groups keep shaing the same constant dense features in confocal images after the third
week of culture. Cell morphology in both groups remained fibroblastic during the

culture periodFigure 63&4).
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200 pm

Figure 6-3: Confocal laser scanning micrographs of HDF cells seeded on UV and UVDHT treated
CMD scaffolds at different weekly time points. All images have been captured after staining with
LIVE/DEAD® Viability/Cytotoxicity Kit (gre en for Calcein and red for Ethidium homodimer).

(The scale bars in main and inset images represent for 200pum and 50 pm respectively).
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Figure 6-4: Continued form Figure 6-3.

6.3.3  DNA Quantification

DNA quantification of papain digested scaffolds shows a sharp upward trend in the
DNA content during the first three weeks after culture indicating an increasing
proliferation of cells on both UV and UVDHT treated CMD scaffolds. The steep slope
collapses after the tlirweek to a mild decreasing trend. Shrinkage and contraction of

the scaffolds diminishes the growth area and attenuates the cell proliferation.
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