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SUMMARY

SUMMARY

The most common craniofacial birth defect is cleft defect with an incidence of 1.7:1000
live births. The current treatments involve many steps of surgical procedures and cause
morbidity at thedonor site when harvesting bone for filling the gap deféachay be
possible to treat cleft palate defects by tissue engineering strategies using
osteoprogenitor cells on a biodegradable distensible electrospun scaffolds to form the
hard palate. The aignof this project are to select the suitable cell sources, materials,
chemical supplementation, and mechanical conditions to enhance matrix mineralization

for repairing the bone part of a cleft palate.

Human jaw periosteal cells (HJPs), human mesenchgteat cell derived from bone
marrow (hBMSCs), and human embryonic stem cell mesenchymal progenitor
(hESMPs) used in this project showed osteogenic potential by depositing calcium
deposition on both monolayer and 3D constructs with the requirement of Dbg in
culture media. Electrospun poty€aprolactone) scaffolds (PCL) are a suitable
temporary extracellular matrix for bone tissue engineering. Vascular endothelial growth
factor (VEGF) is an important protein for new blood vessel formation. The VEGF
secreibn was reduced by Dex supplemented culture media in 3D culture, whereas, it
was delayed in the monolayer culture. All cell types responded to oscillatory fluid flow
(OFF) by using a standard se@w rocker to stimulate osteogenic differentiation. The
cells were more sensitive to OFF when they were supplemented with Dex for enhancing
calcium deposition both in monolayer culture and 3D culture and the strongest effect
was at the top surface of the scaffolds. The composite -Imgaroxyapatite PCL
electrospurscaffold can enhance matrix mineralization compared to the standard PCL
saffold, but there were no addinal effects of OFF on these scaffolds. Aléayer PCL
scaffold could support and separate two different cell types (human dermal fibroblasts

and hunan osteoprogenitor cells: both hESMPs and hBMSCs) and also allow



SUMMARY

osteogenic differentiation for 28 days. The novelayer PCL electrospun membrane

developed here is a promising scaffold for tissue engineering for cleft palate repair.

Tissue engineeringtrategy could benefit treatment cleft palate treatment compared to
the current treatments (autologous bone graft from iliac crest) to promote bone
formation at the defect area and allow normal development of facial structure in the

future.
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CHAPTER ONE

CHAPTER ONE: LITERATURE REVIEW

1.1Introduction

Cleft lip and/or cleft palate is a very common birth defect with an worldwide incidence
of about 1.7 per 1000 live birth@viossey et al., 2009)Causes of the fect are
suspected to include Ehvironmental factors such as maternal disease, alcohol intake,
excess anticonvulsant @xposedretinoic acid medican, 2] genetic factors. These
affect early embryonic development during the forth to tenth weeks of gestatamer

and Moore, 2004)Cleft defect is a nofife-threatening abnormality but may have
significant effects on feeding, speaking, hearing, cause teeth and jaw problems, and
social anxiety Current treatments should be managed by a muijdiisary team such

as plastic surgeons, maxillofacial surgeons and dentists. These specialists would support
and provide multiple surgical steps over the treatment cafrsgany years (from the

child is birth up to 20 years old). Mére there is a bonefdet the treatment is likely to
include bone harvesting from a donor site. The-ppstrative complic&ins from bone
harvesting are 13 highrisk of donor site morbidity, 24 temporary numbness of the leg
from lateral €moral cutaneous paresthesiagai disturbances. Studies Bergland et

al., (1986)and Samee et al2008)stated that bone harvesting provided limited amount

of bone available for graftingAlternative cell sources fdoone augmentation should be
investigated further to improve cleft palate repair. Recently, tissue engineering
strategies showed much promise for repairing a cleft defect on the alveolar ridge area,
which supports the teeth. However, the cleft in the ppatdte cleft was filled with soft
tissue. Scar formation in the gap remaininghe hard palate is likely taffect facial

developmen{Smahel et al., 2009)

This project will mainly focus on a tissue engineering approach fdsdhe part of the
hard palate repair binvestigating 1]selected cell sourceg] a suitable condition for
stimulating mineralized matrix formation by beliee cells,and 3] scaffold materials.

The currentreview of theliterature will describe thévasicprinciples of bonebiology,
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the development of cleft palateurrent treatmestof cleft palate,and bone tissue

engineeringas a clinicaktrategy.

1.2 The dructure of bone

1.2.1 Anatomy and function of bones

Bone is a rigid part of the body and serves many fanstfor movement supporting

the body structure, protecting internal organs, maintain mineral homeostasis. It stores
growth factors cytokines, and red bone marrds/which wherered blood cellsare
produced.The ault human has a total of 206 bones. Basecomprised of two
structures: compact (aortical) bone and cancellous (or trabecular) bone. The compact
bone is a dense bone, its porosity is less thaii@éske, 2008and represeniabout 80
percent of adult bone. The cancellous bonepaasus structure resemblisgongewith

strut thicknesses adiround 50400um (Seeley et al., 2008and represestabout 20
percent of adult bonfRoger, 2011)It is located at some internal regiosisbone and

filled with bone marrow.

1.2.2 Macroscopic anatomy

Bones are organized into different shapealepenihg on their functions. Té four
categorsesof bone shapes are long bones, short bones, flat bones and irregular bones.
Long bones include arm and leg bones. Short bones include the small bone in the ankles
and wrists. Flat bones include the skull bones, mandible,(jsav)l palat, and the ribs
(Figure. 1.2.2 A) Irregular bones include the vertebrae, sacrum and co@tyxlong

bone length is longer than their wid{Rigure. 1.2.2 C) They include diaphysis (a
hollow shaft), metaphysis (flared and cone shape), and epiphysiac{atead of the
bone,andcoveredby articular cartilage). The primary diaphysis composition is cortical
bone, whereas the metaphysis and epiphysis are trabecular bone. Fathbosa

broad surface tgrovide extensive protection and muscular attachnmsmnth as the
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cranium ofthe skull, or mandible. Thewre composéd of two layers of thin compact

bone surrandingtrabecular bonéFigure. 1.2.2 B)

Bone is tightly covered by periosteal membrane at the outer surfacefrapamwhere

there isarticular cartiage. The inner surface of cidl bone and trabecular bone are
covered by endosteal membrane which costidietbone marrow. Periosteal activity is
important for bone apposition on the outer surface of bone while endosteal activity is for

bone resorptioand formatiorontheinner surface.
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Figure 1.2.2 Thediagramshowsa flat bone which consist of 2 layers of comp:
bone and a cancellous bone (B) in betwdie a sandwich. (C) Thetmicture of
long bone consists of diaphysis which has compact bone surrounding the hol
the inner side anthe epiphysis which locasat the end of the bone. Repgdfrom

Seeley et al(2008)with kind permission of MCGRAWILL.
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1.2.3. Microscopc anatomy

At the microscopic level, bone is divided to two typesmven and lamellar bone
dependingon the orientation of collagen typevhich is the main component bbne
matrix. Woven bone isan immature bone which haan irregularcollagen filve
orientation. It has more mature bone cells per unit of volume, high turnoveamdtes
more flexible but weaker than lamellar bdi@arke, 2008)Lamellar bone is thdense
organisedonewhich is createdy remodellingof the woven bondn humans, lamellar
bone startsemodellingl month after birth. Mogbone structurebecomdamellar bone
by 4 years of ageLamellar bone is composed bfghly organized collagen fibs,
aligned parallelwithin the same layerldmellag (Figure. 1.2.3 B) In humans the
lamellae arrangement process leads to the formation of ostwameundg a
Harversian canal which contains blood vessels, nerves, anuh lyassed at the center
to forma secondargsteon. Each Harversian cafraierconnectwith anothercanal by
aVol k mann6s matueerbane cells bdtepy tlsenall cavites called lacunae
which are located between lamellae. The lacunae haeonneting system to other
lacunae for transfeing nutriens whichare called canaliculiThe osteon or Harversian
system is a major struclmunit which aligns parallel to the long axis of bongtovide
strength. Cortical bone is created by many ostewizh combine with interstitial
lamellae (the lamellae between ostenand circumferential lamellaghé lamellae
underling periosteum and endosteyiiDoll, 2005) Osteons are the main component
of both cortical and trabecular bori€larke, 2008) However, he tr abecul ar bor

osteondoes not havblood vessealat the centeffFigure.1.23A) (Seeley et al., 2008)
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Figure 1.2.3: (A) The transverse section of trabeculaone shows the osteah
structure. (B) The osteon structure of compact bone. Reprinted from Seeley

(2008)with kind permission of MCGRAWILL

1.2.4. Bone ECM composition

Bone ECM is composed of inorganic component (about 60% of total bone ECM) organic
matrix (up to 40%of total bone ECM) and trace amounts of water and lipids. The
composition of the inorganic components is a mostly hydroxyapatite with small amounts
of magnesium and carbonate to provide the mechanical compressive strength to bone.
The organic matrix comgses protein and proteoglycans. Bone proteins can be divided
into collagenous proteins (about 90%) which are mostly type | collagen and trace
amounts of type lll and V, which provide tensile strength to bone. The other bone protein
components are nerollagenous proteins (about 10%) which are composed of
proteoglycans, matrix proteins, cytokines, and growth factors. The proteoglycans regulate
collagen fibre formation in the bone matrix. Three of the major proteoglycans are:
osteocalcin (OCN), osteonectin (BN and osteopontin (OPN). The roles of bone matrix
are to regulate bone cell activity, bone mineral deposition and resorption. There are

cytokines and growth factors present in bone matrix such asbTGF B MP s , and VEGI
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Their role is to contribute to boreell proliferation, activation, and bone remodelling

(Lamoureux et al., 2007, Clarke, 2008, Salbach et al., 2012)

1.3 Cell biology of bone

Bone contains of many cell types fonaintainng stability. These aresteoprogenitor
cells, osteoblasts (matrproducing cells), osteocytes (matrixaintaining cells), and

osteoclasts (matrikesorbing cells). Each cell has its odefinite roles and functios.

1.3.1 Osteoprogenitor cells

Osteoprogenitor cells or mesenchymal stem cells (MSCs) are fibrtikkasgtisiform
shapé, undifferentiated cellgFigure. 1.3.1) They giverise to the osteoblasts which
producenew bone matrix. Bone marrow stroma contain a small population of MSCs
that are capableof differentiationinto eitherbone, cartilage, fat, orbfrous connective
tissue dependingn the circumstancesViSCs are promising cells for bone tissue

engireering due to their ability to proliferate and differentiate into osteogenic cells.

Figure 1.3.1:Phase contrastiage 6 an osteoprogenitor ceflhESMPs). Scale bar

200um. Image captured by author.
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1.3.2 Osteoblasts

Osteaoblasts aranchorage dependent cells whigguirean attachmento a surface to
grow and survive. They atarge cuboidatellsand usuall located ontie bone matrix
surface, lhey rely ona cell-matrix anda cell-cell communicatiorvia specific receptors
for signallingfactorssuch as cytokines, hormones, and growth factors to maithtain
cellular function Moreover it has been found that the osteoblestpond tonechanical
stimuli (Sommerfeldt and Rubin, 2001(psteoblasts synthesiamd lay down collagen
type | thatis requiredfor new bone formationf-rom in vivo studies it is known that
osteoblasts can lay down @l%pum ofthe nornrmineralized organic part of bone matrix
(called osteoifl per day (Sommerfeldt and Rubin, 2001)They also secrete nen
collagenous protegsuch as proteoglycans and glycosydgbeoteins. The glycosylatie
proteins, for exampleglkaline phosphatagearly marker of osteoblasts: see chapter 2),
regulate the mineralizath procesgClarke, 2008) proteirs bound tothe cell surface
and may help regulate matrix mineralizati@steoblasts that become fully embedded

in mineralized matrixransform theirole to become eteocyts.

1.3.3 Osteocytes

Osteocytes arthe terminally differentiated cells dhe osteogenic linage. Their shape
are smaller than osteoblasts dhdyhave a number of cytoplasmic extensiorsey lie
within the lacunae in mineralized bone to support bateicture and metabolism.
Osteocytes do not normally secrete alkaline phosphéasearly marker of osteogenic
differentiation) but express several other bone matrix proté@grke, 2008) The
functions of osteocyteare facilitated intercdular adhesion and mineral exchange
regulation inthe bone fluid within lacunae. Osteocytes can communicate with adjacent
cells via gap junctiomof their cytoplasmic extensianin the canaliculi. Osteocytesan

survive in the lacunae for decades. In castrempty spacgin the lacunaecan be
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presenéd in an aging bone dueot apoptosis of the cells atisturbance of cellular

interactiors (Verborgt et al., 2000)

1.3.4 Osteoclasts

Osteoclasts derive from hematopoietic stem dglis cells that give that rise to blood
cells) which areusually locatd within endosteal or periosteal surfac®steoclasts are
multinucleated cedl from the fused monocyte progenitor cellsvhich contain arouné-

12 nuclei, witha ruffled border orthe cell periphery. Thie function is bone resorption
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Figure 1.3.2 Transverse section of a trabecula bone showing the three major
cels which affect bone remodellingpsteoblasts, osteocytes and osteocla

Reprinted from Seeley et gR008)with kind permission of MCGRAWILL.

which is the first stepin the bone remodelling process.They secreteenzymesin
lysosomesto increase the solubility of hydroxyapatite. Osteoclasts can rdsoré

volumearound200,000un¥7days,in vitro (Jeon et al., 2012)

1.4. Morphogenesis of bone

Bone is a rigicdpart of body and serves many functiofos instancemotion, supporting
the body structure and protecting internal organs. Bone formation starts during the fetal
periodin gestation and has two modes, which are intramembranous anchendral

ossification.
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1.4.1.Intramembranous ossification

This category of ossificatiotakes placaduring embryonic developmenMostly it is
responsible for formation of flat bones which are usually present ircrév@ofacial
bones such as cranium, mandible agiathte. htramenbranous ossificatiobegins with
MSCs which directly differentiate into maturesteoblasts.These osteoblasts can
produce bone matrix that is mineralized within a few days. Osteoblasts that remain
embedded in bone matrikenbecomeosteocytesAs the resit, many small trabecular

of woven bone are creatdéfigure. 1.4.1 A. The network of trabeculaecombines
togetherto form trabecular bone (spongy bon&§ome osteoblasts still locate at the
surrounding surface of trabeculae to produce more or thickezcubde Figure. 1.4.1

B). Finally the woven bone is replackyg theremodellingprocessvith mature lamellar
bone(blue staining in théigure. 1.4.1 Cthat is more organized and strongigan the
woven bone. The cells within the trabecular bone space form red bone marrow and the
cells surrounding the developing bone form periosteum. The osteoblasts from

periosteum can continue to create bone matrix and develop into compact bone
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Figure 1.4.1 Intramembranous ossification: the " @veek of fetus, Paraffin section. (¢

Osteoblasts at the outer surface create bone matrix and differentiate into osteocytes wr
embed in the bone matrix. (B) Interconnection of many trabeculae formallcasdione. (C)
The trabecular bone (blue coloui§ in the centreand thespace contain red bone marrow
Under theperiosteum is developing compact bdReprint from Seeley et a(2008)with kind

permission of MCGRAWILL.
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1.4.2 Endochondral ossification

The second ossification mechanism of the mammalian skeletal system is endochondral
ossification. Endochondral ossification is bone production that begins with the
differentiation of MSCs (osteochondral progenitor cellshto cartilage cells
(chondrotasts), which produce cartilage. Overtirtliee chondrocytes are less able to
receive nutrients and thetast toapoptos, thenvasculature grows intihe centreof the

bone template Perichondrium (the membrane at the outer part of cartilage) on the
diaphysis becomes periosteum and osteochondral progenitor cells become osteoblasts.
The outer sidef the diafysis areds covered by osteoblastsat produce bone which

is called the bone collar (Figure. 1.4.2. Ahe primary ossification centéorms by
bringing osteoblasts frorthe blood vessa which havepenetragd into the medulley

cavity. The osteoblasts begin to lay down bone matrix at the primary ossification center
(Figure. 1.4.2 B)Secondary bone ossification centfosm at the epiphysisegions

The cartilaginous framework on both sides of the ossificatiotereare replaced by
woven boneyia aremodellingprocessinto the lamellar bone(Figure. 1.4.2 C)The

results of endochondral ossificati@re growth in two directions either height or width
from the center of the long bon@nly articular cartilage remains at the joint ends
(Figure. 1.4.2 D)This process is important the formation of long bones, and natural

fracture healing of bongraszemski et al., 1996)

32



center bone

2 Uncalcified

J cartilage
Hyaline \ #— Perichondrium
cartilage \ § Caitd
Primary { “VV f Periosteum

+—— Bone collar

ossification . \
Primary
center

Cancellous SN,
Secondary | bone = i Blood vessel
ossification | gpace in 4 / Calcified

CHAPTER ONE

Uncalcified
cartilage

cartilage

Cancellous bone

Periosteum
Bone collar

Blood vessel

Medullary cavity

ossification |
center 2

\ Bone collar ?; EE !
1\
| \

Blood vessel

Cancellous bone C.
Open spaces

forming in bone

Articular
cartilage
Cancellous
bone

Epiphyseal
line

_ Compact
bone

) Medullary
cavity
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1.5. Bone healing and remodelling

Incorporation of a bone graft into a defed@area is similar to the bone healing process.
The healing process can be divided into three stages: 1] inflammatory stage, 2] reparative
stage, and 3] remodelling stage. The inflammatory stage starts within the first hours and
lasts a few days to producerhatoma which is composed of inflammatory cells and
fibroblasts. Granulation tissue is produced which then initiates vascular ingrowth and

MSCs migration.

I n the reparative stage, the cells in the
tissue, ceilage and immature bone to envelop the affected region. At the beginning of
this stage, cartilage formation predominates followed by production of mineralized

tissue.

In the remodelling stage, chondrocytes undergo terminal differentiation and become
apopgotic. The ECM undergoes calcification, called cartilaginous calcification, at the

junction between the mature chondrocytes and the new bone forming regions with new
blood vessel invasion. The new bone formed is remodelled by the activity of osteoblasts

and osteoclasts.

Bone remodelling maintains bone strength and mineral homeostasis throughout life. The
homeostatic equilibrium between resorption and formation replaces the old bone, micro
damaged, or a fracture region with a new bone adapted to withseangktthanical loads

and strain applied to that bone. Remodelling of trabecular bone is more active than in
cortical bone, because of the larger surface area per volume. The remodelling cycle is
composed of three sequential phases: resorption, reversdhramation. The length of

the bone remodelling is thought to be several weeks to complete the pidiceésnd

Nandeesh, 2012)

The resorption process begins with migration and activation of mononuclear menocyte

macrophage osteoclast presors to form multinucleated preosteoclast which bind to
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bone matrix via the interaction between integrin receptor on cell membranes and RGD
(arginine, glycine, and asparagine) on matrix proteins. They form deep folds in the
membr ane which udrfé edalbloedlet e and surroundi
attachment which is called the O6sealing zor
enzymes and proteolysis of the bone matrix and finally the multinucleated osteoclasts
undergo apoptosis. The reversal phiasa transition phase from bone resorption to bone

formation. During bone formation, osteoblasts synthesize new collagen and mineral and
regulate matrix mineralization. The osteoblasts surrounded by matrix become osteocytes
embedded within lacunae. Ostéadis secret a range of growth factors including insulin

like growth factors (IGF), plateleterived growth factor (PDGF), basic fibroblast growth

factor (bFGF), transforming growth factbeta (TGFb ) , and bone mor pho
proteins (BMP) to regulate theselves in an autocrine and paracrine manner. When bone

formation is complete approximately 0% of osteoblasts undergo apoptdsitarke,

2008, Jilka et al., 198).

The bone remodelling is controlled by the osteoprotegerin (OPG)/receptor activator of
NF-kappa B ligand (RANKL)/RANK system. These mediators regulate the degree of
osteoclast differentiation,activation, and apoptosis. RANKL present on the
preosteaoblastic cell surface binds to RANK present on the osteoclastic precursor cell
membrane. It is a crucial interaction for differentiation, multinucleated cell formation,
activation, and cell apoptosi®PG is produced by the cells of the osteoblast linage and
bone marrow stromal cells and inhibits this interaction by blocking the effect of
RANKL this is followed by the bone formation on the bone surfaeenoureux et al.,

2007, Clarke, 2008)
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1.6. Introduction to cleft palate

1.6.1.Development ofthe palate

Human face development normally begins in the fourth week post conception and is
followed by the first appearance of palatal shelves at around the sixth week of gestation
(Stanier and Moore, @4). The complex processes of forming the mamraal
secondary palate involves different cell states such as cell proliferation, migration,
differentiation, and programmed cell dedtferguson, 1988)In his study of facial
developmentin mice, Stanier (2004) explains that there are three stages of palate
formation; the first stage happens at mouse E12.5 (a twelve and half day old embryo) or
about the seventh week of gestation in humans, the mammalian palatal shelves on the
maxillary praminences grow vertically to horizontally above the dorsum of the tongue.
Followed by, & mouse E13.50r about the eigth week of gestation in humarise
connectionof palatine shelves at the midline of the palate. The final stage, at mouse
E14.5 or appramnately 910 weeks post conception in humarghe combining of the
palatal shelves in the anteposterior direction and uniting with the nasal septum
(Figure.1.6.1). The epithelial layer on the regions of the palate that fuse together are
removed by ppgrammed cell death, migration of epithelial cells to the oral and nasal

epithelia, and trandifferentiation into mesenchyn{®artinezAlvarez et al., 2000)
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oc -
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Figure. 1.6.1 The normal developmental stages thé lip and palate in paired
horizontal and coronal planes of the head of mice. (Adapted from: Stanier, 200
At mouse E12.5 or about the seventh week of gestation in human, (B) At moust
or aboutthe eighth week of gestation in human, the blue arrows indicate the dire
of palatal shelves fusipn(C) The mouse E14.5 or approximatel® weeks pos
conception, the palatal shelves have combined in amesterior directions (blue
arrows). Abbrevitions: MP, maxillary prominences; P, palatal shelves; T, tongue
eye; NS, nasal septum; NC, nasal cavity; OC, oral cavity; Ph, philtrum; UL, uppe
PP, primary palate; SP, soft palate; U, uvula. Reprint from Human Molec

Genetics, Stanier and Mom (2004)with kind permission of Oxford journals.
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1.6.2.Incidence and cause of cleft palate

The most common craniofacial congenital anomaly is cleft defects that involve the lip
and/or palate. The incidences of cleft lip with or without cleft palate are between 1/300
and 1/2500 live births and of cleft palate defect only are approximately 1li&00
births. The incidence of these defects is affected by the geographic area, ethnicity and
sociceconomical status of the patiertsdral and Murray, 2004)In their study in

mice, Peters et al.(1998) found that cleft palate may be caused by abnormal
characteristics of the palatal shelves which are broader and less elevated than in wild
type mice. Cleft defects can be categorized into nonsymdromic andsyindypes. In
nonsyndromic types, the patients do not have other physical and development
disturbances, which is about 70 percent of cleft cases. However, the remaining 30
percent of patients are of the syndromic type and have physical or mental disabilit
associated with the defects. The syndromic cleft defects can be subcategorized into 300
singlegene diseasedMgndalian disordejswhich are inherited in familiedMurray,

2002) The singlegene diseases can be a recessive or dominant, either autosomal or
sexlinked genesEnvironmental factors, for instance, deficiency of nutrients or a toxic
growth environment such as maternal alcohol or smoking duriegnpncy are

probably involved.

1.6.3.Current treatment of cleft palate repair

The standard treatment for cleft lip and/or palate (National Health Service, 2010) states
that the treatment begins with cleft lip and palate examination for diaghesisng,

and feeding including consultation with parents. Cleft lip is closed around the third
months of age. Cleft palate is closed at the ageldf gonths. Cleft palate is treated by
using soft tissue to close the gap defect. The objectives of this treatmenalkiwey tihe
acquisition of speech and encourage growth of maxillary lfBoérich et al., 1996)

The patientmight have complications aftéhe operation for instance ossificationof

the growth sutureof the maxillaand defed in theremainingalveolar cleft(Smahel et
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al., 2009)which leads tanaxilla disbrtion and a narrower, shallower palatal vault and
short palate(Figure. 1.6.3. As a result, speech problems may occur. Patients are
assessed for speeaien the child starts to produce their first words around 13 months
of age(Petersoff-alzone et al., 2001Additional surgical procedures will be performed

if defectsinvolve the alveolar process (teeth bearing ar8ayfondary alveolar bone
graft is usually performed at the age ofoB 11 years to support tooth eruption.
Currently, the bone defect is corrected by using autologous bone graft from iliac bone.
This has a chance of causing donor site morbidity, numbness of legs, and gait
disturbances. Additional surgery may be requiredrprove appearance and enhance
the function of chewing. Ros§1987b)reportedthat 73 percent of unilateral cleft lip

and palate patients required orthodontic treatment to straighten their teeth. The other 27
percent of patients required surgery to correct the relationship between the maxilla and
the mandible and increase the effiety of the teeth during chewing and biting. The

treatment of cleft palate is over a long period of time.

-
+” o
m ——
A.Narrow maxilla B. Shallow palatal vault C. Short palate

Figure 1.6.3: Diagrams of the complications of pemperation cleft palatewhich
might occurred. The dash lines indicated normal maxilla andbthek line indicate
the complication. (A) is narrow maxilla, (B) is shallow palatal vault, and (C) is s

palate.

1.6.4.Controversy for timing of cleft palate repair

The protocd for cleft palate treatment are stiintroversiain that theideal timing for
the surgical procedure for closirte cleft defectis not fully establishedThis depend

on many factors such a#ise type of cleft defec{cleft lip, cleft palate, and cleft lip and
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palate: Figure 1.6.4)patiend €ondition and theopinion of the medical teanCleft

palate childen usually havedelays in the onsetat speechbecause there is no separate
barrier between the nasal cavity and the mqitersorFalzoneet al., 2001) The
reviews of Berkowitz et al(2005)and Saijo et al(2010)claimed that a suitable age of

the patient for undergoing clefplrepair is around the third months of age, following by
cleft palate repair is between 6 to 18 monihsis timing benefits speech production,
however, it may affect maxillary growth as previously mentioned. In the Ysunza et al.,
(2010)study, they described that an early cleft palate repair of hard palate at aréund 4
months of age can enhance speech development, and with orthodontic treatment
allowed normal maxillary growth. However, some stud@snd md face retrusion

from scar tension inthe antereposterior direction(Ross, 1987b, Gzmon.F et al.,

1966) In bilateral cleft lip and palate patients, the development of the maxillary arch
was narrower anghallower than in theam-cleft conditions, in addition, orthodontic
treatment only provided small improvements in the maxillary stru¢tmeahel et al.,

2009) Delay of cleft palate treatment may reduce maxillary growth disturbance.
Because of this the twstage procedure was introduced so asbalance the
requirements for maxillary growth and speech development. The studies of
Schweckendiek(1978) and Prydso et al(1974) reported hat the defect of the soft
palate could be repaired in the first year of age. Patients were found to improved speech
development after this treatment and difficulties with speech diminished with age. The
remaining defect on the hard palate was repaird®-4% years of age. This period of

time is after complete maxillary growth has occurred to avoid maxillary growth
disturbance. In contrast, Rohrich et #.996)followed up the patients who received
early (10.8 months of age) and delayed (40.8 months of age) hard palate closure. The
resultsshowed that they did not significantly differ in the disturbance of maxillary
growth. However, the delayed treatment group had significantly greater speech
difficulties which can lead to hearing loss, and also incidence of palatal fistula (the
abnormal conection between oral and nasal cavities) than the other groups. They
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designed a procedure to complete a cleft palate repair before 2 years of age to allow the
development of integrated speech and reduce risk of hearin@Riolssch and Gosman,

2004)

The suitable timings for cleft palate repair are still controversial and various surgical
treatments are performed to treat cleft patients. Tissue engineering is a new strategy
with potential to substitute for the missing organ (bone tissue and oral mucosa tissue) in

cleft palate repair.

Upper lip Normal lip and palate

Alveolar ridge
Hard palate

Soft palate

Figure 1.6.4: The variety of cleft lip and/or palate. The left side on top of pictur
normal lip and palate. (A) Cleft in soft palate, (E) Cleft in hard palate; B
Unilateral and btlateral cleft lip; C, G: Unilateral and blateral cleft lip involving

hard palate D,H: Unilateral and bilateral complete cleft lip and palate.

1.7.Tissue engineering for cleft palate/maxillofacial repair

A new treatment strategy for bone regeneration is tissue engineering. This technique
would eliminate problems such as dosite morbidity, immuneejection, and pathogen

crosscontamination. The conceptual model for bone tissue engineering is to take cells
from the patient's tissues and then seed them back into a temporary scaffold before

implantationback into the patient (§ure. 1.7.
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Collecting tissue }
from patient

Cell culture
Implantation

Cell culture on
3D polymeric scaffold

Figure.1.7: The concept of tissue engineering is to remove cells from the patien
cells would be cultured and then seeded on a polymeric scaffold in a growth
supplemented culture medium. Then, the cell seeded scaffold wimhe functional

tissue would be implanted to the defect site.

A clinical study by Moy et al.(1993) found that the quantity of bone formed at the
maxillary sinus after implantation of a mixture of cortical bone graft from chin and
hydroxyl apatite (HA) granules was much more than after implantation of HA granules
alone, about 44.4% and 20.3%, respedtivEherefore it seems that including cells in a
bone tissue engineering procedure will increase the success rate of bone repair in the
clinic. The cell sources for hard tissue engineering should incorporate with the
surrounding area and be able to undesgteogenic differentiation. For the polymeric
scaffolds used in tissue engineering, many factors must be considered such as
biocompatibility, porosity, mechanical integrity, and biodegradability. Tissue
engineering techniques have been used for cleftcdefonstruction; Hibi et al.,
(2006) showed that the combination of a gel matrix, platett plasma (PRP), and
autologous MSCs from bone marrow harvested from their patiBatrest, filled the
alveolar cleft defect in a 9 yeaftd patient. The bone volume increased to 79.1% at 9
months posbperative. They also found that the maxillary lateral incisor and canine

teeth which were located adjacent to the defect eruptedr? pestoperation. This case
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study indicated that tissue engineering is promising for repairing cleft palate, however,
cell sources and tissue engineering materials haven't been optimized. PRP which
contains fibrinogen and chemical factors such as vasewmdothelial growth factor
(VEGF) was added to enhance matrix formation and tissue regeneration. The clinical
results of tissue engineering repair are variable depending on each patient, considering
factors such as gender, age, habit such as subkimgvour, systemic conditions, and
anatomy. The different regions of the maxillofacial bone will have different
vascularization and functional loads. Therefore, the challenges in tissue engineering are
to control these environments and, cell differentiaitowitro before implantation. This

strategy will reduce subsequent healing time.

1.8. Stem cells as an alternative source for bone tissue engineering

Stem cells are categorized into: Embryonic stem cells which are collected from
embry at the blastocystage and 2adult stem cells which are collected from tissues
throughout the body such as bone marrow, adipose tidemtal pulp and periosteal
tissue. The characteristiof stem cells are firstly: sefenewal, as they undergo a
number of cell divdions while still maintaining their nedifferentiated cell state and,
secondly, differentiation potential to other cell types including osaéstibicells.

1.8.1. Human embryonic stem cells derived mesenchymakggenitor (nESMPS)

Cultured human embryonic stenelis have been used in cell therapy and tissue
engineeringKarner et al., 2007)They have an unlimited ability to proliferate and the
ability to differentiate in to the three germ lines which create all the cell types in the
body. However, embryonic stem cells might indudaraourrisk. There are also many
ethical issues to be considered when using them for research because a human embryo
has to be destroyed. A study Kgrlsson et al.(2009)developed hESMPs derived from

an embryonic stem cell line which have been specificallydiferentiatedinto the
mesenchymal linage in a commercial laboratory. Theyaamiddle stage between

embryonic stem cells and mesenchymal progenitor cells and haveersalfal and
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differentiated potential into osteoblasts, chondroblasts, and adipocytes. These cells
showed fibroblastic morphology and expressed margienilar to adult MSG. hESMPs

have advantages foise inresearch as they are homogeneous and easy to culture. It has
been shown that they can grow in media without animal components, which makes
them pranising for cell toxicity, drug development, and tissue engineering in a clinical
situation. In a study byle Peppo et al(2010) hESMPs were used trreen metal
scaffolds to investigate cell attachment, proliferation, and osteogenic differentiation.
They showed gene expression profiles highly similar to the human MSCs. Their cell
proliferations were significantly higher compare to the autologous NSICs.
Therefore hLESMPs ar@ goodcell model to select a suitable scaffold material for MSC

differentiation

1.8.2. Adult stem cells

Adult stem cells are found in tissues throughout the body such as bone marrow, blood,
adipose tissuedental pulp(Sloan and Waddington, 200@nd periosteal tissue. The
properties of adult stem cells are their apitiv selfrenew(with limited cell division

due to a cellular senescehemd a multidifferentiation potentia(Wagner et al., 2008)

They are undifferentiated cells which can be differentiated into many cell types for

tissue or organ regeneration.

1.8.2.1Bone marrow mesenchymal stem celhBMSCs)

Bone marrow mesenchymal stem celltBMSCs) are used for regenerative medicine.
They are capable of saénewal and can be differentiated to adipocytes, chondroblasts,
and osteoblasts under specific culture meieorge et al., 2006)They can be
harvested from human donors, then the cells are grown and expanded in the laboratory,
finally, they can be used as autologous cells and introduakdd#e same patient that
donated them. This procedure would be a paspetific treatment and avoid immune

rejection. In case studies biibi et al.,(2006)which performed inhie 9 year old female
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patient and Behnia et a(2009)which performed in the 10 and 14 years old patjents
autologoushBMSCs were seeded in biodegradable scaffolds to repair an alveolar cleft.
The results showed new bone formation at the defect mostperation. Sufficient

bone was produced for the nexegtof treatment, which is orthodontic treatment.
hBMSCs are typically collected from iliac crest (hip bone), therefore, there may be
complications afteisolationsuch as pain at the site of operation, imbalance, arterial and
nerve injury and risk of infémn. In addition, there are a limited amount of MSCs in
bone marrow or about 0.01lpercent of the total of the mononucleated cells obtained.
Moreover,hBMSCs have reduced progenitor and differentiation potessithle passage
numberincreaseqJaquiery et al., 2005, Banfi et al., 2000, Caplan, 2008)er cell
sources may have advantages for use in bone regenerative medicine. The cell sources
should have osteogenic potential, no risk of immunogenicity, and be easy to harvest.
Recently, periosteal cells have been researched for using in bone riéganénase

cells have the ability to differentiate to chondroblasts and osteoljsitsn et al.,

2009, Frey et al., 2013, Samee et al., 2008)

1.8.2.2Human jaw periosteum cells(HJPs) as osteogenic progenitors.

Periosteum is &ri-layer membrane that covers the emgxternal surface of bone except
atthe joint surfac€Olbrich et al, 2012) It aids in growthyemodelling and healing of

bone. The inner layer of the periosteal membrane consists of MSCs which can
differentiate into chondroblasts and osteoblasts, these are similar to the MSCs which are
collected from bone marrow dsgqtion (Soltan et al., 2009)he osteogenic potential of
periosteal cells seems to be retained in aging donors, in contrast, this potential in bone
marrow MSCsis reduced(Stolzing et al., 2008)There are controversies about a
suitable hargsting area of MSCs for the reconstruction of facial bone defects. The
original of the facial skeletal is the cranial neural crest, and the rest of the skeleton (limb
and body) forms from mesoderm. Therefore, the periosteal tissue from the two different

areas might be different in bone formation and bone hedl@mgperman, 2000)In
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previous animal studidauijii et al.,(2006)and Choi et al.(2002)showed diferent bone
formation patterns from periosteum grafts between tibia and facial\ahessthey were

grafted into suprahyoid musclefhe periosteum graft from facial bone induced
intramembranous ossification (bone formation from fibrous tissue) alone. Sghtbre
periosteum graft from tibia induced endrochondral ossification (bone formation from
cartilage). The case studies in alveolar augmentatidh®yA d d ona a 2601))Nowz ar i ,
showed that the intraoral bone graft produced bone formation without cartilage
formation. A case report byrautvetter et al.(2011)used mandibular periosteal cells
seeded on polymer base scaffolds for maxillary sinus augmentationopfeoative
evaluation showed a mature bone appearance at 4 months. Dental implants were placed
afterwards in the repaired area without any complications. This study reported that
donor site morbidity and time of operation were significantly reduced cechpath

the autologous bone graft from iliac crest harvesting. However, these bone tissue
engineering grafts were transplanted in the-qeteogenic stage. The time fire

healing process to take place may be longer than for autologous bone graft (mature
osteogenic stage). These previous studies showedHiifEmight be a promising cell

source for bone tissue engineering.

1.9. Scaffold for bone tissue engineering

A scaffold can mimic the native extracellular matrix struct(#€M) with micro-

andbr nanefibres and provide an initial area for new tissue regeneration. The strategy
of bone tissue engineering is to improve function and reconstruct damage or congenital
defects by using engineered materials and biological methods. These methods consist of
the ostegenic cells and suitable carriers, which are solid structures for supporting cell
attachment, migration, proliferation and differentiatiom.other case the chemical
agents are added to scaffolds then they are implanted into the defect areas, without cel
The chemical agents will attract the cells which surround the wound site of the patient.

The cells will migrate and attach to the implanted scaffold. Another function of
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scaffolds is to transfer cells from the laboratory to the patient for therapeutic

replacement.

Various fabrication techniques for reconstruction scaffolds for bone tissue engineering
have been developed in the last decade, including solvent casting, parteataiag
(Mehrabanian and Na$tsfahani, 2011)phaseseparation, freeze dryin@Zhang and

Ma, 1999) seltassembly, gas foaming, printed 3D struct{ireukers et al., 20059nd
electrospinningLu et al., 2013) The requirements of the scaffold will vary depend on
the type of the reconstructed tisstiéhe requirements of scaffolds for bone tissue
engineering are biocompatibility, biodegradabilility, porosity, mechanical stalgkise

of manufacture, sterilizality, and handdability. Features such as pore size and surface
area need to be optimized for the application. In their revigalgado et al.(2004)

described the ideal properties of bone tissue engineering scaffolds

1 Biocompatibility: scaffolds should incorporate into the surrounding tissue without
immune rejection.

9 Porosity: the pores should be highly interconnectivity to stimulate cell attachment,
growth, nutrient diffusion, and metabolic waste removal.

1 Pore Size: th@ore diameter is an important factor for cell penetration, bone matrix
production,and novel vasculature formation.

9 Surface properties: the characteristics of the surface area of the scaffold influences
cell attachment and proliferation.

1 Osteoinductivitythe scaffold material should facilitate osteogenic differentiation.

1 Mechanical properties and biodegradability: the scaffold should have sufficient
strength to maintain a space for cell growth but totally degrade when tissue regeneration

is complete.

The scaffold factors includingiameter and pore siadfect the biological responséhe
scaffolds with poor porosity found less cell infiltration than high porosity scaffolds. In
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addition scaffolds contaimg microfibres (about 34um) showed that the ite could

align on a single fite and connect to adjacentrgs. The cellsvereable to penetrate
below the surface dahe scaffold. In contrastscaffolds containing narfibres (about
200-300nm) showed most of the cells on the surfacehefscaffold dueto less
penetration(Soliman et al., 2011jThe pore sizef the porous hydroxyapatite scaffold

for bone ingrowth in 50um sized parevas sufficient and 300um sized pore was
optimum (Chang et al., 2000afor vascularization the scaffold should have at least
400um sized pore(Woodruff et al., 2012)The result of smaller file diameter is a
reductionin porosity aul pore size but a higher fibarea and mechanical streng®im

et al.,, 2013) The ECMis found in different architectusein the human body. For
examplein the skin and early stat®f bone formation ECM architaates are randomly
woven filres but in a tissue adapted to tension such as terml@oliagen isa highly
organizedaligned fibres. Therefore an ideataffold for tissue engineeringhould

mimic native ECM at the affected site.

The advantages of solvent casting, particdbehing, phasseparation and freeze
drying techniques are thdahey are simple procedures and minimal equipment is
required. However, these techniques are dependent on the materials and solvents which
needed to be optimized and sensitive to fabrication parametersasSethbly technique

is suitable for producing d&ine nanofibre scaffold due to organization of peptide
sequences but the main disadvantages of this technique are that it is a complicated,
elaborate process, and very expensive. The advantages of gas foaming are that organic
solvent are not required andgh temperatures, but the scaffold products are highly
interconnected pore structure which will affect their strength. For printed 3D structures,
the advantage is a control over structure and porosity, however, there are limited
polymer materials that came used and the equipment is very expenfBiia et al.,

2010) Most of the above techniques are not capable of producing polymeric fibre

scaffolds ranging from microscale to nanoscale with special orientation, high surface
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area, and adjustabpmre geometry. Electrospinning technique is a promising technigue
for desired scaffold fabrication.

1.10. Electrospinning

1.10.1.Introduction

Electrospinning is a versatile technique to prepare scaffolds for tissue engineering. It
uses electric force to produce the polymer fibre in a certain diameter from a few
micrometers to a few hundred nanometers. This technique can be used with many types
of polymer. The advantages of electrospinning are the control over specific orientation,
high surface area, and pore geometry of the fibres. It is dannasive technique that
does not require high temperatures for fibre production, and is cost effétbiwever,

this technigue has a low production rate, making it difficult to sgpléRim et al.,

2013, Blackwood et al., 2008, Delaifenith et al., 2014a)

1.10.2.Spinning mechanism and theory

The electrospinning technique was first described by Sir Geoffrey Ingram Taylor in
1964 (Burger et al., 2006 His work referred to the water droplets in the higicteieal

field. A high voltage was applied to a contained solution and the solution became
charged with the electrostatic repulsion. The effect of repulsion counteracted the surface
tension of the solution. The droplet was erupted and stretched which liedsac@aylor

cone. The fluid jet from the tip of the cone was emitted when the charge of the solution
overcome the surface tensi¢haylor, 1964) The solution jet dries during the path to

the collector. The solution jet has 2 phases: the first phase, is called the stable phase
which the jet emits fromhie needle tip at a straiglne and an elongation of fiealong

this phase. When the jet gradually evaporates, the solution concentration changes and
thus the jet is a high velocity. The second phase, is called unstable phase, the jet present
a random whipping movement to prex a thinner and nemoven fikre on the

collector(Reneker et al., 2000)
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1.10.3.Electrospinning and tissue engineering

Electrospun scaffolds haveeén developed to be used for tissue engineering in recent
years as ECM to support cells. More than 100 types of polymer have been used in the
electrospinning technique both synthetic and natural polyitiusger et al., 206).

Since different native tissues have the specific requirement for a functional scaffold
such as skin, nerve, heart, tendon, and bone, the electrospun scaffoldueaan
adjust and produce fibs which are suitable for the tissues. Many studasused the
electrospun scaffolds for supporting structure or cell delivery vehicles such as skin
(Blackwood et al., 2008)nerve(Daud et al., 2012)heart(Zong et al., 2005)tendon

(Yin et al., 2010) and bongMa et al., 2011)Furthermore, electrospun scaffolds can
deliver bioactive agents such as drugs, proteins, and DNA if made with degradable
polymers(Luu et al., 2003) The results in the rate of agent release depend on the
methods of incorporation a bioactive agent into the scaffoid et al., 2012) The
properties of electrospun scaffold depended on the specific polymers and conditions.
Therefore the choice of materials and conditions could be considered for the

application.
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1.10.4 Electrospinning rig set up

The electrospinning apparatus consists of four main components: 1] a high voltage
electricity source which applies the force to extend the charged to papinéon, 2] a
syringe pump which controls the dispensing rate of the polymer solution, 3] a syringe to
carry the polymer solution and needle which charges the polymer solution in the high
electric field, and 4] a ground platform for collecting the fésech as an aluminum foil
covered drum collectdiKatta et al., 2004)Various types of collectors are designed to

fit the purpose such as a flat platea rotating drum. The flat plate may produce an
uneven scaffold distribution mat. Therefore, the rotating drum as a collector was used in

this project(Figure. 1.10.%

Jet *

Syringe pump Collector

High Voltage
Electric source

Figure. 1.10.4: Schematic of electrospinning apparatus. The green box is a
voltage electric supply and a ground is a collector, a rotating drum type. The re(
is a syringe pump to hold a syringe and put force through a polymer solution 1
collector. The blue line as a polymer solution jet is dispensed from the tip of syrin

the rotating drum.
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A syringe pump forces the polymer solution which is contained inside a syrindghA
voltage electric source is applied between the needle and the ground collector. The
electric charge carries the polymer solvent to form a cone and ejects a jet of the liquid at
the tip of needle. The jet travels through the collector while the sobxeporates and
leaves behind the dry polymer fibre on the collector. The fibre morphology can be
influenced by various process parameters such as applied voltage and needle collector
distance (called working distance) (Table 1.10.4). However bead formmagy occur

on the resultant polymer fibres.

Factors The fibre structure

Polymer concentration
i Too low The jet breaks up to form beading and droplets
f Too high The jet can't be initiated cause the droplets g

out at the tip of capillary

Working distance
1 Too close Wet fibre and beading structure

i Too far Beading morphology

Polymer flow rate

T Low flow rate Decreased fibre diameter
' High flow rate Increased fibre diameter and beading
morphology

Applied voltage
{ Decreased voltage Increased fibre diameter

fIncreasedoltage Decreased fibre diameter andbeading

formation(Zuo et al., 2005)

Humidity

T High humidity (>60%) Fibres do not dry properly aradformation of
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pore on the fibre surface which are called
fibreath figures . The breath
from the air condenses on tfiere surface
due to the jet coolethen they evaporated and

formedpores (Casper et al., 2004)

Temperature

T High temperature

Decreased fibre diameter

Table 110.4 Factors that influence the morphology of an electrospun scaffold

1.11. Polymer

Table 1.11lists some commonly used scaffold materiateluding 4polymers used for

tissue engineering relevant to this project: Polyhydroxybutyalghydroxyvalerate:

PHPV, Poly( Baprolactone): PCL, Polylactic acid: PLAnd Polyurethanes (PU)

These scaffolds hawal been approved by theod and Drug Administratior-DA) for

tissue replacement in medical devices, for instance in craniofacial reconstruction.

Materials

Origin

Characteristics

Collagen

Natural

Low immune activation
Favorable cell adhesion

Supporting to morphology
modification, migration, ana
differentiation of cells

Low mechanical propertig&leinman
et al., 1981)

Chitosan

Natural

Hemostatic

Raise to osteocmluctive and wound
healing

Poly(hydroxybutyrate)

Natural

A natural resource

Limited usefulness by its brittleness
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(Chen and Wang, 2002)

P o | -gaprdlactone) Synthetic Aliphatic polyester family

US. Food and Drug Administratio
approved
Hydrolysis degradatio(Hutmacher etl.,
2001)
Produced biocompatible kgroduct
(Langer and Tirrell, 2004)
Slow degradation
Lack of toxicity
Low cost(Yoshimoto et al., 2003)
Good mechanical properties

Polylactic acid (PLA) Synthetic Weak mechanical properties
Controllable degradation by blendir
with Poly(glycolic acid):PGA
Hydrolysis degradation
By-produces might generat
inflammation,in vivo (Cheung et al.
2007)

Polyurethane (PU) Synthetic Biocompatibility.

Degradable and nondegradb
materials.

Adjustable the wide range of
biological and mechanical, an
degradable properties.

Toxicity of degradable products is
major problem (Gunatillake and
Adhikari, 2003)

Table 1.11 Advantages and disadvantages of natural and synthetic polymers u:

bone tissuengineering
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1.11.1. Polyhydroxybutyrate-polyhydroxyvalerate

PHBV copolymer is a completely biodegradable plastic, the copolymer of
hydroxybutyrate (HB) and hydroxyvallerate (HV) monomer produced and mixdueby
fermentationof microorganisra (Alcaligeneseutrophus)(Kotnis et al., 1995)Figure.

1.11.1) The usefulness of polyhydroxybutyrate (PH) is limited because of its
brittleness, deficiency in thermal stability and difficulty of manufacture. These
weaknesses are overcome by adding polyhydroxyvalerate (PV) into the polymer to
increase the flexibilityand firmness. PHBV has been used in various application areas
such as disposable personal hygiene, packaging and medical devices. The beneficial
properties of PHBV are its biodegradability by slow hydrolytic degrad4timtiand et

al., 1987)

PHBV has bee evaluated for tissue resporigevivo, Gogolewski et al.(1993)found

that PHBV does not cause any adverse reaction such as pus a@isétowever the
animals, which were implanted with PHBV showed a continuous inflammatory
regponse over three months. The high inflammatory response at the implanted area was
related to the amount &fV ingredient. Although Shishatskaya et §2004)showedin

vivo that there was no inflammatory affect at the implanted area where highly pure
medical grade PHBYV, which was not contaminated from protein or lipid of bacteria,
was implantedThe PHBV polymerfilms were implantedin vivo, and degraded until
material was unetectable over an 18 month peri¢Bultana and Khan, 2012)
Sombatmankhong et a(2007)reported that PHBV scaffolds are biocompatible with
fibroblastic cells by evahting initial cell attachment and proliferation. In addition,
enzyme activity (ALP: alkaline phosphatase) of human osteoblasts-Zpaesded on

PHBYV indicated that the cells were osteagdrom 2472hr after culture.
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Figure 1.111: Chemical formula of Polyhydroxybutyrap@lyhydroxyvalere

1.11.2. Poly(e-caprolactone)

PCL is a biodegradable and biocompatible material, which is made from aliphatic
polyester(Figure. 1.11.2)PCL is degraded by hydrolysis and its breakadgroducts
are biocompatibleMonocryl® sutures are made from PCL. Several studies reveal that
they have been used clinically and approved by the U.S. FDA for human use
(Hutmacher et al., 2001, Reed et al., 200BCL has a slow degradation rate that is
suitable for the bone part of a tissue engineering scaffbid.yield of PCL hydrolysis
is the 6hydroxycaproic acid which is a natural metabolfidishra et al., 2008)
Becausdhe material degrades slowly by hydrolysis PCL has been suggested as a bone
replacement for a loablearing area until bone cells grow into the mature phase and
have sufficient ability to form functional tissudutmacher et al(2001)showed that a
PCL scaffold could maintain its mechanical properties fe8 Bonths and was
compleely metabolized over 2 years. Moreoverany people have used PCL as a
material forin vitro studies and demonstratétht human fibroblastic and osteobfast
like cells attached, proliferated, produced extracellular matrix, and developed tissues
(DelaineSmith et al., 2014a, Tuan and Hutmacher, 2005, Williams et al., .2005)
Furthermore, PCL is cheap and it is possiblprtmuce inargequantities
ﬁ
O—{CH,)—C

n

Figure 1.112: Chemical formula of caprolactone and polycaprolactone
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1.11.3. Polylactic acid (PLA)

PLA is a Poly( dHydroxy esters)Figure. 1.11.3)It is biocompatible, biodegradable
and FDA approved for medical ugBye et al., 2013, Tu et al., 2003, Ma and Zhang,
1999) PLA has the potential to provide an environment for attachment, growth, and
differentiation of cell§Sikavitsas et al., 2005The degradation of PLA is by hydrolysis

to break the polyester bonds and this yields lactic acid aspaoolct.Shishatskga et

al., (2004)reported that the degradation period of this scaffold is about 6 months. The
drawbacks of PLA implanted materials are the residual products. These decegade th

of the adjacent area and stimulate an inflammatory reaction. In addition-fineducts

of PLA materials could increase the rate of degradation of the polyEkstanson et al.,
(1995)observed that the degradation of the scaffold became more rapid when the acidic
concentration of the adjacent area was increasgivo. The acidic environment might
induce an inflammatory reaction or tissue necrosis. Moreover, PLA has insufficient

mechanical strength to support the reconstruction of hard tissue.

n

PLA

Figure 1.113: Chemical formula of the monomer of poly (lactic acid)
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1.11.4 Polyurethane (PU)

PUs havébeen used for biomedical purposes in cardiovascular implants for many years.
But it was withdrawn from the market because of surface microcracking. In recent years
improvements have been made in its toughness, elasticity, durability, biocompatibility,
biodegradability, and it has been incorporated in several biomedical implant

applications. PU consists of the three basic segments including;

P1 (D(CD),T P)q

Where P means the polyol which called the soft segment, D meansifoeydinate
which can reactvith either P or C, and C means the chain extender which is either a

hydroxyl or amine group. The D and C combination creates the hard segment of PU.

PU has tunable biological, mechanical, and physicochemical properties by adjusting the
combination of hat and soft segment®sulting in PUs with different properties as
desired for the final applicatior(Takahara et al., 1992, Guan et al.,, 2005)
Biodegradable PUs have been used in bone tissue engineering due to their elastic
mechanical properties and low degradation rate. PU scaffolds can legutdny many
methods including; electrospinning, salt leaching, and thermally induced phase
separatior(Guelcher, 2008)However, the degradatiqroducts of PU particularly the
diisocyanate component is a potential togizemical componen{Gunatillake and

Adhikari, 2003)

1.12. Bioactive composite electrospun scaffold

Electrospun scaffolds can mimic the physical structure of native ECM. Howewver, the
areproblemsassociated witlsynthetic polymer electrospun scaffold. $here; lack of
cell recognition site®n the surface, hydrophobicitgnd no specificosteoinductre or

osteoconductiveproperties of the majority of materials used in electrospinning.
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Therefore, bioactive materials will be introduced in the polymer production for bone

tissue engineering.

Composite materials by definition are composed from 2 or more components. Native
bone is made from mostly collagen type | and HA that consists dlicajgchosphate.

Many studies in bone tissue engineering have developed electrospun scaffolds
consisting of biodegradable materials and calcium phosphate particles or HA.
Electrospun collagen type | has been used in tissue engineering, though they have the
low mechanical properties and do not maintain their structure in a culture media
environment for longer than 10 dag#ha et al., 2011)Therefore they are not material

of choice for bone tissue engineering which needs time for cell develo@ndnt
mineralization, and also good mechanical properties. Maeal HA had been
deposited on a knitted micgmorous silk scaffold by using a soaking process to produce

a biocompatible, wettable, and osteoconductive scaffold that facilitates the attachment
and ingrowth of cells into the implanted scaffold. The scaffold was also observed to be
osteoinductive meaning that it could induce undifferentiated stem cells of
osteoprogenitor cells to become osteokli&st cells (He et al., 2013, Swetha et al.,
2010) Utilising electrospinning, composite fiés can be created and produced in the
form of composite blendinfNandakumar et al., 201,03ubmerging in a simulated body

fluid, and the alternate soaking procékteng et al., 2013)The traditional simulated

body fluid (SBF) method typically requires an incubation time of more than 7 days for
coating with continuous HA deposition via ion charging between the material surface
which presents the negative opar(carboxyl and hydroxyl groups) and the positive
charge (calcium ions) in the SBR vitro studies showed that HA alternate soaking
process on PLA scaffold enhanced OCN expression and also increased mechanical
strength(Jaiswal et al., 2012)0n the other hand, Meng et §2013)found that calcium
phosphate apatite surface coating didnodt

or osteogeia differentiation.
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1.13. Vacular endothelial growth factor (VEGF)

VEGF is a cellular glycoprotein which has an important role is the regulation of new
blood vessel formation (vasculogenesis). Senger ef1883) discovered a vascular
permeability factor from ascites tumor which rapidly produced a microwascul
permeability,in vivo. They also found a similar result from the culture media of tumor
cells,in vitro. Later VEGF research found that the VEGF family is composed of seven
types; VEGFA is the most vasculogenesis capable protein and can induce eradothel
cell proliferation, vessel, and bone formation. The VE&GHRuman gene has four
different isoforms, VEGHZ21, VEGF-165, VEGF189, and VEGR06. VEGF189

and VEGF206 are completely separated from ECM which is necessary for epiphyseal
vascularization @condary ossification) in endochondral bone formation. Whereas the
VEGF165 is mostly bound to ECM whickakes an important role for primary
ossification center (metaphyseal angiogenesis). VBGInds to the VEGF receptofs
(VEGFR-1), VEGFR2, and the VIBF coreceptor neuropilit (NRP1) on many cell
surfaces such as hematopoietic stem cells, monocytes, neurons, and ostgtotadts

et al., 2007, Thi et al., 2010)YEGFR1 acts as the antagonist receptorirhibit
endothelial cell proliferation, while VEGFR acts as the agonist for vasculogenesis.
NRP1 can bind to VEGE directly and also mediate the conversion of VEGE
VEGFR-2. Clinical studies found that an overexpression of VEGF can cause diseases
such as cancer and diabetic retinopathy in egeseral studies reported that late stage
of human osteobladike cells produce VEGF. VEGF production is stimulated by
hypoxic conditions, BMPs, transforming growth factor beta (®GF , prostaglandi
fibroblast growth factor 2 (FGE ) a n ddihytiroxyv&abnin Q. In contrast, the
production of VEGF is reduced by glucocortico{tiaes and Carmeliet, 2008Jhi et

al., (2010)reported that VEGFR plays an important role in mediating fluid flow shear
stress induced VEGF secretion by osteoblasteitro. Fluid flow may release PGas

mechanesignaling facto therefore this signal may stimulate VEGF production (see
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1.17). Another hypothesis is that VEGF release by mechanical stimulation may induce
vasculogenesis by two pathways. Firstly, the autocrine pathway may increase \?EGFR

by actin adaptation of ostelalsts. The other is a paracrine pathway, the signal may
communicate to other endothelial cells, osteoblasts, and osteocytes which are necessary
for bone formation and fracture healing.

1.14. Mechanical force

1.14.1 Introduction

Bone in healthy people is a dynamic tissue in which there is a balance between bone
resorption and formation over time. The effect of mechanical forces on living bone has
been studied for many years. Researchers found that the force below a bone micro
damage threshold in a particular area affected the bone architecture by adaptation
(Frost, 1994) For example, the bones of racketiding arm in tennis players are much
stronger than there of the other side. Mechanical force is applied to their arm whilst they
play tennis. In contrast, an astronaut)danass decreases during long term space
flight, since no gravity is present to enable sufficient loading on their bones. Various
mechanical loading parameters such as compressive, tensile, or torsional strain and fluid
shear stress may affect bone. Selvetadies have evaluated the effect of mechanical
stimuli on osteoprogenitor cells used for bone tissue enginegiirgg al., 2004, Chen

et al., 2010, Delain&mith et al., 2012)

1.14.2. Mechanical regulation of bone cells

Typically in cortical bone osteocytes are in lacuna and their cell processes are in
canaliculi (Figure 1.14.2) The spacebetweenlacunae and canaliculs filled with
interstitial fluid. The fluid flowsproduceddepend orthe pressure gradients withihe

bone matrix. The oscillatory fluid sheatress on osteocytesas estimated to be
approximaty 0.8-3Pa(Weinbaum et al., 1994, Mi et al., 200%Jerbruggen et al.,

(2014) predicted the effect of shear stress on the cell membrane of osteocytes under a
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physiological environmenin vivo by using computational methods. The shear stress
was in the range of 0:2.2 Pa which had been shownimvitro studies to enhance
osteogenic differentiatior{DelaineSmith and Reilly, 2011, Bacabac et al., 2004)
Osteoprogenitor cells locatén the intramedullary cavity(bone marrow) mawlso be
affeced by fluid flow while there arevolumetricchangesn the cavity, muscle activity

and capillary filtration(Kwon et al., 201Q)Osteoprogenitor cells reside not only in the
bone morrow but also in many soft tissuncluding; vascular smooth muscle, capillary,
and periosteum tissue. These tissues significantly deform under a physiological loading,
therefore one would expect that fluid flow can affect the osteoprogenitor cells within

these tissueChen et al., 2010)

How mechanical loading affeclSCs differentiation is still not cleabothin vivoand

in vitro. Fluid flow can be applied to celis vitro using a bioreactqgDatta et al., 2006,
Sittichokechaiwut et al., 2010fpecific bioreactors design should be considered to
enhance the current standafdissue engineering. The important loading regime should
be elucidatel to ensure the besondtions of differentiation and extracellular matrix

production eitherin vitro: before implantation, dn vivo: after implantation.
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Figure 1.142: Schematic showing the anatomical area of osteocytes

osteoprogenitor cells in different areas. Tigure on |dt side is a structure of cortica
bone which has osteons arranged concentrically. An osteocyte locates in a lacul
its processes connect with another osteocyte throughout the canaliculli. The
between the cells, lacuna, and canalicalie filled with intersitial fluid. Fluid flow

inducedshear around the pericellular matrix could affect the biochemical respoin:
the osteocyte. The figure on right side is a schematic of osteoprogenitor cells
locate in the intramedullary cavitgnd the mesenchymal tissumich as blood vessel
(lower right corner). Fluid flow and hydrostatic pressure may affect the osteoproge
cells in intramedullary canal when bone deforms. The cells in mesenchymal tisst
subjected to the flow durinpe¢ movement of tissues. Reprinted f{@nen et al., 2010)

with kind permission of Elsevier.
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1.15. Methods of mechanical stimulation

1.15.1.Introduction

Bone is a dynamic organ able to adjust its architecture and resist physical forces.
Mechanotransduction is a cell process which converts a mechnical stimulus into a
cellular chemical response. The mechanotransduction mechanism of MSCs have been
elucidatedthrough bothin vivo and in vitro studies by subjecting cells to various
mechanical stimuli. The optimum conditions for mechanical stimulation such as
amplitude, frequency, and duration are unknown. The MSC response to mechnical
stimuli may also depend othe age of the donor, site of origin, stage of cell
differentiation, and culture conditions. The cell culture environment, whether two
dimensional (2D) or thredimensional (3D) affects the cells by affecting cell
morphology, cellular matrix adhesion, eglr migration, gene and protein expression,
and mechnical respong®edersen and Swartz, 2009hree mechanical stimulation
regimes which have been studied for osteogenic differentiation will be discussed here;

compression, tension, and fluid flow inducéear stress.

1.15.2.Compression

Cells will experience compressive strain when they are pressed by something. Two
types of compressive loading which have been frequently studied are direct contact
compression (Figure. 1.15.2 B) and hydrostatic pressure (Fibd&2 A). Hydrostatic
pressure is an indirect contact pressure from the loading platform to the cells. The
advantages of this pressure are simple to setup, homogenous pressure, no physical
obstacle of the media to press the cells. The direct contact essigan is a technique

more close to the physiologic compression in the bone or cartilage. The side effects of
the compressive pressure may produce a fluid shear stress from fluid moving in and out
of the scaffold and nutrient transportation. Tanaka S.tMl. 2005)suggested that the

compressioroading induce fluid flow was more influent than the direct strain created
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by compressive loading. Compression loading can stimulate both osteogenic and
chondrogenic differentiation in hMSG€hen and Jacobs, 2013tudiesby Saitoh et

al., (2000) in vivo, showed that mechanical compression costidhulate cartilage
formationin the midpalatal suture by reprogrammingSC-like cells from osteogenic

to chondrogenicOrr et al.,(2009 reported that the compressive strength could induce
pressure gradients, resulting in stimulation of the interstitial fluid flow in the lacunar
canalicular space. In our group, Sittichokechaiwut et(2010) found that the short

term of compressive cyclic loading and rest periods could enhance matrix production in
hBMSCs in a 3D structure. These results also showed that cssiyardorce on the

scaffold could induce osteogenesis as well as dexamethasone (Dex).

Load

vy
« o
Q
Qo

Figure 1.152 : Schematic of typical compression loading patterns. (A) Hydroste
pressure (or indirect contact pressure), (B) direct contact pressure. Adapted from

Delaine Smith and Reilly(2011)with kind permission of Elsevier.
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1.15.3.Tension

Tensional force ariseby flexion of tendons or the muscle contraction pulling on bones.
Cells will experience tension strain when they are stretched and their subalsates
increase in length. The most two popular methods of tension which have beenistudied
vitro are uniaxiallor multi axial) grip tension (Figure. 1.13.3 B) and substrate bending
(Figure. 1.15.3 A). Most studied involved cells seeded on flexible substrates. For
example, the grips may be attached at the ends of a substrate and the cells seeded in the
middle of he substrate. The cells are subjected to tensile strength when the substrates
are pulled. In substrate bending, for example, the cultivated cells are subjected to
tension strain when the substrates are bent by placing on two pivot points. The stretch
can le; static or dynamic. For static stretch, the sample is held at a fixed strain for a
period of time. For dynamic stretch, the sample is stretched cydBaigksmann A.,

(1942) and Takahashi et al(2003) found that tensile stretch could transform a
cartilaginaus tissue into boneBoth tension stretch techniques may also create
compressive stretch because of the Poisson effect which means contraction in the
perpendicular direction to the direction of stretching. The cyclic tension may also
applied fluid shear stss to the cells when the culture media moves over the cells. Cells
seeded within a gel based scaffold (3D culture) which has mostly uniform deformation
may receive the tensile loading homogenously. In contrast, a randomized fibrous
scaffold on which cedl attach in various directions on the fibres might receive

heterogeneous strain.
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Figure 1.153 : Schematic of typical tension loadirgpnfigurations (A) Substrate
bending technique: The cells seeded on substratsubjected to three poittendirg

whichresuls in tension strain on the convex surface. (B) Grip tension technigue:
cells are seeded on substrate which is attedhvith the grip at the both end side. Tt
substrate is pulled resitig in a uniaxial strain formation. Reprint from Delai@mith

and Reilly,(2011)with kind permission of Elsevier.

1.15.4 Fluid flow -induced shear stress

Fluid flow is the most widely used method of mechanical stimulation of osteocytes and
osteoblasts. Several studies have shivat osteocytes and osteoblasts could response

to the fluid flowrinduce shear stress similar to that is ebgrared in bone in the lacunar
canalicular system(Orr et al., 2006) Various apparatus configurations have been
utilized to study the effect of shear stres
apparatus that have been used include done and plate apparatii$ermann et al.,

1997) the parallel plate flow chamb€Li et al., 1996) the rotating disc apparatus
(Reutelingsperger et al., 1994he oscillatory orbital shaker systgffhomas et al.,

2011) and oscillatory fluid flow (OFF) by using a standard-sae rocking system

(Zhou et al., 2010, Delai®mith et al., 2012)Firstly, the cone and plate apparatus
comprises with a cone axis and a -fidte for growing the cells. The fluid flow is
homogenous relating to the velocity and the space between the cone and plate surface.
The parallel plate iw chamber consists of two slits opening at the ends of a rectangular
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chamber. A uniform laminar flow within a pressure gradient is created on the cell
culture surface. Sesaw rocking system comprises typical cell culture wells containing
media placed oa standard segaw rocker. The fluid flow relates to the speed, and flip
angle of the rocker, in addition to the height, and viscosity of the culture media. The
practical attractions of this apparatus include; simplicity of the apparatus, ease of culture
media exchange, ease to monitor, both physically to visualize under a microscope, small
volumetric culture media requirements, no special chamber requirement, and

economical cost.

Various types of fluid flow have been studied including a unidirectional flow, divided
into a steady perfusion and pulsatile flow, and oscillatory fluid flow. Pulsatile flow
represents a typical continuous blood flow. Oscillatory flow represents therfthweed

by the repetitive strain of tissue during locomotory (movement) activity. Steady
perfusion has been reported to increase bone volume in 3D strugduagson et al.,
2008) In addition, oscillatory fluid Ibw showed the ability to stimulate osteogenic
differentiation and mimalization in both osteoprogdar cells (hESMPs) with
osteogenic induction medium and mature bone cells in mongBgéaine Smith et al,

2012, Lim et al., 2013)

In 3D culture, it is difficult to quantify how much fluid flow are subjected to the cells.
The cells arrangement on the scaffold may relate how much the fluid flow affects the
cells (Figure. 1.15.4 A). Cells atfaed on a single layer on the scaffold surface may
receive the similar experience as 2D culture on the parallel plate flow chamber (Figure.
1.15.4 B). However, the cells seeded on the hydrogel or bulk scaffold could transfer
fluid flow to the cell surrounicg structure similar tan vivo conditions(Delaine Smith

and Reilly, 2011)

68



CHAPTER ONE

(A)

Scaffold a gﬂ\’] Q ﬁ

material (B)

Sca;fg:g i / Directions of flow
Cell body —| Parallel plates
Cell coat - \ ~ . ,
Directions ! \
of flow Cell body Cell coat

Porous scaffold — 3D Parallel plate flow chamber - 2D

Figure 1.154: Schematic of fluid flovinduced shear stress the 3D culturd) (and
mo n o | aDdeulture @). The directions of flovand flow magnitudén 3D culture are
variable betweemnegiors. In contrast, the direction of flow in 2D culture is much m¢
homogenousReprint from DelainegSmith and Reilly(2011) with kind permission of

Elsevier.

1.16. Mechanical stimulation of osteoprogenitor cellsm 3D culture.

Traditional cell culture 08Dl scaffolds in staticonditiors, in vitro, leadsto limitations

such as providing nehomogenous nutrient and oxygen diffusion and eliminating waste
producs. In vitro studies,the disances between cellsvithin the nonwoven polymer
scaffold and thescaffold surfaceover which nutrients and oxygen can diffuse are
around100-200pum(Carrier et al., 2002, Volkmer et al., 2008k a result in there will

be necrotic cells ahe core and living cells at the outer shell of the construct over a long
time in culture(McCoy and O'Brien, 2010Ree@nt studies showed a severe reduction
in osteogenic differentiation arall proliferation in 2%of oxygenconditioncompared

with normal atmospheric oxyge@1% of oxygen conditiongvialladi et al., 2006) To
overcome these limitatienof static culture, mechanical loadingas introduced to

enhance the quality of osteogenic differatidbn and cell proliferation. Several
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bioreactors were innovated for 3D constructs such as flow perfusion bior@atiar et

al., 2006) spinner flaskMauney et al., 2004yclic compressio(Sittichokechaiwut et

al., 2010) These bioreactors showed an enhancement of osteatdjfferentiation by
osteoprogemdr cells. Therefore thanechantal stimuli influence the bone tissue
engineering,in vitro. A porous scaffold with superior mechanical properties (able to
withstand to load bearing) is ideal for bone tissue engineering when subjecting the
construct to mechanical stimuli for enhancingeogenic differentiatiofMcCoy and

O'Brien, 2010)

1.17. Mechanical stimulation of MSCs

MSCs differentiation can be stimulated vitro under suitable conditions. The
differentiation of MSCs into osteoblast has been extensively studied by adding chemical
supplements or growth factors. This has previously been foundamay lead to
osteonecrosis because of diminished stimulated VEGF secritioat al., 2005)
Therefore using Dex may not a desirable method for MSC implanted materials to be
used clinic. Optional methods for the osteogenic differentiation of MSCs which
withdraw the possible side effect of supplement additives are required. Therefore,
external mehanical stimulation may be an optional method to overcome this problem.
In physiological conditions, mechanical stimulation has an important role in the growth,
development, and maintenance of cells and tissues with both differentiated and
undifferentiatd MSCs are mechanosensitie vitro. Engler et al.,(2006) found that
MSCs can differentiation towards a specific linage depend on the geometry and stiffness
of their environmentHowever the mechanical properties of natural bone marrow
environment have not been measured (@urkan and Akkus, 2008)For tissue
engineering, it is important to elucidate which regimes of mechanical stimulation will
enhance bone matrix guiuction and calcium depositiom vitro. Moreover, MSCs
could be precommitted into a specific linage by appropriate conditiowitro, which

might overcome an inappropriate microenvironmantivo (Engler et al., 2006)
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1.18. Mechanotransduction

Mechanotransduction is a cellular mechanism which translates mechanical stimuli into
the biochemical signals by using mechanosensitive receptors. This mechanism can be
found in many types ofells such as osteocytes, osteoblasts and MSCs. Over the past
decade studies have evaluated cellular mechanotransduction by several pathways. The
effects of mechanical stimulation are translated via cellular components such as stretch
activated ion channeland Gprotein coupled receptors in the cell plasma membranes.
These cell components can respond when the cell membrane changes its shape. The
result of this process is an influx of calcium and other ions into the cells (Figure. 1.18
a,h). The cell glycaalyx is a pericellular carbohydrate rich protein layer on the cell
surface which is a potential sensor of external forces (Figure. 1.18 b). For example, on
endot hel i al cel | s -camaliculamsystem,tthe @lycpdalgxéeeuld | acun ar
respond to th#luid shear stress that moves over the cells to induce intracellular calcium
influx and cyclooxygenas2 (COX-2) gene expression. CGXis a critical enzyme for

PGE production during bone repair in both endochondral and intramembranous
ossification(Einharn, 2003)and osteopontisignalling (Reilly et al., 2003, Bonnet and
Ferrari, 2010) Osteopontin is a glycosylated protein expressed in bone matrix. Its
functions are to regulate cell proliferation and phagocyte activity in macrophages and to
regulate minmlization in ECM (Sodek et al.,, 2000)Gap junctionsignalling also
respond to external stimulations such asiltatory fluid flow (Figure. 1.18 c). The

effect of that stimulus is release of PGiad upregulation of osteoponti(Saunders et

al., 2001, Schiller et al., 200@hich enhances the mineralization of bone dellgivo

(Yoshida et al., 2002)

Another part of mechanotransduction is the theory that integrin pulling causes
cytokeletal deformation. (Figure. 1.18 d,e). Integrins are transmembrane protein
receptors which connect cytoskeleton filaments and ECM through focal adhesion

(cellular junction between cell and ECM). The presence of tensile forces on cytoskeletal
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is transfered to the nucleus membrane for activating-rannels and changing DNA
function (Ingber, 2006)Figure. 1.18 g). Janmey and Mccullo¢@dD07)and Orr et al,.

(2006) reported that when cultured telre exposed to fluid shear the magnitude of
membrane deformation would induce a stress of only 0.1% of the shear stress applied in
endothelial cell monolayer. They suggested that the physiological fluid flow was too
small to stimulate streteactivated on channels. They necessary need the force
enlargement to create strain. Some mechanical sensors may be more sensitive than the
cell membrane or protrude into the ECKIne structure that projects from the cell
membrane into ECM is primary cilium. Primarili€ have been found to respond to
mechanical stimuli in many cells such as renal epithelial cells and oste(iztesey

and McCulloch, 2007) Hoey et al.,(2012) reported that OFF could enhance

mechanotransduction and mediate osteogenic differentiation in hBMSCs.

Osteoprogenitor cells responded to OFF by increasing intracellular calcium, producing
nitric oxide (NO) and PGk adivating mitogeractivated protein kinases (MARKand
ERK1/2, and regulating tsopontin gene expressig@¥ou et al., 2001) The activation

of MAPKs and ERK1/2 will stimulate Rumelated transcripon factor (Runx2) which

is an important transcription factor for controlling osteogenic differentiattaied
genes; such as ALP, OCN, bone sialoprotein, and collagen {izpedt al., 2010) OFF

will increase intracellular calcium and is balanced by the released calcium from the
(triphosphoingitol) IP; pathway from the storage organell@Riddle et al., 2006)
Osteopontin is a key factor at ECM involving bone cell attachment, regulation a late
marker in osteogenic differentiation and mineralizatfou et al., 2001, Bancroft et

al., 2002)
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Fluid shear stress
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Figure 1.18 Schematic summarising the mechanotrasductioM8fCs osteoblasts,
osteocytes and many other cells when fflogv, pressure, or tissue strais applied

Reprinted from Bonnet and Ferrari2010) with kind permissionfrom Nature

Publishing group.
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1.19. Aims and objectives of research project

Hypothesis

The main hypothesis of the project is thaddsier scaffolds seeded with human primary
osteoprogenitor cells can be differentiated into osteoblastic cells on one side and
fibroblastic cells on the other sid€his strategy could be used in the future to fill the

space in the roof of the mouth in patients with cleft palate.

Objectives

The obgctives of my PhD project were to understand how to engineer bone tissue by
selected cell sources, materials, and conditions for developing cleft palate repair. The
combination of trlayer scaffolds was in collaboration with another student who is
selecthg the soft tissue part. In our design thdayier scaffold can separate the two
different cell types where one is human dermal fibroblastic cells (HDFs) and the other
side could be human primary mesenchymal stem cells (hESMPs and hBMSCs). This
method ca allow normal facial development and decrease the surgical steps required to
reconstruct the cleft palat&herefore, from these objectives, the aims of this study

were

1. Evaluate suitable conditions to stimulate osteogenic differentiation of human
mesenchimal progenitor cells including; hESMPs, hBMSCs, and HJPs.

1.1 Suitable osteogenic media conditions will be selected to be used for stimulating
osteogenic differentiation of HIPs.

1.2 Various concentrations of Dex supplements for inducing osteodéfécentiation

on hESMPs andHJPswill be tested.

1.3 The effect of Dex orvascular endothelial growth factQ¢y EGF) secretion of the

cell types will be determined.
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2. Finding the appropriate materials for the scaffold.

2.1. Appropriate scaffold materials will be selected by evaluating cell attachment,
viability, and matrix mineralization.

2.2. The potential of a composite hydroxyapatite PCL electrospun scaffolePEIA

to support cells will be investigated.

2.3. Both PCL and HAPCL physical and mechanical propertigdl be characterized.

2.4. A suitable percentage of HA incorporated into PCL scaffold will be selected for
osteogenic differentiation.

3. Evaluate OFF stimulate osteogepimgenitor cells.

3.1. The ability of OFF to stimulat®stegrogenitor cells (hESMPs, hBMSCs, and
HJPs) in both the monolayer and 3D culture will be examined.

3.2. The effect of OFF on VEGF secretion of hESMPs and hBMSCs under monolayer
and 3D culture will be evaluated.

4. Study how a tdayer scaffold separates two cilpes on either side.

4.1. The osteogenic differentiation and also separation of osteoprogenitor cells
(hESMPs and hBMSCs) on one side and HDFs cells on the other side at suitable times
(28 days for culturing osteoprogenitor cells and 7 days for culturingsiHiail be
visualised.

4.2. The mineralization of the osteoprogenitor cells and the separatiorcoftooe will

be evaluated using confocal fluorescence microscopy.
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CHAPTER TWO: M ATERIALS AND METHODS

2.1. Materials

1. Primary human dermal fibroblastgere isolated from skin donatelly patients
undergoing abdominoplasty or breast reductiomder informed consent(Ethical
approval for the tissue acquisition was grantedhaylocal ethicahpproval committee
of the NHS Trust, Sheffield, UK)Thetissue and isolated primary celisre storedn
theKr ot o Research Instituteds ti £sunber bank, U
12179)

2. Primary human jaw periosteum celigere isolated from peosteum membrane
which wasdonatedby 2 patients undergoing maxillofacial operasamh o 6 s per i ost i u!
was removed because {#w fracture withinformed consent.The periostium was
considered to be waste tissue in these operati@tbical approval for thdissue
acquisition was granted byne local ethicalapproval committee of th&lHS Trust,
Sheffield, UK)

3. Human bone marrow mononuclear cells (LdhZastleford, UK)

4. Human embryonic stem cealerived mesenchymal progenitor hEE® 002.5
(hESMP) cells (Cédrtis, Gothenburg, Sweden)

5. Poly(e-caprolactonePCL), 80kDa (Sigma, Dorset, UK) to produce electrospun
scaffolds.

6. PolylactiecD-acid (PLA), 152kDa (Sigma, Dorset, UK) to produce electrospun
scaffolds.

7. Polyhydroxybutyrateeo-polyhydroxyvalerate 8% (PHBVIn ratio PHB92:PHV8
(Goodfellow, Huntingdon, UK) to produce electrospun scaffold

8. Dichloromethane (Sigm&orset, UK) for dissolving polymerfsr electospinning

9. Nanchydroxyappatite(HA) powder, particle size less than 200nm, 9pure

(Sigma,Dorset, UK)
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10. Human der mal fibroblasts basal culture m
Medium (DMEM) (Biosera, East Sussex, UK) supplemented with 10% Fetal calf serum

(FCS), 2mM Lglutamine (LG) and 1% of 100mg/mL peniciliin and streptomycin

(P/S) (All products obiaed from SigmaDorset, UK)

11. HJPs and hBMSChkasal culture media: Minimum Essential Medium Alpha Eagle

( MEM) (Lonzd’, Castleford, UK) supplemented with 10% FCS, 19, and P/S.

12. hESMPsbasal culturene d i a : Mi ni mum Essent iMEM) Medi um
(Lonz&, Castleford, UK) supplemented with 10% FCS, 196 and P/S and 4ng/ml

fibroblast growth factebasic recombinant human (bFGF) (Invitrogen, Paisley, UK)

13. Fibroblastic media (FM): basal DMEM supplemented with 50ug/mL ascorbie acid

2-phosphate (AA) ($ima,Dorset,UK).

14. Media with the supplements required for matrix mineralisation but NOT the
osteogenic factor dexamethasone (Dex) was t ¢
UMEM suppl emented with 50-@hymer AAlApEBYsd h &mdl
(Sigma,Dorset,UK).

15. Dex containing osteogenic media (SM+Dex10, SM+Dex100): baHdEM

suppl emented with 56PO@hdméther AIANM o6 mAaANM b
Dexamethasone (Dex) (Signiagrset,UK), respectively.

16. TrypsinEDTA (Sigma,Dorset,UK).

17. Porcine gelatine (Siga, Dorset,UK).

18. Phosphate buffered saline (DulbeccoA) (OXOID Limited, Hamshire, England ).

19. Collagenase frortlostridium histolyticun{Sigma,Dorset,UK).

20. Dimethyl Sulfoxide (DMSO) (Sigmd)orset,UK).

21. DNasel (Stemcell, Francg.

22. Trypan blue dy€Sigma,Dorset,UK) for detecting dead cells.

23. MTT (3-(4,5-Dimethythiazol2-yl)-2,5-diphenytetrazolium bromide) cell viability

assay(Sigma,Dorset,UK).
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24. MTS (3-(4,5-dimethylthiazot2-yl)-5-(3-carboxymethoxyphenyip-(4-
sulfophenyl}2H-tetrazolium) (CellTiter 96 Aqueous Norradioactive Cell
ProliferationAssay) (Promega, Southampton, UK).

25. D A P | -6-Didmidino-2-phenylindole) (Sigma, Dorset, UK}t 1mg/mL

26. Phalloidin TRITC (Phalloidin TetramethylrhodaminB isothiocyanate)(Sigma,
Dorset,UK) at 0.5mg/mL

27. Live/Dead staining: Liveell SYTO® 9 (Life technologies, Paisley, UK) and dead
cell Propiodium lodide (Molecular ProBeOregon, US)

28. Picro-Sirius red stainat 1mg/mLdirect red dye and saturated Picric acid (Sigma,
Dorset, UK)for collagen staining.

29. Alizarin red staining (Sigma, Dorset, Uat 1nmg/mL diH,O, pH 4.2, for calcium
staining.

30. Xylenol Orange tetrasodium salbigma, Dorset, UK at 20uM in culture media
for labellingmineralized nodules.

31. Quanti TE Pi ®dsBDNAeReagentssayKi t s (1l nvi tr odoenE,
total cellular DNA quatrification.

32. Alkaline Phosphatase Yellow (pNPP) Liquid Substrate System for E(Stgma,
Dorset, UK) for quantitative determination of cellular alkaline phosphatase (ALP)
activity.

33. Human VEGF standard ELISA Development Kit (Peprofedtondon, UK) for
measuring of VEGF secretion in cell culture supernatants.

34. 2 , -Rzino-bis(3-ethylbenzothiazoling-sulfonic acid) (ABTS) liquid substrate
(Sigma, Dorset, UKjor colour developing in VEGF quantification assay.

35. Formaldehyde (37%, gradddr SEM) (SigmapPorset,UK).

36. Hexamethyldisilazane (HMDS) (Sigmaprset,UK) for SEM.

37. Human mesenchymal stem cells mullor flow cytometry kit contained four
different antibodies conjugated fluorochromes [CD146 conjugated with
carboxyfluorescein (CFS)CD90 conjugated with allophycocyanin (APC), CD105
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conjugated with peridinin chlorophyll protein complex (PerCP), and CD45 conjugated
with phycoerythrin (PE)] and their isotype controls for each antilfi@&lp system, UK).
38.Brilliant V-humdan€@1054CD105 coajugated with Brilliant Violet
(BV) and its isotype control (BioLegend, US)

39. Microcentrifuge tube (Eppendroft, Hamburg, Germany)

40. PBS without calcium (G4 and magnesium (M@ (Sigma, dorset UK)

41. Nonenzymatic cell diassosiation solution (Rig, dorset UK)

42. Compensation particles (BDE CompBeads, Oxf
43. BD LSRII flow cytometer (BD Biosciences, UK) (the Mellanby Centre, Medical
school, University of Sheffield).

44. El ectrospinning apparatus consi stes of a
Science USA), a high voltage electric source (Genvolt, UK), a rotating motor
(Heidolph Instrument, Germany).

45. BOSE ElectroForce 3200 (ELF3200) for mechanical testing (ElectroForce System
Group, BOSE, Minnesota, USA)

46. Standard sesaw rocker (STR6) (Stuartequipment, Staffordshire, UK) for
producing oscillatory fluid flow.

47. SpectrophotometgfELX800, BioTek, UK)

48. FLx800 microplate fluorescence reader (BioTek, UK)

49. ImageXpres®'is anepifluorescent microscope (Axon Instrument, Inc., UK)

50. Zeiss Axiokop 2 FS MOTdserscanning confocal microscope (upright) provided
with LSM 510 Meta detector (Carl Zeiss Microlmaging GMBH, Germany)

51. Chameleon Ti:sapphire tunable (70060nm) multiphoton laser (Coherent, CA,
USA)

52. Argon/2 laser with wavelength 488nm (LSM 510 laser nediCarl Zeiss,
Germany)

53. HeNe laser with wavelength 543 nm (LSM 510 laser module, Carl Zeiss,
Germany)
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54. EC-plan-Neofluar objective with magnification 20X (Carl Zeiss, Germany)

55. Ziess LSM Image Browser software package (Carl Zeiss, Germany)

56. Scanning electrmicroscope (SEM, Philips X0 SEM, Netherlands)

57. Micro-computed tomography (mici@T) (Skyscan 1172, Kontich, Belgium) (the
Mellanby Centre, Medical school, University of Sheffidiol) quantifying bone volume.

58. X-ray diffractometer (XRD) D500 DiffractomeatéSiemens, Germany)

59. X-ray photoelectron spectroscopy (XK&Xis Ultra DLD spectrometer) (Kratos
Anlytical, UK)

60. Casa XPS software (Casa Software Limited, Devon, UK) for processing XPS
spectra.

61. Photoacoustic Fourier transform infrared spectroscopy {FPRR) (Nicolet Nexus
8700 FFIR, Thermo Fisher Scientific Inc, USA)

62. Omnic 7.4 software (Thermo Scientific, UK) for processing FAIR spectra.

63. Medical grade steel ring (2cm diameter, 1.2cm irlrde diameter) (produced by
NHS medical workshop) for seeding cells and immobizing cell in the cell culture
medium during experiment.

64. Medical grade stainless steel dental wire (0.8mm diameter) (OtHy@aaiford,

UK) for immobizing and flattening scatfibin the culture medium during experiment.
65.Cel | CrownE (made from polyet ByThmpere t er eph't
Finland) for seeding cells and immobizing cells in the cell culture medium during
experiments.

66. Laboratory digital balance (Mettler toledUK)

67. Image processing software: image analysis and processing ibadseglmageJd)
(developed by National Institutes of Health, USA)

68. Image processing software: LSM Image Browser (downloaded from Carl Zeiss

microscopy)
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69. Image processing software: @alyser (CTAnN) (kindly obtained frondr Les
Coulton,the Mellanby Centre, Medical school, University of Sheffield) for measuring
the percentage of bone volume.

70. Image processing software: &Molume (CTVol) (kindly obtained fronDr Les
Coulton,the Mellanby @ntre, Medical school, University of Sheffield) for constructing
visual model.

71. Data analysis software: GraphPad Prism6, SPSS (Statistic 21, IBM)

72. Graphic program: Adobe Photoshop (Developed by Adobe System) for arranging
graphs and images.

2.2.Methods

2.2.1.General cell culture conditions

Cells were grown inT-75 flasks and cultured by using the approprizdsal culture
media at 37°C in 5% CLand a humidified atmospheréhe cells were observethily

for cell morphology, colour of the medium, and cell densitye medium was changed
every2-3 days. Passages were performed when cells reached 80% oconflebegin
with, the medium was removed and washed twice with PBSnl of typsinEDTA
solution was used to enzymatically release the cells from the old tiskuee quiate.
The enzyme was stopped by using a fresh basal culture n@allasuspension was
centrifuged at 1,006evolutiors per minute for 5 minute¥he supernatant was removed
and a known volume of the basal culture media was adteed. cell pellet wa
resuspendeih 1ml medium, 40pl of cell working solution was mixed with another 40pl
of trypan blue dye. A number of cells weceuntedby using a hematocytometer.
Finally, a minimum 10cells were transferred to a new flask or seeded samples.
Cryopreservation of cells for future experiments used DMSO as a cryoprotectant at 10%
final concentration in FCS. The cells were transferred to a cyrovial and stoaf@t

for one day and then moved-t86°C the next day for long term storage.
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Cultur e condition Compositions
SM b a s EM dupplemented with 50ug/mL AA and
5 mM-GP.
SM+Dex10 bas®MEMUsuppl ement ed wi t-h

GP, and 10nM Dex

SM+Dex100 bas®MEMUsuppl ement ed wi t-h
GP, and 100nM Dex

Table 2.21: Compkte list of culture conditions on both monolayer and 3D

cultures.

2.2.2.Human dermal fibroblasts (HDFs)

The cells were kindly provided by Julio Bissoli (Kroto Research Institute, the
University of Sheffield). Briefly, the cells were extracted from dermis lafeskin

where dermal fibroblastic cells are found. Firstly, the harvested skin were removed from
the epithelium layer and then mechanically separated from the dermis tissue. They were
then added to @5ml of collagenase A solution overnight at®®7for dissociating the
tissue. The working solution was washed with PBS to remove the collagenase,
following with centrifugation at 2000 rpm for 10 minutes to obtain a cell pellet. The cell
pellet was resuspended and placed in@b6Tlasks. The first culture flawing the cell
isolation was called the primary culture (or passage 0, P0). The unattached cells were
removed from the flasks and the remaining cells that weaehed onto the flasks were
subcultured by dividing 1:10 dilutions for passaging. These agdge called a
secondary culture (or passage 1, P1). The cells that were used for experiments from

passage 2 to 8 to ensure their initial functions were maintained.

2.2.3.Human jaw periosteal cells(HIJPs)

Human jaw periosteum consists of thlagers; the innelayer is called cambium layer

which contains osteoprogenitor cells; the following layer contains mostly fibroblastic
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cells and the outer most layer contains mainly collagen fibres. The periosteum tissues
were harvested from the upper (maxilla) or lower r{dble) jaw of two patients
undergoing maxillofacial treatment in the University of Sheffield, Dental School; with
informed consent. The per i eMEMeasim cuttures s ues
media, at 4°C for less than 24 hours before they underwezit isolation. The
periosteum tissues were control bacterial contamination i8hof 100mg/m P/Sin

PBS, then mechanically separated into smaller tissue pieces. They were added to 0.25%
collagenase type Il and incubated aP@7or 3 hourgSamee et al., 2008y he working
solution was -MEVsbasicruwturentediagenttifuged @t 2000 rpm for

5 minutes to obtain cell pellet, the supernatant was then emfatiedmove the
collagenase. The cell pellet was resuspended and placed-#fdflasks and 2ml of

fresh basiculture mediavasadded to thélasks every 23 day for 7 daysAfter 7 days

the old culture media and naaherent cells were removed. The adherells are
expected to be MSCs, under basic culture méd@minici et al., 2006, Chao et al.,
2012) It has been suggested that HIPs can &ée lbstween passages 3 to(D@ Bari et

al., 2006) however, cells were only used between passagefoBall experiements.
From studies ¢ o mMEBEM ds suijabl®bagaMultara medi&for HIPs;
the HJPs ceMEMtshowes dettér gell pioliferation than those cultured in
DMEM. Therefore-MEM was used for all HIP experiments. The HIPs naiqgy
obtained from 2 donors exhibited 2 different cell shapes; HJ¢&l morphology was

more cubiodal shape, while H3Psvas spindle cell shaped (Figure. 2.2.3).
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A. HJPs-1 B. HJPs-2

Figure 2.2.3 Phase contrast images of the HJPs cells from two donors on day
culture. (A)The cell morphology of HIPk shows a distinct cuboidal cell shape. (B) T
cell morphology of HIR8 shows a spindle cell shape similar to fibroblilse cells.

Images captred by author. Scale bar = 200um.

2.2.4.Human mesenchymal stem cells from bone marrow (hBMSCs)

The bone marrow mononuclear cell samples were purchased from a registered company
(Lonzd) for each of the 3 donors. The samptemsisted of hematopoietic cells and
MSCs. MSCs are isolated based on their ability to adhere to plastic tissue culture dishes
(Chao et al., 2012, Dominici et al., 20086p receive maximum yield of the MSCs from

the frozen cell samples; the cell samples were placed in a distilled water ba®iC at 37
until the last ice crystal melted. The cell solutions were transferred 4wgrreed basal

culture melia containingd.1mg/m DNasel.The viable cells were counted by using a
heamatocytometer and trypan blue dye. The dead cells were presented as dark blue in
contrast to the live cells and were therefore excludiad.cells were plated at a density

of 1.2510° cells percn? in T-25flasks.2ml of fresh basiculture mediavasadded to

the samplegvery 23 day for 7 days. Neadherent cells were removed and replaced by
fresh culture media. The adherent celMich were fibroblastike cells showed a
number 6 fibroblastic colony forming units (CF{) (Figure. 2.2.4). The cells from this
stagewere called passage 0 and wetdtureduntil reaching 7680% confluenceThe
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adherent cells were detaghfrom the flasks with TrypsiBDTA andwerere-plated at
a density of 4x1¥cells percn?in T-75flasks. The cells were serially sehltured up to

passage four for experimerftee et al., 2013)

Day14 Day21 Day28

Figure 2.2.4: Phase contrast images present the adherent celisman MSCwhich are
fibroblastlike cells and form fibroblastic colony forming units (CiHUover 28 days.

Scalela r i s 200&m.

2.2.5.Cell characterization

The Mesenchymal and Tissue Stem Cell Committee of the International Society for

Cellular Therapy suggested the criteriactarify cells asMSCs thatl] MSCs must

adhere to plastic tissue culture surface under a standard culture conditd8C2]

showed express the surface antigens (&f);73(k nown as an eqoto 506 nu
CD 105(known as an endoghnCD 90(known as a Thyl), and CD 14known as a

melanoma cell adhesion molecule: MCATormin et al., 2011)andlack expression
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of the surfaceantigers; CD 45andCD 34 which normally indicate hematopoetic stem
cells (Ogata et al., 2005and CD 14(known as monocyte and macrophage markers)
(Zieglerheitbrock and Ulevitch, 199B)y usi ng fl ow cytometry,
for cluster of differentiation(Boxall and Jones, 2012B] MSCs are be able to

differentiate to chondroblasts, adipocytes and ostetst{lasminici et al., 2006)

Flow cytometryis amethodfor identification and characterization of MSisis used
to characterise cell properties, cougstls, sortcells, andidentify biomarkes. It allows
each cell to be characterised and softeth a heterogenous cell mixugependingon
the specificproteins on the cell that are labelled wilborescentantibodies The
usefuhessof this methods that it isfast, objective and quantitaive record of fluorescent

signal from individual cells andanphysicaly separate the celtf interest.

The cells cultured in th&-75 flaskswere removed from the culte media and washed

with PBS without calcium (G4 and magnesium (M. 6 ml of norenzymatic cell
diassosiation solution was added and incubated at 37°C and monitored to detach cells
from the flask. This was followed by neutralising with basal cultomedia and
centrifuging at 1000 rpm for 5 minutes. The supernatant was removed and 1 ml of
FACS solution (0.1%BSA, 0.1% sodium azide in PBS solution) was added to resuspend
and count the cells. The desired cells were divided into the microcentrifuge tube,
centrifuged, and the supernatant removed. The following tabulated list of all
components for analysing all types of MSCs which have been used in all experiments
(hESMPs, HJPs, and hBMSCs) (table 2.2.5 A). Then they were incubated at room

temperature for 4minutes under dark environment.
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Conditions | Staining Primary Isotype control Excitation
buffer antibody antibody (pl) and emission
(1) (Hl) o

Unstained 50 0 0

All Isotypes 30 0 5 ul X 4 Isotypes

CD90/APC 45 5 0 660/20
CD105/BV 45 5 0 450/50
CD146/ CFS | 45 5 0 530/30
CD-45/PE 45 5 0 575/26

All antibodies | 30 5 ul X 4 antibodies | 0

Table 2.2.5A: Complete list of components and experiment parameters for MSCs

characterization of hESMPs, HJPs, arB\MiSCs by using FACS.

For each experiment, amat Ig, Hchaina n d

negative

control

were stained with the corresponding fluorochresta@ned antibodies. Compensation

Comp B«

particles were used to optimize the setting of fluorescence compenstation for analysing

with multicolour flow cytometry. The advantages of the compensation particles are that

they provide more accurate results and reduce overlap from the combination of

fluorescencestained antibodies.

The staining process followed the company instructiongehbyjf 100ul of staining

buffer was added into a microcentrifugation tube. One full drop (approximate 60ul) of

t he

C o mp B-eanld (positive paiticles) and the other full drop of the negative

control particles were added into each tube and vortexigd.of primary antibody was

added to the tube, and incubated for 30 minutes at room temperature in a dark

environment. 1ml of FAC buffer was added to each tube and vortexed. All samples

including

t

he

cell s

and t he

CompBrauest E wer e
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and the supernatant removed. 30®mf FACs buffer solution was added to each tube

and kept at 4°C, under dark environment.

Conditions | Staining Primary Excitation and

buffer antibody emission (nm)
(ki) (ki)

Unstained 100 0

CD90/APC 90 10 660/20

CD105/BV 90 10 450/50

CD146/ CFS | 90 10 530/30

CD-45/PE 90 10 575/26

Table 2.2.5 B: Complete list of components and experiment parameters for

C o mp B echatdeterization of control compensation particle set by using FACS.

The staine

flow cytometer with 4 lasers as 355, 405, 488, and 633 nm. Using excitation and
emission setting as listed in table 2.2.5 B compensation was adjusted automatically
using the ® FACS Diva acquistion software. Then, the samples were analysed using

the same settings. Data of flow cytometry data were analysed as geometric means of

fluorescence intensity.

2.2.6.Cell culture in monolayer

Inthemonol ayer
counted to calculate cell number. The determination of cell number and volume of

media depended on the length of experiment, cell shape, and size of cell culture well

d CompBeadE

and

negative

control

expebd ) mend sl g tweea rmaeEbdidsks, @and h e d

plate. The required cell and culture medadumes were mixed into one container and

were resuspened to ensure even distribution. They were then divided into individual cell
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culture wells. Sterile 0.1% Gelatin in PBS was precoated on the well plate half an hour

before cell seeding to enhance celaelhment of the hESMPs.

2.2.7.Electrospinning rig set up

Polymer electrospun scaffolds were created from a specific polymer concentration in a
suitable solvent as detailed in chapter 5. A polymer solution was made by dissolving in
either dichloromethane (DCM)r a mixture of DCM and methandihe solutions were

left on a magnetic stirrer plate overnigbtensue homogeneity. The electrospinning
apparatus waset up as seen in (Figure. 1.)08taffolds were synthesized 47 kV,
with a f | omin,a veotkiag disthncedoDl@m, and a drum rotation speed of
300 rpm. The solutions were released by 4 needd® iminternal diameter) to the
rotating drum ground collector. The collector was covered with aluminum foil to
support a fibrous sheet. Aftemptying the polymer solution in the syringes, the fibrous
sheets were moved tvacuum at room temperature for 24 hours to allow any excess
solvent to evaporate. The fibrous sheet was then stored in-seatdfl plastic bag at

4°C and used within 6 morgh

2.2.8.Physical characterisation

1 Electrospun scaffold without cells

The morphology of electrospun scaffolds was observed and their morphologies were
analysed by measuring fibre diameter by SEM from two different sample baftiees.

SEM is an electron microscope which carsual the surface topography and
composition of the samples. SEM has a wide range capacity of magnification from 10 to
500,000 times while a light microscope has a limitation of magnification of only 250
times. The scanning process begins with an electron mittirey the electron beams to
interact on the sample surface. The secondary electron beams are released and detected

by the special detectors.
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The scaffold sample was cut into a 10 mm diameter circle shape and mounted onto a
specimen stub using an elécally conductive double sided adhesive tape. The
scaffolds were sputter coated widn gold ultrathin layebecamethe sample surface

must be electrically conductive to avoid electrical chafigee sample was visualised

with accelerating voltages of 20kdnd spot sizef 3.0.

{ Electrospun scaffolds with cells

The sample for visualising by SEM was required to be completely dry due to the SEM
chamber being under high vacuum. A living cell sample was removed from culture
media and washed with PBS 3 times (5atés each) and fixed with 10% formalin in
PBS for 20 minutes at room temperature to preserve the cell structure. A dehydration
step was untertaken to replace water in the cells with ethanol. The samplewas
submerged in the following series: 35%, 60%, 808 of ethonol in distilled water,

and 100% ethonol for 15 minutes at each concentration. Following this, the solution was
replaced with HMDS as a drying agent by submerging the sample in 1:1 ethanol and
HMDS solution for 1 hour and subsequencely rinsiridp \w00% HMDS for 5 minutes
twice. The sample was then removed and left to dry in a desicator for at least 1 hour, the
sample was stored in a dry and clean place until coated with the gold layer and

visualised.

Scaffold porosity was calculated by determipithe density of the scaffold and the
density of the bulk material. To determine the scaffold density, the scaffolds were cut
into 1cnf squares, the thickness measured with a micrometer, and the weight
determined using a laboratory analytical balancecliosan measure mass in the sub
milligram range, to determine the scaffold volume. The scaffold porosity was calculated
using the following formula:

e=(1-r/rg*100
(wherer refers to the density of scaffold angrefers to the density of the bulk

material)

90



CHAPTER TWO

f'Mechanical characterisation

The mechanical characteristics of electrospun scaffolds was determined by using a

BOSE ELF 3200 with WinTest 4.1 software package. The scaffold was cut into

cylindical shapes, 5 mm in width and 12 mm in length. Th#ddavas gripped at both

ends of the sample with 6 mm guage length and strained until the maximum
deformation was 6mm (100% strain). The force was recorded using a 22 N load cell.

Both the force and displacement results were plotted to generate a gaiess$ strain

graph. The graph was used to determine the Y
strength of each scaffold.

Youngb6s modulus is a ratio of stress divide:
against strain curve. The elasticimgwhere the material can return to its initial shape

after the strain has been removed, this value represents the stiffness of the material.

Yield strength is the first stress point at the which material begins plastic deformation.

The yield strength ighe maximum point on the curve after the region of elastic
deformation. Ultimate (tensile) strength is the maximum point of stress which begins as

the material show a necking shape before the material is broken.
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Standard PCL scaffold
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Figure 2.2.8 Thestressst r ai n curve of the standa

elastic modulus of elasticity can be determinated from the gradient of the max
slope in the elastic region. Linear elastic deformation is the recoverable deform
regionsadmgei idsthe Youngbdbs Modul us.

sample initially deviated after the elastic region. Plastic deformasothné permanen

deformation thabccurs after yeild.

2.2.9.Hydroxyapatite characterisation

1 X-ray Diffraction (XRD)
XRD is a crystal analytical technique that does not destroy the sample. The data
obtained includes a chemical composition, morphology, and crystal structure by using
the principle of Bragg diffraction. W. L. Bragg and W. H. Bragg in 1913 explained that
the crystal structures arrange in the parallel planes which have aspecific distance. The
incidenced xay beams at a specific angle could produce the intense peak of reflected
beams. The Braggbés | aw formula i s:

nl =2dsing
(Where n refers to integadr refers to the incidence wavelength, d refers to the distance
between the parallel planes in the crystal structgnefers to the angle between the
incidence radiation and the crystal parallel plane).
XRD could determine a sample in either a thin filmaopowder. An intense peak

reveals where the particular atoms are arranged in the structure and the data is compared
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with known standard data. Morover, this technique may quantify the amount of atoms
and the crystalline size of the sample. However, thédiians of XRD are single
crystal detemination and the length of particle size for analysing must be between
0.1um40um.

The sample was flatened on the holder and measured byyadiffractometer using
copper kal pha (Cu KU) radi a@kV and 30(nA ® mldamnthe . 54 ( A) )
date. The range dlqg between 25to 35° was measured with at a scan speed of 0.1
degrees per minut@shikawa et al., 1993)The data was compared with a known
standard graph to identify the sample component.

1 Fourier transform infrared spectroscopy (FTIR)

FTIR is a chemical component analytical technique that is widely used in biomaterials.
This technique can identify the presence of functional groups in a sample molecule.
Mostly the biomaterials are opaque which obstructs analysis of the material with a
direct transmission analysis in the riidrared regiongRehman and Bonfield, 1997)
Reduction in material density can change the original matedaiponents. An
alteration in the infrared (IR) wavelength from riRRl region to neatR region which

avoids the opaque side effect of materials may limit the obtained data, therefore photo
acoustic sampling (PASTIR may be used as a solution to these lprob. The
principle of this technique is that a specific frequency of IR beams are absorbed when
they equal the vibrational frequency of a melocular bond in the sample. Subsequently
they are converted into heat and diffused to the sample surface andrthending
environment. A gas thermal expansion generates the PAS signal which could be
identified by the detectafRehman and Bonfield, 1997Advartages of this technique

are that there is no sample preparation, and there is more depth of detection than any
other FTIR technique.

The sample was scanned in the sample chamber of the PAS cell which was purged with

dry helium gas. The obtained spectwas recorded in the IR range between-4000
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cm’® at 8 cmi* resolution with 128 scans. The carbon black specimen was scanned for
calibration before scanning the sample and the received data were processed using
Omnic 7.4 software package.

1 X-ray photoelectron spectroscopy (XPS)

XPS is a chemical analysis technique of the surface of material to reveal a chemical
elemental composition and an empirical formula. A sample is irradiated wily x
beams resulting in electrons being released to the-hifjfa vaouum chamber. An
electron detector measures the electron binding energyigy which represents the
specific element and the number of released electrons which represents the amount of
elements on the sample-éxis). The limitation of this techniquetisat it is not suitable

to analyse samples which contain water as water might evaporate and change the
material structure during the reading.

The obtained XPS data were used an Axis Ultra DLD spectrometer. The material
surface was scanned at 160eV passgnedev step size from 1200 tbeV to reveal

the XPS spectra. The data was determined using Casa XPS software. The sample scans
were performed in duplicate.

2.2.10.Scaffold preparation

A day beforeexperiments began, scaffolds were cut into either a cirsbkgpe by using

a circular cork borer (15mm diameter) or an ecliptic shape (15mm in width and 35mm
in leigth) (Figure. 2.2.10.1 A) by using a scalpel blade. The scaffold mat was wraped
with aluminium foil. A template was drawn with pen on the cover of iimmiaium foil

and then cut with a scalpel blade. The appropriate sized scaffolds were soaked with PBS
to increase the hydrophilicity of the scaffold. The scaffolds were sterilised with 0.1%
peracetic acid in PBS under steady rocking condition8 hours.Peracetic acid is an
antimicrobiological agent and has therefore been used to sterilise scaffolds; however a
side effect of peracetic acid can be damage the-Ha&nparticles on the scaffol(Kim

et al., 2006a) Therefore in experiments where HA scaffolds were used all scaffolds
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(HA containing and aatrol polymer scaffolds) were sterilised with 80% ethanol in
distilled water for 2 hours. After sterilisation, the scaffolds were washed three times
with PBS, left for 5 minutes in each wash to ensure the removal of either the peracetic
acid or ethanol reaining. Two different scaffold immobilizers were used during cell
culturing; a customised bended medical grade stainless steel wire (Figure. 2.2.10.1 C)
and a Cell CrownE applidhei esne¢(Figdre€el RCRot
scaffold were assembleahd submerged overnight in the basal culture media which
contained FCS to enhance cell attachment, under sterile and room temperature condition
(Figure. 2.2.10.2. B). For the wireheld group, the scaffolds were placed in anil

plate and stainless sleings were placed on top; 1mL of basal culture media was added
to each well and left overnight to allow for serum protein attachment under sterile and

37°C incubator condition. Before cell seeding, the cell culture media was removed.
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Figure. 2.2.10.1: (A) Electrospun PCL scaffolds were cut into ecliptic shapes
The scaffolds were laid flat in thevéell plate . (C) The bent wire is placed on to

the scaffold. Images captured by author.

Figure 22.10.2:( A) Cel |l CrownE. (B) The scaffo
and (D) inveredsi de. (C) The scaffold inserted CellC

well plate. Images captured by author.
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2.2.11 Cell seedingfor 3D culture

A cell seeding study was carried out to determine the most effective of cell seeding
techniques; (Figure. 2.2.11 Amall volume technique 1hr, (Figure. 2.2.11 Bpmall
volume techniquet+ 2hr; (Figure. 2.2.11 C)low volume of media technigyeand
(Figure. 2.2.11 Dlarge volume of media technique.

There were no significant differences between the methods used however the large
volume techniqueresentedess variation than the otherherefore the large volume
technique was chosen for all future experiments. After the cuttediawas removed,

1mL of media was added to each well. The media leaked through the scaffolds until the
inner and outer parts of the immobilized materials were at equilibrium. The small
volume suspension (no more than 100ul) was seeded on top of the inreerdilegt for

24 hours in a cell culture incubator for cell attachment. The following day the wire
holder group of scaffolds wememoved to fresh well platggigure.2.2.10.1B) and

fresh wire was placed on top to ensure immobilisition and that the lslsafficere
submerged in the culture medigidure. 2.2.10.1C). The scaffolds inserted in the
Cell CrownE were al so Imigue2@.102D). Aicelfseedesih we | | P

scaffolds were cultured with fresh culture media along with the requiredesugpts on

Jd L &

A 1hr B 2hrs C Low D Large
media media

day1.

Figure 2.2.11 Schematic of cell seeding metlsd\: small volume technique+1 hou
B: small volume technique+2 hourS: low volume ofmedia technique, and Marge
volume of media technique. In the technique A, B, and C, after the samples
incubated, the appropriate media were ada®d 1mL into the well plate. The cells

were allowed for attachment for overnightthe cell culture incubator
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Conditions Number of cell per sample Cell density
Monolayer culture 10,000 11 cells/mm
3D culture
Experiment 5.4 50,000 1473 cells/mrh
General experiment 100,000 2,946 cells/mrh
Experiment 6.3 200,000 | 2,946 cells/mrh

Table 2.211: Compkte list of seeding cell densities on both monolayer and 3D
cultures.

2.2.12 Assessment cell viability and cell number
TMTTassay

MTT (3-(4,5Dimethythiazol2-yl)-2,5diphenytetrazolium bromide) assay is a
colorimetric assay for examininglative cell numberand viability by using metabolic
activity. The yellow dye of MTT (tetrazole) is reduced by mitochondrial reductase
enzyme in living cells to purple formaz4Rigure. 2.2.12.1)Acidified isopropanol is
added to dissolve the product of purple formazan into a dark blue or purple formazan
sdt solution. The colour of the solution is removeshd measuredwith a

spectrophotometerat wavelength 570nm.

Cell-seeded scaffolds were washed with PBS, and then 0.5mgf/iMI T in PBS was
added into the sample in the volume 0.5 and 1.0mL & and 3D samples,
respectively. he scaffolds werdhen incubated in acell culture incubatorfor 40
minutes. The purple formazan product was dissolved using 0.125% acidified
isopropanol(25uL of HCL with 20mL of isopropandl, subsequenthd00 uL of the

dissolvedsolutionwas pipetted into 9@vell place andhe ODread spectrophotometer.

Ry
# |
N | mitochondrial ’
</:>_< ~N reductase
N’

Formazan
Figure 2.2.12.1 Schematlc presentation of MTT is reduced in living cells

mitochondrial reductase enzyme, resulting is purple insoluble formazan

Picture from(Peter and Peter, 2009) 98
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TMTS assay

MTS (3-(4,5dimethylthiazol2-yl)-5-(3-carboxymethoxyphenyB-(4-sulfophenyh2H-tetrazolium)

is an alternative colorimetric method for measuring cell viability. MTS is a tetrazolium
compound, which is bioreduced by dehydrogenase enzyme by the active cells in the
same way as MTT. The result of the reaction is a soluble pink formazan product. The
amount of formazan production is directly evaluated by usingptical density plate
reader at a wavelength of 490nmaif6-well plate. The advantage of the MTS assay is
that it allows the direct detection of the viability of the cells seeded on thelscaff
through the formation of the soluble prod(Etgure.22.12.2. They is no need for an

elution step which is a difficult to perform accurately in 3D cultures.

In the first step, the celeeded scaffolds were washed with PBS, MTS working
solution was dded (made from 1:10 of MTS (initial concentration) in PBS), incubated
at 37°Cin a cell culture incubatdor 3 hours for 3Dexperiments and for 385 minutes
for monolayerexperiments. 200ukvaspipetted into a 96vell plate the absorbance of
the samplas were measured in a plate reaaietdthe absorbance values are related to the

number of metabolically active cells.

N Reduction Ry —N
R~ R M
Mo ™ R
\ 7f > Hf \?/
N=N N=N
I
R R
Tetrazolium Formazan

Figure 2.2.12.2 The schematic of yellow MTS is bioreduced by the active cells into pi

formazan that is a soluble water-pyoduct.
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fResaurin reduction test (Alamar blué)

The resazurin reduction test has been used for examining cytotoxicity and cell
proliferation in different types of cells such as fibroblasts, cancer cell lines, mouse cells,
and human cells. The test hasreased in popularity due to it being a simple method,
minimally toxic to cells, noftarcinogenic and cosfffective. The method can also
measure continuous cell growth and the samples can be used for further experiments.
The blue, noffluorescent colouof the resazurin solution is reduced to resorufin which

is pink and highly fluorescent in the media (Figure. 2.2)1218e pathway of reduction

is not completely known. It may occur due to the intracellular activity of mitochondria
enzyme or in the medium as a chemical reaction. The test can be measured by an
absorbance or a fluorescence miptate reader, however, theludrescence

measurement has greater sensitivity than the absorbance r@@dirign et al., 2000)

The resazurin working solution is a 0.1mM or 25.1ug/mL of the resazurin salibsolut

in basal culture media (1mM afesazurin salt powder in distilled water as stock
solution, MW=251.16). The media was removed from the cell seeded scaffolds, and 2
mL of resazurin working solution was added. The samples were wrapped in aluminum
folandi ncubated for 4 hours at 37AC. 200¢lL
to a 96well plate, and measured with a spectrofluorometer at an excitation wavelength

of 540/35, and emission wavelength of 630/32nm.

(0]
I
O/EI D\ /N
o OH Q/i;[ OD\ OH
Resazurin Resorufin

Figure 2.2.12.3 A schematic presentation of nflnorescent resazurin reduction t

fluorescent resorufin. Adapted frqi@'Brien et al., 2000yvith kindly permission Wiley.
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IDNA quantification

Fluorescentdye (PicoGreet) was used to evaluate double stranded DNA (dsDNA).
The dye specifically binds to dsDNA, enhancing the fluorescent properties of dsDNA.
The cells were added to the cell digestion buffer to extract cellular Bhoded at-

80°C for 10 minutesincubated at 37°C for 1 howand votexed for 15 seconds.
PicoGreefi working solution was made by mixing a-Bifhes dilution of TE buffer and
200times dilution of PicoGreéhreagent as commercially available in distilled water.
100¢ |l of t hxture df: shmplesaand®ianGreefi working solution was
transferred into opaque 9¢ell plates, mixed well, and incubated for 10 minutes at
room temperature. The expression of fluorescent dye in the samples was evaluated by a
spectrofluorometer at excitatiof80nm, and emission 520n(@liveira et al.,2006)

The intensity of fluorescence emission was plotted against the known DNA
concentration (calf thymus DNA) to create a standard curve (n=6). As a result, the
formula from the standard curve was created to convert a number of fluorescence

emission intensiéis to a volume of DNA (ng/ml):

DNA (ng/ml) = (Fluorescence emissiorl7.827) / 3.7593

A) Quantitation using the PicoGreen® reagent
20000
£ 15000 -
3 (®)
§1oooo 2000
o 1500
o
T 5000 1000
500
0 0
0 500 1000 1500 2000 0 50 100 150 200
DNA (ng/ml) DNA (ng/mL)

Figure. 2.2.12.4 Linear quantitation of calf thymus DN8y using PicoGreen reageritpm
0 to 2000 ng/mivith linear regression analysis (A),The data points in the red circle re

from O to 200ng/méhre shown in figure B.
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2.2.13 Analysis of celldeposited collagerusing picro-sirius red staining

Picrosirius red staining has been used for many years to stain collagen in
histochemistry andjuantfy collagen in the culture plat®icrosirius red is an anionic
dye; it can bind to a cation (the guanidine group of arginine) on the collagen molecule
This assay is a simple procedure &ag been stated specifially label collagen types

| and Il (TullbergReinert and Jundt, 1999)

The media was removed from the estleded scaffolds and they were washed 3 times
with PBS. Samplesvere then fixed with 10% formalin for ® minutesat room
temperature, and washed 3 times with PB&®ro-sirius red solution was maday
dissolvinglmgml of Sirius ed powdein saturated picric acid, 1mL was added to each
well, and placed under mild shaking for 18 hours. The dye was removed, washed with
distilled water until no more dye solution was eluted, anddéd. The stained collagen

was observed by light microscopy. The samples were destained with 0.2M sodium
hydroxide (NaOH) and Methanol aratio 1:1 under mild shaking for 15 minut@90

puL of the dissolved solution was pipetted into thevd8l plate and assessed @n

absorbancelate readeat 490nm.

2.2.14. Assessment of osteogenesis

TAlkaline phosphatase activity

ALP is an enzyme which can be used to predict the early stages of osteogenic
differentiation. ALP can hydrolyze inorganic pyrophosphate (PPi) and generate
inorganic phosphate (Pi) to promote mineralization. PPi can inhibit mineralization
(Douglas et al., 2012, Orimo, 201@ells were evaluated for ALP activity bvashing

3 times with PBS. 500eL of cel | di gestion
(1.5M TrisHCL, 1mM ZnCL,, 1mM MgCL, in doubledistilled water, ddEO) in

ddH,O, and subsequently 1% of Triton-200 and samples were left at 37°C for 30

minutes. The cells which were cultured onto tissue culture plates were scraped to
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remove cell lysate (the mixture of cell debris and cell digestion buffer solution) into a
micro-centrifuge tube and left overnight at 4°C. Whereas the cells seeded onto scaffolds

were dipped into cell digestion buffer in a mierentrifuge tube; vortexed briefly, and

left overnight at 4°C. The samples were then placed-802C freezer for 10 minutes,

then in a 37°C for 15 minutes and switched back and forth 2 more times; vortexed fo

15 seconds, and centrifuged at 1,000 rpm for
with 190¢l of Al kaline Phosphatas#sellYel |l ow L
plate and incubated at 37°C for 10 minutes. The samples were measured by absorbance

plate reader at 405nm every minute for 30 minutes. The enzyme activity was calculated

as nmol paranitrophenol/min (nmol pNP/min). The plate reader was calibrated so that 1
absorbance value equals 22.5nmol product. The ALP activity was normalized by

dividing by the DNA quantification from the same sample.

TAlizarin red Staining

A measurement of calcium depositiam vitro is Alizarin red stainingAlizarin red
binds to calciurrcontaining mineral which can be observed as an ofeejeolourby
eye and under a light microscope. The amount of stain can be measured by extracting

the red dye with 5% perchloric acid from monolayer culture plates and scaffolds.

After the samples were measured by the resazurin reduction assay, they were washed 3
times with PBS, fixed with 10% formalin for 20 minutes at room temperature and
washed again 3 times with PBS. 1ml of 1mg/ml alizarin red igOdiddjusted to pH 4.1

by adding ammonium hydroxide and left at room temperature for 20 minutes under a
standard roking platform. The unstained dye was removed with distilled water until no
more red colour was eluted, and left to dry. The monolayer samples were observed by
light microscopy. The stained samples were dissolved by adding 500ul of 5v/iv%

Perchloric acid ird each welfor 30 minutes under shaker at room temperatLsé ul
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of the dissolved solution was transferred to an@fl plate and the OD measured at

405nm(Hild et al., 2011)

1 Xylenol orange (XO) fluorescence staining

XO (CzH2eN2013SNa,) is anontoxic fluorochrome label when bound to calcium ions
(Wang et al., 2006, van Gaalen et al., 20T0)s staining has been using for labelling
sequentidy formed bonen vivo by intrgperiotoneal injectiorat differenct time points

(van Gaalen et al., 2010and in vitro to detect the mineralized matrix of vital
osteoblastic cells on hydroxyapatite component biomate(ialgin et al., 2010)
Advantages of thistain are the continuous monitoring of osteogenic response without
requiring the sacrifice of the samples; the ease of the method andtaroighhput.

20mM stock solution of XO powder was made up with distilled water and stored at 4°C.
The stock XO soltion was added to the culture medium in a 1:1000 idiutwith a

final concentratiorof 20uM. The final concentration was added to the samples for a
minimum of 12 hours before imagin@uhn et al., 2010) The XO solutbn was
removed and washed with PBS twiceGPaamd repl act
reduce the fluorescent backgroud from unbound XO. Visualised images of XO staining
were taken with a confocal microscope at an exitation wavelength of 543nm. XO also
absorbs into HA particles therefore 1well control scaffolds were also stained to assess

the effect of HA incoportation into pgmer scaffolds on XO staining.

T Micro -computed tomography (icro-CT) imaging

To evaluate mineralised matrix in tissue engineering construct 2D histologicalrand x
radiographic techniques weosed in combinatianThe xrays beams pass through the
target area and are absorbatla detector and present@d a 2D representation.
Recently, 3D techniques have been developed and appliadvo and in vitro for
detecting osteoporosis and bone aging. This application has beerecesetlyin bone

tissue engineeringTuan and Hutmacher, 2005, He et al., 20H)r the micro-CT
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technique, the samples were taken in many different angles of radiographsedotipw

a computed reconstructievhich produce®D models of the samples.

The samples were fixed with 10% formalin in PBS for 20 minutes and washed twice
with PBS. 12 samples were stacked by separating using foam sheets and were placed on
a 20 mm diameter brass tray. The samples were adjusted to a width and height parallel
to the scanning plane. The mie@l parameters were set at 17.5um/voxel resolution,

the two images at each point were merged to present more accurate image, the filter was
1 mm of aluminium and a rotation step of 0.8°, 360° was applied. Approximately 750
sliceswere obtained. Two software packages (CTan and CTvol) provided by Skyscan
were used to quantify the percentage of
refers to any mineralized composite e.g. a compositdPBA electrospun scaffold and

cell mineralizd deposited collagen and HA) and to reconstruct the 3D structure of the
samples, respectively. The region of interest (ROI) was cubic with dimensions of 18
mm in length andB5mm in widthwhich covered the entire sample stack chosen for
scanning. For measng bone volume percentage (%BV), a cylindrical ROI with a
diameter of 1.2 mm (inner diameter of metal ring) and height of 390um (approximate
scaffold thickness) was chosen. The ROl was sectioned into top, mid, and bottom
portions with 13Qum in each (Figre 5.11.1, chapter 5). Mici©@T measurment of the
samples were received by evaluating on the threshold of the grey scale index (GSI). The
threshold values were evaluated by analysing the GSI distribution. After scanning data
set were divied into two diffent arbitrary thresholds (see result in the experiment 5.11,
chapter 5). The first threshold was set in the rangéBGSI to analyse the standard

PCL scaffold; the second threshold was set in the range more than 70 GSI to analyse the
calcium depositionor hydroxyapatite (Figure 5.11.3, chapter 5). The value of a
particular portion was presented as a percentage of the bone volume (%BV). The %BV

of without cells on both unfilled PCL and HRCL samples as control was subtracted.
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2.2.15. Fluorescent staining ofcell nucleus and cytoskeleton

{DAPI and TRITC

DAPI (4',6-diamidinc2-phenylindolé is a fluorescent dye which binds toTArich
regions on dsDNA. DAPI can pass through both live and fixed cells; however, the
efficiency of staining for live cells is less than that for fixed cfédlisk etal., 2003)

DAPI absorbs at a maximum wavelength of 358nm (ultraviolet) and emits at a
maximum wavelength of 461nm which is detected by a blue filter in fluorescence
microscopy [mageXpres®') or confocal microscope at an aation wavelength of

800nm.

Phalloidin binds to Factin in fixed cells; either muscle or nomuscle cells. Phalloidin
is an extracted peptide from the mushrodmanita phalloidesThe dye is mostly used

in imaging applications conjugated with a fluorescent tag.

TRITC (TetramethylRhodamine Isélhiocyanatg is a commonly used reagent for
fluorescent conjugation with phalloidin. TRITC is excited at a wavelength of 540

547nm and emitted at a wavelength H7ABnm.

Cells seeded onto scaffolds were fixed in 10% formalin for 20 minute®aah
temperature, then washed 3 times with PBS. 1% Tritd®¢ in PBS was added to the
samples and left for 10 minutes for cell membrane permeabilization, samples were then
washed with PBS. The working solution of DAPI and PhalleiiRITC was a 1:1000
dilution of DAPI and a 1:250 dilution of PhalloidifRITC stock ¢ommercially
available) in PBS. The DAPI and PhalloidifRITC at the final concentration of 1ug/mi

of DAPI and 2ug/ml of PhalloidinTRITC were added to the samples, samples were
covered in aluminum foil and left for 15 minutes. Samples were washed titite w

PBS, and visualized by fluorescent microscopy.
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fICellTrackerE

Two colours ofCe | | Tr averkused€e | | Tr Red &aneQ el | Tr Greek.e r E

Cel |l Tracker E {)Ma HueresuentanarkePim whiztethe dye binds to the

inside of the cell cytoplas. The stained cells are still viable and pass the fluorescence

to daughter cells through approximately four cell divisigWfang et al., 2001)In a

study by (Puelacher et al., 1996povine periosteal cells were stained with

Cel | Tr &redneThekdye was freely passed to the cell cytoplasm. The glutathione
S-transfeasemediated reaction will conjugate partially the chloromethyl into thiol
components in the cells. Then, the fluorescent dye-#éti@r product is permanently

trapped inside the cell cytoplasm. The stained cell preparation was optimized for human

jaw perosteum to be seeded on to the scaffolds. The optimal concentration of the
fluorescent dye and revolutions of the centrifuge (rounds per minute) were assessed

using fluorescence microscopy. The suitaBle | | T r astaiking rcdll conditions

demonstrated #t 10uM ofC e | | T r aomhireed with 1000 rpm centrifugation gave

the highest fluorescence resolution images e&ltl numbercompared with theother
groups.Moreover, preliminary experiments showed that addi@g | | T r #octhee r E

cells in monolayer in th@-75 flasksprior to trypsinization, was more effective than

adding it to a cell suspensiohherefore this method was adopted for the remainder of

the experimentsTr y pED DA twhaed ded ftl awelkiseh wer eatcentri fu
1000 rpm tceeldbtp@Eihk ettled | strypanmibtxed wiod uti on

r ajiciomnt eadhamaesd yntgo met er t & msdc asfefeodledds o n

fLive/Dead staining

Live/Dead staining can distinguish between live and dead cells via the expression of
two fluoresent colours. The fluorescence dies can penetrate into cells depending on the
cell membrangermeability. The Live/Dead stain is a mixture of SY’BQvhich is the
greenfluorescent nucleic acid stain ar@opidium iodide (Pl) which is the red

fluorescence wucleic acid stain. The stains differ in their spectral expression and their
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ability to penetrate healthy cells. SYY® can generally bind to both live (intact
membrane) and dead cells (damaged membrane). In contrast, Pl can only penetrate cells
with damagd membranes and this reduces the gife@rescent staining. Therefore,
the cells with intact cell membranes express gfeemescence and the damaged

membrane cells express fidorescence.

Cells seeded onto scaffolds were washed with PBS. The wasélagion of Live/Dead
staining is a 1:1000 dilution of SYT® and a 1:100 dilution of PI (commercially
available) in PBS. 1mL of the final concentration at a 5uM of SYI@nd 10ug/mL of

Pl were added to the samples; covered with aluminum foil and leftstraker at room
temperature for 30 minutes. The samples were then washed with PBS and PBS was
added to each sample to just cover the sample and they were visualized with

fluorescence microscopy.

2.2.16.Mechanical loading of cells

T Application of oscillatory fluid flow (OFF) to cells

Oscillatory motion is motion that moves back and forth repeatly in a constant cycle.

OFF conditions were applied using-sa standar
rocker 6. Cell s were subj ectnaseaaw rockdfF when
(Figure. 2.2.16). The rocking platform which was used in the experiments had a fixed
maximum tilt angle of 6° and an adjustable speed. During all OFF experiments, cells

were cultured in 6 weltulture plates which contained 2 ml of cuumedia in each

well. Precoated well plates with 0.1% sterilised gelatin were required to enhance cell
attachment for only the hESMPs experiment. The samples were subjected to OFF at

room temperature, atmosphere 4@04%CG0O,) for 1 hour a day, 5 days a week for all
experimentgDelaineSmith and Reilly, 2011)Control condition were as dafbed in

chapter 4.
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Figure. 2.2.16: Image of astandard sesaw rockerto conduct OFF. Thstatic group
was placed beside thstandard sesaw rocker The rocking groups were placed on the

standard sesaw rockerlmage was captured by author.

2.2.17 Assessment of vascular endothelial growth factor (VEGF) secretion

using enzymelinked immunosorbent assay (ELISA)

ELISA is a quantified laboratory technique used to determine the concentration of
specific antigens (Ag) or antibodies (Ab) in cejisdtes and other solutions. A
polystyrene plate was used to support and capture the Ag test. The developing colour of
samples from a colourless to an intense solution which was measured by a absorbance
plate reader at the optimum wavelength. The obtaiesedlts compared to a standard
curve to convert the absorbance to the concentration of the samples in each well. The
disadvantage of the direct ELISA is that the Ag can bind to the polystyrene plates
poorly, resulting in a potentially inaccurate measuremgntovercome this limitation,
sandwich ELISA have been used by a matching pair between Ag and specific Ab. This
technique can enhance sensitivity and a specificity of the quantified assay into
picogram, therefore sandwich ELISA is a suitable techniquguémtify cytokine and

hormones in supernatant.
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An ELISA kit was used for quantification of VEGF production in the cells. The
supernatant was collected to measure the VEGF production produced by cells after 48
hours after the media was changed. The asgatpgqnl was followed according to the
manufactures instructions. Briefly, the-@@ll immunomicro plates were each coated
with 100ul of 0.5pg/mlantigenspecific Ab (capture Ab), then the platas sealeénd
incubated overnight. All methods were perfornaédoom temperatur@he plates were
thenwasted four times with wash buffer solution (0.05%Twe2d in PBS). Tl wells
were blocked with 300 pbf 1% bovine serum albumin (BSA) in PBS, and incubated
for 1 hour. Afterbeing washed, 100 df standardor supernatanwere added to the
wells in duplicate, incubate for 2 hours and washed. Theyere then incubated with
100 ul of 0.25 pg/mibiotinylate antigerspecific Ab (detection Ab) for 2 hours. The
plates were washeand then incubated with 100 pf avidin-horseradish peroxidase
conjugate at 1:2000 in diluent (0.1% BSA in the wash buffer) per well for 30 minutes.
After washng, the colour solution in the well was developed fom@@utes by adding

100 plof 2 , -Rzino-bis(3-ethylbenzothiazoling-sulfonicacid) ABTS liquid substrate.
Absorbance was measured by usimg absorbance microplate reader aat405nm
wavelenghh. The absorbance was normalised by dividing by the fluorescent unit of
resazurin reduction test from the same sample.

2.2.18. Statistical analysis

Statistical analysis was performed using SPSS (IBM SPSS statistics 21). Calcium
deposition and collagen production wergalysedoy Oneway ANOVA. Cell viability,

DNA guantification, ALP activity, and VEGF secretion were analyzed by -Wwap

ANOVA (for two factors), foll owed by Tukey/¢
expressed as mean values + SE (standard error of mean). Nwhbepticates are as

stated in each figure |l egend. ONO&6 represent ¢
6nb represents a technical repeat (differe

differences were considered to be statistically significarenathep-valuewas less than
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or equal to 0.05 O0). Prism6 (GraphPad) was used a@nalysethe frequency of

distribution of fibre diameter of the materials.
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CHAPTER THREE: CELL CHARACTERIZATION AND

EVALUATION OF THE MOST SUITABLE CULTURE

MEDIUM FOR OSTEOGENIC INDUCTION ON

MONOLAYER CULTURED hESMPsAND HJPs

A key requirementof bone tissue engineering for cleft palate repair is a cell source
which has osteogenic differentiation pential. Cells thathave been used in many
clinical studiesfor intra-oral bone repairs such as alveolar cleft bone graft and maxillary
sinus augmentation for dental implantati@s mentioad in the previous chapteare:
hBMSCs (Behnia et al., 2009, Hibi et al., 2008hd HJR (D'Addona and Nowzari,
2001, Trautvetter et al., 201I)hereforethe selected cell sourcésatwill be used in

this chaptetare hLESMPs as a model cell foMSCs and HIPdHowever, there is little
information about théestculture conditios for osteogenesidifferentiation using Dex

for hHESMPs and HJPB.

3.1 Introduction

hESMP002.5 is a human embryonic stem @hidrived mesenchymal progenitor cell
line. The cells were derived from human embryonic stem cellsGREFhe hESMPs
do not express pluripotent hEES markersbut are reported t@xpresssurfacemarkes
similar to human MSCs; CD105, CD166, CD10, and CD4%&.ording to the literature
hESMPs have been used in several studies as a moddicddbne tissue engineering.
hESMPs werechosenfor these studies due to ttleir homogeneityto avoid thedonor
variationthat occurs in grimary human cell§Marolt et al., 201Q)2] their ability to
maintaintheir cell viability up topassage 2QKarlsson et al., 2009vheres usually
primary human cells may lose their stem cell potential after pass@igho® et al.,
2008, Min et al., 2011pnd 3]they are straightforward it to culture with high

proliferation capability. Both hESMPRand human MSCs are similar in thlagyrequire
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Dex for osteogenicdifferentiation. The osteogenic inductionedium for MSCs is
supplemented with ascorbic acid (AA), bgtd y ¢ e r 0o p hGPs qndh Rek. AA i§ b
very important in the production of a stable collagen (hydroxyproline) which is a major
component of -GRddMmportant to praviele an lmorganic phosphate for
the mineralization of osteoblastic cells whereas Dex is a gluccaiokrtsteroid drug
which an stimulate osteogenic differentiation of MSQ&dvani et al., 1997, Coelho
and Fernandes, 2000)his study also evaluates the effect of osteogenic differentiation
of progenitor cells oWEGF secretion. VEGHs an important vasculogensgjrowth
factor which is produced by many cells including osteoklagasculogenesiss
important as for a tissue engineered bone to suimiwévo as it needs to induce blood
vessel formation teupply nutrients and oxygen inthe cells within the implanted
structure Primary human dermal fibroblasts were used to evaluate the suitable

concentration of AA for producing collagen.

In bone reconstrction surgery, an autologobsne grafts the gold standard due to its
biochemical properties and ability ittegrae to the surrounding tissu®eriosteum is a
tri-membrane that covetle outer surface of all bonescep at the joints of long bones
while endosteum lines the inner surface of all bé@éorich et al., 2012jsee chapter 1).

Cells that are extracted fronepposteim are called periosteaklls which are a sub
population of MSC In this study, periosteal cells were extracted from HJP. Studies
showed that HJP derived cells could be a promising source for cell based therapies for
bone tissue engineering due to less risk of donor site morbidity, reduced time of
operation and alsoasy harvesting technique compared to the extraction of autologous
bone graft from iliac cresf(Trautvetter et al., 2011HJP is easy to harvest during
wisdom tooth removal (a routine dental procedure). Whereas the mononuclear bone
marrow cells are harvested from the inner (trabecular) part of the bone. Fujii et al.,
(2006) and Choi et al.,(2002) reported that facial periosteum graft induced

intramembranous ossification was similar to maxillofacial skeletal osteogenesis. The
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tibia periosteum graft induced endochondral ossification in a similar way to limb
skeletal osteogenesis. The approach afigiiJPs in the construction or formation of
bonemay be an optional method for bone reconstructdonw cytometry showed that
human periosteal cell expressed specific cell surface markerst gir@rogenitor cells

and ALP for osteoblastic cel(Ball et al., 2011) They also reported that the surface
marker expression of MSCs on periosteal cells was maintained up until passage 10
while ALP showed a high expression up until to passage 5 before starting to decline.
Cicconetti et al.(2007) found that maxillary and mandibular pasteal cells did not
express the negative markers of CD34: an endothelial cell marker, CD45: a leukocyte
marker while they did express the mesenchymal phenotypic markers of CD 105,

CD49a, CD63, CD90, and CD140b.

DMEM was used in the Stolzing group GMEM was used in the Yang and Cicconetti
groups in the culturing of HIP celStolzing et al., 2008) There are controversies in
the selection of medium for HJP cell culture due to the differences in cellular
bioactivities and expressions. Ascorbic a2ighosphate (AA) andibroblast growth
factorbasic recombinant humdbFGF) have ben used to increase MSCs proliferation

and maintain their multipotengRamasamy et al., 2012)

The aims of present study were to characterise the cells have been using in my study
and evaluatesuitable culture conditions for cell proliferation and osteogenic
differentiation for both HIPs and hESMPs that have not been previoptayised In

order to do this;
1. Analysed three cell sources for bone formation; hESMPs, HJPs, and hBMSCs.
2. A comparison was made betweBME M a-MEM U

3. The effects of AAPFGF, and a combination of AA and bFGapplementation on

primary HJPsvas investigated.
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4. The effect of varying the concentration of Dex (without Dex, 10nM, and 100nM) on

cell proliferation and osteogenic differentiatioinhboth hESMPs and HIPs was tested.

5. The effect of Dex on VEGF secretion of hESMPs was analysed.

3.2 The effect of AA on collagen production of HDFs

The aim of this study is to evaluate the concentration of AA for collagen production by

HDFs.

3.2.1 Results

The cell viability of HDF cells’vas assessed using a MTT cell wvi
and 21. Th acremased ih all eandition$[ 2b, 5@, and 100ug/mlfrom 7 to

21 days (Figure 3.2.1 AL he cel |l viabil ipggyLmw@arso thp gwmleisd h i wma
significantly dpg/frelr egtoupvhwa®as he heé owest at
(Pp<0.0%)!l |l agen product iug/mL groapwasslighdybhigker c e | | of

than the other groups at evetiyne-point (Figure 3.2.1 B)Theyg5SmL gr oup was

significantly | owepoignp<sl.I05t)he experiment tir
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(A) HDFs viability can (B) HDFs collagen production
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Figure 3.2.1: The effect of varying concentration of AA: 5, 25, 50, and 100ug/mi

HDFs on monolayer culture after 7, 14 and 21 days. The cell viability (A) and coll
production of HDF cells were measured using MTT cell viability test and-pidtes red
staining respectively. (B) Collagen production was normalised to MTT absorbe
Photoimages of picrsirius red staining of HDF cells cultured on a monolayer
different concentration of AA after 7 (C), 14 (D), and 21 days (E). Data is present
mean + SE,N=1, n=3), * = p<0.05 comparison between 5 pg/mL of AA and the ot
groups, # = p<0.05 comparison betwee
p<0.05 comparien between 5 and 50 pg/mL of AAyoway ANOVA, Tu

comparison test.
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3.3.Osteoprogenitor cellscharacterisation

3.3.1. Materials

hESMPs (passage number 4 to B)Yjifferent donors oHJPs (passage number 6 to 8),
and3 different donors of BMSCs(passage number 2 andv@@re evaluated for surface
antigen expressiorurther informatiorabout hBMSCs is in table 3.3The method for

surface antigen fluorescence staining has besaribed in chapter 2.

Donor(Lot No.) Date of cryopreservation Age | Gender Pal\slz.age
hMSCs1 :080900C 4™ June2008 30 Male 2
hMSCs2 :080917A 6™ June 2008 23 Male 2
hMSCs3 :080926B 9" June 2008 40 Female 2

Table 3.3 Information of the human mononuclear cells obtained from three different

donors.

Immunophenotypic analysingresults

hESMPs (Figure 3.3.1), a combination from 2 donors of HIPs (Hhifed), and a
combination from 3 donors of hBMSCs (hBMS@sol) were used to detect the
expressions of cell surface antigens by using flow cytometry. Thétgeshowed that

both hESMPs and hBMSgsmol expressed the MSCs markers CD146, CD105, and
CD90 in the majority of cells (more than 95%), while they did not express the
hematopoietic maker (CD45) or less than 15% (Table 3.3.1). This implies that the cell
popul ati onds MS Cs foll owing t he mi ni mal
international Society for Cellular Therapy (ISC[Dominici et al., 2006)Surprisingly,

the HIPgool expressed CD105 and CD90 in the majority of cells (more than 95%) but
did not express the CD146. CD45 was also little expressed as expected or less than

10%.

117



200 250
(x 1,000)

CHAPTER THREE

0 _10° 10° 10 10°
CD105 eFluor 405

)
| AN

*)
g
Ie
&
m
[T
)
2
100 150
FSC-A
(B) (@)
100 | 100
‘ N
80 I [ 80
n 0
© 60 z 60
3 3
Q o)
Qa0 Qa
20 20
0 / AN\ \ .
0 10° 103 10* 10°
CD146 CFS
(D) (E)
100 100
80 gl 80
w (%))
T 60 T 60
g =
@]
Qa0 Qa0
20 ‘ ‘ 20
0 //d: .
0 102 10° ot 10°
D45 PE

0 102

10* 10°

CD90 AP

Figure 3.3.1: hESMPs were stained with CD146, CD105, CD90, and CD45
analyzed by flow cytometry. (A) Sorting gate from a representative hES
sample for CD 146, CD105CD45 and CD90 expressions. {B) Colour
histograms represented FACS profile of hESMPs singleanelligrey histograms

represent the corresponding isotype controls.
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Cell types CD146 CD105 CD90 CD45
hESMPs (cell line) | + + + -
96.7 99.9 86.1 0.8
HJPspool - + + -
8.6 96.4 98.9 7.4
hBMSCspool + + + -
95.7 100.0 99.6 11.0

Table 3.3.1:Surface antigen expression patterns of hESMPs, HpdBk(combination of
HJPs from 2 donors), and hBMS@sol (combination of hBM33rom 3 donors) were
measured. Their expressions were decided into 3 categories: 1] positive (+) wher
than 70%, 2] weakly positive (ywhen 2070%, and 3] negative Y when less than 209

of the population showed the specific marfddarolt et al., 2010)

3.4.0steogenic differentiation of hHESMPs in a monolayer culture

3.4.2 Results

After 7 days,hESMP cell morphology showed changes under €)é¢x100 medium
from a fibroblastic cell shape to a cuboidal shape which is similar tgpiaal
osteoblastic cell shapg&heng et al., 1994, Kaveh et al., 201E)gure 3.41). DNA
increased in all conditions (SM, Sidex10, and SMDex100) from day 7 to 14. The
SM group had higher cell numbdfegan the other groups on day. Hbwever by day 21
there were no significant differercédetween th groups (Figure 3.2 A). The SM
group had the lowest ALP activity normalized to DNA, whereas the[3#%100 group
was the highest ALP actiyitat all timepoints (Figure 3.2 B). The VEGF secretion
(during a 48 hours collection period) was normalizeDNA (ug/ml) of hESMPsafter
day 7, 14 and 21. The secretion of VEGF at all conditions increased over the 3 weeks.
The VEGF secretioty the SM group was significantly higher than the &é&x100
groups by 171% on day 1p9<0.05) From 14 to 21 days, the ammuwf VEGF secreted
by cells in both the SWMDex10 and SMDex100 groups was higher compared to the

SM group, however there were no differences betwbergroups by day 21 (Figure
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3.42 C). Total calcium deposition of hESMPs when cultured with varying
concentrations of Dex was measured after 21 days. Total calcium deposition was
highest in the SMDex100 group followed by SWDex10 and SM groups. However,
there were no significant differences between therB&k10 and SMDex100 groups
(Figure 3.43 A). Total cdlagen production by hESMPs when cultured with varying
concentrations of Dex was measured after 21 days. All culture groups were not
significantly different. However, the cells cultured with $x100 showed the lowest
total collagen followed by SWDex10 ad SM groups (Figure 3.3 B). The
photographs of whole well alizarin red staining show ittt SMrDex100 group
containedthe darkest staining after 21 dayscell culture (Figure 3.8 C: upper row)
indicating that this group had a higher calcium deposition than the SM+Dex10 and SM
groups. In contrast, the piegirius red staininghowed an inverse relatisghip between
picro-sirius red staining in the cells with an increased concentration of(BEigure

3.43. C: lower row) indicating that the SM group had the highest collagen production.

Figure 3.41: Microphotographs of the morphology of hESMPs under different cul
media. (A) Cells in supplemented med@d( A A a-+GH) wére more fibroblagt in

shape (yellow arrow heads) while (B) cells in&Me x 1 0 0 n MGP( ahd\100nk
of Dex) media were more cuboidal in shape similar to osteoblastic cells (white ¢

heads) after day 14. Scale bar : 200um
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(A) DNA quantification (B) ALP activity /DNA
SM J
- 600
2500 —SM+Dex10  — =g:y : 4
—SM+Dex100 E # u
| S 5001 Cpay 21
2000 # ki
) E 400
5 J
E 15007 [ a
[=2] o *
£ 2 300
< £ #
£ 1000 E q
a o
£ 2001
J a *
500 _E
1001
=] % #
o ol
Day7 Day14 Day21 SM SM+Dex10 SM+Dex100
(Q) VEGF secretion/DNA
1.57 Mpay 7
Mpay 14
Cpay 21
T 1.00
2 B
L
o
w
=

.0
SM SM+Dex10 SM+Dex100

Figure 3.42: The effect of varying concentrations of Dex: supplemented media |
supplemented media with 10ndf Dex (SM-Dex10), and supplemented media w
100nMof Dex (SM-Dex100) on hESMPs in monolayer culture after 7, 14 and 21 ¢
DNA quantificationmeasuredy QuantTiE P i ¢ 0®GA), AePnactivity normalised tc
DNA (ug/ml) (B), and VEGF secretiofiduring a 48 hour collection periodjormalised
to DNA (ug/ml) (C). Data are presnted as mean + SE, (N=2, n=3), ahd= p<0.05

comparison between SM and $BEkx10, # = p<0.05 comparison between SM &
SM+Dex100,g = p<0.05 comparison between Sidex10 and SMDex10Q usingTwo-

way ANOVA, Tukeyds multiple comparison test.
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(A) hESMPs calcium deposition (B) hESMPs collagen production
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Figure 3.4.3: The effect of varying concentrat®of Dex: supplemented media (SM
supplemented media with 10nd Dex (SM+Dex10), and supplemented media v
100nM of Dex (SM+Dex100) on hESMPs in monolayer culture after 21 dd&ySMPs
calcium deposition (A) usingiahrin red staining and hESMPs collagen production |
using picrasirius red staining(C) The photoimages show a representative set of aliz
red staining (upper row) and sirius red staining (lower row) of hESMPs. (A,B) Da
preented as mean * SHEN=2, n=3), *=p<0.05 comparison between the SM ai

SM+Dex10 groups, # =p<0.05 comparison ween the SM and SM+Dex100 groug

usingtweway ANOVA, Tukeyods multiple compar.i
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3.5. Comparisons of different culture media on the stimulation of human
jaw periosteal cells HIPS)

3.5.1 Results

TheHIJPsL cel | v i avEM médiaincreased aven time for 7 days. The plain

UMEM media group had the highest cell viability (Figure 3.5.1 A: l§fhereas HIPS

cell viability cultured in the DMEM media was slightly reduced from day 1 tagu¢e

3.5.1 A: right). This was followed by an increasing of cell viability from day 4 to 7 with

no difference between the different groups. However, the overall comparison of the
cells cultuMEM wheDNMEM aht &r 7 -MEMgrsupshowed t

was higher than the group culture in DMEM media.

HIPs2 cel | v i aMEM Imedia glightlynincreadsesl onlbay 1 to 4, followed by

a sharp increase on day 4 to 7. There were no differences between the conditions

(Figure 3.5.1 B: left). The callcultured in the DMEM media had similar cell viability

pattern as in th&*MEM media (Figure 3.5.1 B: right). However, the comparison of

cell s cul t4MEM ahd DMEM doane that the cell viability in the-MEM

groups was higher than the DMEM greud he overall cell viabilities of HIPswere

significantly lower than the HIF%, around 4 fold, whet her t he
MEM or DMEM media over 7 days (Figure 3.5.2). Cell viability for HPPsultured in

UMEM was significantly higher than fohé DMEM (p<0.05) Indicating the cells

cultured in the-MEM group had higher cell proliferation than the DMEM group. In

addition, the HIR& had a higher cell proliferation rate than the HIPs
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(A) HJPs-1 viability
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Figure 3.51The ef fect of c ulftfand DMEMh@ight) whioh werd
divided into 4 different groups: lbasic culture medium (plain), 2basic culture
medium containing aerbic acid2-phosphate (AA), 3pasic culture medium containin
a human betdibroblast growth factor (bFGF), and 4hecombination of AA and bFGF
were assayed by the resazurin reduction test for FHUIRA) and HIP (B) on a
monolayer cell culture after 1, 4, and 7 days. (A) HIPs wa s c¢ u{MEM and
DMEM. (ByHJPs2 was c¢ u-MEM aneé RMEM.mMoticeably, thecale bar of y
axis on FigureA is from 0 to 200 but Figure B from G1000 fluorescence unit
meantSE(N=1, n=3), * = p<0.05, Tweway ANOVA, T u k epgridom

test.
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HJPs viability
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Figure 3.52: Comparison of the effect dfasi ¢ cul t AMEM (left) eandi
DMEM (right) assayed by the resazurin reduction test of Hitsl HIP2 on a
monolayer cell culture after 1, 4, and 7 days. meanfBE]1, n=3), * = p<0.05
comparison between the H3Rsand HIPs2 c el | v=i pgMO0b lcdmpayison
between the HIP2 cul t ur e1&M and DMEMeTwdvay ANOVA,

multiple comparison test
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3.6. The effect of varying concentrations of Dex on Osteogenic
differentiation HJPs cultured as monolayer.

3.6.1.Results

On day 7 thecells under the SMroupswere fusiform in shapesimilar to fibroblastic

cells (Figure 3.61 A for HIPsl andD for HIPs2, red arrow headsWhile the cells in

the SM+Dex10 and SM+Dex100 group®re of more cuboidal cell shape siar to
osteoblastic cells (Figure 316B for HIPslL andE for HIPs2 under the SM+Dex10
medium, white arrow heads and C for HIPand F for HIR2 under the SM+Dex100
medium, yellow arrow heayi§Cheng et al., 1994, Kaveh et al.12Q The cell viability

of HJPs1 increasd overtime for 28 days in all conditions and the SM+Dex10 group
was higher than the other groups after 21 to 28 days (Figure 3.6&LR)activity
normalized to DNA (ug/ml) was lowest in the SM group of HIP® contrast, the
SM+Dex100 group had the thigstALP activity compared to the other groufsgure

3.6.2 C) There were no differences between the SM+Dex10 and SM+Dex100 groups
(p<0.05). The cell number of HIP2 increased overtime for 21 days in all conditions
except the SM group slightly decreadestween day 14 to 21 (Figure 3.6.2 Bhe
SM+Dex10 group showed a significantly higher DNA content than the SM group after
21 days(p<0.05). Indicating that both HIPs and HJPL in the SM+Dex10 had a
higher cell proliferation than the other group&P activity normalized to DNA of the

SM group of HIP2 was the lowest at all tiroints. In contrast, the ALP activity of
the SM+Dex10 group was the higher than the other groups after day 21, significantly
(p<0.05). Total calcium deposition was highesttire SM+Dex10 groupoth for HIPsl

and HJP2 (Figure 3.6.3 A and B). The cells cultured in the SM+Dex10 group showed
the darkest staining after 28 days for H1R&igure 3.6.3 C) and after 21 days for HIP

2 (Figure 3.6.3 D)Both HJPsl (E) and HIR& (F) in the SM groups had significantly
higher collagen production than the other groups after 21 days forZ2HdR$ 28 days

for HIPs1, while, the lowest total collagen production was in the SM+Dex100 groups

(p<0.05).
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(A) SM media (B) SM+Dex10 media © SM+Dex100 media

(D) (E) | (F)

Figure 3.6.1:Microphotographs of the morphology of Human jaw periosteal cells (HIJPs) cultured in varying concentrations of Dex aftefAj (
The HJIPsl and (D) HIP<= in supplemented media (SM) which contained AAGE® were more fibroblast fusiform in shape (red arrow hea:
(B) The HJIP<l and (E) HIPL in SM+Dex10 media which contained 10nM of Dex were more cuboidal in shape similar to osté@blzets
(white arrow heds). (C) The HIR4 and (F) HIP=2 in SVi+Dex100 media which contained 100nM of Dex were more expanded in shape (
arrow heads). Scale bar : 200pum.
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(A) HJPs-1 viability (B) HJPs-2 viability
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Figure 3.62: The effectsof varying concentrations of Dex (SM, SM+Dex10, &
SM+Dex100) on HIR4 from 7 to28 days and HJR& from 7 to 21days on a monolaye
cul t u4MEM. iThe cell viability measured by resazurin reduction test of-HJR)
and HJR2 (B), ALP activity normalized to DNA (pgimf HIR1 (C) and HIPL (D).
mean+SE (N=2, n=3), * = p<0.05 comparison between the SM and 3Mx10, # =
p<0.05 comparison between the SM and SM+Dex100 groups, @rel p<0.05
comparison between the SM+Dex10 and SM+Dex100 groupswByANOVA, followed

byTukeyds multiple comparison test.

128



(A) HJPs-1 calcium deposition

0.207

o
o
e

0.107

Absorbance at 405 nm

0.057

SM SM+Dex10 SM+Dex100

(© Alizarin red staining

SM SM+Dex10 SM+Dex100

(E) HJPs-1 collagen production
2.07

1.57

1.07
) -
.0°

Absorbance at 490 nm

SM+Dex10 SM+Dex100

CHAPTER THREE

(B) HJPs-2 calcium deposition
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(D) Alizarin red staining
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Figure 3.63: The effects of varying concentrations of D&M, SM+Dex10, anc

SM+Dex100) on monolayer culture of HIPs. Total calcium deposition using alizaril

staining of HJPsl was assayed after 28 days (A) while the HIRgs assayed after 2

days (B). Collagen production using piesoius red staining asg/ of HIJPsl was

assayed after 28 days (E) and the HZPsere assayed after 21 days (Fhotoimages of

alizarin red staining of HIJPs cultured on a monolayer in different concentration of
after 28 days for HIR4 (C) and after 21 days for HIRS(D). meantSE(for Figure A,

B, C andD (N=2, n=3) and figure E and EN=1, n=3)), * = p<0.05 comparison betweel
the SM and SM+Dex10, # =p<0.05 comparison between the SM and SM+Dex100 g

and g = p<0.05 comparison between the SM+Dex10 and SM+Dex100 gramesyay

ANOVA, followed byu k ey 6 s

multiple comparison t
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3.7 Discussion

Bone tissueengineering may become an option étinical cleft palate reconstruction.

One important part of this strategy is the osteogenic cell source and the biochemical

agents used for bone formation and vasculogenesis. The main aims of this chapter

were to evalu@ suitable cell sources and culture condition for proliferation and

osteogenic differentiation of both hESMPs and HJP cells, and the effect these

conditions have on VEGF secretion of hESMPs in monolayer culture. In order to do

this the first experimentsvaluated a suitable concentration of A8 a component in

the osteogenic induction medium for MSC celldee x per i ment showed that
of increasing the concentrationovefr AA men HD
indicating higherocel éxpewoil méetr atve ohound t hat
of AA pgi/smL50whi & Ihi eggaoviel a gweina bpeeerhan t he ot her

concenthat il o(pks9 &dtd adhp,20@8Pp ad tAdddcahasti mul at e

cel | proli-fegatabe eaocadH®dDFen asyntalEs@iMsi ni NMSCs
which is a collagen comparheamti crad disdatgemsaltshd oc
cel |l proliferat({Bnt amid elti fabnedr eanltls9@®t2p oovi de t

attachWeintet TaHer,ef200r1e2) t he optimized concent
exper wamentthbfge/nilalsi mit ati on of this study | a
NAA supplementation) hque©dérn Geksi(AVB8B)ad ,of

showehcht AA could stimulates coll agen product

group.

All cell types that have been used in this thesis were analysed for their surface antigen
expression. Both hESMPs and hBMSCs were confirmed to be MSCs by expression of
cell surface antigens (CD146, CD105, and CD90) and no expression of CD45
indicating thathe cell population contained MSCs. CD45 would indicate the presence
of heamatopoetic cells which may contaminate the osteoprogenitor cells. However, in

the HIPgooled cells surface antigen failed to bind with the CD146 antibody. CD146
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is known as a mefoma cell adhesion molecule and it has been found that it has

positive expression in human bone marrow cells that contribute to the vascular niche

whereas a negative expression in the cells that contribute to the osteoblastic niche

(Watt et al.,, 2013)Human MSCs reside in either osteoblastic or vascular niches

which are the specific sites near the endosteal membrane or sinusoidal vessels in adult

tissue, respectivelgyin and Li, 2006) Therefore HIPs may derive from osteoblastic

niche because the periosteum is a similar membrane to the endosteal membrane while

both hESMPs and hBMSCs derive from vascular niche. However, the HIPs detected

in this study were also of | ate passage num
that the CD146 cell surface antigen may reduce in expression over passage number

(Osipova et al., 2011)

A |imitation of this study is that i n many
tri plhioowaetvesr , some interesting differences w
significalhitknoswnf otlhlaotwsa ¢ o mmfid@Rtd aom lod Weexd tA
enable calcified m8obt hx tMPespnddEiSi § Beh ibry tMBe&se
experiamentrseunadteirvsetluydi ed cell s compared to bo
hence ltihmkrie¢edemwsather @epti mum conditions to enab
bone matrix f or.mditeirdrfE®GIVP st hveeg ek oeerlalvseat edgat e
whet legr respond to osteogenic me®@uumsitmdtyhe s
found that the DNAiinrc riblae eShidnDieixi@t®elgd oup
bustl i ghtl y déecer esaesceoch daifwieddrkc adnwagr dshat cel |l s p
themprl | proliferation slowed after they diffe
al so have beeMedsioames ucpepllle nueeratiredd WML PhaOexvi ty

early marker for osteogenic diffpoentiahi on)

(a I ate marker for osteogenic differentiatio
howeveareduaceldl agen producti on. Thi s exper i mei
proliferation and coll agen producti on i n t
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(SM+Dex100) whereas the | ower concentration
(SM) show no differences both <cell prolifer
synthetic corticosteroid which is wusually u:
MSCshe Tsuppl ementation of Dex in culture medi

be osteoblChasnhgcetaldl $syre&9edpi biltéeyHehbemncet ALP
al . ,. 19@w®gver, Dex al so reduced cell prolife
high concentrationf@@u®d@nM)n wleivehr ahastheemrs
str oma(l Wad eslhl set al ., 2001, Adviami t eits adt ydyl9
calcium deposition play a role as a | ate mar
not prnmoavier itxhemi ner aAlnaddingi phahoadaypaey such as
expression: RUNX2, OCN, or OPN ¢t hat coul d I

presented data to make the conclusions more r

VEGF is an important cytokine to recruit endothletils for vasculogenesis and is an
essential cytokine in bone formation and bone healing after fracture. In thisitstudy
was showrthat VEGF secretion (during a 48 hour collection period) increased over
time for 21 days. The SM+Dex10 group secretedHhighest amount of VEGF per
viable cell compared to the other groups after 21 days. Wang l2)found that

the 10nM of Dex sigficantly increased VEGF secretion of human umbilical cord
MSCs (hUGMSCs) compared to treating with 100nM of Dg«0.01). The VEGF
gene composes of a promoter region called1ARhich is a potential binding site to
initiate transcription factors and lead to regulate gene exprg3samter et al., 1991)

A complex formation between Dex and Dgiacocorticoid receptor can inhibit the
VEGF inductdn by binding on the AR promoter regions. Resulting in, prevention of
AP-1 dependent transcription processes and inhibition of VEGF prodyeiiss et

al., 1996, Jonat et al., 1990)his implies that Dex affected the VEGF secretion from
the cells in a concentration dependent manner. Interestingly, the VEGEoseper

viable cell increased over time and by day 21 there was no difference between the
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groups (SM, SM+Dex10, and SM+Dex100). The increase over time may be related to
cell density; one could speculate that there is less oxygen available per celleat high
densities. It is known that expression of VEGF is highly sensitive to the oxygen. Pham
et al.,(2002)showed that hypoxia induced angiogenesis byagplaton of VEGF in

rat alveolar epithelial cellsn monolayer culture. Several studies bothvivo andin

vitro reportedthat cells cultured under a hypoxia condition (2% r at least 30
minutes could upegulate hypoxia inducible factdr (HIF-1), which can enhance
VEGF secretion compared to the normalc®ndition(Semenza, 1999, Machein et al.,
1999, Wang et al., 200.7At this stage it is not clear why the inhibitory effect of Dex

on VEGF diminishes over time in culture, but it may be related to the osteogenic
pathways which are stimulated by Dex and are known teregplate VEGF
overcoming the Dex inhibition that occurs in more immature MSCs. Furumatsu et al.,
(2003) in vitro study found that the VEGF setion on hBMSCs under continuous
10nM of Dex supplementation for 3 weeks showed an increasing of VEGF secretion
while they also majority expressed OCN gene, indicating that the osteoblastic cells

may secrete the VEGF for their own survival.

HJPs have beechosen for this study, but there was limited information in the

literature on the suitable culture conditions for osteogenic differentiation. Therefore,

the first step for HIJPs culture was to compare the various types of culture media to

stimulate prolifeation of HIPSA | i mi t at i on ofonelxipersmedy iwastt
performed in triplicate, howevearnfdosoarthet bnt er e
be si gThe ¢ell mumberof HIPs from 2 donors increased indhdEM media

while the additional supplements did not affect cell proliferatfostudy byCoelho et

al., (2000)and Chen et al(2009)reported that*MEM media is suitable to use for

isolation and culturing bone marrow cellhe JMEM mediaitself includes Vitamin

B12, AA and noressential amino in addition to the components of DMEM media.

This medium may facilitate HIPs cell proliferation and enable HJPs to differentiate
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into the osteoblastic linage in a similar way as bone marrow cellser@etudies used
UMEM to culture these types of cells. However, Nakamura ef24108)found that

human MSCs cultured on both DMEM media and specific MSC basal meuéauen

no different in their cell behaviour including growth rate and an osteogenic
differentiation. The difference in cell proliferation between the two HIPs sources may
be due to variation between patients, and site of extraction. HIPs are a heterogeneous
population of cells. Therefore fluorescence activated cell sootirfipronectin coated

culture platecould distinguishthe MSCs from the heterogeneous cell population for

the future work(Ogura et al., 2004, De Bari et al., 200&or the remaining

exper i meMEM smediakwas usgd to culture HIPs.

The next aim was to optimize osteogenic media condition for HJPs. This study
showed thatHJPs from two donors had the ability to undergo osteogenic
differentiation similarto hESMP osteogenic progenitoiBoth donors of HIPs have
different characteristics with regards to cell morphology and cell proliferation, but
similar conditions were required; 10nM dbex (SM+Dex10) for osteogenic
differentiation, and a reduction of collagen production at the high concentration of
Dex (SM+Dex100). Li et al.(2005)andWa | s h ( €t0 feddited,that the higher
concentrations of Dex and prolonged treatment can induce osteoporosis by three
mechanisms: 1] reduction in cell number of osteogenic precursor cells and activity of
osteoblastic cells, 2] increase in cell number and activity t#oatast cells, and 3]
reduced VEGF secretion. Consistent with a clinical study by Dempster €t9&3)

Walsh and Avashig(1992) and Labar et al(2010)found that patients treated with
prednisolone which is a derivative of glucocorticoid group, similar to Dex, reduced the
active period of osteodastic cells for bone formation and increased resorption surface
areas, compared to control grougdJPs have been used in many studiesras a
osteoprogenitor cell sour¢g®amee et al., 2008Cicconetti et al.(2007)found that

HJPs frommaxilla and mandible under a basic culture meekpressedsurface
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markes similar to MSCmarkers HIJPs could express thagh levels of positive
markersof CD 105, CD 49, CD 63, CD90, and CD 14the differences are most
likely due to patient vaability and site of tissue harvestinilarolt et al., 201Q)
Akintoye et al.,(2006) found thatthe expression gberiosteal cellspecific markers

was differentdepending on the harvesting site and patient variability caused by factors
such asindividual habit,age, and healthOur studies found that the ALP activity of
hESMPs was higher than the HIPs possibly indicating that the hESMPs had more
osteogenic potential than the HJPs. The reason may be that the HIPs were derived
from adult donors in which only a sygmpulation of cells could undergo osteogenic
differentiation (Caplan, 2005)Whereas, the hESMPs derived from embryonic stem
cells had a homogenous population of cells which were able to undergo osteogenic
differentiation(Karlsson et al., 2009 he expression profile of MSCs can be different
depending on the harvesting site, it has been fahatthe orofacial bone marrow
(OBM) shows more osteogenic differentiation and quantity of bone regeneration than
iliac bone marrow (IBM)AKkintoye et al., 2006, Osyczka et al., 200Bhe OBM may
contain less hematopoietic marrow cells compare to the IBM. Comparison of four
differences cell sources fronabbits; JPO: periosteum from mandible, JBM: bone
marrow from mandible, LPO: periosteum from tibia, and LBM: bone marrow from
tibia indicated the stem cell potential of these dellgitro, this study found that JPO
showed the highest osteogenic differatitin (Park et al., 2012)The JPO have been
recommended to be a first choice for repairing a maxillofacial re§imevious work

within our grouphas showed tht hBMSCsincubated with10nM of Dex undergo
oskogenic differentiationn vitro study (Sittichokechaiwut et al., 2010Y herefore,
hBMSCs were not included in this gtar for evaluating the suitable osteogenic

induced culture condition.

Chen et al.(2011)compared the osteogenic potential of between human MSCs from

peliosteal and bone marrow derived cells at the same harvesting site (metaphyseal
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region) from the same donors found that the MSCs from periosteal derived cells
showed the higher osteogenic gene expression (BMPPN, and OCN) and
mineralization than the hBBICs. Age of donor also influence the MSCs potential as
younger IBM have a more osteogenic response than the older IBM when they were
cultured under recombinant human BMRPOsyczka et al., 2009HJPs could be used

as anautologous cell source ithe treament of cleft palate defectslue to their
potential to undeyo osteogenic differentiation in a laboratory for clinical use.
Therefore, it would be ideal to test the osteogenic potentiaJéfs from higher
number of patients in order to compare the outcomand from child donors

Unfortunately we had insufficient human jaw periosteum supply.

3.7. Summary of results

One important part of bone tissue engineering is the cell source wsinchd have
osteogenic potential. The aims of this chapterre to evaluate suitableulture
conditiors for both hESMPs and HJPer osteogenic differentian. From these

studies we found that;

1 A suitable concentration of AA is 50ug/mL which produces the highest collagen
per HDF cell of the concentrations tested. This concentration will be used for the
future experiments.

1 Dex induced a change in morphology of hESMPs from a fibroblastic fusiform
shape to an osteoblastic cell shape.

9 Dex stimulated osteogenic differentiation by increasing ALP activity and calcium
deposition, whereas it also reduced cell bam collagen production, and VEGF
secretion in a dosgependent manner.

1 The SM+Dex100 medium condition will be used for osteogenic differentiation of
hESMPsin future experiments due to the significantly higher ALP and calcium

deposition induced in thimedium.
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9 Both donors of HIPs have the ability to undergo osteogenic differentiation showing
similar outcomes to the hESMP osteogenic progenitors.

! T h eMBEM media and SM+Dex10 media conditions will be used for culturing
and inducing osteogenic differentiatioof HJPs in the future experiments due to
having the same or even a more stimulatory effect on ALP and calcium deposition

compared to SM+Dex100.

HJPs collected form 2 different donors showed variability in growth rate and
differentiation ability,therefore it would be ideal to test the osteogenic potential of
HJPs from more patients to compare the outcomes. Unfortunately the insuffigkent
tissuesuppled to do this, however, thesmll characteriations and selected suitable

culture conditionsvill be used in future experiments described in subsequent chapters.
3.8. Future work

Characterisationof all cells from individual donors to evaluate surface antigen

expression of known MSCs markers.
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CHAPTER FOUR: THE EFFECT OF A SIMPLE FLUID SHEAR
STRESS STIMULUS OF OSTEOGENIC PROGENITOR MATRIX

PRODUCTION.

4.1 Introduction

MSCshave been used in bone tissue engineering for several Yaara/ork reported in
chapter 3 showedthat hESMPs and HJPs differentiaiato osteoblastic cells by
biochemical stimulatioty addingDex supplementatioBehnia et al.(2009)and Hibi
etal,(2006)r eported that a patientds own MSCs froc
the cell surces in bone tissue engineering for alveolar reconstruction. Therefore, all
three cell types will be used in these studies to evaluate osteogenic differentiation. Cells
canbe stimulated by many pathways to differediato osteoblastic lieagecells for
example biochemical, mechanicahd environmental stimulation. Many studibave
shown that fluid flow created mecharal stress carenhanceM S Gdosteogenic
differentiation (Yourek et al., 2010, Bancroft et al.,, 2002, Sikavitsas et al., 2003,
DelaineSmith et al., 2012)These studies have used different types of flow stimulus for
example laminar flow versus pulsatile flow versus oscillatorw flith in monolayer

and through 3D porous scaffolds. OFF is thought to be similar to the flow found in the
canalicliar system inrmaturebone structure (see chapteahd flow in the bone marrow
(Gurkan and Akkus, 2008Previous work fom our groupDelaineSmith et al,(2012)
studied theeffects of OFFin vitro on hESMPsculturedin a typical 6well plateusinga
standard sesaw rockerto producethe OFF (describe in chapter 2)They found that

the OFF successfully increased collagen production and mineralized matrix in
osteoprogenitor cells in monolayer culture. Our group fouatidtsuitable OFF loading
regime, using a standard s&mw rocker to increase osteogenic differentiation is a speed
of 45 rounds per minutes, flip angle of 6°, for 1 hour per day, 5 days per week.

Therefore this regime will be used in the experiméDdaineSmith et al., 2012)
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Therefore this simplenechanical stimulatiosystem was chosen for all of the following
experiments in this chapteihis method may increase osteogenic differentiation and
mineralization of osteoprogenitor cells for use for the construct for cleft palate patients.
The advantages of this system are cost effectiveness, straight forwardapment

method, and high throughput for bone tissue engineering.

Therefore the aim of these experiments is valwate theeffects of OFF, usinga
standard sesaw rockeron cell proliferation,osteogenic differentiatigrextracellular

matrix productiorandVEGF secretion bhESMPs, hBMSCs, and HJPs in monolayer.

4.2 Methods

4.2.1 Cell culture

Three cell types were used for each study; hESMPs, HIPsBam8®s. The HIPs and
hBMSCs isolaibn methods were descripted in chafzehESMPs (passage number 4 to
8), 2 different donor$1JPs (passage number 6 to 8), and 3 different donoiBMELs

(as described and characterized in chaptdp&}sage number 2 and 3) were used for
OFF studies. Media whiclasused in all studiewas basalMEM supplemented with
AA and b-GP medium whichwill be designatedSM6 group, SM supplemented with
10nM of Dexwill be designatedSM+Dex1® and the SM supplemented with 100nM

of Dexwill be designatedSM+Dex10G

139



CHAPTER FOUR
4.2.2.0OFF application

For experiments, hESMPs were culturedjelatinecoated standard circularvéell plates at

a density of 10cells per well, the other cells were cultured on the-cmated well plates.

All cell types were cultured in their basic culture medium on the day of seeding cell (day 0).

The following dg, the culture media were changed to either SM, SM+Dex10 or
SM+Dex100. From day 4 of culture, the samples werled/into 2 different groups: 1hé
O0Rocking group6 is the <cells subjectaed to
hour/day, and 5 da/week, 2] lhe static group is cells that were moved to the laboratory

bench when the rocking group was undergoing OFF then they were moved back to the cell
incubator. Delainé&smith et al,(2012) calculated the OFF stress on thevéll plate in 3

different points parallel to the diametec ( L=0. 2 5. 0.5, iaadistate 75, w

from the reference point to the eddatle well andi_dis a diameter of the well)
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Figure 4.2.1 (A) The calculated OFF stress in 3 different points parallel the v
diameter at the circular culture surface of thevéll plate for one cycley/L = 0.25, 0.5,
and 0.75. (B) Wherris a distance from the reference point to the edge of the well and
is the diameter of the well in the axis of rotation. (C) The value of fluid flow stress ¢
circular culture dish received from the formula. Wharis the fluid viscosity (IdPa s),
Gnax IS the maximum flip angle. (6.8 degree in the 2 ml of media condid@n}he ratio
between the depth of fluid and the length of wlelk the period of time per one cycl
Reprinted from(DelaineSmith et al., 2012jor figure A and(Zhou et al., 2010¥or
figure C with kind permission of European Cells and Materials and Else

respectively.
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4.3. The effect of OFF on osteogenic differentiation of hESMPs on

monolayer culture.

4.3.1 Results

On day 7, the cell morphology of the rocking (upper row) and static (lower row) groups
cultured under SM medium (A,Bhoweda more fibroblast fusiform shape (red arrow
heads), while the cells cultured under both+EMx10 (B,E) and SMDex100(C,F)
media were more cuboidal in shape which is similar to a typical osteoblastic cell (white
and yellow arrow heads, respectivel@figure 4.31). The DNA increased at all
conditions (SM and SM with varying concentrations of Dex) from day 7 to 21. Howeve
the SMrDex100 grouphad a slight decreasén DNA after 14 to 21 days in both the
rocking and static groups indicating that there were lower cell numansttie other
groups (Figure 4.2 A). The SM group showed the lowest ALP activities normalized to
DNA from day 7 to 21. By day 21, the highest ALP activity in the rocking grougmwas
the SM+Dex10 conditiorbut this was not significantly different from the SM+Dex100
group The highest ALP activity of the static group was the+BMx100 condition
(Figure4.3.2 B). The secretion of VEGEduring a 48 hour collection periotfjcreased

in all conditions at all timgoints. By day 14, the SM groups showed highile GF
secretion than others while the $Plex100 groups showed the loweistdicating that

Dex inhibits VEGF. After day 21 the highest VEGF secretion was in the+tBik10
groups;for both the rocking and static groups (Figure 4.&aBhough there was no
statistically significant difference between any treatments groups in VEGF secretion by
this timepoint ( p O 0. Tdiah dalcium depositioby the SMrDex100 rocking group
was significantly highethan for any other groupy day 21( p O 0. T SM group
producedthe lowest calcium deposition in both the roxkiand static groups (Figure
4.34 A). The effectof Dex on collagen production confirmed the results of chapter 3
and rocking had no further statistically significant effect (Figure.44.B). The

SM+Dex100 group under rocking condit®(upper row)hadthe darkest alizarin red
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staining after 21 days comped to the other groupsditating that there wamore
calcium deposition than the other group®r the SM+Dex10 group under rocking
conditiors therewas a small area of staining whereas theas mone present on the
static group(Figure 4.34 C) and thg matched the small but not statistically significant
difference in quantitated alizarin red between the two growipe picrasirius red
staining of SM groups asthe darkest staining whereas the -GMx100 groups were
the lightest staining compared to thtker both the rocking and static conditigrgure

4.34 D),
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SM SM+Dex10 SM+Dex100
Rocking group

Static group

Figure 4.3.1: Microphotographs of the morphology of hESMPs for the rocking group (upper row) wikkubjected to OFF for 1 hour/day,

days/week, and static group (lower row) at room temperature. The cells were cultured in the varying conceotrBonsupplemented media (Sh
whi ch c¢ ont a-Gm sudpleehtedcamedia with 10nMDex (SM+Dexdf), supplemented media with 100nMDex (SM+Dexid@0j days. (A
and D) The SM group weraore fibroblastic in shape (red arrow heads) while the SM+Dex1(BE) and SM+Dex100 (C and groups were more
cuboidalin cell shape similar to osteoblastic cefishite and yellow arrow heads, respectively). There were no differences between the rocking ai

groups. Scale bar200um
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(A) hESMPs DNA quantification
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Figure 4.3.2: The effect of OFF on hESMPs between the rocking and static gt
under varying concentrati@of Dex supplemented media (SM), supplemented m
with 10nM of Dex (SM+Dex10), and supplemented media with 10QwiVDex

(SM+Dex100)on monolayerculture after 21 days. DNA quantification (A), AL
activity normalised to DNA(ug/ml) (B). mean = SE, (N=4, n=3)*=p<0.05

comparison between SM and SM+Dex10, # = p<0.05 comparison between Sl
SM+Dex100,g = p<0.05 comparisorbetween SM+Dex10 and SM+DO0, using

Twoway ANOVA, Tukeyds multiple comparison tes
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Figure 4.3.3: The effect of OFF on hESMPs between itheking and static groups

under varying concentratianof Dex supplemented media (SM), supplemented m:

with 10nM of Dex (SM+Dex10), and supplemented media with 100miMDex

(SM+Dex100) on monolayer culture after 21 days. Data is a VEGF sec(etioimng a

48 hour collection periodpormalised to DNAng/ml) presented as mean + SE, (N=:

n=3), # = p<0.05 comparison between SM and-Mx100, using ivo-way ANOVA,

Tukeyobds multiple

compari son

test.
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(A) hESMPs calcium deposition (B) hESMPs collagen production
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Figure 4.3.4: The effect of OFF on hESMPs between the rocking and static gr

under varying concentrati@of Dex supplemented media (SM), supplemented m
with 10nM of Dex (SM+Dex10), and supplemented media with 10GfVDex

(SM+Dex100)on monolayer culture after 21 daykotal calcium deposition (A) usin
alizarin red staining and total collagen production (B) using pisious red staining.
The photoimages shawpresentative sebf alizarin red staining (C) and picrsirius

red staning (D) on monolayer cultured of hLESMP. (A,B) Data is presented as m«
SE, (N=4, n=3), *=p<0.05 comparison between the SM and SM+Dex10 group
=p<0.05 comparison beteen the SM and SMDex100 grougsp<0.05 comparison
between rocking and static grasipusing twew a 'y ANOVA, Tuk

comparison test.
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4.4. The effect of OFF on osteogenic differentiation of hBMSCs on

monolayer culture.

4.4.1. Results

The cellmorphologyof the rocking (upper row) and static (lower row) groapkured
underthe SM medium(Figure 4.41 A,C) were more fibroblast fusiform in shape (red
arrow heads While the cellmorphology cultured under SM-Dex10 medium were
more cuboidal in shape which is similar to a typical osteoblastic cell shape (white arrow
heads, Figwr 4.41 B,D) similar to hESMPs (Figure 4.3.1 C,Hhe DNA increased at

all conditions (SM and SWDex10 from day 7 to 14 whiléghe SMrDex10 groupsad
higher DNA than the other by day 14. The 8B&x10 group under rocking condition
hadslightly lower DNA by day 21 indicating that they wefewer cells than the other
groups (Figure 4.4.2). The SM group showed the loweALP activity normalized to

DNA from day 7 to 21By day 21,the highest ALP activityn the rocking group was

the SMrDex10 condition but they wereno difference between the rocking and static
groups (Figure 4.2 B). The secretion of VEGKduring a 48 hour collection period)
increased overtime at all conditions over 21 days. By day 14, the SM groups showed
higher VEGF secretion than othgroup in both the rocking and static conditions
indicating that Dex inhibits VEGF secretio@n day 21,they were no significant
differences between any treatmegteups by this timgoint (Figure 4.4.2 C). Total
calcium depositiorby the SM+Dex10 rockig group was higher tharfor any other
groupsby day 21 The SM group produced the lowest calcium deposition in both the
rocking and static group&igure 4.43 A) whereas the SM groups gave no staining by
day 21.The SM and SM+Dex10 groups ha significant differencesin collagen
production. The rocking groups produced the highest collagen compared to the static
groups after 21 days. However, the 8bx10 groupshadlower collagen production
thanin the SM medium (Figure 4.3 B). The SMrDex10 group subjected to OFF

showed the darkest stainingpmpared tohe SMrDex10 static group after 21 days. The
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SM+Dex10group under rocking conditions was the darkest and most uniform alizarin
redstainingafter 21 days, compared to the other groups, indicating thed #as more
calcium depositiorfFigure 4.43 C). The picrosirius red staining of theocking group
gavea darker staining than the Slidex10 group. There were no differences between

the SM andSM+Dexculture medigFigure 4.43 D).

Rocking

SM+De10

A

Static

Figure 4.4.1:Microphotographs of the morphology @dMSCs under the rocking and stat
groups for 1 hour/day, 5 days a week. The cells were cultured isughgemented medi
(SM), whi ch c eGPtardisupplamented medlia with BONMDex (SM+Dex
of BMSCs onmonolayer culture after 7 days. (A and C) The SM group weoee

fibroblastic in shape (red arrow kes) while the SM+Dex10 (B and) Qroups were more

cuboidal in cell shape, similar to osteoblastic cells (white arrow heads). Scal@®@tm
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(A) hBMSCs DNA quantification
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Figure 4.4.2: The effect of OFF onBMSCs under supplemented media (SM) ¢
supplemented media with 10rd¥iDex (SM+Dex10) of BMSCson monolayer culture
after 7, 14 and 21 days. DNA quantification (A), ALP activity normalised to DNA
and VEGF secretiofduring a 48 hour collection period)ormalised to DNAng/ml)

(C). Data is presented as mean + QE53, n=3)*=p<0.05 comparison between S|

and SM+Dex1Qusing woway ANOVA, Tukeybés multiple compar
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(AY hBMSCs calcium deposition (B) hBMSCs collagen production

37 q 1.5 sm
A Ml smM+Dex10

Absorbance at 405 nm
Abhsorbance at 490 nm

Rocking Static ) Rocking Static

(C) Alizarin red staining (D)  Picro-sirius red staining
SM SM+Dex10 SM SM+Dex10

Rocking Rocking

Figure 4.4.3: The effect of OFF on hBMSCs under the supplemented media (Sh

Static

supplemented media with 10nM of Dex (SM+Dex10) on monolayer culture aft
days. Total calcium deposition (A) using alizarin red staining and total colla
production (B) using picrgirius red staining. (C) The photoimages sho
representative set of alizarin red staining and (D) pismgus red staining on
monolayer cultured of hBM. (A,B) Data is presented as mean = SE, (N=3, n:
*=p<0.05 comparison between the SM and SM+Dex10 grougsp<0.05

comparison between the rocking and static groups, usingifagy A NOV A,

multiple comparison test.
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4.5. The effect of OFF on osteogenic differentiatiomf HJPs on monolayer
culture.

4.5.1.Results

This experiment evaluated the effect of OFF on 2 different donors of HIPs1Hiies
HJPs2 which showed different responses, therefore, we present them in separate

results.

Results of HIPs1

The DNA of HIPsl increasedat all conditions (SM and SWDex10 groups) from 7 to

28 days (Figure4.5.1 A). The SM groups werslightly higher than the SkDex10
groups botHor rocking and static groups, implying that the SM groups had higher cell
proliferation than the SWDex10 groups. The SM grouphoweda lower ALP activity
normalized to DNA than the ShMDex10 groups in both rocking and static groapall
time-points (Figure 4.5.B). By day 14, he highest ALP activityn the rocking group

was the SM+Dex10 condition, @ampared to any other groups, then this gradually
decreased after 14 to 28 days. By day 21, the highest ALP activity was the SM+Dex10
in the static groupwhich was followedby a slight decrease afterward otal calcium
depositionby the SMrDex10 rocking goup was higher thafor any other groupsy

day 21 (Figure 4.5.2). The SM group produced the lowest calcium deposition in both
the rocking and static groupshe SMtDex10 groupgproduced the lowest amount of
collagen indicating that Dex inhibits collagproduction compared to the other granp

both the rocking and static groups on day(Rijure 4.5.2B). The SM+Dex10 group
under rocking conditions (upper row) gave the darkest alizarin red staining after 28 days
compared to the other groups indicatihgttthere was the more calcium deposition than
the other groups (Figure 4.5.2 C). The SM static group (lower row) contpatedy
staining andwas faint at the centeand periphery indicating that there was lower

calcium depositionThe picresirius red gining images of the SMDex10 groups
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indicatedlighter staining compared to the SM groupsoth of the rocking and static

groups(Figure 4.5.2D).

(A) HJPs-1 DNA quantification
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Figure 4.5.1: The effect of OFF on HIPsunder supplemented media (SM) a

supplemented media with i of Dex (SM+Dex10) on monolayer cultu
after 7 to 28 days. DNA quantification (A) and ALP activity normalisedNA
(B). mean = SE, (N=2, n=3), *¥<0.05 compaison between SM an
SM+Dex10, #=p<0.05 comparison betweatking and static groups, Tweay

ANOVA, Tukeyb6s multiple comparison test.
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(A) HJPs-1 calcium deposition (B) HJPs-1 collagen production
3.01 5
Hism
M sM+Dex10

Normalised absorbance unit

Rocking Static

Rocking Static

(© Alizarin red staining (D) Picro-sirius red staining
SM SM+Dex10 SM SM+Dex10

Rocking Rocking

Static Static

Figure 4.5.2: The effect of OFF on HJPk under thesupplemented media (SM) ar
supplemented media with 10ndfl Dex (SM+Dex10) on monolayer culture after :
days. Total calcium deposition (A) using alizarin red staining and total colla
production (B) using picrsirius red staining. (C) The photoimages sho
representative set of alizarin red staining and (pirro-sirius red staining on
monolayer cultured of HIP4A,B) Data is presented amean + SE(N=2, n=3),

*=p<0.05 comparison between the SM and SM+Dex10 groups);Wayo ANOVA,

Tukeybdébs multiple comparison test.
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Results of HIPs2

The DNA of HIP= increased at all conditions (the SM and-@b&x10 groups) from 7
to 21 daygqFigure 4.5.37A). The SMrDex10 groups were higher than the SM groimps
both the rocking and static groups indicating thateheere higher cell numbers than
the other groupThe 34 groupsshowed thdower ALP activiy normalized to DNA
than the SMDex10 groups in both the rocking and statnditionsat all timepoints
(Figure 4.5.3B). Both rocking and static groups were not significantly differ&otal
calcium depositiofy the SM+Dex10rockinggroupswas thehighestthanfor any other
groupshby day 21(Figure 4.5.4 A)The SM+Dex10 groupgroduced digheramount of
collagen than the SM groups in both the rocking and static gaftgr1 days(Figure
4.5.4B). The SM+Dex10group under rocking condition (upper rotvdthe darkest
alizarin redstainingafter 21 days compared to the other groups indicating that there was
more calcium deposition than for the other gro(iigure 4.5.4C). The picrasirius red
staining imagesfahe SM+Dex10 groupgright column)were darker stagd compared
to the SM groupgleft column) in both the rocking and static conditigrigure 4.5.4

D).
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(A) HJPs-2 DNA quantification
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Figure 4.5.3: The effect of OFF on HJP& under supplemented media (SM) a
supplemented media with 10rdfiDex (SM+Dex10) on monolayer culture after 7 to
days. DNA quantification (A) and ALP activity normalised to DNA (B). mean *
(N=2, n=3), *=p<0.05 comparism between SM and SMDex10, FTway ANOVA,

Tukeybdbs multiple comparison test.
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(A) HJIPs-2 calcium deposition (B) HJPs-2 collagen production
40— 3-

Hsm

% M sm+Dex10

Normalise absorbance unit

Rocking Static Rocking Static
© Plcro smus red staining
SM SM+Dex10 SM+Dex10

Rocking

Rocking “
Static ‘.

Figure 4.5.4: The effect of OFF on HJPA under thesupplemented media (SM) ar

Static

supplemented media with 10ndi Dex (SM+Dex10) on monolayer culture after .
days.(A) Total calcium deposition by using alizarin red staining and (B) total colla
production by using picrairius red staining(C) The photoirages show representativ
set of alizarin red staining and (D) picksirius red staining on monolayer culture «
HJPs. (A,B) Data is presented as mean * 8¥52, n=3)*=p<0.05 comparison
betwveen the SM and SM+Dex10 groupswow a y ANOVA, Tuk

comparison test.
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4.6. The effect of temperature on osteogenic differentiation of hESMPs
compared between room temperature and physical cell culture temperature
of 37°C andCarbon dioxide (CO;) on monolayer.

4.6.1.Introduction

Becausehe standard sesaw rocker available in our laboratory could only operate at

room temperature all our static controls were also placed at room temperature for the

same length of time. Therefore, we set another group of samples to compare between
continuaus static incubator culture and static at room temperaturertain whethethis

switch to a short period of time at room temperature and standard atmospheric gas
concentrations (0.04% GPin itself had any relevant effects on the cells. These

temperatte effect tests were performed on hESMPs and HJPs. For the purposes of the

rest of this chapter, 6staticb6d means the cu
for the same time of rocking and O6static in

cell inacubator at 37°C, 5% CO

4.6.2.Results

On day 7, lhe cellmorphologyof the statidncubator(upper row) andtatic(lower row)
groups cultured under the SM medium (Awgsmore fibroblast fusiform in shagesd

arrow heads)while the cells cultured under ti8vi+Dex10 (B,E white arrow heads

and SMrDex100 media (C,Fyellow arrow headswere more cuboidal shaped, similar

to a typical osteoblastic celrigure4.6.1). There were no differensbetween the static
incubator and static groups. DNA quantification (Figure. 4.6.2 A), ALP activity
normalized to DNA (Figure. 4.6.2 B), VEGF secretion (during a 48 hour collection
period) normalized to DNA (Figure. 4.6.2 C), total calcium deposition (Figure. 4.6.3 A),
and total collagen production (Figure. 4.6.3 B) of #tatic compared to the static
incubator groups (dashed line) showed that they were no differences in any culture

media: SM, SM+Dex10 or SM+Dex100 over 21 days of culture.
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While the total calcium deposition was significantly different between the stalic an
static incubator groups under the SM+Dex10 medium this difference was less than 20%
at day 21(p<0.05). Thealizarin red stained cells of SNDex100 groupafter 21 days
showedthe darkest staininfpr both the static and static incubator groups, configmi

that the SM+Dex100 groups deposited the highest amount of calcium compared to the
others(Figure. 4.6.3 C)The picro-sirius red staining imagesf the SM+Dex100 group
indicate there was less collagen productibghfer staining compared toSM and
SM+Dex10in both the static andtatic incubatogroups this confirmed that the high

concentration of Dex inhibited collagen production by géllgure 4.6.D)
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SM+Dex10 SM+Dex100

Static incubator

Static

Figure 4.6.1: Microphotographs of the morphology of hESMPs und#ernt temperatures for the static incubator group and the static group at 1
temperature for 1 hour/day after 7 days. The cells were cultured in the varying conceptoétitex s uppl ement ed media (SM) wh
GP, supplemented medidth 10nMof Dex (SM+Dex10), and supplemented media with 100hDlex (SM+Dex100) of hESMPEhe SM group (&) were
more fibroblastic in shape (red arrow heads) while the SM+Dex1&)YBnd SM+Dex100 ((F) groups were more cuboidal in shape similaogteoblastic

cells (white and yellow arrow heads, respectively). Scale bar : 200um



(A) hESMPs DNA quantification
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(B) hESMPs ALP activity/DNA
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Figure 4.6.2: The effect of different temperature fteSMP<scells culturedbetween the

static and static incubator groups. The cells were cultured irStile SM+Dex10, anc

SM+Dex100 media on monolayer and collected at 7, 14 and 21 dapg#\

quantification (A), ALPactivity normalised to DNA (B), and VEGF secret{during a

48 hour collection periodpormalised to DNAng/ml) (C) of the static groups wer:

normalised to static incubator groups presented as mean fNs8, n=3:for DNA and

ALP activity,N=2, n=3:for VEGF), *=p<0.05 comparison between the static and 1

static incubator group(dashed line), using One sample T test.
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(A) hESMPs calcium deposition (B) hESMPs collagen production
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Figure 4.6.3: The effect of different temperature faeSMP<cells cultured between the

static and static incubator groups. The cells were cultured irStile SM+Dex10, anc
SM+Dex100 media on monolayer culture after 21 days shastaldcalcium deposition
(A) using alizarin red staining and total collagen production (B) using gsirias red
staining. The photoimages shovepresentative set of alizarin red staining (C) a
picro-sirius red staining (D) on monolayer cultsref hESMPs. (A,B) Data is presente
as mean * SE(N=4, n=3), *=p<0.05 comparison between the static and Hiatic

incubator group (dashed ling)using One sample T test.
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4.7. The effect of temperature on osteogenic differentiation of HJPs
compared between room temperaturend physical cell culture temperature
of 37°C and CQ on monolayer.

4.7.1.Results

In HIPs1, DNA quantification (Figure. 4.7.1 A) and total collagen production (Figure.
4.7.3 A) of static compared to the static incubator groups (dashed line) showed that they
were no significant differences or differences were less than g80,05). There were

no differences between the static and the static incubator groups for the cell
proliferation or collagen production. The piesius red staining of the cells show no
differences between the static and static incubator groups (Figure 4.7.3 C). ALP activity
normalized to DNA of the SM+Dex10 groups were significantly diffe(pr0.05), or

about 35% differences (Figure 4.7.1 C). Calcium deposition by the static normalized to
the static incubator groups under the SM medium showed a highly significant difference
(Figure 4.7.2 A). HIR% under the SM medium deposited much more calcium in the
static condition (moved to room temperature for short periods) compared to the static
incubator. The alizarin red staining was also visibly darker for the static group staining

compared to the static incubator group (Figure 4.7.2 C).

In contrast, HIR&, DNA quantification (Figure. 4.7.1 B), ALP activity normalized to
DNA (Figure. 4.7.1 D)total calcium deposition (Figure. 4.7.2 B), and total collagen
production (Figure. 4.7.3 B) of the static compared to the static incubator groups
(dashed line) showed that there were no differenpa®.05 or less than 20%
differences in all culture meati SM, and SM+Dex10 over 21 days of culture. The
alizarin red staining of the cells under the SM+Dex10 static group did appear darker
compared to the static incubator group and the quantification indicated higher calcium
content however there was large igbility within this group and no statistically

significant effect (Figure 4.7.2 D). The piesaius red staining of the cells showed no
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difference between the static and static incubator groups in all media: the SM and

SM+Dex10 (Figure 4.7.3 D).

(A) HIPs-1 DNA quantification (B) HJPs-2 DNA quantification

2.0 2.0 MDay 7

Epay 14
[IDay 21
MDay 28

1.57
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o
i

SM SM+Dex10 ' SM SM+Dex10

(C) HJIPs-1 ALP activity/DNA (D) HJPs-2 ALP activity/DNA
2.0 2.07

1.57 1.57

Static/Static incubator

SM SM+Dex10 ' SM SM+Dex10

Figure 4.7.1 The effect of different temperatafer HJPs-1 and HIP<2 cells cultured

between the static and static incubator groups. The cells were cultured $Mmtend
SM+Dex10 median monolayer and collected at 7, 14, 21, and 28 days, howevel
HJPs2 samples were collected untill day ZINA quantification (A,B), ALP activity
normalised to DNA (C,D) of static groups were normalised to static incubator gr
of the HJPsL and HJP<2, respectively, presented as mean * 82, n=3),

*=p<0.05 conparison between the static and #tatic incubator group(dashed line)

using One sample T test.
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(A) HJPs-1 calcium deposition (B) HJPs-2 calcium deposition
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Figure 4.7.2 The effect of different temperature for HdPsand HJP<2 cells

cultured between the static and static incubator groups. The cells were cultured
SM and SM+Dex10 media on monolayer surface shawed calcium deposition
after 21 days for HJR2 (B) and 28 days for HIPk(A) using alizarin red staining
The photoimages show representative set of alizarin red staining ofH{IPsand
HJPs1 (C) on monolayer surface. Data is presented as meak,{N&=2, n=3),

*=p<0.05 comparison between the static and #tatic incubator group (dashed

line), using One sample T test.
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(A) HJPs-1 collagen production (B) HJPs-2 collagen production

2.0 204

S

®

g 15 1.57

Q

£

L

8

D

S

g

7]

SM SM+Dex10 ' SM SM+Dex10
() SM  SM+Dex10 (D) SM SM+Dex10
Static Static
incubator incubator
Static Static

Figure 4.7.3 The effect of different temperataréor HIPs1 and HJPS2 cells

cultured between the static and static incubator groups. The cells were cultur
the SM and SM+Dex10 media monolayerTotal collagen productiomfter 21 days
for HIPs2 (B) and 28 days for HJPk (A) using picresirius red staining.The
photoimages showepresentative set gficro-sirius red stainingof HJPs2 (D) and
HJPs1 (C) on monkayer surface. Data is presented as mean = 8E2, n=3),

*=p<0.05 comparison between the static and 8tatic incubator group (dashed

line), using One sample T test.
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4.8.Discussion

It is known that hESMPs and HJPs can differentiate into osteogenic cells by adding
Dex. These are promising cell sources for bone tissue engineering. OFF can enhance
osteogenic differentiation and therefore may be of use astacpitenent in cleft palate

bone tissue engineering. It was previously shown that OFF, using a standaeivsee
rocker, performed at room temperature for 1 hour a day, 5 days per weegulgtes

ALP, collagen and calcium in monolayer culture on hESMPs, the fluid flow stress
betweerD-0.051 PgDelaineSmith et al., 2012)Others also applied OFF to monolayer
cultures of hBMSCs or human fetal osteoblastic cells with the parallel plate flow
chamber at a peak shear stress of up to ZJReobs et al., 1998, Li et al., 2004)
hESMPs act as a model cells for evaluating a cell viability and effects on differentiation
of a treatment on material. The HIPs from periosteurngissd hBMSCs have been
used clinically for bone reconstruction by using tissue engineering strategies. Therefore,
the main objective of the work described in this chapter was to evaluate the effect of
OFF on osteoprogenitor cells such as hESMPs, HIP$BIW&Cs by using atandard
seesaw rockerto mechanically stimulate cells. The three cell types have already been
well demonstrated to have osteogenic differentiation potential (see chapter 3). This is
the first study that | know of to subject HIPs to QiSkhg astandard sesaw rockerto
enhance mineralized matrix production. Based on previous work on hESMPs we
expected that this technique could enhance osteogenesis of HIPs whether they were
cultured under osteogenic induction medium (Dex supplementsupplemented
medium (without Dex supplement). This may be a promising technique to enhance
mineralization in bone tissue engineering and benefit patients who need bone graft for

cleft palate reconstruction.

Applied OFF usinga standard sesaw rockerwas chosen in this study because this
method has been showed to increase osteogenic differentiation in osteoprogenitor cells

(Zhou et al., 2010, Lim et al., 2013, Delai@mith et al., 2012, Tucker et alQ4). It is
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a simple method, with high throughput, convenient to observe the cell morphology, and
mineralized matrix production and it is cost effective. Several studies have used a
parallel plate flow chamber to exert the fluid flow tre monolayer cell cultures in
previous workgNauman et al., 2001, Kreke et al., 2005, Jacobs et al., ,118998)his
chamber has the weakness: 1] tubing at the inlet and outlet ports can leak and lead to
cell culture infection, 2] stability of a fluid flow stress due to long distance from the
pump, 3] high amount of cells, culture media, and reagents areaeqga studies of

rare cell populations and using expensive chemical reagents are dificoltn and
Larson, 2001)and 4] low throughpu(Nauman et al., 2001)The parallel plate flow
chamber is usually used to produce OFF strasgng from G2 Pa, trough to peak. The
critical fluid flow level which could remove half of attaed cells on monolayer culture

is typically is more than 1 R@cCoy and O'Brien, 2010)herefore, the OFF induced

by the standard sesaw rocker is less likely to detach cells from the culture surface.
DelaineSmith et al.(2012)used equations developed in Zhou et(@D,10)to calculate

the shear stress in the circular 6 wallture plate used in our labéfound that, for the
rocking conditions used in these studies the peak shear stress at the center was at 0.041
Pa and at the periphery was 0.051 Pa. The oscillatory movement mimics the typical
fluid flow in bone at the lacunaranalicular systen(Orr et al., 2006and also in bone
marrow on the endosteal surface which hBMSCs rg§idekan and Akkus, 2008, Yin

and Li, 2006)

In studies to estimate shear stress on osteocytes within bone matrix it has been
suggested that they are subjected to OFF at a peak shear stre§a of 2ivo
(Weinbaum et al.,, 1994), however, how that relates to the shear stress an
osteoprogenitor would be subjectedinovivo is completely unknownBirmingham et

al., (2013) calculated the fluid flow on trabecular bone in the healthy bone marrow
environment by using computatiomabdels and found that the fluid flow stress should

range between 0.624 Pa depending on trabecular bone poroSitydies on thén
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vitro effect of OFF on osteocytes, osteoblasts, and MSCs have used the peak shear
stresses of up to 3 Pa for cell stintida (Weinbaum et al., 1994, Case et al., 2011,
Birmingham et al., 2013However if the Birmingham study is correct then the lower

shear stress that we use may be more relevant for MSCs.

A limitation of this study is that in many cases only 2 experiments wefermed in
triplicate, however, some interesting differences were identified were found to be
significant as follows. In this study DNA quantification indicated cell proliferation was
not different between the rocking and static groups in all cell typeSMFS, hBMSCs,

and HJPs). This implies that OFF has not damaged the cells on monolayer culture but it
also does not stimulate cell proliferation. These results are consistent with the study by
Kreke et al.(2005)in which MSCs were subjected the steady fluid flow with the shear
stress of 0.16 Pa had no effect on cell proliferatimn,is in contrast to the studies of
Nauman et al(2001)in which on the rat tibial and femoral osteoprogeniells were
subjected pulsatile fluid flow with the shear stress between 0.1 to 1.1 Pa and showed an
increased cell proliferation on day 21. This study initiated the fluid flow stress on day
14 and further stimulated for 7 days whereas our study suthjtwefluid flow stress to

the cells on day 4 and further stimulated for 14 days (see chapter 2). These different
time points of mechanical stimulation on the cells may affect cell proliferation. The
response of immature osteoblastic cells to mechanicalilstmay depend on species of
origin, fluid flow magnitude, and mode of flow such as steady, pulsatile, and oscillatory
(Kreke et al., 2005)In our studies, a cell attachment time of 4 days was allowed before
subjecting the cells to OFF to be consistent with 3D cultures for the next chapter
(chapter 5). These time periods were poasly observed to allow cell attachment to the

culture surface before initiation of mechanical stinfMcCoy and O'Brien, 2010)

The ALP activity in our study increased over time of culture, except that ALP activity
of HIPs1 on day 28 was significantly lower while at the same {ioimt they showed

high calcium depsition. There were no effects of OFF on ALP activity between the
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rocking and static groups under either the SM or SM with Dex supplements in all cell
types (hESMPs, hBMSCs, and HJPBis is consistent with the study of Nuaman et

al., (2001) who found that the unidirectional pulsatile fluid flow on the rat
osteoprogenitor cells had no effect on ALP activity wieetthey were cultured in the
static condition or various magnitudes of flow with a parallel plate flow chamber on day
14. One potential reason is that ALP activity normally decreases before the beginning of
mineralization (before day 21), therefore thePA&ctivity may lead to an apparent lack

of response to OFF in conditions whenineralisationhas been accelerat¢dian and

Stein, 1995)Here we did measure ALP at three time points to try to capture any peak in
activity and we did not @ear to have reached the peak before 21 days. Due to
problems with cell density (the cells became over confluent) we were only able to
measure ALP at day 28 in H3Rsthis data showed lower ALP at day 28 indicating that
peak activity may have occurrecband day 21. Therefore it is unlikely that we do not
see higher ALP in rocked cultures just because the ALP peak occurred earlier in these
cells. Yourek et al.(2010)found that the unidirectional fluid flow on hBMSCs under
100nM of Dex did not affect ALP in the cell lysate but did increase ALP levels in the
media. He hypothesized that fluid flow may remove ALP from the cell membrane
explaining why there is no apparentrease in ALP levels in the cell lysate even when
other osteogenic markers are present. It would be interesting to measure media ALP in

future studies.

Calcium deposition indicates the late state of osteogenic differentiddion.study

found that caliwm deposition in the rocking groups under the 100nM of Dex medium in
the hESMPs and the 10nM of Dex medium in both hBMSCs and HJPs was higher than
the SM media. The combination of OFF and Dex supplementation can enhance
osteoblastic differentiation espally in the late state by increasing calcium deposition.
The 100nM of Dex medium allowed a higher calcium deposition than 10nM of Dex. It

indicated that the concentration of Dex was directly related to the calcium deposition of
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cells. Wozniak et al.(2000) and Sodek et al(2000) stated that the osteogenic cells
may respond to mechanical stimuli by secreting OPN in the extracellular matrix. OPN is
a protein which is necessary for cellular proliferation and regulation of calcium
deposition of cells on the ECM. Moreover, Wozniak et(@000)applied strain stress

on hBMSCs using a-@ell Flexcell strain apparatus and reported that gap junctions
increased, there are a eedlll connection network. It has been suggested by several
groups that even it only a few cells seasmechanical stress it is passed to other cells in
the culture via gap junctions leading to aardinated response, this may be the reason
for the more uniform calcium deposition observed in the OFF groups. Lastly, the OFF
can stimulate the mineralizaticof cells either via mechanical or by secondary effects
on nutrient distribution. In addition many study on bone cells OFF also increased
intracellular calcium mobilization which is an important intracellular sigfialet al.,

2004) In this study we did not determine the pathwayOQHF to induce osteogenic
differentiation. Possible mechanisms of mechanotransduction have been studied and
many researchers have noted mechanical stimulation of the mitogen activated protein
kinase (MAPK) pathways which regulate the cell proliferation aysleogenic
differentiation (see chapter {Jaiswal et al.,, 2000, Pommerenke et al., 2068)id

flow has been shown to enhance osteogenic differentiation of osteoprogenitor cells and
calcium deposition by several pathways such as the stestiivated ion channels on the
plasma membrane, the cekll interaction: gap junction, the c&ICM interaction:

focal adhesion complex, the biochemical signaling: P&mhorn, 2003)and OPN
(Reilly et al., 2003, Bonnet and Ferrari, 20180d the extracellular structure: primary

cilia (Janmey and McCulloch, 2007, Orr et al., 2006)

Collagen production is also a marker of osteogenic differentiation on osteopoogeni
cells. Our studies showed that there were no differences between the rocking and static
groups in total collagen production, indicating that the OFF had no effect in any cell

type. This result is similar to the study by Li et &€004)who subject MSCs to OFF by
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using a pairéel plate flow chamber and found the gene expression of collagen type |
was not affected by OFRohutcu et al.(1997) reported that the gene mession of
collagen type | was at the high level, following by reducing of this gene expression
before the mineralization state. However, the opposite result was found with rat MSCs
from bone marrow cultured on 3D scaffold using mieitaration chamber, Hou et al.,
(2011)found that the mechanical stimuli could enhance the collagen matrix production
in osteoprogenitor cells although they were supplemented with Dex. Interestingly
pulsatile fluid flow in a parallel plate flow chamber on rabbit tendon fibroblasts
increased the expression of matrix metalloproteinase (MMRd MMR3) which act

as collagen degradation in the enzymes remodelling of extracellular iixg&ex et al.,
2006, Archambault et al., 200Z)his may be a reason why the collagen production in

the rocking group was no different from the static group.

VEGF is an important cytokine to recruit endothelial cells for vasculogenesis. Our study
showed no differences between the rocking and static groups, indicating that the OFF
had no effect on VEGF secr et i(@03)stugyom ESMPs
human MSCs derived from alveolar bone showed a similar result that the cells subjected
to OFF by using rddng platform for 1 hour in the maximum magnitude at 0.00205 Pa
slightly increased the VEGF secretion but by only 18.75% compared to the static group.
I n contr as 2010) $tidy onehe ostebblastic mouse cell (MCEHDB),
showed that the VEGF secretion was dramatically increased by pulsatile fluid flow (0.5
Pa) for 5 hoursn vitro. They described that the increasing of R@Eduction from

OFF could stimulate the VEGF production. We did not measure, B&ftetion from

the osteoprogenitor cells (hRESMPs and hBMSCs), however, our group found that
murine mature osteoblast cells (ML&D) respond to OFF by increasing PGiecretion
(DelaineSmith et al., 2014b)Further studies consistently showed that osteoprogenitor
cells can produce and acculate PGEin response to fluid floyNauman et al., 2001)

However this increase PGHT it also occurred irthese experiments does not seem to
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enhance VEGF secretion. The shear stress in our system may be too low to stimulate
VEGF secretion compared to other studies on hBMSCs in monolayer using the pulsatile
parallel plate flow chamber. Using a high shear st{2Bs)(Yuan et al., 2013jound

that the VEGF secretion wasghier than in the static conditions. In the HIPs study
SM+Dex100 conditiorwas not investigatedue to the previous resutiat HJPs under
various Dex supplementations on monolayer culture showed that the highest osteogenic

differentiation was in the SM+D@&x conditions (see chapter 3).

Cells were subjected to OFF at room temperature. Therefore there was some concern
that the switch to room temperature and atmosphericn@ in itself affect the cells.
Temperature and GCare a key environmental factor for cell culture and may have
affected the cells. In order to check whether there was an effect of the switch to room
temperature alone, regardless of rocking | tested the effect of temperature alog CO
comparing static dis cultured at room temperature, atmosphere (0.04%C<atic

group) and continuous culture in the cell incubator at tHEC3B%CQ (static incubator
group). The results showed that that the DNA quantificatidrich indicates cell
numberwere not diffeence between the static and static incubator groups. Similarly,
ALP activity, calcium deposition, and collagen production of both hESMPs and HJPs
showed no differences. In all conditions of culture media without cells (SM,
SM+Dex10, and SM+Dex100 media) the static and static incubator groups showed

no calcium precipitation. Therefore, all media required cells for mineralizatioslls

are exposed to room temperature and atmosphere for a short enough period of time and
moved back to the cell culturadubator, cell alteration can be prevented. Moreover, it
would have taken some time for the cell culture medium to cool down, disturbing pH
balance which involved a dissolved ¢@nd affect the temperature of cell culture due

to the medium volume were tar amount than the cell volunfilein et al., 1996)
Interestingly, the calum deposition of HIP$ under the SM medium at the static

conditions was much higher than the static incubator groups, these are the same cells
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that did not show a significant response to rocking, however calcium levels were very
high in all conditionsthis effect of room temperature may explain the lack of effect of
rocking, calcium deposition was already highly stimulated and therefore could not be
further stimulated. HIPs may be more sensitive to stress and produce higher amount
of heat shock protei (HSP). Several studies on the culturing cells at low temperature
(25-32°C) found that the cells increase the levels of heat shock proteir2HSB, and

90) which enhance osteogenic differentiat{@hen et al., 2013, Stolzing and Scutt,
2006, Neutelings et al., 2013, Fujita, 199Bhe reason that this only occurred in HIPs

1 must be because of patient variation and sitessfie harvestingMarolt et al., 2010,
Akintoye et al., 2006)Therefore we would need more HJPs cell to evaluate the effect
of OFF to osteogenic differentiatioA limitation of this studywasthat the effect of
temperature and G@n hBMSCswas not investigatedThe hESMPs, hBMSCs, and
HJPs showed similar results in osteogenic potential and the OFF effects. Therefore the
results of room temperature and L£€ffects on hBMSCs shoullde similar to the
hESMPs and HJPs results on monolayer cultbrg would requires further

investigation

4.9.Conclusion

IsolaedhBMSCs and HJPsan beautologous cell sources for bone tissue engineering.
All cell types (hESMB, hBMSCs, and HJPs) responded to OFF by usirsaadard
seesaw rocketto stimulate osteogenic differentiatiohhe @lls were more sensitive to
OFF when subjected to biochemical stimulatiomsing Dex supplementatiofor
enhancing calcium depositiofThis may bea cost effective, high throught, and
simple pretreatment for bone tissue engineering for small defects such as cleft palate.
In general the cells were not affected by culturing in a short period of time at room
temperature when considering cell morphology, cell proliferation, and osteogenic
differentiation. It was important to test this as the specific rocker that we used was

operated on the bench top at room temperature.
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4.10. Summary

1 Subjectingosteoprogenitocells to short periods of GF during culture resultén
increased calcium deposition

1 The hESMPs, hBMSCs, and HJPs cells all responded to OFF, confirming that
hESMPs are a useful model and bone marrow derived MSCs and periosteum derived
HJPs could be an autologous cell sources for future mechanical stimulation studies.

1 Cell proliferation, AP activity, VEGF secretion, and collagen production were not
responsive to OFF.

1 Calcium depositions in all cell types were enhanced by the combination of applying
OFF and Dex supplementation.

1 The cell morphology, cell proliferation, and osteogenic diffeegion of both
hESMPs and HJPs wenet different between the staimom temperature, atmosphere
C0O,) andstatic incubator groups (37°C, 530,).

1 Therefore, thestaticgroup will be useds thecontrol group (nbsubjected to OFF)

to comparewith therocking group in OFEexperimend.

4.11. Future work

The study showed a successful in enhancing osteogenic differentiation and calcium
deposition on human osteogenic progenitor cells. This method could be used in the

future studies, for example;

9 Studying theresponse to OFF by cells in monolayer in order to better ideigy t
optimal shear stresses for Blibreactor cultured and implanted tissues

9 Studying the OFFresponseson cells sourcel from different aged donors, for
example, childreds per i omay respdnd rmoeel rébgstithan adult periosteal

cells.
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1 Studying the osteogenic differentiation of the cala wide range of OFF regimes
such as loading period, loading day, and various biochemical supplemes{Btidin-

2, PGR).
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CHAPTER FIVE: THE EFFECT OF OSCILLATORY FLUID FLOW AND
NANOHYDROXYAPATITE ELECTROSPUN SCAFFOLD TO ENHANCE
OSTEOGENIC DIFFERENTIATION OF OSTEOGENIC PROGENITOR

CELLS

5.1 Introduction

Tissue engineering could be an optional choice for bone reconstruction for Gedt pa
repair. The three basic principles of tissue engineering include firstly a promising cell
source, secondly an appropriate engineered scaffold and lastly cultured under a suitably
biochemical reagent. The promising cell sources and suitable biocheedgaht have

been described in the previous chapters. Therefore this chapter will describe some

prospective scaffold materials.

Electrospinning fabrication is a straightforward method to produce fibres in various
diameters from 5nm to several micromet(Zargarian and Haddadisl, 2010) The

effect of the physical properties of a scaffold has been of strong interest recently due to
the development of novel scaffold materials with unique characteristics depended on the
polymer chemistry. When bone tissue engineering is targeted, matdralikd have
sufficient strength and flexibility and be able to support and promote the proliferation of
osteoprogenitor cells. In recent studies, goHactide (PLA), polyé-caprolactone)
(PCL), and polyhydroxybutyrateo-polyhydroxyvalerate (PHBV) haveeen evaluated

as biocompatible and biodegradable for tissue engineering materials. All materials:
PLA, PCL, and PHBYV are approved by the ULFBA for medical us€Hutmacher et al.,

2001, Sikavitsas et al., @B, Ji et al., 2008)These polymers were chosen for this
studies due to their higher mechanical strength and lower rate of biodegradability than
natural materials such as collagen tygéha et al., 201hich could also be pduced

by electrospinning.
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Recently, many biodegradable polymer electrospun scaffolds have been used for bone
tissue engineering however they was no evidence for osteoconductivity or
osteoinductivity(Polini et al., 2011)A bone graft substitute probablyguéres an active
property to stimulate bone tissue regeneration which also does not have an adverse
effect on the surrounding tissue. There have been many recent studies aimed at
developing bioactive materials to enhance osteoconduction and osteoindigitign

HA (Lao et al., 2011, Fang et al., 2009, Yin et al., 20HA is a calciurmphosphate

which is nontoxic, osteoinductive, and osteoconductive. Nano particle hydroxyapatite
(nHA) has been reported to enhance osteogenic differentiation of ndG€Es
compared with micro particle hydroxyapatite (UHA) et al., 2009) They reported that

the calcium atoms of nHA exposed on the mixture between chitosan and egelatin
casting film scaffold surface could enhance osteogenic differentiation potential.
Thereforethe hypothesisof this study isthat nHA included in electrospun scaffolds

could enhance their ability to support osteogenesis of MSCs.

Bone is a natural composite material consisting of cells and the ECM which is
composed of a collagen protein and HA basgderal plates. The microstructure of
bone consists of the lacunocanalicular structure and ECM. As described in the
introduction, bone is a dynamic tissue which responds to the mechanical stimuli that act
on it. It has been reported in several studiesttf@osteogenic differentiation of human
osteoprogenitor cells is enhanced by mechanical stirgBgincroft et al., 2002,
Sikavitsas et al., 2003, Delai$mith et al., 2012)In vitro studies have estined the

effect of OFF on the osteogenic progenitells in monolayer cultur@he cells cultured

on electrospun scaffold are surrounded by &lbaed connect to other cells in all
direction therefore e could speculate that this emriment better mimictheir in vivo
environment. Therefore, by subjecting cells to OFF in 3D culture the outcomes may be
more similar tan vivothan monolayer culture and this may be a good model system for

mechanotransduction studies.
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In the chapter 4 have beedemonstreed in chapter 4 that (OFF of human
osteoprogenitor cells including; hESMPEBMSCs, and HJPs in monolayer culture
enhances calcium deposition under supplementation with Dex, although there was no
effect on ALP activity (an early marker of osteogenic défaiation) or VEGF
secretion. Therefor¢hese studies are farther investigate the potential of OFF to
stimulate hESMPs andBMSCs by subjecting cells to OFF in 3D culture to stimulate
osteogenic differentiation. The calcium deposition of the cells walkiaed by using

micro computed tomography (micr).

The first objective of this chapter was to produce and characterise the selected polymer
electrospun micro fibre scaffolds including PLA, PCind PHBV for bone tissue
enginering. The second objeet was to enhance osteogenic differentiation of
mesenchymal progenitors by using an OFF and nHA incorporated into electrospun PCL

scaffolds.

5.2. Fabrication and characterization of PLA, PCL, and PHBV electrospun

scaffolds.
5.2.1. Methods
Preparation of polymer solution

3.5¢g of polymer pellet (PLA, PCL, and PHBV) was added into 31.5 g or 23.7 mL of
DCM (DCM density = 1.33g/cf). The mixture was stirred using a magnetic stirrer and
dissolved at room temperature overnight to obtain the well mixed polyrugiosowith

a concentration of 10wt%. The polymer solutions were spun using the electrospinning
technique (see chapter 2). The scaffold morphology was measured from SEM images.
The fibre diameter and their distribution were measured over 100 randomltedelec
fibores from 4 recorded SEM micrographs by using the image analysis software
(ImageJ). Each picture was randomly overlaid with a square grid side 2508jmg
automatic ImageJ function and selected for 25 points (Figure 5.2.1). The fibre diameter
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was neasured for each fibre which was underneath the intersections of the lines. The
volumetric porosity of the PCL, PDLA, and PHBV electrospun scaffolds were analysed

from the ratio of the scaffold density and their bulk density.
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Figure 5.2.1: Schematic of fibre diameter measuring from SkHivage. The square
grid lines siz 2500urfi were overlaid on the image by using automatic imag

function. The selected 25 points of underneath or nearest of the intersections

lineshadthe fibre diametemeasured

180



CHAPTER FIVE

5.2.2 Results

PLA and PCL successfully produced fibres with a smooth fibre morphology without
bead formation while the PHBV had a number of beads along with the fibres.
Representative SEM images of the 10wt% PLA, PCL, and PHBV randomised
electrospun scaffolds spun usiBgEM as a solvent are shown in Figure 5.2.2 A,B,C,
respectively. The average fibre diameter of the three scaffolds (PLA, PCL, and PHBV)
were significantly differen{p<0.05) (Figure 5.2.2 G)PLA formed the thickest fibres

with mean of 4.840 um, with a noal distribution between-I pum (Figure 5.2.2 D).

The average fibre diameter of PCL was 2.682 um. The average of fibre diameter of
PHBV was the lowest at about 0.773 um. The PHBV beads exhibited an average
diameter 0f8.783+0.6200m (averageSE), showing the narrowest size distribution
(Figure 5.2.2 F). However, there were no significant differences between the volumetric

porosity of the scaffolds (Figure 5.2.2 H).
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Figure 5.2.2:10wt% PLA, PCL, and PHBYV electrospun scaffold characterisations; ¢
images of electrospun fibrous morphologies (A,Br€spectively), fibre diamete
distributions (D,E,F, respectively), average fibre diameter (G), and porosity of
scaffolds (H). The polymer peletvere dissolved in DCM and spun in the 40uL/min fl
rate, 17kV, 17cm working distance, 300 rpm (rotatiofector). The SEM images sca
bar 50 pumfor PLA and PHBV scaffolds areD um for PCL scaffoll The maximum
value yaxis of the fibre diameter distributions bar graph D and E is 40 and graph
100. meanzSE (n=6 for porosity measurement and n=50lce tliameter measurement
*=p<0.05 compared between PLA and PCL, #=p<0.05 compared between PLA
PHBV, g=p<0.05 compared between PCL and PHBV, One way ANOMAK e y 0 s

comparison test.
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5.3 Optimizing cell seeding methods on scaffolds

5.3.1 Methods

The cut PLA electrospun scaffolds and Cell C
scaffolds were mounted into Cell CrownE and
MEM) overnight in the incubator at 37°C, 5% ¢@nd a humidified atmosphere.’10

hESMPs were seeded on top of PLA scaffolds using 4 different methods; 1] small

volume technique+1 hour: the small volume of cell suspension (no more than 100 pL) is

seeded on top of the scaffold, then left for 1hour in an incubator then the appropriate

media are added into the well plate (Figure 5.3.1 A), 2] small volume technique +2

hours (Figure 5.3.1 B), 3] low volume media technique: basal culture media was added

up to the bottom surface of the scaffolds, then small volume technique used for cell

seeihg and cells left for attachment for 2 hours then the appropriate media are added

into the well plate (Figure 5.3.1 C); and 4] large volume media technique: 1mL of basal

culture media was added to cover the scaffolds, then the small volume technique was

used for cell seeding and left for 24 hour for cell attachment (Figure 5.3.1 D) in the cell

culture incubator.

The cell seeded scaffolds were removed to fresh well plates after 1 day, cell seeding
efficiency was measured using the resazurin reduction.aBsayhumber of viable cells
which remained on the original tissue culture wells (fluorescence relative units: FRU)
were compared with the FRU of the cells on tissue culture plates which were seeded

with equivalent numbers as a control. Equation (1) addpben (Seebach et al., 2010)

Percentage of cell attachment (YFRU of controlFRU of remaining cellsx100

FRU of control ()
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The number of cells growing in the scaffolds was estimated by resazurin reduction
assay on day 3, 5, and 7, which gives an indication of cell proliferation. Live/Dead

staining was performed to visualize the cell distribution on scaffolds at day 7.

N1/

el L] :

A 1hr B 2hrs C Low D Large
media media

Figure 5.3.1: Schematic of cell seeding methods. A: small volume technique+1
B: small volume technique+2 hours, C: low volume of media technique, and D:
volume of media technique. In the technique Aamdl C, after the samples wel
incubated, the appropriate media were addedalmL into the well plate. The cell

were allowedo attach overnight in the cell culture incubator.

5.3.2 Results

Cell viability for all groups increased oveéme points, however, the results were a
quarter of the control result. No significant differences were found between the various
conditions except for the TCP control group which was signifigamtjherthan the
othersp<0.05 (Figure 5.3.2A). The large volume of media group showed less variation
compared to the other groups. Live/Dead staining images visualized by fluorescence
microscopy showed viable (green) and died (red) cell distributicthescaffolds. The

1 hour group showed isolated cells dimtited on scaffolds (Figure 5.3RE). In the

large volume of media cell seeding technique, there was less variability comptred to
other methods (Figure 5.3B). Therefore, the large volume edlia technique was

selected for cell seedy in all future experinmet.
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Figure 5.3.2 (A) The effect of 4 different cell seeding methods: 1] 1hour technique, 2] 2|
technique, 3] low media, and 4] large media groups of hES MP cells on PLA sc
compared with the tissue culture plastic (TCP) group. The cell viabilities assayed
resazurin reduction test after 3, 5, and 7 days. meanff$&l, n=3), Twoway ANOVA,
Tukeyods multipl e00% dheplaorescenoenimages sfthESMPs<on |
scaffolds in 4 different cell seeding methods using Live/Dead staining assay to exam
viability after 7 days. B: tissue culture plate (TCP) group, C: 1hour, D: 2hours, E: low m
and F: large media gpups. Scale bar = 200um.
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5.4 To evaluate cell viability on selected electrospun scaffolds (PLA, PCL,

and PHBV) for hLESMPs

5.4.1Methods

1 Scaffold preparation

Samples were divided into 3 groups depending on scaffold material; electrospun PLA,
PCL, and PHBV scaffolds. The same amount of cells veetired on TCP as a
control. PCL, PLA, and PHBV were cut into disks using a cork boreradihmeter of

1.5 cm.The scaffolds were steriled with 0.1% peracetic acid in PBS in steady rocking
conditions for 3 hours then washed three times with PBS toweitihe peracetic acid.

The scaffolds were placed on top with steetl stainless steel rings, then 1mL of basal
culture media was added to each well and-sedffold constructs were cultured
overnight to allow for serum protein attachment under steoladition at 37°C5%

CO,, and a humidified atmospheireeubator. Before cell seeding, the cell culture media

was removed.

9 Cell seeding

The 32.5¢lL nihEIMB cells weré seézdlofito scaffolds with the large
volume media technique as described previouskld cells were usedin this
experiment to complement an existing experiment for use as a figurpuhliaation

(Bye et al., 2013)The samples were observed for their ability to support cells using a

25.1pg/mL (0.1mM) resazurin reduction test on days 1 and 7.

5.4.2. Results

Cell viability was used to evaluate cell attachment andpeellferation of hESMPs on
various types of scaffolds by using the resazurin reduction test at day 1 and 7 (Figure
5.4.1). The results showed that cell attachment between all groups was not significantly
different on day Xp<0.05).By day 7, the cell vibility was significantly higher for the
control TCP group, however, the results of the PCL and PLA groups were less than half
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of the TCP group. Moreover, they were not significantly different from day 1, indicating
that cells had not proliferated. The ceilability on the PHBV group on day 7 was

significantly lower than the other groups (PCL, PLA, and TCP groups), however, their
cell viabilities on day 7 were also lower than at dayl with no significant difference,

i ndicating cel | sfoldandthed tvas adl arrest dr evencellddata. s c a f

hESMPs viability
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Figure 5.4.2: The ability of different electrospun scaffaldPLA, PCL, PHBV, and
TCP (tissue culture plastic control) to support cell viability over 7 days. The
viability wasassayed by resazurin rection test after 1 and 7 daysiean+SE(N=2,

n=3 in all conditions except the TCP grolb=1, n=3), * = p<0.05 comparison
between the TCP group with the other groups, B<6.05 comparison between th

PHBV group with the other gups, Tweway ANOVA Tukeyb6s mul.t
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5.5 To compare osteogenic differentiation of HIPs cultured on PCL and

PLA scaffolds.

5.5.1 Methods

PCL and PLA were cut into circular diskdiameter 1.5ci The steriled scaffolds were

seeded withl0° human jaw periosteal (HJP) cells from 2 donors (X3hd HIFR),

passage numbers between 7 and 8 were used in this expefifiarglls were seeded

using the large volume of media technicqasedescribed previouslfhe samples were

cultured eithei n suppl emented medium (SM-GProoup) whi c
in SM media with 10nM of Dex added, denoted
and osteogenic differentiation of the HIPs were measured using resazurin reduction test

after day 7 14, 21, and 28 and alizarin red staining after day 28. The scaffold

sterilization and cell seeding as proceeded experiment 5.4.
5.5.2. Results

A study was carried out to compare the osteogenic potential ofHaRd HIPL on

PCL and PLA scaffolds. The resazurin reduction test was used to evaluate cell
attachment on day 1 and cell viability on day 7, 14, 21, and 28 to compare PCL and
PLA scaffolds. HIPs from both donors exhibited higher cell viability on PCL scaffolds
than on PLA scaffolds (Figure 5.5.2). For both cell types the numbers increased over
time in all conditions for 28 days indicating that cells proliferated (Figure 5.5.3). The
cell viability of HIPs1 under the SM+Dex10 medium was higher than the SM medium
on both PCL and PLA scaffolds (Figure 5.5.3 A). This implies that the-Hi®sboth

PCL and PLA scaffolds under the SM+Dex10 medium underwent higher cell
proliferation than in th&M medium. The cell viability of HIJP3 on the PCL scaffold
under the SM medium was higher than the Dex containing medium, in contrast, on the
PLA scaffold cell viability was higher in SM+Dex10 medium than non Dex containing
medium (Figure 5.5.3 B). Inditag that for HIP£ the PCL scaffold supported cell
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proliferation better in SM but the PLA scaffold supported proliferation better under
SM+Dex10 medium. The total calcium deposition of HlRgas significantly higher in

the PCL under SM+Dex10 medium (PE&M+Dex10) (Figure 5.5.4 A), however for
HJPs2, there was no significant difference between the 4 different groups (Figure 5.5.4
B). Alizarin red staining of HIP% celldeposited matrix showed darkest staining for the
PCL-SM+Dex10 group (Figure 5.5.4 Gyhile the intensity of HIP2 staining was not
different between the groups (Figure 5.5.4 D), indicating the HIPs were better support

on PCL scaffolds.
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Figure 5.5.2: The ability of different electrospun scaffolds (PCL and PioAgupport

Fluorescence unit at 540/35-630/32 nm

HJPs attachment. The cell viability was measured using resazurin reduction rest
day 1. meantSEN=2, n=3), * = p<0.05 comparison between PCL and PLA, O

way ANOVATukey 6s mul tiple comparison test.
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Figure 5.5.3: The ability of different electrospun scaffolds (PCL and PloA3upport
HJPs growth under thesupplemented media (SM) and the SM with 10nM of

(SM+Dex10).Cell viability was measured using resazurin reduction seasfter 7, 14,
21, and 28 days. (A) First donor of HJPs: HdBsand (B)second donor of HIPs
HJPs2. mean £ SE(N=2, n=3), *=p<0.05 comparison between SM and SM+Dex1C
= p<0.05 comparison between PCL and PLA electrospun scaffoldswByANOVA,

andTuk eyds multiple comparison test
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Figure 5.5.4: The ability of different electrospun scaffolds (PCL and PLA) to sup
osteogenic differentiationf HJPsunder thesupplemented media (SM) and the SM w
10nM of Dex (SM+Dex10Deposited calciumvasmeasured by alizarin red staining ¢
day 28. Total calcium deposition normalized to cells cultured on the PCL under tF
medium (PCLSM) groupg(A) the first donor of P cells: HIPsl, and (B) the secon
donor of HIP celi: HIPs2. The photoimages showrepresentative set of alizarin re
staining of HJPsL(C) and HJP2 (D). mean = SE,N=2, n=3), and *=p<0.05
comparison between the SM and SM+Dex10 grompthe same scaffolJdOneway

ANOVA, T key6s multiple comparison test
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5.6 Osteogenic differentiation of hRESMPs on PCL scaffold

5.6.1 Methods

Circular PCL scaffolds witha diameterof 1.5cm wereseededwith 10° hESMPs,

passage numbers in the range 6 t@d@mples were divided into 2 groups eittiee

suppl emented medi um ( SWEM supplemerited with AAaad ned bas
b-GP, or the SM medium with 100nM of Dex added (SM+Dex100). The cell viability

and osteogenic differentiation of the hESMPs were measured using resazurin reduction

test after day 7, 14, 21, and 28 and alizarinaed picresirius red stainingafter day

28, respectively. The scaffold sterilization and cell seeding as proceedepeasnent

5.4.

5.6.2 Results

The resazurin reduction test was used to evaluate cell viability on day 7, 14, 21, and 28.
The cell viability of hESMPs increased overtime for 28 days at all conditions (Figure
5.6.2 A). Total calcium deposition by hESMPs wsignificantly higher in the
SM+Dex100 than the SM group after 21 days and it was further significantly increased
by 28 days(p<0.05) (Figure 5.6.2 B).Total collagen production of the SM medium
after 21 days was significantly lower than the other groups. Howthene wereno
differences between the SM and SM+Dex100 groups after 28 @es&05) (Figure

5.6.2 C). Alizarin red staining was darkest oe tBM+DexX 00 group after 28 days
(Figure5.6.2 D). The picresirius red stained images showed lightest staining on the SM
group after 21 days (Figure 5.6.2 E). The intensities of gitios red staining after 28
days were not different between the SM adiel+Dex100 groups, indicating that,
although collagen deposition was slower in SM, Dex was not necessary to induce

collagen production by 28 days of culture.
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Figure 5.6.2: The ability of electrospun PCL scaffeldo support osteogenic
differentiation of hESMPs under SM and SM+Dex100. (A) The cell viabilit
hESMPs was measured by using resazurin reduction test aftéf, daly 21, and 28.
Total calcium depositions (B) and total collagen production (C) were medgar
hESMPs seeded on PCL scaffolds after day 21 and 28 using alizarin red and picro
sirius red staining assay, respectively. The photoimages show representative
alizarin red staining (D) and picrsirius red staining (E) on the hESMPs seeded

PCL scaffold after 21 and 28 daysneanzSE(N=2, n=3), #=p<0.05 comparison
between the SM and SM+Dex100 groupsthe same day*=p<0.05 comparison
between day 21 and 28 the same mediunTwoway ANOVATuk ey & s

comparison test
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5.7: To evaluate the effect of OFF on hESMPs cultured on PCL electrospun

scaffold.

5.7.1. Methods

10> cells of hESMPs in the passage number between 6 and 7 were seeded on PCL
scaffolds. All cell seeded scaffolds were cultured with basal culture media along with
the required supplements on dayl. The samples were divided intoupsgSM
medium and SM medium with 100nM of Dex (SM+Dex100). The scaffold sterilization
and cell seeding as proceeded as experimentd.4amples were divided into two
groups 1] Rocking and 2] Static groups at room temperature and atmospheric condition
(0.04% CQ). The samples were subjected to OFF by usisigiadard sesaw rockeiat

room temperature for 1 hour a day, 5 days a week for 28 days (see chapter &3l|
viability of the hESMPs were measured using resazurin reduction test after ddy 7, 1
21, and 28. The osteogenic differentiation of the cells were measured using alizarin red
and picraesirius red staining for calcium deposition and collagen production after day

28.

5.7.2 Results

The cell viability of hESMPs was assessed using resazdtirction test after 7, 14, 21,

and 28 days (Figure 5.7.2). Cell viability increased over time in all conditions (rocking
SM, rocking SM+Dex100, static SM and static SM+Dex100 groups) except for in the
rocking SM+Dex100 group where it was slightly decredssu day 21 to 28, and there
were no significant differences between treatm@m®.05) This implies that the cells

in the rocking SM+Dex100 had lower cell proliferation than the other groups (Figure
5.7.2). Total calcium deposition by the rocking SM+Dex100 group was significantly
higher compared to the other grouf®<0.05) (Figure 5.7.3 A. The SM groups
deposited less calcium than the SM+Dex100 groups regardless of whether they were
rocked. There were no differences in collagen production between any conditions
(Figure 5.7.3 B). The alizarin red staining images confirmed these resutistheit
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darkest staining in the rocking SM+Dex100 group (Figure 5.7.3 C) whettea
intensities of picresirius red staining images ndifferent between conditions (Figure
5.7.3 D). VEGF secretion by the cells in SM mediaring a 48 hours collecting
period) was higher than in the SM+Dex100 media in both the rocking and static groups
(Figure 5.7.4). At the day 28 time point, the static SM group had more secreted VEGF

more than the othefp<0.05).
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Figure 5.7.2: The effects of OFF to enhance osteogeniitedentiation of hESMPs
culture on PCLelectrospun scaffoldander supplemented medium (SM) and ¢
added 100nM of Dex (SM+D#R0). The viabilityof hESMPs was measured usil
resaarin reduction test after 7, 14,12 and 28 days. meantSE, (N=2, n=3wo

way ANOVATu k ey ds mul ti pl e comparison test
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Figure 5.7.3: The effects of OFF to enhance osteogenic differentiation of hES
culture on PCL electrospun scaffolds undepplemented medium (SM) and 8iith
100nM of Dex (SM+Dex100Total calcium depositioin hESMPs \as measured using
alizarin red staining assay (A) and total collagen production using ggaias red
staining assay (B) after 28 dayEhe photoimages show representative set of aliz
red (C) andpicro-sirius red staining (D) of hESMPsneantSE,N=2, n=3), *=p<0.05
comparison between the SM and SM+Dex100the same condition# =p<0.05
comparison between the rocking and static geoup the same mediumOneway

ANOVATu key ds multiple comparison test.
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Figure 5.7.4 Theeffects of OFFon osteogenic differentiation of hESMPs culiien
PCL electrospun scaffolds undempplemented medium (SM) and SM added 100nl
Dex (SM+Dex100)VEGF secretiorfduring a 48 hour collection periodjormalised to
cell viability was measured using VEGF ELISA and resazurin reduction |1
respectivehafter 7, 14, 21, and 28 daymeanzSE(N=1, n=3), *=p<0.05 comparison
between SM and SM+D&80 in the same conditip#¥ = p<0.05 comparison betwee
rocking andstatic groupsin the same mediunTwoway ANOVA, Tk ey 6 s

comparison test.
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5.8: To evaluate the effect of OFF on hBMSCs cultured on PCL electrospun

scaffolds.

5.8.1 Methods

10° cells of hBMSCs (passage numbers between 2 ajdw®re used in these
experiments whiclwere seeded on theCL scaffold All cell seeded scaffolds were
cultured with basal culture media along with the required supplements on dayl. The
samples were divided into 2 grou@yl medium and SM medium with 10nM of Dex

(SM+Dex10). The methods were as described for experiment 5.7.

5.8.2 Results

The cell viability increased in all conditions (rocking SM, rocking SM+Dex10, static
SM, and static SM+Dex10 groups) from day 7 to 28 (Figure 5.8.2). The rocking group
in both the SM and SM+Dex10 media had lower cell proliferation than tdte s
groups. There was no difference in cell viability between the SM and SM+Dex10
groups. Total calcium deposition by the rocking SM+Dex10 group was significantly
higher compared to the other grou(®<0.05) (Figure 58.3 A). The SM groups
deposited lesgalcium than the SM+Dex10 groups regardless of whether they were
rocked. There were no differences in collagen production between any conditions
(Figure 58.3 B). The alizarin red staining images confirmed these results with the
darkest staining in the c&ing SM+Dex10 group (Figure &3 C) whereas the
intensities of picresirius red staining images were no different between conditions
(Figure 58.3 D). VEGF secretiondiuringa 48 hours collecting period) by the cells in
SM+Dex10 media was lower than tB& media in both the rocking and static groups

with no significant differences (Figure8).
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hBMSCs viability
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Figure 5.8.2: The effects of OFF cultured under osteogenic mediapplementec
media (SM) and SM with 10nM of Dex (SM+Dext0Yhree donors of hBMSCs @
PCL cultured after 7, 14, 21, and 28 days. The viabilthBMSCs was measure
using resadrin reduction testmeant&, (N=3, n=3) Twoway ANOVA,Tu k e

multiple comparison test.
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Figure 5.8.3: Theeffects of OFF and osteogenic meddM and SM+Dex10 median
the three donors of hBMSCs on PCL scaffolds cultured after 28 @aye. calcium
deposition hBMSCs as measured using alizarin red staining assay (A) and t
collagen production using picrsirius red staining assay (BJ.he photoimages showe
representative sewof alizarin red (C) and picreirius red staining D) of hBMSC cells.
mean+SE(N=3, n=3), *=p<0.05 comparison between the SM and SM+Dekithe

same group# = p<0.05 comparison between the rocking and static graupise same

medium Oneway ANOVATu k ey 6 s mul ti pl e compari son
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Figure 5.8.4: Theeffects of OFF and osteogenic meds and SM+Dex10 median
the three donors of hBMSCs on PCL scaffolds cultured after 7, 14, 21, and 28
VEGF secretion during a 48 hours collection periodhormalised to cell viability.

meansSE,(N=3, n=3), *=p<0.05 comparison between SM and SM+Dekxithe same

condition Twoway ANOVA,ik ey 6 s mul ti pl e compari son
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5.9. To incorporate nHA with PCL electrospun scaffolds for bone tissue
engineering.

5.9.1. Methods

7 Scaffold preparation

Various methods have been developed to fabricate calcium phosphate particles with
poly(e-caprolactone) electrospun scaffold (HXCL) for bone tissue engineering. This
study will compare the three different fabrication methods ofR@L which have been
usedfor bone tissue engineering; group 1: electrospin(ifag et al., 2011, Fang et al.,
2009) group 2: surface etching using a protocol modified from Choong €@al?)

and Araujo et al.(2008) group 3 the alternate soaking process using a protocol

modified fromJaiswal et al.(2012)and Taguchi et al(2001)

(Group 1) Electrospinning process

0.35g of nHA with a particle size of no more than 200 nm was added into 31.5 g of
DCM. The mixture was stirred using a magnetic stirrer for 15 minutes to disperse the
nHA, followed by adding 3.5g of PCL pellet (80,000 Da) and dissolved at room
temperature overnight to obtain a well mixed rREL suspension with a PCL
concentration of @wt%. 1wt% HAPCL was the final concentration of the scaffold. The

spinning parameter and process was the sars@adardCL (Figure 5.9.1 A).

(Group 2) Surface etching process.

The PCL scaffolds were submerged into a 0.1NaOH solution at 37°C for 1 THeur
scaffolds were then removed and washed withQifive times. The NaOhreated PCL
scaffolds were dipped in 1wt%HA in d@ overnight. The scaffolds were then removed
to a new container and left them dry. The-REL was kept in the dry environment to

be used in this experiment (Figure 5.9.1 B).
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(Group 3) Alternate soaking process.

The PCL electrospun scaffold was functionalised on the surface by soaking in two different
solutions as follows; The electrospun PCL scaffold was first submerged indasMm
chloride solution (CaG) in 0.05M TrisHCL buffered solution at pH 7.4 for 30 minutes at
37°C, followed by washing with deiongsl water (dEHO) repeatedly. The PCL was then
submerged in 0.3M disodium hydrogen phosphate;HR&y) in the 0.05M TrisHCL
buffered solution at pH 9 for 30 minutes at 37°C, followed by washing witfOdH
repeatedly. After this step the PCL was left in,@Hor 1 hour at 37°C and dried for 24
hours. The HAPCL was kept in the dry environment prior to use in this experiment

(Figure 5.9.1 C).

A. Groupl B. Group 2 C. Group 3
Electrospinning Etching Alternate
soaking

= =

1%HA + 0.01M NaOH 0.5M CaCl,, pH7.4

10%PCL in DCM l l

0.3M Na,HPO,, pH9

Figure 5.9.1: Schematic of the three different fabrication processes of hydroxyaj
incorporation with polyécaprolactone) electrospun scaffold (HXCL) and the SEM
images of thédlA-PCL prodicts in each process. (A) groupl: electrosjing, (B) group2:

surface etching, and (C) group3: alternated soaking process.
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1 Cell preparation

10 cells ofhESMPs in the passage number in the range 6 to 7ssedzd on each type

of nHA-PCL scaffold (standard PCL, electrospinning-R&L, surface etching process,

and alternative soaking process)l cell seeded scaffolds were cultured with basal
culture media along with the required supplements on dayl. Thaesamere divided

into 2 groupsSM medium and SM+Dex10fedium The scaffold sterilization and cell
seeding as proceeded as experiment 5.4. Cell viability of hESMPs was measured using
resazurin reduction test on day 1, 4, and 7 and ALP activity was radalsyrusing
Alkaline Phosphatase Yellow (pNPP) Liquid Substrate System for ELISdaprY (see

chapter 2).

5.9.2. Results

The study characterised the samples from group 3 (alternate soaking process) using XPS

survey spectra. Ca, P, and O peaks were préBgjure 5.9.2). The spectra analysed the

chemistry and measured the amount of the chemical components in the samples by
presenting in the percentage atomic concentration (At%) as shown in the table 5.9.2.

Carbon (C), silicon (Si), boron (B), and sulpli8) were impurities found in the sample

surface in various At% from 0.226.79%. The mole fractions of the samples were

received from percentage atomic concentration (At%) of the Ca and P as acronym

ACa/ Po to distinguish t heasucedCadPiinuthis santple sphat e
is 1.09 indicating that there is dibasic calcium phosphate dehydrate (DCPD or brushite)

on the scaffold surfadg€husuei et al., 1999, Lu et al., 2000)

The XRD patterns for the various fabrication methods of-PZL scaffolds were
detected in th&g = 20 to 45 region (Figure 5.9.3). Standard PCL can be detected by
specific XRD peaks &g =21.5° and 23.8° indicated by the black arr¢Rszaei and
Mohammadi, 2012)The HA and brushite patterns were matched with thebdagain

the STOE STADI P diffractometer software (blue and red arrows, respectively). The
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peaks for the alternative soaking process scaffolds corresponded to standard PCL, HA,
and brushite, indicating that the brushite and HA components were on thedscHii®l

XRD analysis of the electrospun HRCL scaffolds (group 1) indicated that the HA
deposited in the scaffold and showgebks corresponding to HRCL which had not

change its chemical composition during the process.

The cell viability of hHESMPs on HA&RCL scaffolds fabricated by the three methods and
cultured in the SM or SM+Dex100 media was assayed using resazurin reduction tests to
evaluate cell attachment on day 1 and cell viability on days 4 and 7 (Figure 5.9.4). The
result showed that the cell Yty for group 3 was lower than the other groups in both
the SM and SM+Dex100 media on day 1. This implies that the cell attachment was the
lowest on alternate soaked scaffolds. The cell viability for group 3 decreased after 4 and
7 days indicating thahe cells must have died or detached from the scaffolds. Whereas
the cell viabilities for the other groups (standard PCL, and group 1 and 2) increased
overtime for 7 days. The cell viability for group 1 under the SM+Dex100 medium was
higher than the othegroups over time, indicating that group 1 supported the highest cell
proliferation, compared to the other groups. The cells cultured under SM medium
exhibited lower ALP activities at all conditions by day 7 (Figure 5.9.5). The group 3
cells under SM+Dex10énedium had a significantly lower ALP activity compared to

the other group§p<0.05).
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Figure 5.9.2: XPS survey spectrum of the HAL samples from alternate soaking

process (group 3)N=1, n=2)

Chemical Spectral line | Binding energy At%
components (eV)

O 1s 531 31.06
Ca 2p3/2 347 11.18
C 1s 285 26.79
Si 2s 152 0.51
B 1s 190 20.01
S 2p3/2 169 0.24
P 2p3/2 133 10.2

Table 5.9.2:Chemical components, spectliale, binding energy angercentage atomic

concentration (At%) of the sample in group 3 (alternate soaking process).
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Figure 5.9.3: X-ray diffraction (XRD) patters of the different HA fabricédn techniqus
(alternate soaking: black line, electrospinning: red limed standard PCL: green line)
The red, blue, and black arrows present the identification of dibasic calcium phos
dehydrate (DCPD, brushite), HA, and PCL, respectivdy1, n=3).
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Figure 5.9.4: Comparison of the effect of three different fabricatitenhniques for
hydroxyapatite polycaprolactone) electrospun scaffelqHA-PCL) and standard
PCL as a control. hESMPs seeded on-PIBL scaffolds cultured under osteoger
media:supplemented medium (SM) and SM with 100nM of Dex (SM+Deafté0},

4, and 7 days. The cell viabilities of hESMPs cultured on the scaffolds were mei
using resazurin reduction tesheantSE(N=1, n=3), *=p<0.05 compare between th

soaking with thether groups, Twavay ANOVATJu k ey 6 s mul t i p.l e compari s
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Figure 5.9.5: Comparison of the effect of four different R&EL fabrication
proceses (Standard PCL and group 1 to 3). hESMPs seeded on th@CEA
scaffolds cultured under tHeéM and SM+Dex100 mediALP activity normalised
to DNA wvas measured after 7 daysneantSE,(N=1, n=3), * = p<0.05
comparison between the group 3 and the other groups within the SM+De
medium, # p<0.05 comparison between the group 1 and the ajhaups within

the SM medium, Twwvay ANOVA, Tukeyods multiple
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5.10: To select an appropriate concentration oiHA incorporated with PCL

electropun scaffold for enhancing osteogenic differentiation of hRESMPs

5.10.1. Methods

9 Preparation of HA-PCL scaffolds

A pre-determined amount of the nHA powder for which the plartsize was no more
than 200 nnwas added into 31.5 g of DCM. The mixture was stirred using a magnetic
stirrer for 15 minutes to disperse the nHA, followed byiagld.5g of PCL pellet
(80,000 Da) and dissolving at room temperature overnight to obtain a well mixed nHA
and 10wt% PCL suspension. The following is tabulated list of all the conditions for

producing electrospun scaffolds in this study (table 5.10.1).

nHA PCL | Solvent | Flow rate | Voltage | Working | Collector | Figure
(wt%) | system | (uL/minute)| (kV) distance speed
wt% | g (cm) (rpm)
0|0 10 DCM 40 17 17 300 5.10.2A
1]0.35 10 DCM 40 17 17 300 5.10.2B
5|1.75 10 DCM 40 17 17 300 5.10.2C
10| 3.50 10 DCM 40 17 17 300 5.10.2D

Table 5.10.1:Complete list of components and experiment parameters for electrospi
of PCL and HAPCL scaffolds. PCL ifoly(ecaprolactone), DCM igdichloromethane,

nHA is nano particle hydroxyapatite. A rotating collector was used in all conditions

Y Characterization of HA-PCL scaffolds

The surface morphologies and fibre diameters of theR€A scaffolds were observed from
SEM images using ImageJ softwaiighe compositions of scaffolds wedetermined by

using FTIR and XRD analysis. The mechanical properties of the scaffolds were measured
using the uniirectional tensile testing. The porosity of the scaffolds was determined by

using micreCT (Skyscan). The process, briefly, was that thdfads were scanned with
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micro-CT and analysed using CTanalyzer software package. The scaffold porosity was
estimated from the empty space of the scaffold. The ROI volume of the scaffold was
subtracted to obtain the empty space. Dividing the empty sphdome/dy the ROI volume

gives the volumetric porosity of the scaffolds.

9 Cell culture

10> cells of hESMPswere cultured on the four different concentrations of pano
hydroxyapatite polycaprolactone elespan scaffolds (HAPCL); 1] standard PCL, 2]
1%HA-PCL: 1wt%HA incorporating 10wt%PCL, 3] 5%HRCL: 5wt%HA
incorporating 10wt%PCL, and 4] 10%HACL: 10wt%HA incorporating 10wt%PCL.

The scaffold sterilization and cell seeding as proceeded as experimeihé.4ell
attachments and cell viabilities were assayed using resazurin reduction tests by day 1, 4,
7, 10, and 14. The osteogenic differentiation potential was evaluated using ALP activity

after 7 and 14 days.

5.10.2 Results

The morphology and fibre dieeter of the HAPCL scaffolds was observed by SEM
(Figure 5.10.2). The electrospun scaffolds were successfully fabricated without any
bead formation in all ranges of compositions (Figure 5.10.2). The average fibre
diameter of standard PCL was 2.682 um (g 5.10.2 A,E). PCL had a smaller
average fibre diameter and more uniform fibre diameter distribution than the other
groups (Table 5.10.2). The average fibre diameter of 10%BBA was 3.012 um
(Figure 5.10.2 D,H). It was bigger in fibre diameter thandtmer groups with a broader
fibre diameter distribution. Both standard PCL and-PiBL scaffolds contained a mix

of micro- and nanedfibres. In standard PCL and 1%HR2CL, fibre diameters of less
than 1um (nancfibres) were less frequent or about 1% (Figurd0® E,F,
respectively). In the 5% and 10%HACL, the more frequent fibre diameter of nano

fibres were about 5% and 7% (Figure 5.10.2 G,H), respectively. The standard PCL had
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the highest porosity and porosity decreased with increasing percentage of tH&\ in

PCL (Figure 5.10.3 C, Table 5.10.2).

All HA -PCL scaffolds were stretched in unidirectional tension to generate stress/strain
curves (Figure 5.10. 4) to calculate their ‘
Youngd6s modul us of t lerethars theaathdragroups. Wieteaswa s  h i
Youngds modulus was | oweRPCL nhadet HA Igoweapts ¥
modulus (Figure 5.10.3 A). The Yield strength was also lower in the HA groups in a

similar pattern to Young®oérablemaORyl us resul ts (

The FTIR spectra of the various percentages ofR€A., standard PCL, and nHA
powder (before electrospinning) provide details of the presence of the functional groups
in the fibres to detect any possible chemical phase interaction or catidifi in the480

3850 crit region(Figure 5.10.5). The typical FTIR bands of standard PCL are observed:
the methylene group (GlHstretching region was present as two bands, centre at 2945.2
cmi* which was assigned to the asymmetric,Ghetching: greerarrow and 2865.@n*

which was assigned to the symmetric,Ghetching: green arroWhe peak at 1731.1 ¢

was assigned to the ester carbonyl stretching (C=0): pink arrow. The FTIR spectra
bands of nHA are observed: the phosphate group presented as two bands, centre at
574.2 and 1056 cm(black arrows). The peak at 3569 tis assigned to the hydroxyl
group (blue arrow). FTIR spectra of all various percentages offA exhibited the
strong absorbance band of PCL at 1731, 2945.2, and 2865-6vkitle the strong
absorbance band oHA at574.2,1056 and 3569 chiThe assignments of FTIR absorbance

bands ar¢éabulated in 5.10.3.

The XRD patterns of the various compositions of-FBL were detected in iy = 20
to 45 region (Figure 5.10.6). PCL can be detected by specific XRD peaks2it.5°
and 23.8° indicating by black arroRezaei and Mohammadi, 2012he HA patterns

were matched with the database in 8IEOE STADI P diffractometer software (red
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arrows). Peaks corresponding to both of HA and PCL were observed in HRCHA
scaffolds indicating that the nHA was exposed in the electropun PCL scaffolds. The
intensities of HA peaks increased with the incregsinthe percentage of HA. Both

FTIR spectra and XRD patterns in the 1wt%, 5wt%, and 10wti4PIEA scaffolds did

not showa new band on both results indicating that there was not a new chemical
component. Both FTIR spectra and XRD patterns of 2L could & superimposed

on the pure PCL and nHA traces. The relevant peak intensities may change depending

on the concentration of HA in the compositions.

Cell viability using resazurin reduction test was used to evaluate cell attachment of
hESMPs on scaffolds witharious concentrations of HA on day 1 (Figure 5.10.7) and
determine cell proliferation after day 4, 7, 10, and 14 (Figure 5.10.8). The results
showed that the cell viabilities were not significantly different between all groups after
1 day, indicating thathere were no differences in cell attachment. The cell viability of
hESMPs on all HAPCL scaffolds increased overtime from day 1 to 14, notably, the
standard PCL groups had lower cell viability than the other groups in both the SM and
SM+Dex100 media bgay 14. This implies that the standard PCL groups supported cell
proliferation less well than the other groups. Cells cultured under the SM medium had
lower ALP activity than SM+Dex100 on day 14 (control) (Figure 5.10.9). The ALP
activity of the 5%HAPCL was highest whereas the 10%HALL was significantly
lower than the other groupg<0.05) The results indicated that 5%HACL can

stimulate cells to osteogenic differentiation more than the other scaffolds.
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(A)
(E) Standard PCL

(B) Fibre diameter(um)
(F)

(©) Fibre diameter(um)
(G)

(D) Fibre diameter(um)

(H)

Fibre diameter(um)

Figure 5.10.2: SEM images showed fibrous morphology of various percentages of
incorporated with 10wt% PCL dissolved in DCM (10wt% PCL) on the left column.
histogram shows fibre diameter distribution on the right colu(E):standard PCL,
(B,F):1%HAPCL, (C,G):30HA-PCL, and (D,H):10%HAPCL. Fibre diameter

distributions are for 100 measured fibrgdé=1, n=100)
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