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ABSTRACT

COLLAGEN IN SITU GROWN CALCIUM PHOSPHATE SCAFFOLDS
FOR OSTEOGENIC DIFFERENTIATION OF WHARTON’S JELLY A ND
MENSTRUAL BLOOD STEM CELLS

Karadg, Ozge
M.Sc., Department of Biotechnology
Supervisor : Prof. Dr. Vasif Hasirci

Co-Supervisor: Assoc. Prof. Dr. Gamze Torun Kdse

February 2011, 91 pages

The importance of developing new techniques fortteatment of bone
and joint diseases is increasing continuosly togretith the increase of human
population and the average life span. Especiallgebfractures as a result of
osteoporosis are often seen in humans older thaye& old. The expenses of
bone and joint disease operations are very hightledluration of recovery is
long. Because of these reasons World Health Orgtaorg, The United Nations
and 37 countries announced that the years 2000-%01Be Bone and Joint
Decade. Tissue engineering is an alternative apprda clinically applied
methods. In this study collagen scaffolds crosslihwith genipin, to improve the
stability of foams in culture media, were prepabbgdyophilization. To mimic the
natural bone structure calcium phosphate minerab@hn the foamvas formed
by wet chemical precipitation. Collagen concentrati0.75% and 1%, wl/v),
freezing temperature (-26C and -80°C) of the collagen solution before
lyophilization and immersion duration (2x4 h andi&) of the foams in calcium

and phosphate solutions for wet chemical precipitatvere changed as process



parameters of foam production. Pore size distrioutand porosity analysis as
well as compression test were performed for charaettion of the scaffolds. The
foam with 1% w/v collagen concentration, frozen2@ °C before lyophilization
and immersed for 2x4 h in calcium and phosphatetisol was chosen fan vitro
cell culture studies. The defined foam had 70% gitycand pore sizes varying
between 50 and 200m. The elastic modulus and compressive strengtthef
foam was calculated as 127.1 kPa and 234.5 kRaeatgely.

Stem cells isolated from Wharton's jelly (WJ) anénstrual blood (MB)
were seeded to foams to compare their osteogefieraditiation. Both cells are
isolated from discarded tissues and used in thidysas an alternative to the
commonly used cells which are isolated by invadeehniques such as bone
marrow stem cells. Cells were seeded to collagam$owith and without calcium
phosphate (CaP). It was observed that WJ cellsf@rated during 21 days on
collagen foams without CaP, but MB cell number dased after day 14.
Collagen foams with CaP supported the alkaline phate (ALP) activity
compared to tissue culture polystyrene (TCPS) aaths without CaP. Contrarily
lower cell numbers achieved on CaP containing geliafoams, possibly because
of the calcium and phosphate concentration chamgéise medium and as the
result of osteogenic differentiation. ALP activibf both cell types increased
almost 10 times and specific ALP activity (activiper cell) increased 40 times
and 150 times for WJ and MB cells, respectivelytiom CaP containing foams
compared to TCPS.

Therefore, in this study it was shown thatsitu CaP formed collagen
foams induce osteogenic differentiation of WJ an8 kklls, and these cells
isolated from discarded tissues can be used asaitee cell sources in bone

tissue engineering applications.

Keywords: Bone tissue engineering, Genipin, Calcium Phosphatearton’s

Jelly, Menstrual Blood
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GOBEK KORDONU VE MENSTRUEL KANDAN iZOLE EDILEN KOK
HUCRELERIN KEMIGE FARKLILA STIRILMASI iCIN HAZIRLANMI S
IN SITU KALSiYUM FOSFAT ICEREN KOLLAJEN ISKELELER

Karadg, Ozge
Yuksek Lisans, Biyoteknoloji Bolumu
Tez Yoneticisi: Prof. Dr. Vasif Hasirci

Ortak Tez Yoneticisi: Do¢. Dr. Gamze Torun Kdse

Subat 2011, 91 sayfa

Kemik ve eklem hastaliklarinin iyggrilmesi icin yeni tekniklerin
gelistiriimesi artan nifus ve ortalamaggan suresinin artmasiyla birlikte 6nemini
arttirmaktadir. Ozellikle osteoporoz nedeniylesalu kemik kiriklari 50 ya iistii
insanlarda siklikla gorilmektedir. Kemik ve eklemastaliklarinin tedavi
masraflari fazla ve iyikene sureleri uzundur. Bu sebeplerle Dunygl®aOrguti,
Birlesmis Milletler ve 37 tlke 2000-2010 yillarini Kemik \Eklem Yillari olarak
beyan etmilerdir. Doku muhendisgi klinik olarak uygulanan yontemlere bir
alternatif olaral geftiriimis bir yaklgimdir. Bu calgmada hicre kuoltar
ortamindaki stabilitesini arttirmak amaciyla genipicapraz bdanms kollajen
iskeleler liyofilizasyonla Uretilngtir. iskeleler Gizerinde kalsiyum fosfat (CaP)
mineralleri ¢ozelti presipitasyonu yontemiyle glirulmustur. iskelelerin
uretimindeki dgiskenler kollajen konsantrasyonu (% 0.75 ve % 1),deh
cozeltisinin dondurma sicaglh (-20 °C ve -80°C) ve iskelelerin kalsiyum ve
fosfat cozeltileri icinde bekletilme sureleridirx@® sa ve 2x48 sa)iskelelerin

karakterizasyonu icin gozeneklilik ve gozenekitieni analizleriyle mekanik test
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yapilmstir. In vitro hicre kultiri ¢cagmalari icin kollajen konsantrasyonu %21
olan, liyofilizasyondan 6nce -26C’de dondurulmg ve kalsiyum ve fosfat
cOzeltilerinde 2x4 sa sure ile bekletikmiskeleler secilngtir. Bu iskelelerin
gozeneklilgi %70 olarak hesaplangi gézenek boyutlarinin 50 ile 200m
arasinda d#stigi olcllmistir. iskelelerin elastikiyet modulii ve sgkriima
mukavemeti sirasiyla 127.1 kPa ve 234.5 kPa olaeskplannstir.

GoObek kordonu ve menstriel kandan izole edilkilk hicreler kemik
hiicrelerine déniime potansiyellerinin kadastiriimasi amaciyla iskeleler Gizerine
ekilmistir. Her iki hiicre tipi de atik dokulardan elde ledstir ve kemik doku
muhendislginde siklikla kullanilan fakat izolasyonu dondre aeren kemik ilgi
hiicreleri gibi hiicrelere alternatif olarak bu gadada kullaniimgtir. Hiicreler CaP
iceren ve icermeyen iskelelere ekigtm. Gobek kordonu hicreleri CaP
icermeyen iskeleler tGizerinde 21 gun boyuncgaficken, menstriel kandan izole
edilen kok hicrelerin sayisinda 14. ginden sonaénmaz gozlenmiir. CaP iceren
iskelelerin hicrelerin alkalen fosfataz (ALP) akigini doku kultiri kabi ve CaP
icermeyen iskelelere gore 6nemli dlctide artgrgoralmigtir. Buna kagilik CaP
iceren iskeleler tzerindeki hiicre sayisinda zamande, ortamdaki kalsiyum ve
fosfat iyon konsantrasyonunun gignesi ve hucrelerin kemik hicrelerine
farklilasmasina bgi oldugu disindlen bir azalma go6zlengtir. Hicre kultar
kabina kiyasla CaP iceren iskeleler Gizerinde henlikrenin de ALP aktiviteleri
yaklasik 10 kat, spesifik ALP aktiviteleri (hiicre paa digen ALP aktivitesi) de
gobek kordonu ve menstriel kan hicreleri icin sytagl0 ve 150 kat artrgtir.

Bu calsmadain situ CaP olgturulmus kollajen iskelelerin kok htcrelerin
kemik hicrelerine farkligmasini desteklegi ve atik dokulardan elde edilen
gobek kordonu ve menstriel kan hicrelerinin kenokudmuhendis§i icin bir

alternatif olabilecgi gosterilmitir.

Anahtar Kelimeler: Kemik Doku Miuhendisfii, Genipin, Kalsiyum Fosfat,

Gobek Kordonu, Menstriiel Kan
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CHAPTER 1

INTRODUCTION

The goal of this study was to design a scaffoldclwhimimics the chemical
composition and physical properties of natural bauita the stem cells isolated
from discarded tissues (Wharton’s jelly and merathlood) seeded on it and

compare the bone forming efficiencies of thesescell

1.1. Structure and Function of Bone

Bone tissue is composed of organic and inorganibstances.
Approximately 10% of wet bone mass consists of agdh, 65% calcium
phosphate, 25% water and a very small amount ofnesagm, sodium and
bicarbonate, and because of this bone is consideoemnposite material (Weiner
and Wagner, 1998). Collagen is a triple helical enale. It is produced by
osteoblasts and secreted into the extracellulaeronedium. Each strand of the
triple helix is composed of approximately 1000 amatids of which roughly 1/3
proline and hydroxyproline, 1/3 is glycine and tigarged amino acids. A triple
helix is around 1.5 nm thick and 300 nm long aral/the vertically with 40 nm
end-to-end gaps between two collagen moleculesieTise67 nm offset between
two adjacent collagen molecules. These collagerecutgs come together with a
uniform pattern and form collagen fibrils which ampproximately 80-100 nm
thick (Figure 1.1.). Collagen fibrils congregatedaiorm fibers (Weineret al.,
1998)
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Figure 1.1.Organization and composition of collagen fibrikhpet al., 1998).

Calcium phosphate crystals are embedded in fidérsse hydroxyapatite-
like crystals are carbonated and called dahllitei\ret al., 1998). The chemical
formula for dahllite is (Ca (PO, COs); (OH)). Mature dahllite nanocrystals are
plate-shaped (50 nm long, 25 nm wide) (Rhal., 1998). Their thicknesses vary
from 1.5 to 4 nm and they are the smallest biolqroduced crystals known.
There are also small amounts of hydrogen phospbsatiaim, magnesium, citrate,
potassium and carbonate ions in bone mineral (Weihal., 1998, Rhoet al.,
1998). Other proteins in the bone structure such base sialoprotein,
osteonection, osteocalcin and osteopontin arramgelignment, size and crystal
structure of minerals. These proteins contain thesphorylated amino acids
serine and threonine in their structure. Theserocgily bound phosphate groups

and carboxyl side chains of phosphorylated proteires the binding sites for



calcium ions and thus regions for nucleation angstat growth of minerals
(Glimcheret al., 1984).

Water is another important component of bone tisius found between
the fibers and the triple helices and affects tleemanical properties significantly.
Mechanical test results of dry and wet bone tisgive different results. The
elastic modulus, ultimate tensile strength and mesd of dry bone are higher in
dry state (Weineet al., 1998).

Copyright ©The McGraw-Hill Companies, Inc. Parmis sion required for reprodiction or display.
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Figure 1.2.Typical structure of a long bone
(http://biology.bangor.ac.uk/teaching/module/BSXa®iuscskel)

Bone is mainly organized as spongy (trabecular) eontical (compact)
bone (Figure 1.2.). Cortical bone is significanthore ordered than trabecular

bone. In the cortical bone mineralized collageerfidform flat lamellae that are 3-

3



7 um wide and 3-8 lamellae are combined to form thibotocylindrical osteons
in which blood vessels are found. There is alsotreroform of cortical bone
which does not have particular patterns. This tyfpeortical bone is called woven
bone and it is usually formed during fracture hegliMechanical properties of
cortical bone is related with its porosity, matasganization and mineralization
degree. The inner part of the cortical bone costaire bone marrow. Spongy
bone is biologically more active than cortical boBene remodeling occurs in the
trabecular bone more often (Ott, 2002).

The diaphyseal ends of long bones and the intgréots of flat bones
contain trabecular (spongy) bone. Trabecular ber@mposed of collagen struts
containing mineral and the marrow filling the trablae (Rhoet al., 1998). The
pore size of trabecular bone varies between 40050 lkada, 2006) and the
porosity is around 50 and 90% (Karageorgebal., 2005).

Bone tissue has very important functions such ggpating the body,
protection of internal organs, providing a suitableface for muscles to attach
and moving of limbs. Bone deposits minerals aral g1 stabilizer. It also retains
dangerous minerals such as lead. Almost 99% ofuraland 85% of phosphorus
in the body are deposited in bone tissue. Excasssgor deficiency of calcium
and phosphate cause improper functioning of neewes muscles (American

Society for Bone and Mineral Research).

1.2. Bone Cells

Bone tissue is composed of mainly two different tygles. These are bone
forming osteoblasts and bone resorbing osteocl@steoblasts are derived from
pluripotent mesenchymal stem cells found in theeborarrow. These progenitor
cells are capable of differentiating into a varieftycell types such as adipocytes,
myocytes, chondrocytes in addition to osteoblaststhe type of differentiation is
determined by tissue specific transcription factéigr example Runx2 (Cbfal)
and Sox 5/6/9 are the transcription factors whioduces osteoblastic and

chondrocytic differentiation, respectively.



Osteoblasts are uninuclear and have plenty of Gagdgaratus which is a
main characteristic of secreting cells. Osteoblastyete a mixture of proteins,
collagen type | being the most abundant. This redoHted protein mixture is
called osteoid. Osteoid is made up of collagen tyfieers and ground substance.
Collagen type | is produced as tropocollagen indige cell and transported
outside of the osteoblasts as collagen fibrils. UG substance is mainly
composed of matrix proteins and proteoglycans sschsteocalcin, osteopontin
and bone sialoprotein, and polysaccharides as cbiimdsulphate, and water.
Osteoblasts synthesize the molecules such as meenboaind protein RANK and
soluble factor macrophage colony stimulating fagddrCSF) that communicate
with other cells and agents that activate the atdsts. They have receptors for
hormones such as parathyroid hormone and estr&f@sphate amount that the
kidney excretes is also regulated by osteoblasttedblast cells have gap
junctions that are responsible for the transpamadbf small molecules (smaller
than 1 kDa) between cells. Gap junctions are veryoirtant because they carry
mechanical, electrical and hormonal signals betweelis. Some of the
osteoblasts become flat shaped and form lining ¢blt cover the outer surface
of the bone (periosteum), are locked in the exthalee matrix that they produced
and become osteocytes, and some of them enteragmphd die.

Lining cells cover bone surface and are respongtdrldoone remodeling
and mineralization. They secrete calcium ions wthen calcium amount in the
blood is decreased. They also protect the bonensigdhe chemicals (like
pyrophosphate) that destroy crystals.

Osteocytes are mature bone cells. They have egtenghat maintain the
communication of osteocytes with each other andh Witing cells. They also
secrete molecules like growth factors, prostaglasmdnd nitric oxide that activate
the lining cells and the osteoblasts.

Osteoclasts are multinuclear cells and are deifirad the same lineage as
macrophages. Osteoclast precursors carrying RANi€pter on their surface
circulate in the blood. Osteoblasts have RANK-Lahd and by the help of
activating agents receptor and ligand interactastur which cause the resorption

of bone by osteoclasts.



1.3. Bone Remodelling and Critical Sized Defects

Some differenhypotheses about bone remodeling exist (Cacchidal.,
2006) but most of these hypotheses are the vargatod Wolff's Law (1892).
According to this law if the mechanical stimulus ssfficiently high bone
formation occurs which results with the increase bolhe mass and if the
mechanical stress is too low bone is resorbed @Eswt of increased turnover.
The general idea is that osteocytes serve as tbhkanieal sensors of bone. When
the mechanical stress is in the normal range ogie®secrete some inhibitory
molecules such as MEPE (matrix extracellular phogpitoprotein) preventing
the resorption of bone (Kulkaret.al., 2010). If the mechanical stress on bone is
too low in comparison to the biological load or tugh that creates a micro crack
in the bone, then the defect is sensed by osteb@nd the secretion of these
inhibitory molecules is stopped. Osteocytes comgatei with the osteoblasts and
lining cells, and in return osteoblasts promote teenodeling of bone by
activating pre-osteoclasts and the damage is epdlvone regains its original
mechanical strength) approximately in 4 months.

Bone formation and resorption occur continuouslg inealthy bone tissue
and some minor defects can be healed by bone.itdelfever, some accidents,
some surgical treatments such as the resectiamudrs, fractures that occur as a
result of osteoporosis or tissue loss as a redutisteonecrosis may lead to
nonunions (inability of the two sides of the brokeone cannot meet and fuse
with each other) with bone loss. Such defects witles that can not be tolerated
and healed by the tissue during a life time isrifias the ‘critical sized defect’
(Cacchioliet al., 2006).



1.4. Traditional Treatment Methods

The concept of replacing a damaged tissue witthéadthy one has always
been attempted with partial success. One of thst faxamples of tissue
replacement is presented Tagliacozzi's work in1# century that he described
the replacement of nose tissue with tissue frororaarm flap (Vacanti, 2007).
Then in 18 century, the introduction of sterile techniquesi @pplication of
anesthesia allowed the use of surgical treatmamtsepairing tissue defects
(Vacanti, 2007).

1.4.1. Bone Grafts

Today, in most of the orthopedic and craniofaciatgsries grafts or
implants are used for the therapy of bone defektgraft is a transplant that
carries live cells while an implant is a nonvialpleduct that is applied to the
wound side (Habal and Reddi, 1992). Bone graftddcte nonvascularized or
vascularized. Nonvascularized grafts could be calrtor cancellous. There is also
corticocancellous grafts and these are the mo$tnatde ones because of better
healing capabilities. Bone slurry, particulate b@mel bone paste are the other
graft choices available for surgeries.

Selection of the graft that to be used at the defiée depends on a variety
of parameters. Cortical grafts are suitable for inskwad bearing bones such as
long bones but they are not suitable for maxill@adones which require
trabecular bone. Cancellous grafts are commonlyg us®pen fractures and oral
cavity defects. If the vascularization capacitytleé graft is high as in cancellous
grafts this causes a reduction in the mechaniocagsthat the graft can withstand,
so they are not suitable for load bearing defeCtsticocancellous grafts are the
most promising ones because they both allow reVaszation and have
appropriate mechanical properties. Bone slurrytiga of graft that is composed
of micro bone particles combined with blood and sather components such as
collagen and growth factors. Bone paste is sinttabone slurry but is more

viscous because it contains particulate bone ielaigous matrix.
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An autograft is graft tissue that is obtained fr@amother site on the
patient’s own body. Allograft, however, is takeorfr another person. Autografts
are usually obtained from iliac crest, rib, tib&ald cranial bones and they yield
the best results because the donor and defectcsitgsthe same genetic material.
Unavailability of sufficient donor tissue and donsite morbidity caused by
healthy tissue removal are very important problehag must be overcome. In
many operations donor site discomfort is more damirthan the original wound
side. Allografts on the other hand have the riskegéction by the patient’s tissue.
An immediate immune response is observed and thisresult in the removal of
the graft which necessitates another surgery wiitlhthen increase the healing
duration and the cost of the process. In orderveranme these problems use of
demineralized bone is preferred in certain appbcast Use of demineralized bone
is reported to give better results in children tharadults because the healing
process is completely different in children andled{(Habal and Reddi, 1992).

1.4.2. Metallic Implants

In addition to bone grafts, metals and metal all@re also used as
implants and fixation devices. Stainless steeintitm and Vitallium are most
common metals and alloys used in the treatmentooke bdefects. Metals are
usually preferred for load bearing bone defectsabse of their mechanical
strength. One of the biggest problems in using lméta orthopedic implants is
the mismatch of mechanical properties of bones @methls. The stiffness of
metals is much higher than bones so they carry wioie load themselves. In
addition to that use of metals and alloys has sotiner drawbacks. Metal surfaces
are not suitable for the attachment of bone celtsclv causes a fibrous tissue
formation around the implant and loosening of it dvercome this challenge
porosity of the metal surface is increased or thplant is coated with bioactive
molecules such as hydroxyapatite (HAp) but sti# tielease of some elements
that evoke immune response and the risk of comostonain (Campbelét al.,
1996).



1.4.3. Polymeric Implants

In addition to metallic implants, polymeric imptanare also used in
orthopedic surgeries. Especially bioabsorbable melg are preferred over
metallic implants in internal fixation operationg.he first bioabsorbable
polymeric implants for fracture fixation and ost@moies of extremities in human
were introduced by a group from Helsinki University1984 (Rokkanemt al.,
1985).

Polyglycolic acid (PGA), polylactic acid (PLA) amqblydiaxonone (PDS)
are used to produce internal fixation devices | shape of plates, screws and
rods (Burnset al., 1998). These devices can be manufactured by dimgul
(compression and injection moulding) and sintetexhniques (Ashammakhi and
Rokkanen, 1997). These kind of polymeric devices aommonly used in
fractures of shoulder, elbow, knee, femur, foot soek (Rokkaneset al., 2000).
They have some advantages such as the avoidamcseabnd surgery to remove
the implant and this reduces the cost of operatiddsitionally they prevent the
mechanical shielding effect of metallic implantsit® was reported that in some
of the surgical operations foreign body reactiorsymccur (Rokkanermt al.,
2000).

Briefly, even satisfactory results are obtainechwiite traditional treatment
methods there is still some drawbacks to overcosnementioned above. In order
to solve these problems new techniques are devgopissue engineering is one
of the most promising alternatives to traditionathods which will be discussed

in detail in the following section.

1.5. Bone Tissue Engineering

Tissue engineering is a new field of science wihiak been developing for
the last 20 years. The term was first defined i88L%y National Science
Foundation of USA, as ‘use of engineering andddences principles to perceive

structure and function relationship between noraral diseased tissues together
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with the improvement of biological substitutes tltain be used in tissue and
organ function repair’(Cheung al., 2007). The first attempt of application was
in the 1970s by a pediatric orthopedic surgeon, TWGreen, who used bone
spicules as a scaffold material and seeded choyigodor the treatment of a
cartilage defect in mice (Vacanti, 2006). Althoutje result was not successful
new attempts were made and in the following yeasearch was continued in a
multitude of applications leading to the first coemgial product Apligrat.

Tissue engineering concept is realized by the wemlent of three
constituents which are scaffold, cells and bio&ctagents (e.g. growth factors)
(Figure 1.3.). A tissue engineered construct neeshtisfy not only the biological
but also the physical and mechanical requiremeitshe target tissue. For
example a tissue engineered construct for healimge defects should have the
mechanical strength of the normal tissue untilrdgeeneration of the site is
completed. It should also integrate with the tissalédow vascularization, and
degrade gradually leaving its place to the newlynted tissue. For this reason a
broad range of natural and synthetic materialsb&iag investigated for use in
scaffold production. Different cell sources, embmgoor adult, stem or fully
differentiated are being sought, and the role & Hiological cues is being
investigated.

Tissue engineering is a serious alternative tottaditional bone defect
treatment methods and has a number of drawbacksdmcome. Even though
quite satisfactoryn vitro results have been obtained, the problems sucheas t
difficulty of having large amounts of cells on tleaffold and sustaining the
viability and the phenotype of these cells untilplentation while providing

nourishment to the core of the 3D scaffolds exist.
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Figure 1.3. The concept of tissue engineering has three mamponents;
scaffolds, cells and growth factors. Scaffolds mevthe shape, a location for
cells to adhere and grow in and the mechanicahgtins. These three constituents,
scaffolds, cells and growth factors are broughetogrin vitro and when the cell
proliferation is reached to a satisfactory levik tonstruct is implanted to the
defect. The construct is degraded in time and ceglats place with the newly
formed tissue (Drossa al., 2008).

1.5.1. Scaffolds

A wide variety of materials can be used in scaffptdduction such as
natural or synthetic materials, composites or lgigially modified materials. The
scaffold materials should be biocompatible, withtoric effect by them or by
their degredation products. They should not causemanune response when
implanted into the body (Mororet al., 2008). Scaffold surface is the interface
with the body and affects protein adsorption ararttertiary structure, and thus
influence cell-scaffold interactions (Hwarg al., 2008). For example, these
properties of the scaffold influence the minerdlaa of cells and the morphology
of mineral crystals formed by the cells (Hwagtcal., 2008). Surface chemistry,
topography, porosity, pore sizes, shapes and thmnnectivity and
biodegradability are very important parametersaatnsidered when designing a
scaffold (Cheret al., 2007).

11



1.5.1.1. Properties of an Ideal Scaffold

As has been stated until this point, scaffold desgyvery important in
bone tissue engineering. Synthetic or natural ri@$erchosen as scaffold
materials should have some properties after a adddafé formed using them.
These are optimal fluid and bioactive molecule gpamt, structural integrity,
controlled degradation to non-toxic products, appede surface chemistries that
can be recognized and found attractive by the ,ctiks ability to induce signal
transduction and matrix synthesis, and allowingaaization and differentiation
of cells (Leonget al., 2008).

The first parameter to be defined is the macro mntostructure of the
scaffold (Drossest al., 2008). In order to support the healing tisshe, gcaffold
should have a proper microstructure so that it @pport vascularization, cell
ingrowth, optimal fluid and oxygen flow (Drosseal., 2008). This can be done
via controlling the porosity of the scaffold. Thé&aghment, proliferation and
differentiation properties of anchorage dependeiis @are affected by the surface
roughness. Some studies demonstrated that ostesigea®m not be obtained on
smooth surfacem vitro (Karageorgiouet al., 2005). In a study, it was reported
that higher porosity does not affect cell attachinimn the proliferation of cells
and oxygen and nutrient transport increases witheasing porosity. Contrarily
the decrease in porosity increases ALP activity astegocalcin expression, thus
osteogenesis (Takahashki al., 2004). Porosity also affects the mechanical
properties of scaffolds. The increase in the ptyosauses a decrease in the
mechanical properties (Karageorgieual., 2005). For bone tissue engineering
optimal porosity and the pore size should be 90%z@net al., 2006) and
between 75 to 25@m (Cheunget al., 2007), respectively. It was demonstrated
that if the pores are smaller (around 10xn®), only fibrous tissue formed in the
pores, and if the range is 75-10 then osteoid without a mineral phase filled
the pores (Karageorgiaa al., 2005).

Osteoinductivity is one of the most important pndigs that a scaffold is
expected to have. It means that the ability ofgbaffold to not passively allow

but actively induce bone formation and differemtiat of preosteoblasts into
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osteoblasts (Albrektssoret al., 2001). The scaffold should enhance the
differentiation of osteoprogenitor and stem catisathieve healing. Proliferation
and differentiation of cells occur in a 3-D micregonment where cell-cell
communication is important, therefore the scaffslibuld allow this and to
enhance differentiation and proliferation (Dawsbal., 2008a). Osteoconduction
is the passive effect of the scaffold. An osteocmtite scaffold allows the bone
cells to attach on its surface and to grow throiinghpores.

Biodegradability or bioresorbability are very imgant characteristics of
scaffolds. The scaffold material should degradeermde gradually in order to
transfer the mechanical load to the newly formiisgue and thus eliminate the
need for a second surgery to remove the implangrd&iation can be via simple
hydrolysis or enzymatic. Additionally the scaffoidust be easily sterilizable
(Rezwanret al., 2006).

In order to fulfill these requirements scaffold$1d¢ze constructed by using

both synthetic and natural materials.
1.5.1.2. Synthetic Materials

Synthetic materials used as scaffolds mainly irelgslymers such as
polyglycolic acid (PGA), polylactic acid (PLA) ancbpolymer polylactide-co-
glycolide (PLGA), ceramics such as calcium phosghabioactive glasses and
metals like titanium. In addition to these matexiabme composites are used as
tissue engineering scaffolds.

The use of synthetic polymers is very common bexaistheir tunable
properties such as mechanical properties and dafjpadates, and features such
as removal of degradation products by the bodyy pascessibility (Rezwamt
al., 2006, Dawsoret al., 2008a). Aliphatic polyesters such as PLA and PABA
their copolymer PLGA are among the most widely uJdaky are all approved by
the US Food and Drug Administration (FDA) (Rezwenal., 2006). Poly-
caprolactone) (PCL) is another polyester usedstsfiold material but according
to the results it is reported that its degradataie is too slow to be considered for

most applications (lkada, 2006). These polymersergul bulk degradation and
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their degradation products are acidic. If the #ssurrounding the scaffold has a
poor metabolic activity and the vascularizatiomet adequate then these acidic
degradation products may cause inflammation cahledacidic sepsis (Hasirci,
2000).

Ceramics can be bioresorbable and bioactive ornérbi Tricalcium
phosphate (TCP) is a good example of bioresorbedamics. Its composition
and crystal structure determines the degradatitthnafaithe ceramic. HAp is the
inorganic component of bone, and is used in mammycal studies but has a very
low solubility. Bioactive ceramics such as calciphmosphates, low silica glasses
and glass ceramics like the commercially availdtitsglas$ bond to the native
bone tissue. They have molecules such g©Mad CaO in their structure which
help the formation of hydroxyl carbonate apatiteC&) on their surfaces that
make them a suitable material for the cells tochtteo (Roethert al., 2002;
Carsonet al., 2007). Bioactive glasses and glass ceramicsvately utilized as
middle ear prosthesis and dental implants (Hesah, 2002). In order to obtain a
scaffold with the desirable physical and mechanpraperties ceramics can be
used together with polymers. The hydrolysis prosia¢tHAp and TCP can buffer
the acidic byproducts of aliphatic polymers andréf@e prevent immune
responses (Hutmacher, 2000).

Another group of materials used in bone tissueragging applications is
metals. In some studies metals were used as sta#iold seeded with stem cells.
It was reported that mesenchymal stem cells cotikitla and differentiate into
bone cells on titanium mesh scaffolds (Dawsboa., 2008a).

1.5.1.3. Natural Materials

Natural biomaterials have some advantageous prepestich as being
biocompatible, bioactive and having similar mechahiproperties as natural
tissues.They also provide a suitable surface for the attemit of the cells
(Hwang et al., 2008). Despite their advantages natural bionasehave also
some disadvantages, like the difficulty of modifyirtheir physicochemical

properties, degradation rates, changing propetiesto different sources, risk of
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contamination with pathogens and viruses related thie source and difficulty in
purification and sterilization (Dawsoset al., 2008b). Usually they are not
mechanically stable unless they are crosslinkedr{®et al., 2005).

Natural materials used in scaffold constructionwseally the components
of extracellular matrix (ECM). Collagen is the mgseferred ECM protein for
scaffold production because collagen type | comstst the 90% of bone ECM
(Meinel et al., 2005) and is found in skin, tendons, artery syathyofibrils,
fibrocartilage and bone. Many cells including fiblasts have a high affinity for
type | collagen. Binding of fibroblasts to collagen mediated by cell surface
integrins. These integrins are activated by the hadl soluble factors and by
stimulating intracellular signalling cascades arghscription they regulate cell
cycle and differentiation. Activation of type | ¢ajjen specific integrins mediate
the osteogenic response of human bone marrow destremal cells. There are
some commercially available collagen products, untde brand names of
Collapat I, Healo§, Biosite® and Collagraft (Dawsonet al., 2008b).

Gelatin is another commonly used natural materral bone tissue
engineering and is a derivative of collagen obi@ibg its hydrolysisGelatin also
needs to be stabilized by crosslinking for bonsusengineering applications.
Stabilization of gelatin with common crosslinkenscls as GTA, formaldehyde
and epoxy resins prevent the enzymatic digestioih éfowever, it was reported
that the use of genipin which is a natural cro&slirextracted from gardenia fruits
have a very low cytotoxic effect when compared witese most commonly used
crosslinkers (Biget al., 2002).

Proteoglycans found in the extracellular matrix al® used in scaffold
production. They are composed of a core proteingigcbsaminoglycan (GAG)
side chains, which are long unbranched polysaadésyiattached to the protein.
Their properties vary according to the core protemthe GAG tails. The
proteoglycans of the ECM are chondroitin sulphaermatan sulphate, keratin
sulphate, heparan sulphate and hyaluronan (&yad, 1998).

Not only the components but ECM as the whole tissuebe isolated and
processed by decellularization, hydration or deaiydn to prevent

immunogenicity, to ease the handling and to proltimg shelf life but these
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process stages alter some chemical and physicpegres of the reconstituted
tissue and affect cellular responses. The ECM amntine functional molecules
of the tissue or organ that it is isolated from,tke components of ECM vary
depending on the source tissue. (Badyad., 2009).

Chitosan and silk are other frequently preferretlinah materials used in
bone defect healing research. Chitosan is a patisaicie that can form insoluble
complexes when combined with some connective tissaraponents such as
collagen and glycosaminoglycans and was utilizedaasus scaffolds, beads and
films (Nettleset al., 2002). Silk fibroin utilized in tissue enginewgias a scaffold
material. It has very desirable properties suchhigé strength, light weight,
thoughness and elasticity (Waeal., 2006).

Poly(hydroxyalkanoate)s (PHA) are another groupngdortant materials
of natural origin. They are produced by severafed&nt microorganisms from
soil bacteria to blue-green algae and also by pesaand grass as a result of
genetic engineering. Poly(3-hydroxybutyrate) (PHBnd its copolymers
containing various amounts of hydroxyvalerate (PHRXe used most frequently.
They are used as is as well as after surface ncatldin. In one such study with
osteoblasts it was reported that the oxygen plasested PHBV scaffolds have
very suitable properties for use in bone tissueirmgging (Torun Kosest al.,
2003).

1.5.2. Cells

1.5.2.1. Cell Types

Many different types of cells have been used inebtissue engineering
applications until now. Primary cells with osteogenapacity are isolated from
mature tissues such as adult bone, periosteum, ameow and muscle cells
(Hollinger et al.,2005, Maroltet al., 2010). However, discarded tissues obtained
from dental therapies and fetal bones can be useglhsources because of their
stem cell content (Marokt al., 2010). Stem cells are mostly preferred for gssu

engineering studies because of their advantages differentiated cells. Adult
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stem cells such as mesenchymal stem cells and embrgtem cells are very
commonly used along with induced pluripotent steslisc(iPSCs), which are
adult cells reprogrammed to show stem cell charnaties. Genetically
engineered cells carrying osteogenic genes arecefiwypes used in recent tissue

engineering studies (Maradt al., 2010).

1.5.2.1.1. Stem Cells

Stem cells have certain characteristics that miadn tdifferent from other,
more specialized cells. The major property of staihs is that they are able to
divide and renew themselves for long periods untikkerentiated cellsWhen a
stem cell divides, each newly formed cell has tygability to either remain as an
undifferentiated stem cell or if it is induced yraulatory factors it may become
another type of cell with new special functions;tsas brain cells, blood cells, etc
(Bongso and Lee, 2005). Replication of cells fongoperiods is called
proliferation. Tissue specific adult cells can remie 50-60 times before
senescence, which is called Hayflick limit, dugdtmmere shortening caused by
cell division; in contrast, stem cells have highells of telomerase that make them
capable of renewing themselves for many more twidsut entering senescence
(Roobroucket al., 2008). If a parent stem cell proliferates, ahd tesulting
daughter cells remain unspecialized, the paremticesiid to have the ability of
long term self renewal (Lanzt al., 2006). Second, stem cells are unspecialized,
they do not have any tissue specific markers thakemthem capable of
performing specialized functions. However, unsdem@d stem cells can become
specialized cells carrying the characteristicstdéast one kind of tissue specific
differentiated cell.

Stem cells can be classified according to thefedghtiation potential. The
terms totipotent, pluripotent, multipotent and wignt are commonly used to
define the developmental potential of stem cellen@so and Lee, 2005). After
the fertilization of an egg by a sperm, a diplo&ll avhich is called zygote is
formed. Zygote is totipotent, which means thatas the potential to create an

entire organism. Four days later in mouse and ddys later in human, these
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cells start to form a cell cluster called blastacyse inner cell mass of blastocyst
starts to enter different lineages and form tisspeecific cells (Roobrouckt al.,
2008). These cells are pluripotent and have thenpiad to differentiate into any
kind of cell including germ cells, but cannot giige to a whole new organism on
their own (Bongso and Lee, 2005). Multipotent staits are the cells which have
the capability of forming several types of matueti<(Bongso and Lee, 2005).
Some examples of multipotent stem cells are hermatp cells and brain cells
which can form various neural cells and glia. Utgmb cells such as hepatocytes
and some skin cells are also in undifferentiatedesbut they can only form one
type of specialized cell. Because of this theyrawestly considered as progenitor
cells (Lanzeet al., 2006).

Stem cells can also be classified based on thgimoNery broadly they
are divided into two major groups: embryonic/fetm cells and adult stem cells
(Bongso and Lee, 2005). Human embryonic stem esesderived from four or
five days old microscobic hollow ball shaped cdlineps, called blastocysts. The
blastocyst is composed of three parts: the tro@sbpthe surrounding layer of
blastocyst; the blastocoels, the cavity inside Ibhestocyst, and the inner cell
mass, the precursor of all body tissues (Bongso laaw] 2005). Pluripotent
human embryonic stem cells are isolated from timenrcell mass (Figure 1.4.).
These cells have the potential to differentiat® iatvariety of specialized cells
that belong to all three germ layers. Embryonienstells are also used for bone
tissue engineering studies, however, the very cexpllture conditions and the
need for a feeder layer for their in vitro cultuge® the main problems that still
need to be overcome (Mardat al., 2010). There are some ethical issues in their
use and as a result despite their lower differeéohaand self-renewal capacity

adult stem cells are being studied more intendéyféillie, 2002).
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Figure 1.4.Isolation and culture of embryonic stem cells
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Adult stem cells or as sometimes referred somaeenscells can be
isolated from very different tissues. Hematopoistem cells are the most widely
studied adult stem cells which can be isolated fbmme marrow and peripheral
blood. Types of other adult stem cells are mesanahyneural, epidermal,
corneal, endothelial, gut, liver and pancreationsteells. Since they are less
tumorogenic than embryonic stem cells and it issiids to obtain from different
tissues, adult stem cells are gaining importancerdgenerative medicine
(Raghunattet al., 2005). Adult mesenchymal stem cells capableowhing bone
specific cells are found in a variety of tissueshsas bone marrow, adipose tissue,
umbilical cord and cord blood, dental pulp, synowjuetc. Bone marrow is the

most widely studied of all these tissues but the hmmber of cells obtained from
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marrow aspirates, the decrease in the differeatiapiotential of bone marrow
stem cells with the age of the patient and the Sivemess of the procedure of
aspiration are some of its disadvantages (Matadt., 2010). Alternatively, stem
cells isolated from adipose tissues such as abdoranhare also used (Raghunath
et al.,, 2005). It is known that some certain adult steells, especially bone
marrow stem cells, can differentiate into cell tydeom all three germ layers
(endoderm, ectoderm and mesoderm) (Meirediesl., 2006). When they are
transplanted into a damaged organ, they can enigrdfie organ and repair the
damaged site. This process is called plasticityasrsdifferentiation (Alisomt al.,
2006). Recent studies showed that stem cells teasimilar to the ones isolated
from bone marrow stroma can be obtained from vari@gions of the umbilical
cord (a tissue which is discarded after birth) sashblood, perivascular region,
cord vein and connective tissue (Wharton’s Jeltyls very promising because of
the cells having similar differentiation and renéwapacity as the bone marrow
stromal cells and that they can be obtained easihout any invasive procedures
(Houet al., 2009).

1.5.2.1.2. Mesenchymal Stem Cells (MSCs)

Up to date, it was reported in various studies M&Cs can be isolated
from different tissues. Although the main resoucdeMSCs in most of these
studies is the bone marrow, they were also isolftad other tissues such as the
adipose tissue, trabecular bone, skeletal mus&atat pulp and periodontal
ligament, dermis and hair follicles, scalp subcatars tissue, synovial membrane,
vascular wall and even peripheral blood, lung, tagmspleen and liver. In
addition to these adult tissues, MSCs are alsodonrfetal tissues such as fetal
bone marrow, placenta, umbilical cord, cord bload amniotic fluid (Roufosse
et al., 2004, Covast al., 2005, Kramperat al., 2006, Meirellest al., 2006,Chen
et al.,, 2008). MSCs can give rise to mesodermaldiscells like osteoblasts,
adipocytes, chondrocytes, myocytes, tenocytes ame marrow stromal cells
(Zipori, 2004, Covast al., 2005, Krampera, 2006, Chehal., 2008,). Besides,
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MSCs are also able to form cells that have neuodectm and endoderm
characteristic because of their plasticity (Ckeal., 2008).

These cells are mostly known for their adherencpldstic tissue culture
surfaces and forming colonies (Zipori, 2004).

It is also known that MSCs play an important reidnematopoiesis, which
is the proliferation, differentiation and maturatiof blood cells, by both direct
cell-cell contact or secretion of growth factor§i¢8 et al., 2003, Roufosset al.,
2004). Another important function of MSCs is to prgss inflammatory
responses by promoting proliferation and differatmin of progenitor cells reside
in tissues by chemical cues they secrete and lmelprégeneration of injured
tissues (Chemt al., 2008). This property of MSCs together with Iaegm self
renewal capacity makes them a promising tool &su# engineering, regenerative
medicine and gene therapy (Deahal., 2000).

Bone marrow derived MSCs are the most widely usedlloMSCs in
tissue engineering and regenerative medicine agipits but the invasiveness of
the bone marrow aspiration and small amount ofrgoforming cells (1 in 1bor
10’ cells) obtained from each aspiration creates #®eliio search for new sources
of MSCs. Recently, waste tissues (such as umbiioal) started to be considered
for MSC isolation as an alternative to bone marrdwrther, recent studies
demonstrated that MSC like cells exist in the mastblood, which is another
waste tissue (Mengt al., 2007). These waste tissues will be discussede mor
deeply in following sections because in this sttligy were tested as new, bone

tissue engineering cell types.
1.5.2.1.2.1. Wharton’s Jelly MSCs (WJ MSCs)

Wharton's jelly (WJ) is the inner connective tissafethe umbilical cord.
The umbilical cord is composed of two arteries dadly wrapped around one
vein, a porous mucoid tissue called Wharton’s jétigt surrounds these vessels,
allantois which is responsible from the removaligfiid waste and gas, and the
outer amnion layer (Figure 1.5).
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Figure 1.5. Structure of the umbilical cord
(http://embryology.med.unsw.edu.au/Science/ ANAT2aBa#_4.htm#Whartonsjelly)

WJ is composed of collagen and elastin fibers, amdits pores
proteoglycans and hyaluronic acid which form theceus structure are found. It
functions as the surrounding connective tissue likecardiovascular vessels
(Fergusoret al., 2009).

MSCs can be isolated from different parts of thebilical cord and fetal
tissues such as the umbilical cord blood, Whartgailg, amniotic fluid, placenta,
fetal blood, subendothelial layer of cord vein d@hne perivasculature (Qiaat al.,
2008, Houet al., 2009, Hildebrandét al., 2009, Ishigeet al., 2009, Schneidest
al., 2010). MSCs isolated from WJ can be inducedfterdntiate into adipocytes,
osteoblasts, chondrocytes, neurons, cardiomyocyrd endothelial cells
(Schneideret al., 2010, Cheret al., 2009, Ishigeet al., 2009, Yucekt al., 2010,
Kenar et al., 2010, Zhaoet al., 2010). When induced for osteogenic
differentiation, they produce osteoblastic mark&ush as ALP, collagen type |,
bone sialoprotein, osteocalcin, osteonectin aneopsintin, and extracellular
matrix in addition to calcium deposits (Schneideal., 2010). They have surface
markers similar to the bone marrow MSCs in addititonsome embryonic

markers. Because of being more primitive in conguarito the bone marrow
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MSCs, their plasticity is higher and these MSCsraerejected by the immune
system when useiah vivo (Zhaoet al., 2010). The WJ cells are affected by some
factors such as the age of the mother, geneticabss of the fetus and pregnancy
disorders (Fergusost al., 2009). It was reported that the proliferatioteraf
MSCs are higher when fresher tissue is used (&iab., 2008). The osteogenic
differentiation potential of WJ MSCs is still a et for discussion. In a recent
study it was reported that even though WJ MSCsesedrmore extracellular
matrix, gene expression analysis showed that earty intermediate osteogenic
differentiation markers such as osteopontin andal@lé& phosphatase are
expressed lesser than by bone marrow MSCs (Schretide, 2010). Similarly,
when the osteogenic differentiation capacity of Wpilical cord vein and artery
cells were compared, WJ MSCs were found to haveldiest differentiation
(Ishige et al., 2009). However, the advantageous propertieshisf ¢ell source
such as the noninvasive isolation and easy expams@ke them an alternative

source to be considered for bone tissue engineapplijcations.
1.5.2.1.2.2. Menstrual Blood MSCs (MB MSCs)

In humans and some other animals, the inner ldyeteous, endometrium,
gets thicker during a defined period as a resufirofiferation of cells that reside
there and due to angiogenesis to prepare a suigglvieconment for a zygote to
adhere during pregnancy. If the egg is not feddizthe endometrium is shed
from the body, and this process is known as meatstru This is a 28 day period
in humansThe thickness of endometrium increases by about 4-7duarng the
first half of the menstrual cycle (Garge#t al., 2008). The proliferation,
differentiation and blood vessel formation capasitiof these cells led the
scientists to study their stem cell like charastess.

It was reported that menstrual blood derived steihli&e cells have self
renewal and multipotency properties (Zhahgl., 2009). These cells can undergo
more than 68 doublings without any karyotypic anl@sahave a relatively short
doubling time, approximately 19.4 h, and can dédfdrate into cells from all the

three germ layers, such as osteocyte, adipocytecytsy, endothelial, neuronal
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and pancreatic cells (Meng al., 2007). Although these cells possess similar
characteristics to stem cells, it is still contdstéhether they are stem cells or not.
As a result of this they are labeled differently bgsearchers. Endometrial
regenerative cells, menstrual blood stromal ceflenstrual blood derived stem
cells and menstrual blood derived mesenchymal eeksthe examples of the
various terminology used to describe them (Zhetreg., 2009). They carry some
but not all of embryonic stem cell markers (e.gytlare positive for Oct-4, but
negative for SSEA-4 and Nanog), and this makes thesemble the human
amniotic fluid stem cells (Meng al., 2007).

These cells are very promising especially for famdbecause of being
autologous, non invasive and easily isolated maofiépt cell source which can
even serve as personal tissue banks (Metraly, 2007). In addition, they can be
used as an allogenic cell source because thegpoeted to be not rejected by the
immune system (Zhang al., 2009).

1.5.3. Growth Factors and Bioactive Agents

The third component of tissue engineering in additto cells and
scaffolds is the growth factors and bioactive age@rowth factors are hormones
or proteins that bind to the receptors on the sifaces and stimulate or inhibit
cellular activities such as proliferation, diffetetion, migration and apoptosis.
Their concentration is important in regulating gkl activities and they are
effective at pico or nanomolar concentrations (Hgkr et al., 2005). The most
commonly used growth factors in bone tissue engingeare the transforming
growth factor B (TGF{$), bone morphogenetic proteins (BMPs), vascular
endothelial growth factor (VEGF), insulin-like grdwfactor (IGF), fibroblast
growth factor (FGF) and platelet-derived growthtéa¢PDGF).

TGFf is a superfamily of a group of proteins that tagleet in growth,
differentiation and extracellular matrix productiam bone. BMPs belong to a
subgroup of TGH. BMP-2, BMP-4 and BMP-7 are the most importantwgto
factors of this group used frequently in bone #s®ngineering applications.

However, in the literature it is reported that theywe a species specific effect in
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osteogenic differentiation and even though theyehav positive effect on
osteoblast differentiation in rodentsvitro, they are not good inducers for human
bone formation (Kimet al., 2005; Vateret al., 2011). Additionally there is a
potential risk of BMPs forming cancer (Kiahal., 2005).

FGFs and PDGF function in mitogenesis of mesenehy®lls. FGFs and
VEGFs are also responsible for angiogenesis. Thearece bone formation and
production of blood vessels.

IGFs are important in collagen type | productiandin vitro andin vivo
proliferation and differentiation of bone cells (Huager et al., 2005).

In addition to these growth factors, some bio&ctgents are also used to
trigger in vitro differentiation of MSCs into bone lineage. Dexanmasbne,f-
glycerophosphate and ascorbic acid are the mosmaooy used non growth
factor differentiation agents for bone tissue eaging applications.

Dexamethasone is the most important component rofosteogenic
medium and is a synthetic glucocorticoid. Glucadcorts have an inhibitory
effect on the proliferation of osteoblastic cels)d instead they induce their
osteoblastic differentiation (Advast al., 1997). The effect of dexamethasone on
proliferation is known to be concentration depernderd at around physiological
concentration (10 nM) it does not have an inhilyiteffect, additionally when it is
used in combination with ascorbic acid, its negatffect on collagen synthesis
of cells is also overcome (Vatetral., 2011).

Ascorbic acid is another important constituenthef osteogenic medium.
It is the reduced form of vitamin C, an essentighmin for humans. Ascorbic
acid is used as a cofactor in the hydroxylatioprofine and lysine amino acids in
collagen (Takamizawat al., 2004, Le Nihouannesat al., 2010). Ascorbic acid
stimulates the proliferation and ECM secretion @senchymal cells vitro and
it is suggested that this causes a higher minatadiz and ALP activity (Choet
al., 2008; Coelhcet al., 2000). However, ascorbic acid is unstable urwir
culture conditions, so instead, ascorbic acid 2sphate, which is very stable and
releases ascorbic acid under the action of ALP mezyound at the plasma
membrane, is mostly preferred (Takamizaaval., 2004).
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B-Glycerophosphate is used as the inorganic phosplsaurce in
osteogenic medium fan vitro studies and it is also hydrolyzed by ALP (Vader
al., 2010). Phosphate ions released by hydrolysisusdites the mineral formation
by osteoblastic cells (Coell®al., 2000).

1.6. The Aim and Approach of the Study

The aim of this study was to produce a tissue e®ged bone construct
that has a scaffold with both organic and inorgasempounds, and stem cells
obtained from discarded tissues. The approachwello was to first produce
collagen scaffolds carryinign situ prepared hyrdoxyapatite-like crystals to mimic
the natural bone composition. The crystals wereamed by wet precipitation
using an immersion method instead of adding comiaddngdroxyapatite crystals.
Collagen was crosslinked with genipin to incredse $tability and mechanical
properties of the foams. In most of the studiesginkers such as glutaraldehyde
and formaldehyde are used. These crosslinkers $@mwe cytotoxic effects so in
this study a safer crosslinker, genipin, which Isbaused in food industry, was
chosen. Scaffolds were physically and mechanid¢aiyed for their suitability for
bone tissue engineering applications. The porauststre of foams was examined
by scanning electron microscopy (SEM) and confacahning laser microscopy
(CSLM) and pore size distribution was studied byrauey porosimetry. Calcium
to phosphate ratio of the crystals was determinig &ectron diffraction spectra
(EDS).

In the literature there are numerous studies abone tissue engineering.
The critical sized defects in the bone can notvecavithout a suitable support
material that fills the defect. In most of the sasdthe scaffold is seeded with
bone marrow stem cells. Bone marrow is a reserfairstem cells but the
isolation technique of these cells is painful fowe tdonor. In this study two
different types of stem cells, both are isolatemfrdiscarded tissues (umbilical
cord and menstrual blood) therefore which do najuire invasive isolation
techniques, were used. Menstrual blood stem calle discovered recently and in

the literature there are only studies about thi#fer@ntiation potential on tissue
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culture plates. But in this study the behaviorledse cells are examined on three
dimensional constructs. The approach was to comgaeproliferation and
differentiation efficiencies of these two cell tygp@to osteoblastic cells in order to
offer a new cell source obtained by non invasiv@raach for bone tissue
engineering. Cell proliferation and differentiatie@m tissue culture polystyrene
and scaffolds were examined with metabolic and ez assays which allowed
the assessment of the effect of the scaffold osetlparameters. Furthermore, the

behavior of cells was studied by microscopy.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Materials

Sprague-Dawley rat tails to extract collagen wenelly provided by Gazi
University, Laboratory of Animal Breeding and RestaCenter (GUDAM).
Dialysis tubing (MWCO 10000) was purchased from rivie Scientific (USA).
Sodium phosphate monobasic and dibasic, sodium ammo hydrogen
phosphate and trisma base were obtained from Mé&Bdrmany). Calcium
chloride and sodium azide were from Riedel-de H@&earmany). Genipin was
obtained from Wako GmbH (Germany). Dulbecco’s Miedif Eagle Medium
(DMEM), fetal bovine serum (FBS) and Trypsin-EDT®&Z5 %) were purchased
from HyClone (USA). HAM-F12 medium and penicillitispromycin (100
units/mL-100ug/mL) were obtained from Biochrom AG (Germany). ¥de~luor
488 Phalloidin and 4',6-diamidino-2-phenylindg[2API) were purchased from
Chemicon (USA). Dexamethasone, ascorbic ggiglycerophosphate and silver
nitrate were from Sigma Chem Co (USA). ALP assaywas obtained from
Randox Laboratories (UK). CellTiter 96* AgusOne Solution Cell Proliferation
Assay (MTS) was purchased from Promega (Germarogiug thiosulfate and
dimethyl sulfoxide (DMSO) were obtained from Flukand AppliChem,

respectively.
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2.2. Methods
2.2.1. Production of Collagen Scaffolds

2.2.1.1. Isolation of Collagen Type | from Rat Tas

The isolation process was carried out accordinBI@MAT SOP 43, as
reported earlier (Zorlutuna, 2009). Full lengthisnens were made on the Sprague
Dawley rat tails and skins were stripped away. Deisdwvere removed from tails
by forceps, placed in 0.5 M acetic acid and stire¢d4 °C until they were
dissolved. The solution was then filtered througlasg wool to remove
undissolved tissue and dialyzed by using dialyslsings of 10000 molecular
weight cut off against dialysis buffer (5 L; 12.9vivsodium phosphate dibasic,
11.5 mM sodium phosphate monobasic, pH 7.2) foesd\days with a change of
buffer everyday. After the collagen precipitated as a semi-solid gel, it was
centrifuged (Sigma 3K30, UK) at 16,0800r 10 min. The pellet was dissolved in
0.15 M acetic acid by stirring overnight. To repp#tate the collagen, NaCl was
added (5 % w/v) to the solution and it was stirernight, centrifuged once
more for 10 min at 16,00§. The pellet was dissolved again in 0.15 M acetid a
and dialyzed for 5 days against dialysis buffercbhgnging the buffer once a day
to remove all traces of NaCl. Collagen precipitatedhe dialysis tubings was
centrifuged at 16,000 for 10 min as before. Pellet was stirred in 70%agbl for
48 h and after a final centrifugation step pellasvirozen at -86C (Sanyo MDF-
U53865, Japan) overnight and lyophilized (FreeZdi€ Freeze Dry System,
Labconco Co., USA). The collagen powder was kepgt’ax for long term storage.

2.2.1.2. SDS-PAGE of Isolated Collagen

SDS-PAGE was done to characterize the isolatectiprétom rat tails. In
SDS-PAGE, proteins are seperated according to tmeilecular weights by
applying electrical charge. SDS is an anionic dgetr and is bonded to proteins

and cover their surfaces with negative charge ltreguvith the coverage of each
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protein according to its mass. An electrical vodtaig then applied and the
negatively charged proteins migrate towards pasiglectrode. Smaller proteins
move faster and reach the positive electrode fifsto gels with different
acrylamide concentration is prepared, one is bt#hegseparating and the other is
stacking gels. Stacking gel has lower acrylamidgceatration and is more basic.
This gel concentrates the proteins and providdsrastarting region. In order to
prepare the separating and stacking gels, 30%aawgiye/bisacrylamide (37.5:1
w/w acrylamide/bisacrylamide) solution was madestFseparating gel (12% v/v)
was prepared and cast. For separating and staglsg the amounts given in
Table 2.1. were used:

Separating gel was poured into the casting sysaewh left at room
temperature for polymerization and immediately 7€&tanol was added on it to
prevent the oxidation of the gel. After the polymation was complete, ethanol
was removed and stacking gel was prepared andbthbxwere placed. After the
stacking gel was polymerized sample loading satigd% viv B-
mercaptoethanol, 0.025% v/v bromophenol blue, 1A%8DS, 46% v/v glycerol,
27% viv BO and 9% v/v 0.5 M Tris-HCI, pH 6.8) was preparedxed with
collagen samples (1:1 v/v) and the collagen samPl286 in 0.05 M acetic acid)
of commercial source (BD Biosciences, USA) andatad in the laboratory were
denatured at 9%C for 5 min. They were loaded to wells and thevgas run at 30
mA for 2.5 h (Bio-Rad Power Pac HC, Finland). Tlet was stained with 0.2%
w/v Coomasie Brillant Blue (in 12% v/v acetic acif)% v/v methanol and 38%
viv H,O) overnight. The next day gel was destained withdolution containing
10% v/v acetic acid, 50% v/v methanol and 40% v@H
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Table 2.1.Separating and stacking gel compositions

Separating Gel (12%) | Stacking Gel (4%)
Acrylamide/Bisacrylamide
(30%) 4 mL 0.7 mL
Distilled water 3.4 mL 3 mL
1.5 M Tris-HCI (pH 8.8) 2.5 mL -
0.5 M Tris-HCI (pH 6.8) - 1.25 mL
10% SDS 100uL 50 uL
10% Ammonium
persulfate (APS) S0ul 25uL
TEMED 5uL 5uL
TOTAL 10 mL 5mL

2.2.1.3. Preparation of Crosslinked Collagen Foams

Collagen isolated from the rat tails was dissolied.05 M acetic acid
(1.1 % w/v) on a stirrer avoiding the temperatweekceed 35C in order to
prevent denaturation. Genipin was dissolved in M BRBS (1 % w/v) and added
to collagen solution (10 % v/v of final volume) ¢dbtain 1% w/v collagen and
0.1% w/v genipin in the final solution and stirredjorously for 2 min.
Crosslinking was continued for 48 h at room tempeein a 24 well tissue
culture plate (TCPS). Then the solution was froa&n-20 °C overnight, and
lyophilized until complete dryness to obtain a pmrostructure. Afterwards,
circular pieces with 7 mm diameter were cut by@by puncher from the foams

for use in further studies.
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2.2.1.4.In Situ Formation of Calcium Phosphate Crystals on Collage Foams

Lyophilized collagen foams were wetted with 10 mEBSPovernight, and
then immersed in a sodium ammonium hydrogen phésp@ution (100 mM
sodium ammonium hydrogen phosphate in 50 mM Teés NlaN; pH 7.2) for 2 h,
removed, blotted and then immersed in calcium dafdorsolution (100 mM
calcium chloride in 50 mM tris, 1% NaNpH 7.2) for 2 h at room temperature
without washing between immersion steps (Total nimersion=1 cycle). This
cycle was repeated once more and then the foams menersed in distilled
water for 2 h to remove crystals not attached éofttam. Foams were then frozen
at -20°C overnight and lyophilized for 8 h. The same pcure was repeated by
changing the immersion duration and sequence ieradia study the effect of
these changes an situ crystal formation. In this case foams were immerise
each solution for 24 h instead of 2 h or the foavase first immersed in calcium

solution instead of phosphate solution.

2.2.2. Characterization of Collagen Foams

2.2.2.1. Scanning Electron Microscopy (SEM)

Calcium phosphate treated, genipin crosslinkedagelh foams were
coated with 25 nm gold and examined under high wacwith FEI QUANTA
200 scanning electron microscope (SEM) at Bilkemtiversity UNAM for
observation of calcium phosphate crystal formatioam pore shape and sizes.
Foams were also cut horizontally and verticallystody the pore size variation
and crystal distribution along the thickness ofghaffold.

2.2.2.2. Electron Diffraction Spectra (EDS)

Calcium to phosphate ratio of calcium phosphateosiép on collagen
foams were determined with EDS (Noran system SiXacament of JEOL

(Japan, JSM 6400) SEM at the Metallurgical EngimgeDepartment at METU.
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Foams were coated with gold under vacuum and placdlde sample holder of
electron microscope. The calcium to phosphate gatiere obtained from the

peaks of graphs.

2.2.2.3. Pore Size Distribution Analysis

Pore size distribution of collagen foams with difflet collagen
concentrations, freezing temperature and calciuospiate treatment durations
was analyzed by mercury porosimetry at METU Ceriteddoratory. Foams were
examined at low pressure (0-50 psi) and the paressof max 20Qum were

measured.

2.2.2.4. Porosity Analysis

SEM micrographs of foams were converted to blaukwhite format and
the ratio of black area to total area was calcdldtg NIH Image J software the

program which yields the porosity.

2.2.2.5. Compression Tests

Compression tests were performed on collagen fod&ypsusing a
mechanical tester (Stable Micro Systems, MT-LQ, U&bpllagen foams made
with 1% wi/v collagen and 0.1% w/v genipin were stdd for compression tests,
because the foams with 0.75% collagen shrank wiemersed in calcium
phosphate solution because they were not stronggand hree different groups
of samples were tested. Each group consisted afmples. These groups were: a)
genipin crosslinked, b) genipin crosslinked andhwitalcium and phosphate
formation for 4 h and 2 cycles, c) genipin crodsdith and with calcium phosphate
formation for 48 h and 2 cycles. All the samplesrevdully dried by
lyophilization, their thicknesses and diameters snead with a micrometer with a
sensitivity of 0.1 mm before testing. The averagengter and thicknesses of the

foams used in compression test were 12.0 mm andnB8 respectively.
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Compression was applied at a displacement rate Oofmin.miri*. Young's
modulus E*), elastic compressive strengthe) and collapse elasticityE,))

values were calculated according to Hadegl., 2007.
2.2.3. Invitro Studies

In the in vitro studies two types of human cells, menstrual blaad

Wharton’s Jelly derived mesenchymal stem cellsgwisied.

2.2.3.1. Isolation and Culture of Mesenchymal StenCells from Menstrual
Blood (MB)

Menstrual blood from donors was collected in steRhlcon tubes on the
first day of menstruation and suspended in 5 mlaagwn medium (DMEM high
glucose complemented with 10% FBS and 100 unitsli®Qug/mL Pen/Strep).
Suspension was cultivated in a 25°cffask in humidified incubator (Sanyo,
Model MCO-17AC, Japan) at 5% G@nd 37°C overnight and the next day

medium was changed. Medium was renewed every tageduring cell culture.

2.2.3.2. Isolation and Culture of Mesenchymal Stertells from Wharton’s
Jelly (WJ)

Wharton’s Jelly mesenchymal stem cells used instugly were a gift of
Drs. Halime Kenar and Deniz Yicel from METU BIOMABriefly, umbilical
cords were taken with the consent of mothers amldtesd within 24 h. Umbilical
cord tissues were cut into 2-3 cm pieces and washidad antibiotic (100
units/mL-100ug/mL Pen/Strep) containing PBS. Arteries and veamenemoved
from tissue pieces manually with a forceps. Umallicord tissues were cut into
smaller pieces, transferred to 6 well plates antivated in the expansion
medium (DMEM low glucose:HAMF12 (1:1 v/v ratio) suipmented with 10%
FBS, 100 units/mL-10Qg/mL Pen/Strep and 1 ng/mL bFGF) in a carbondioxide

incubator with 5% C@and at 37°C. After two days, the medium was changed
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and cells were incubated for a further two weekt whe renewal of medium
every 3 days. At the end of two weeks tissues weneoved from the 6 well
plates and the cells were trypsinized and froze®0% FBS and 10% DMSO for
use in further experiments. Farvitro experiments on TCPS and collagen foams,
Wharton’s Jelly MSCs were used from this stockIekre thawed in expansion
medium, centrifuged at 3000 rpm for 5 min to rem®MSO and seeded to 75
cn? flasks in expansion medium. WJ MSCs were cultidaite medium in a
humidified incubator with 5% Cgand at 37C with a change of medium every 3
days.

2.2.3.3. Morphology of WJ and MB MSCs

WJ and MB MSCs were stained with Alexa Fluor 48&l&ed Phalloidin
and DAPI for observation of the cytoskeleton aral itacleus, respectively, under
a fluorescent microscope (Olympus 1X70, Japan). $taming, the cells were
washed with PBS (10 mM, pH 7.4) twice and fixedhwdt% paraformaldehyde
for 15 min at room temperature, washed with PBSdwpermeabilized with
0.1% Triton X-100 (in 10 mM Tris-HCI buffer, pH 7.4t room temperature for 5
min. After washing with PBS again, cells were inatga with 1% BSA (in PBS)
at 37°C for 30 min to block non-specific binding of thged Afterwards cells
were stained with 0.5g/mL Phalloidin (in 0.1% BSA in PBS). Cells weresth
washed with 0.1% BSA in PBS 3 times. After that thelei of the cells were
stained with DAPI (1/5000 dilution in PBS) for 10rmat room temperature. After
washing with PBS cells were observed by a fluoneisceicroscope (Olympus
IX70, Japan).

2.2.3.4. Behavior of WJ and MB MSCs on TCPS

2.2.3.4.1. Cell Proliferation on TCPS

Cell proliferation on TCPS was studied by usinglTtdr 96 AQ,eousONne
Solution Cell Proliferation (MTS) assay. Cells imetwells of the TCPS were
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washed with PBS (10 mM, pH 7.4) twice and incubateith 10% MTS
containing DMEM low glucose completed with 10% F&®1 1% antibiotics for 2
h at 37°C and 5% C@ MTS solution is composed of tetrazolium salt amd
electron transfer reagent (PMS or PES) which adeiced by only living cells
during cellular respiration. Tetrazolium salt isdueed to a colored formazan
product (Figure 2.1) which is determined by meas@m of the absorbance at
490 nm by an ELISA microplate reader (Molecular @es, Inc. USA). These

values are then converted to cell numbers by usicajibration curve.
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Figure 2.1. Schematic representation of MTS assay. Dehydrogeragymes
found in living cells reduce NAD NADH transfers its electrons to the electron
transfer reagent (ETR). MTS tetrazolium salt isuestl by ETR and colored
formazan product which is soluble in culture medisrformed.

2.2.3.4.2. Osteogenic Differentiation of WJ and MBASCs

In order to perform differentiation studies of MBdaWJ MSCs the cells
were seeded at a density of 1.5%b@lls/well in 24 well tissue culture plates

(TCPS) and cultivated in control medium (DMEM higlucose complemented
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with 10% FBS and 100 units/mL-1Q@/mL Pen/Strep) for 24 h. The next day the
control medium was changed with osteogenic indactieedium (DMEM high
glucose supplemented with 10 nM dexamethasoneygd®L ascorbic acid, 10
mM B-glycerophosphate, 10% FBS and 100 units/mL-A@0nL Pen/Strep) and
the cells were cultivated for 21 days in this ogtgoc induction medium at 5%
CO,and 37°C in a carbondioxide incubator (Sanyo, Model MCQAC7 Japan).

2.2.3.5. Evaluation of Osteoblastic Activity for WJand MB MSCs on TCPS

The osteoblastic activity of MSCs was determined Bkaline
Phosphatase (ALP) enzyme assay and the minerahizatas detected by von

Kossa staining.

2.2.3.5.1. Alkaline Phosphatase (ALP) Enzyme Assay

For ALP assay, the cells in the 24 well plates weashed with 10 mM
PBS and lysed with 0.1% Triton X-100 (in 10 mM THE! buffer, pH 7.4). Cell
lysates were collected in sterile Falcon tubes faozen at -20°C. In order to
burst the cells, cells were frozen and thawed 24giand sonicated at 25 Watts for
5 min with a probe sonicator (Cole Parmer Instruim@o. 4710 Series, USA).
After sonication, the lysate was centrifuged witheamch top centrifuge (Rotofix
32 Hettich, Germany) at 2000 rpm for 10 min. Aligu@100uL) from each
sample were taken and 1pD of 2-amino-2-methyl-1 propanol (AMP) buffer and
p-nitrophenyl phosphate (substrate) were addediranutbated in 24 well plates in
a humidified incubator (5% CQand 37°C) for 2 h in order to perform the
reaction given in Equation 2.1. After incubatio®01.L 0.2 M NaOH was added
to each sample to stop the reaction. 200from each sample was taken by a
micropipette and transferred to a 96 well platerider to measure the absorbance
of samples with an Elisa plate reader (MoleculaviBes, Inc. USA) at 405 nm.
ALP enzyme activity was expressed ad/“substrate converted to product/min”
by 100uL cell lysate by using a calibration curve. 0.1%tdm X-100 (in 10 mM

Tris-HCI buffer, pH 7.4) without cell lysate comieh with 2-amino-2-methyl-1
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propanol (AMP) buffer and p-nithophenyl phosphatbstrate and 0.2 M NaOH
served as the blank.
ALP

p-nitrophenylphosphate +8 — P@* + p-nitrophenol 2.1

Specific ALP activities were calculated by dividinthe activities

calculated from 10QL cell lysate to cell numbers determined by MTSagtss
2.2.3.5.2. von Kossa Staining

In order to detect mineral formation by the diffeifated cells, von Kossa
staining was performed. The cells in the TCPS weashed with 10 mM PBS
twice, then fixed with 4% paraformaldehyde for 1tnmat room temperature,
washed with PBS and then with distilled water salvéimes. Silver nitrate
solution 1% (w/v) was prepared and the cells irmeaell of a 24-well plate were
incubated with 50Q.L of this solution for 30 min under UV light in tHaminar
hood. After incubation the cells were rinsed witistiled water and incubated
with 5% (w/v) sodium thiosulfate for 5 min at rootemperature to remove
unreacted silver. In this staining protocol, cahcits reduced by ultraviolet light
and silver replaces calcium and forms metallic esilvwhich can then be
visualized by light microscopy. After incubationttvisodium thiosulfate, cells
were again washed with distilled water and obsemeder a light microscope
(Olympus IX 70, Japan, with inverted phase contadisichment) for detecting a

brownish black stain.
2.2.3.6. Cell Seeding on Calcium Phosphate Contang Collagen Foams

Calcium phosphate containing collagen foams wereriliged by
immersing in 70% ethanol in 6 well tissue culturat@s for 3 h at room
temperature in the laminar flow hood. Ethanol wentremoved and 10 mM PBS
was added onto the foams and incubated at roometatupe for 3 h, with the

exchange of the PBS every hour. After that PBS reataced with the control
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medium (DMEM High glucose supplemented with 10% a4l antibiotics) and
the foams were incubated at %7, 5% CQ overnight. The medium was discarded
and the foams were air dried in the laminar hoddreecell seeding. WJ and MB
MSCs at passage 2 were trypsinized with 0.05% aridb Otrypsin/EDTA
solutions, respectively. Cells counted with a heyhmmeter were seeded to each
scaffold (5x10 cells in 50uL medium). Foams were maintained at &7, 5%
CO, for 4 h without addition of medium to improve cattachment on the foams.
Then 1 mL control medium was added onto each foadhraaintained for 24 h
before replacing the control medium with the oseng differentiation medium.
Cells were incubated in osteogenic differentiatimedium for 21 days. Cell
attachment on foams was detected with MTS assayaatoidin-DAPI staining
on first day of incubation. Cell proliferation andteoblastic differentiation were

determined by MTS and ALP assays, on days 14 and 21
2.2.3.7. Behavior of WJ and MB MSCs on Collagen Foas
2.2.3.7.1. Cell Proliferation on Collagen Foams

Foams carrying the cells (from section 2.2.3.6.yemeansferred to new
24-well plates 24 h after than seeding and celifpration on collagen foams was
determined by MTS assay as described in sectiaf.2.2.
2.2.3.7.2. Evaluation of Osteoblastic Activity

Osteoblastic activity of cells on hydroxyapatite nt@ning collagen
scaffolds (from section 2.2.3.6.) was assessed Idy énzyme assay on days 14
and 21 in osteogenic medium.

2.2.3.7.2.1. Alkaline Phosphatase (ALP) Enzyme Assa

Scaffolds seeded with MB and WJ MSCs (from secfioh3.6.) were

washed with PBS twice. One mL 0.1% Triton X-100XbhmM Tris-HCI buffer,
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pH 7.4) was put in sterile Falcon tubes, scaffolése transferred into tubes and
frozen at -20°C. Triton X-100 solution containing scaffolds wittells were
thawed and frozen 3 times and sonicated at 25 Waitt® min with a probe
sonicator without taking the scaffolds out of theedium. The rest of the

procedure was applied as described in section.3.2.3

2.2.3.7.2.3. von Kossa Staining

On the 2¥ day of osteogenic differentiation collagen foanerevwashed
with PBS and the cells on foams were fixed withafamaldehyde (4%, 15 min,
room temperature). Scaffolds were then washed WBS and PBS was
discarded. Foams were frozen at °@0and terum thick sections were obtained
on silane coated slides by using a cryomicrotomecd. CM 1510 S, Germany)
and the slides were kept at -ZD until staining. The rest of the staining procedur

was as described in section 2.2.3.5.2.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1. Charactrization of Collagen Foam
3.1.1. SDSPAGE of Isolated Collaget

The gel electrphoresis result of collagen type | isolated in @oratory
is shown in Figure 3.1. First lane in the figurendmstrates the protein ladc
(Fermentas Spectra MulticolBroad Range Protein Ladder, Canada), anc
remaining lanes are loaded with commercial (C) awlated (I) collagen
Collagen type | has doublets at 115 and 130 kDd, @&n215 and 235 kD.
Isolated collagen had bands only at these indigali@eces whic shows the purit
of the protein.

Ladde I I C

P
260 kD: «——— ‘ ' 1”
140kD:

100kD: °

70kDe

Figure 3.1. Gel electrophoresis result of isolated type | ag@la First lane i
commercial ladder, I: isolated collagen, C: comnatrcollager. Stacking gel
concentration: 4%, seperating gel concentratiofb
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3.1.2. Determination of Pore Size and Distributiordsing SEM and Mercury
Porosimetry

Collagen foams that were crosslinked with genipid those on whicln
situ calcium phosphate crystals were formed examingtt WEM in order to
determine the approximate pore sizes and theiilaigion along the thickness of
collagen foams, and also the crystal structure haf mewly formed calcium
phosphate deposits. Two different collagen coneéintis (0.75% and 1%, w/v),
two freezing temperatures (-ZD and -80°C, before lyophilization) were used to
test the effect of these variables; different imsrar durations were also used
(2x4 h and 2x48 h) as process parameters.

Pore size distribution of scaffolds was examinedri®grcury porosimeter.
Since the maximum pore size that the device carsaneas 20Qum, larger pores
could not be examined. All the foams had poresiagrirom 5 to 20Qum except
those with 0.75% collagen, frozen at -2D, untreated or treated with calcium
phosphate for 2x4 h; and those of 1% collagengeinaat -20°C, untreated. These
mentioned foams had pores starting from minimunadQAppendix A).

It was observed that increasing collagen conceatrdtom 0.75% to 1%
did not affect the average pore size of genipinsslinked collagen foams
significantly (Figure 3.2., Table 3.1.). Howeverprfa given collagen
concentration (1% wi/v) pore sizes were more homeges and interconnected
when they were processed at “Drather than when processed at °“80Figure
3.2.); and this was in accordance with the litea(Chenret.al., 2007).

The porosity measurement was done by the NIH Indageogram using
the SEM micrographs. The average porosity was bt to be 63%, but lower
freezing temperature caused the porosity to deereass low as 16%. It was
observed that the increasing collagen concentrdtimm 0.75% to 1% did not
affect the porosity very much, but the freezingpenature has a significant effect

on porosity (Table 3.2.).
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Table 3.1.Pore size distribution analysis results of collafgams prepared under
different conditions (porosimeter)

Treatment Condition
Collagen Concentration (%)
Freezing
Temperature 0.75 1
0,
) U.T. 2x4 h 2x48 h U.T. 2x4 h 2x48 h
"20-30: [30-50 [15-40 [30-50 |20-50 |[20-30
-80 200pm | um um pm um um
200pm | 200pm | "30-50; | 200um | "50-70; | “15-30;
20 200pm 200pm | 200pum

UT.: Untreated with calcium phosphate process
These samples had 2 pore size peaks in the portesime

Table 3.2.Porosity of various foams prepared under diffecamiditions
(Image J).

Treatment Condition

Collagen Concentration (%)

Freezing

Temperature 0.75 1

(C) UT. |2x4h |2x48h | UT. [2x4h |2x48h
-80 77.70%| 23.96%| 16.02%| 71.93%| 68.37%| 54.89%

-20 57.83%| 51.59%| 43.19%| 75.43%| 70.03%| 56.69%
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When the top surfaces of collagen foams were coatpiirwas observe
that the pores of the foams with the lower collagencentration and freezir
temperature were almost completely clogged, howdierfoam that had 1¢
collagen and frozen 20 °C hadpores large enough for cell seeding even aft
cycles of calcium phosphate formation for b4 h/cycle and & h/cycle (Figure
3.3., Table 3.1.).

Collagen foams with 0.75% w/v collagen concentratieere mechanicall
weak and they had shrinkage problafter calcium phosphate treatment. Bece
of this foams with 1% w/v collagen concentrationrevehosen for tissue cultu

studies.

Figure 3.2. Scanning electron micrographs of untreated collafmanr top
surfacesa) 0.75% w/v collagen, frozen -80 °C, b) 1% w/v collagen, frozen
-80°C, c) 0.7%6 w/v collagen, frozen «20°C, d)1% w/v collagen, frozen 20
°C. (Scale bar=400m for a and b, scale bar=50f for ¢ and c
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Figure 3.3. SEM images of collagen foarrwith in situ calcium phosphat
formation under different conditio. a) Collagen foam with 0.75% wi/v collag
concentration, frozen -80°C, 2x4 h/cycle CaP treatment b) 0.75% w/v colla
frozen at -80°C, 2x48 h/cycle CaP treatment, ¢) 1% w/v colladesgzen at-20
°C, 2x4 h/cycle CaP treatment, d) 1% w/v collagemzén a-20 °C, 2x48 h/cycle
CaP treatment

Horizontal and vertical cro-sections of the 1%, -2 foam showed th:
calcium phosphatdreatment with2x4 h/cycle did not lead to a significa

decrease on pore sizcompared to untreated foams (Figure 3.4.).
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Figure 3.4.Scanning electron micrograph of a collagen fcprepared fror 1%
w/v collagensolutior, frozen at -20C, treatedn situ to form calcium phosphat
with 2x4 h treatments. a) Top surface, b) horizontal «-section, c) vertice
cross-sectionarrow: upper side of the vertical cross se((x200

It was observed that when the foams wtreated firstwith calcium and
then phosphate solutiothe crystals formed were needle-lilec when the order

was reversedhe crystalthad a rosette shape (Figure 3.5.).
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Figure 3.5. Scanning electron micrographs crystals obtained by differe
Immersion sequenc (2x48 h). (a) Claium first, (b) higher magnification of (a
(c) phosphate first, (d) higher magnification ol

Crystal morphologies vary depending on some parmsisuch as the pl
temperature, markity of the solutions used and the existence o$uppori
material. It was reported byWanget al. in 2010that solution pHdefines the
crystal shape for wet chemical production of p crystals as in this stud
According to their results when the solin pH is 8 the crystals obtained ar:
mixture of needldike and rectangular structureln another stuc, Yaylaglu et
al. reported in 1999 that if the precipitation ofaam phosphate crystals occt
in the solution without a support, they have ne-like structures but if a gelat

template is used the crystals are ro-shaped.
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Figure 3.6.SEM images of calcium phosphate crystals forin situ on collagen
foams (1% w/v, frozen &-20 °C). a) Surface, 2x4 h/cycle, hprizontal cros-
section, 2x4 h/cycle surface, 2x48 h/cycle, d) horizontal cr-section, 2x48
h/cycle (x20000).

The crystal structures on the surface and horitenda:-sections of foam
were examined at a higher magnification (x20000) #&nwas observed th
crystals formed on collagen scaffoldboth onthe surface and the core of 1
scaffold. Rosetteshaped tructure is a characteristic of octacalcium phosp
(OCP) (Ca@H2(PQOy)s.5H,0) crystals (Campbellet.al., 1996). The crystal
obtained in this study resemble the OCP which mamto mediate the formatic
of hydroxyapatite (HAp) (Figure 3.6). Nee-like structure is a clracteristic of
HAp crystals, but the bone apatite has a diffecembposition than HAp which

carbonated and has less calcium and these crgséafdate shape
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3.1.3. Electron Diffraction Spectra

The calcium phosphates formed on the foams usifigreint immersion
durations and sequences were examined with thed@&hment of SEM. It was
observed that for the foams as the immersion cras increased, the atomic
ratio of calcium to phosphate increases (Table).3This ratio was also higher
when the foam was immersed first in phosphate isolutather than calcium.
Since the natural HAp has a Ca to P ratio of 1t67nimic the mineral in the
natural tissue, higher immersion durations andt fiphosphate approach is
needed.Since the calcium to phosphate ratios wesercto natural compact bone
for the phosphate first samples, for collagen foantls higher (1% w/v) collagen
concentration, only the immersion duration was geain According to the results
obtained (Table 3.4.) calcium to phosphate ratidhensurface was 1.63 for the
foams immersed for 2 cycles of 48 h. This valuere@sed to 1.43 when the
horizontal cross-section was analyzed. With shamenersion duration the values
were lower as expected from Table 3.3 but als@tine had a lower ratio than the

surface.

Table 3.3.Calcium to phosphate atomic ratios of collagen feawth 0.75% w/v
prepared under different immersion sequences aratidns/cycle

Phosphate first| Calcium first

Duration (h) 2x48 | 2x4 | 2x48 | 2x4

Ca/P atomic ratio | 1.55 1.30 1.31 1.03
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Table 3.4.Calcium to phosphate atomic ratios of collagen fqaepared using
1% (w/v) collagen concentration with the phospHiast approach

Duration (h) 2x48 2x4

Surface | Horizontal| Surface | Horizontal

Ca/P atomic ratio 1.63 1.43 1.27 1.07

As lijima et al. reported in 1997, biological apatites are formgdsbme
precursors such as amorphous calcium phosphate)(ACHPO,)..3H,0O) and
octacalcium phosphate (OCP) ¢Ba(PQ,)s.5H,0). Crystals of OCP are plate-
like and are thus similar to biological apatitesydkbxyapatite (HAp) is
thermodynamically more stable than OCP, so OCP teamsform HAp under
neutral pH.

Solution pH is another important parameter as tksodiation of acidic
and alkali groups on collagen and the binding esion collagen molecule are
affected by the pH. It was reported in the samdysthat a collagen molecule has
approximately 230 acidic and 250 basic residuestlamshumber of amide groups
is larger than carboxyl groups. Because of thispthef collagen is higher than
neutral pH and this causes the collagen molecuéamy a positive charge under
neutral conditions. Thus, the morphology and thePQatio of crystals formed
might have been affected by the immersion sequence.

Molecular formula of OCP is GH(POQy)s.5H,O where the Ca:P is 1.33.
According to the results obtained from EDS analyses Ca:P atomic ratio was
1.30 for 0.75% collagen foams and 1.27 for 1% gellafoams treated with
calcium and phosphate solutions with a 2x4 h/cythais, they are practically the
same. When the immersion duration of foams waseas®d these values also
increased to 1.55 and 1.63 for 0.75% and 1% calldgams, respectively. For

shorter duration Ca:P ratios were similar to OCBE lmmger duration they were
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similar to HAp which can be concluded as OCP medi&tAp formation on these
collagen foams.

3.1.4. Compression Test Results

The mechanical properties of scaffolds preparedséove as tissue
substitutes are very important and compressiomasntain load that bones are
subjected to.

The stress-strain curves of elastic foams with opelh structures have
three main parts (Figure 3.7.). These are the dieksstic region where the pore
borders bend, the collapse plateau region whesetherders are distorted and a

densification region where all the pores collapserleyet.al., 2007).

ELASTOMERIC FOAM
COMPRESSION

DENSIFICATION —

STRESS, o

O =5 PLATEAU (ELASTIC BUCKLING)

LINEAR ELASTICITY (BENDING)

Ll
MeE—_——————,——————— — — —F

=)

STRAIN, €

Figure 3.7.Schematic representation of stress-strain cunanalastic foam with
open cell structure obtained after compressivénigg¢Harleyet.al.,2007)

Stress-strain curves of collagen foams with difier€€aP treatment
durations or without treatment were obtained afterying out compression tests.

The Young’s moduli E*) of foams were calculated from the slopes of thear
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region. Elastic compressive strengih) are calculated as the stress at the
intersection of the elastic region and the elastickling plateau,E.o was
calculated from the slope of the linear regressibrcollapse plateau and the

results are listed (Table 3.5.)

Table 3.5.Mechanical properties of collagen foam wiithsitu calcium phosphate
calculated from stress-strain curves obtained bypression tests (1% collagen
and phosphate first)

Treatment N .
conditions E* (kPa) Ecol (kPa) oe*(kPa)
Untreated foam 33.0+11.3 50.6+17.8 16.5+6.1

4 hl/cycle CaP
treatment for 2 234.5£45.7 663.4+73.0 127.1+19.9

cycles (2x4)
48 h/cycle CaP

treatment for 2 242.7+26.5 745.1+90.4 135.9+18.4
cycles (2x48)

Here, it is observed th& has increased almost 8-fold after the formation
of CaP on the foamse was improved almost to the same level. Hag was
affected the most; 13-15 fold increase was obserdedever, these values were
still much lower than the mechanical propertiesnafural cortical and spongy
bone. Compressive strength of spongy bone is areuth@d MPa, and elastic
modulus of the same type of bone is 0.1-0.5 GPawReet.al., 2006).

Kanungoet.al. reported in 2008, that they have formed calcilmosphate
crystals on collagen-glycosaminoglycan foams by riglet co-precipitation
method, and produced foams with different Ca:Posatirhey applied a uniaxial
compression test to the foams and calculatecEthee* and E.o values in dry

state. Their results & was 204-1000 kPa, somewhat higher than obtainedrfin
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case. Fobe*, 28.4-102 kPa an#, 67.4-123 kPa, both of which are significantly
lower then the values found in the present study.

In a study by Al-Munajjecet.al. in 2009, the same immersion method of
CaP formation with this study was applied to catlagoams and the elastic
modulus was increased to 10.3 kPa, almost 37 fdldnacompared with pure
collagen foam, where pure collagen foam'’s elastcdutus was calculated as 0.28
kPa. Either case, the present study yielded begsents.

In this study, the longer duration has a slightigpes contribution which is
so small that the improvement is not worth the loraybation durations. Because
of this, shorter immersion duration was used fer fitrmation of CaP crystals on

the foams that were usedimvitro studies.

3.2. Invitro Studies

Cell proliferation and differentiation studies wexaried out on TCPS and
then on the collagen scaffolds. Menstrual bloodt@ios a mixture of different
cell types including fibroblasts. MSC-like cellssalexpress fibroblastic surface
markers (Gargett al., 2008), and this makes it difficult to distinguibroblasts
and MSC-like cells by flow cytometry. Therefore acacterization of MB MSCs
was not performed by flow cytometry. MSC-like cebhecome dominant and
highly purified at passage 3 and only the MSC-liéells have osteogenic
differentiation capacity in this cell mixture; beis@ of thisjn vitro studies were
performed without further isolation of the cells.

3.2.1. Cell Culture on TCPS

3.2.1.1. Cell Proliferation

After WJ and MB MSCs were seeded in 24-well TCP8ljscwere
incubated in their expansion media for 24 h ana tihe expansion medium was
replaced with the osteogenic differentiation mediiTS cell proliferation assay

was done on the first day after the differentiatimedium was added. Cell
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proliferation assay results showed that for WJ MSkas number of the cells
attached to the tissue culture plate surface wesend the seeding density for
both control cells and differentiation samples (&g 3.8.). WJ MSCs are
incubated in a nutrient rich medium with bFGF whapports mitogenesis for
MSCs before they are seeded to TCPS for osteogifecentiation. The control
medium which the cells are incubated in after detagthem from the flasks does
not contain these nutrients and this may causeMBeMSCs not to proliferate
during the first day the MTS assay is applied. 6a 14" day of incubation the
cell number of WJ MSCs were almost 8 fold highecamparison to the seeded
number of cells for both the control and differated cells. On the 21day of
differentiation the cell numbers were almost thesavith the 1% day regardless
of differentiation state.

For MB MSCs the behavior was significantly differefihe cell number
on the first day was higher by about 2.4 fold @& triginal seeding density, most
probably because the control group is composedceflamixture containing other
cell types such as fibroblasts and epithelial ceith MSC like cells. This high
proliferation rate was maintained later. There was$ a significant difference
between the cell numbers in the control and diffeation media on the first day.
The increase in the cell number during the first tmeeks was very high; around
20 fold for control and 12 fold for the differeriad cells. The reason for such a
high proliferation rate in comparison with WJ MS@ay be the shorter doubling
time of these cells (19.4 h) (Mergy al.,2007) when compared with WJ MSCs
(25.5 h) (Yucel, 2010). Unlike the WJ, with MB, thewas a significant
detrimental effect of the differentiation medium cell proliferation. The number
of the cells grown in osteogenic differentiationdiugn was almost half of the
cells grown in the control medium for both™dnd 2% days of culture (Figure
3.9)).
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Figure 3.8. WJ MSC adhesion and proliferation in control andeogenic
differentiation media (MTS assay)
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Figure 3.9. MB MSCs adhesion and proliferation in control ansteogenic
differentiation media (MTS assay)

3.2.1.2. Determination of Osteogenic Differentiatio

The osteogenic differentiation of WJ and MB MSCaswletermined by
ALP enzyme assay as mentioned in section 2.2.3/kaline phosphatase (ALP)

is an enzyme found on the surface of osteoblaktrehbrane and is responsible
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for the removal of phosphate from many phosphateyicgg molecules and ions,
especially from calcium salts. Its optimal workingnedia are alkaline
environments. This enzyme is found in many tisssiesh as liver, bile duct,
kidney and placenta in addition to bone. It is ayveanportant marker of
osteogenic differentiation fan vitro studies. WJ and MB MSCs were tested for
their ALP enzyme activity and the results are pmesg as [iIM substrate
converted to product/min by 100L of cell lysate” (Figure 3.10). Since the
osteogenic markers are produced during the firstd®% of induction and then the
ALP activity reaches stability, the culture waspgted at 2% day of incubation
and activities were determined. Specific ALP atiea (ALP activity per cell),
were also calculated. On day 14 of culture, ALRvédas for both cell types
grown in the differentiation medium were higherrtlthose grown in the control
media. The difference in ALP activity between tloatcol and differentiated cells
was almost 2 fold for WJ MSCs; for MB MSCs the éifnce was not as large
(Figure 3.10.). On day 21, ALP activity profile ¥fJ MSCs was very similar to
day 14 results, with a slight increase in activityboth cells grown in control and
osteogenic media. On the other hand ALP activityy& MSCs in both control
and differentiation media on day 21 were lower winempared with day 14
results but the cells in the differentiation medistiti had high values.

When total and specific ALP activity of WJ MSCs groin control and
differentiation media are compared, it was obsetved the trend was the same;
ALP activity of differentiated samples was 2 folfitbe control samples on days
14 and 21. For MB MSCs, the specific ALP activiti@s control and
differentiation media were substantially differéoa. 2 fold) of the control group
on days 14 and 21, and specific ALP activities ap &1 were also lower than day
14, like the total activities (Figures 3.10., 3)11.
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Figure 3.11.Specific ALP activities of WJ and MB MSCs on"4nd 2% days
of osteogenic differentiation
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When the total ALP activities of WJ and MB MSCs ammpared it is
observed that the activity of WJ MSCs is about I8 fugher. When the specific
activities of these cells are compared it is obsérthat their activity was 5-fold
higher than that of MB MSCs.

The ALP activity of osteoblasts increases during thist 15 days of
incubation and then starts to decrease (Hollimyat., 2005). MB MSCs showed
a similar differentiation profile to this, howeven, this study, the ALP activity of
WJ MSCs continued to increase during 21 days, Hritdtal and specific activity
of these cells were much lower than WJ MSCs. Tiscates another difference
between the WJ and MB cells.

3.2.1.3. Cell Morphology

Morphologies of MB and WJ MSCs in control and diffietiation media
were studied by staining with Phalloidin-FITC and® for the cytoskeleton and
nucleus, respectively. It was observed that botls ¢tead fibroblastic structures,
were attached to the tissue culture plate and guhie 21 day incubation the cells
continued to proliferate and reached confluency. MBCs are smaller than WJ
MSCs and as was seen in the MTS assay, MB MSCgquaté faster (doubling
time of MB MSCs 19.4 h, and WJ MSCs 25.5 h) (FigBui2.).

58



Figure 3.12. Fluorescence microscopy of MB and WJ MSCs on day\R
MSCs (a) in control medium, (b) in osteogenic défgiation medium. WJ MSCs
in (c) control medium, d) in differentiation mediuifx10), Blue (DAPI): nuclei,
Green (Phalloidin-FITC): cytoskeleton

3.2.1.4. von Kossa Staining

Bone forming cells secrete calcium phosphate itite extracellular
environment and during osteogenic differentiatibis tmineral formation can be
shown by von Kossa staining, which in this case wase on day 21 of
osteogenic differentiation. Together with the e of ALP expression matrix
maturation occurs which is followed by the mineration of ECM (Park,
2010).ALP activity of WJ MSCs was shown to be higtiean MB MSCs with the
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ALP assay, and as expected from these results,ratsn®rmed by WJ MSC
were denser when comparecth MB MSCs (Figure 3.13.).

Figure 3.13.Light micrographs of von Kossa stained MB and WJQ4®nday
21. MB MSCs grown in(a) control medium,k) osteogenic mediu. WJ MSCs
grown in (c)control medium(d) osteogenic medium (x10).
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3.2.2. Cell Culture on Foams

3.2.2.1. Cell Attachment and Proliferation on Foamswithout Calcium

Phosphate

The attachment and proliferation of cells were aeieed by MTS assay.
On the day following cell seeding on collagen foamld'S assay was done to
determine the number of cells attached onto thengodt was observed that the
attachment efficiency was around 26% for WJ and 3&Y MB MSCs,
respectively. Pore sizes of the foams used forsagting in this study are around
200 um, and Liuet al. reported in 2009 that large pores support thesfrart of
nutrients and removal of wastes, but also causedttachment efficiency and
intracellular signalling. In addition, when the fos are incubated in the aqueous

medium, they swell and the pore sizes increasengakie situation worse.
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Figure 3.14. Proliferation of WJ MSCs on collagen foams witha#ticium
phosphate and incubated in control and differaotianedia (MTS assay).
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On the 14 day of culture the cell number in both control and
differentiation media for WJ MSCs increased aroudnold of the first day. This
increase in cell number continued during 21 daystli@ cells grown both in
control and differentiation media, with a slightiygher cell number of control
group (Figure 3.14).

The cell number of MB MSCs, however, increased rdurihe first 14
days, but afterwards started to decrease (Figure).3As it was seen in TCPS,

cell number was lower in differentiation mediumidgr21 days.
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Figure 3.15. Proliferation of MB MSCs on collagen foams withocglcium
phosphate and incubated in control and differaotiainedia (MTS assay).
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3.2.2.2. Cell Attachment and Proliferation onin situ Calcium Phosphate
Produced Foams

The attachment and proliferation of cells were deieed by MTS assay
and Phalloidin-DAPI staining. On the day followirgll seeding on collagen
foams, MTS assay was done to determine the nunfbeglls attached onto the
foams. On the first day the cell number on the feavas low (Figure 3.16.). The
average pore size of the foams decrease fromu2®Q@o 70um with the CaP
crystal formation and this may prevent the adhesioth penetration of the cells

into the pores and cause a decrease in cell number.
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Figure 3.16.Proliferation of WJ MSCs on calcium phosphate cioimg collagen
foams incubated in control and differentiation nae@TS assay).

On the 14 day in culture, the number of WJ MSCs incubatedthie
control medium increased 7 fold, like the samescgtbwn on TCPS. On the 21
day the cell number was the same wit' Hay. In the differentiation medium a

different trend than the control group and the sceficubated in TCPS was
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observed. The number of cells on"™1day was 3 fold higher than the cells
attached on first day. On $Hay this number decreased to half that of tH& 14
day. However, on TCPS in osteogenic medium, thereehber had increased

around 8 fold of the seeding number between dagsdl14 like the case for the

control group as was mentioned in section 3.2.1.1.

On the other hand, MB MSCs displayed a totallyeddéht behavior on
collagen foams than on TCPS. Cells on TCPS hadfgnatied during 21 days in
both media. On collagen foams, however, cell nusb@reased by only 2 fold in
control media during 14 days but only 35% of thesks were viable on day 21
(Figure 3.17). In the differentiation media, ceihbility was poorer; the number

of cells decreased continuously from day 1.
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Figure 3.17. Proliferation of MB MSCs on calcium phosphate contey
collagen foams in different media (MTS assay).

In a review published by Barréet al. (2006) stem and osteoprogenitor

cells are mobile and migrate on the scaffold makeiin the early days of culture.
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Later, they adhere to the substrate with strongalfgooints and start to
differentiate. Additionally, the cells are affectég the calcium and phosphate
concentration changes in the medium. The decendtadility of calcium
phosphates are as follows: HAp>TCP>OCP. The diatoai of calcium
phosphates to release calcium and phosphate iesredth decreasing stability
and this may, as reported in the same review, ceelbeleath. Excessive €an
the extracellular environment may cause the uptdkeinto the cell and storage
of the ion in the endoplasmic reticulum (ER). Theess amount of Gamay
cause the ER stress and stimulate cell apoptosisr{iDset al., 2003)

In this study, as was discussed in section 3.188P Catio of the foams
were similar to OCP, which is thermodynamically slestable and possibly
dissociates into its ions in the culture mediumli<kke to adhere HAp-like
crystals and since the dissociation rate of crgstékained in this study is higher
than that of HAp, the cells attached to the crgstaight lose contact and are
removed by the renewal of medium during culturadieg to the decrease in the
cell number.

The attachment of both cell types was also examinyeBhalloidin-DAPI
staining. Cells were seeded to scaffolds and fi2ddh later. Confocal and
fluorescence micrographs of stained cells on celtalgams were obtained. In the
fluorescence microscopy studies UV filter and blfiker were used for
observation of DAPI and phalloidin-FITC stainedstiss, respectively. In the
confocal microscopy studies, samples were excitgla the laser at 488 nm and
emission between 495 and 600 nm was collectedeits stained with phalloidin-
FITC, and excited at 532 nm and emission was deliebetween 640 and 785 nm
for collagen sponges. Despite the low adhesiorieffcy of cells, the attachment
of both cell types was good (Figures 3.18, 3.B@&gides, confocal micrographs of
a 90um depth from the surface demonstrate that the ballispenetrated into the

pores (Figure 3.20.).
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Figure 3.18.Fluorescence micrograph of MB MSCs on collagen a4 h after

seeding. (a) Nuclei of cells stained by DAPI (blu®) ECM of cells stained with
Phalloidin-FITC (green). Collagen scaffold had amof#uorescence (red), (c)
overlay of (a) and (b) (x10)
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Figure 3.19.Fluorescence micrograph of WJ MSCs on collagen oamtl after
seeding. (a) Nuclei of cells stained by DAPI (blu®) ECM of cells stained wit
PhalloidinFITC (green). Collagen scaffold had an autofluozese (red), (c
overlay of (a) and (b) (x1
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Figure 3.20. CLSM micrographs of WJ and MB MSCs on calcium plnagp

carrying collagen foams. (a) WJ MSCs, (b) MB MS(3,vertical cross-section
of WJ MSCs, (d) cross-section of MB MSCs seedednfaStain: Phalloidin-
FITC. Scale bar: 10am

3.2.2.3. SEM Analysis of WJ and MB MSCs on CollageRoams

WJ and MB MSCs on collagen-CaP foams were fixed2at day of
culture and images were obtained by SEM using #rgcal cross sections of the
foams. It was observed that these inner partseofadams also have the cells and
the cells grown in the osteogenic medium appeblat@ adhered to the foams and

had fibroblastic extensions (Figure 3.21.).
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Figure 3.21.SEM micrographs of WJ and MB MSCs on collagen-Qadris.
(a) WJ MSCs, (b) MB MSCs. Day 21. Arrows indicdte extensions of cells

3.2.2.4. ALP Activity of WJ and MB MSCs on CollagenFoams without
Calcium Phosphate

ALP activities of WJ and MB cells seeded onto agdin foams without
calcium phosphate was determined to study the tetie¢he scaffold on their
differentiation. It was observed that even theltetdues were higher than TCPS
results (Figure 3.22), the ALP activity improvemenpon incubation in
differentiation medium for MB MSCs was almost theme with TCPS.The
difference in total activities between the diffdiation and control samples for
WJ MSCs was not substantial and was similar toadhafCPS (Figure 3.22).

The specific ALP activity profiles of both cellggs were quite similar to
TCPS results. WJ MSCs had higher total and speadfiwity than MB MSCs, but
the difference between WJ and MB MSCs was lowen that on TCPS (Figure
3.23).
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Figure 3.22.ALP activity of WJ and MB MSCs
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Figure 3.23.Specific ALP activities of WJ and MB MSCs on™4nd 2% days
of osteogenic differentiation
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3.2.2.5. ALP Activity of WJ and MB MSCs onin situ Calcium Phosphate

Produced Collagen Foams

ALP activity of WJ and MB MSCs seeded on collageanis were
determined on days 14 and 21 in the control anebbgsinic induction media. The
results were much higher than the results on TGffSoa collagen foams without
CaP for both cell types, which means that the stddgfsupported the osteogenic
differentiation. On the 1% day of differentiation induction, for both cellpgs
ALP activity of cells grown in osteogenic mediumsaavice as high as that in the
control group and these values were 10 times amcktivgher than the values
obtained from cells on TCPS and foams without Cagpectively (Figure 3.24.).
In addition ALP activity of WJ MSCs was higher thdnose of MB MSCs as was
also the case on TCPS on day 14.
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Figure 3.24.ALP activity of WJ and MB MSCs on collagen/CaP feaon 14
and 2% days of osteogenic differentiation. The ALP adjivis expressed asv
substrate converted to product per minute for dl0@ell lysate
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On the 21 day of osteogenic induction ALP activity of bothllctypes
were higher than on the ®4lay. This result is similar for WJ MSCs on TCP$ bu
for MB MSCs it was the opposite. Additionally MB NS had a higher activity
on 2f"' day (Figure 3.24.).
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Figure 3.25.Specific ALP activity of WJ and MB MSCs on collagéaP foams
on 14" and 2% days of osteogenic differentiation. The ALP atjivis expressed
asuM substrate converted to product per minute pér cel

Specific ALP activities had a similar trend in tA&P activities of both
cell types on day 14, but displayed a differentfifgan 27" day for MB MSCs
(Figure 3.25.). The total ALP activity results oBMMSCs were slightly higher
than WJ MSCs with osteogenic differentiation sammplaut the activity of their
control group was lower. But the situation wasatit for specific ALP activity.
WJ MSCs had twice higher specific activity than MESCs, similar to the results
obtained on TCPS; this value was 13 fold highenthia TCPS (Figure 3.25.). In
addition, activity of MB MSC control group was alstdwice higher than that of
WJ MSC on day 2.
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3.2.2.6. von Kossa Staining of WJ and MB MSCs on Gagen Foams

von Kossa staining was done for WJ and MB MSCs bated on
collagen-CaP foams after 21 days of incubation amtrol and osteogenic
induction media. von Kossa staining is used to detge calcium in a mineral.
Because the scaffold itself here carries calciuintha minerals attached to the

scaffold and the mineral deposits produced by cg#ige stained. As a result it

was not possible to distinguish the minerals preduay the cells (Figure 3.26.).

-

Figure 3.26.von Kossa staining of WJ and MB MSCs seeded oragefi-CaP
foams and incubated for 21 days. (a) WJ MSCs giioveontrol, (b) WJ MSCs in
differentiation, (c) MB MSCs in control, (d) MB M3Gn differentiation media
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CHAPTER 4

CONCLUSION

Tissue engineering can be an alternative solutmmtlie treatment of
critical sized bone defects. In this study, collageaffolds with and withoun
situ grown calcium phosphate crystals were producedlagen was crosslinked
with a natural crosslinker, genipin which is alsged in the food industry, to
overcome the cytotoxic effects of the most commardgd crosslinkers. Calcium
phosphate crystals were formed by a double soluiimmersion method,
introduced by our group previously. Porosity andepsize distributions were
found to be suitable for cell seeding. Crystal nhofpgy and the Ca:P ratio of
crystals were similar to octacalcium phosphate (D@Rich is thought to be an
intermediate phase in the biological apatite foramatCalcium phosphate crystals
improved the elastic modulus and compressive dtineofyfoams around 8 fold.
These foams were also tested ifowitro cell culture studies. Two different types
of stem cells (Wharton’s jelly and menstrual blgdaf)th of which were isolated
from discarded tissues were seeded onto foamsder @o see the effect of the
foams on osteogenic differentiation and to complaeebone forming efficiencies
of these cells. Cell proliferation on foams withaaticium phosphate was good,
but a decrease in the cell number was observelddons with calcium phosphate
especially after 1 day in culture. Despite the decrease in cell nuntbe foams
with calcium phosphate triggered osteogenic difigation and the ALP activities
of cells were found to be much higher compared danfs without calcium

phosphate.
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In conclusion, Wharton’s jelly and menstrual blosteém cells could be
used as alternatives to common cells obtained bgsiwe techniques, such as
bone marrow aspiration for bone tissue engineeapglications. The ALP
activity of Wharton'’s jelly cells was found to bagher than menstrual blood stem
cells. However, osteogenic activities of thesescale lower than bone marrow
stem cells.

A tissue engineered construct for bone tissue eeging should contain
both the organic and inorganic phases to improgeoiteogenic differentiation of
stem cells. Collagen foams with calcium phosphatestals have a similar
chemical composition to native bone and these foamgport osteogenic
differentiation of Wharton’s jelly and menstrualobtd stem cells substantially

when compared to collagen foams without calciumsphate.

4.1. Future Prospects

Promising results for osteogenic activity wereaiiéd using both the cell
types, WJ and MB. Mechanical properties of theag#h foams were found to be
lower than that of the natural bone, but the carastwould serve perfectly well as
a bone filler of high osteogenic capacity. Howewenditions should be modified
to improve the mechanical properties. Differentiatiof cells into osteoblasts
were detected and determined by mineralization andyme assays, but
immunostaining could be performed to show the n@ialactivity of the cells.
As a result of the promising results obtained unaeritro conditions these

constructs should also be tesirdivo.
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APPENDIX A

MERCURY POROSIMETRY RESULTS

Pore size distribution of collagen foams with diéfiet collagen concentrations,
freezing temperature and calcium phosphate tredtcheations were analyzed by
mercury porosimetry. Production conditions of foaams given below figures.

Figure A.1. 0.75% collagen, -8%C, untreated foam

Figure A.2.0.75% collagen, -28C, untreated foam

85



Figure A.3. 1% collagen, -86C, untreated foam

Figure A.4. 1% collagen, -26C, untreated foam

Figure A.5.0.75% collagen, -86C, 2x4 h treatment

Figure A.6.0.75% collagen, -26C, 2x4 h treatment
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Figure A.7. 1% collagen, -86C, 2x4 h treatment

Figure A.8. 1% collagen, -26C, 2x4 h treatment

Figure A.9. 1% collagen, -86C, 2x48 h treatment



Figure A.10.1% collagen, -26C, 2x48 h treatment

Figure A.11.0.75% collagen, -88C, 2x48 h treatment

Figure A.12.0.75% collagen, -28C, 2x48 h treatment



APPENDIX B

CALCULATION PROCEDURE USED AFTER COMPRESSION TESTS
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Figure B.1.Compression test results and data treatment
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APPENDIX C

CALIBRATION CURVE FOR ALP ACTIVITY

The osteoblastic activity of MSCs was determined Algaline Phosphatase
(ALP) enzyme assay. For calibration curve, absaresnof p-nitrophenol
solutions with different concentrations were pldtte
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Figure C.1. The calibration curve for ALP activity, prepared kging p-

nitrophenol at different concentrations

90



APPENDIX D

CALIBRATION CURVE FOR DETERMINATION OF CELL NUMBER
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Figure D.1.Calibration curve for MB MSC obtained by using MaSsay
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Figure D.2.Calibration curve for WJ MSC obtained by using Massay
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