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ABSTRACT

BONE SURFACE MICROENVIROMENT MIMICKED
BIODEGREDABLE SCAFFOLDS FOR OSTEOGENIC STEM
CELL DIFFERENTIATION

The change of the surface roughness, topography and stiffness as well as the
chemical and/or biochemical components of the surfaces; might affect the cell-surface,
cell-scaffold interface characteristics and may influence cellular behavior, which are im-
portant to investigate new bioprosthesis for tissue engineering applications. Thereby,
in this thesis, mimicking bone surface microenvironment was aimed. Firstly, to produce
a mould, bovine femur surface was mimicked by using Polydimethylsiloxane (PDMS).
A biodegradable polymer, Poly (L-Lactic acid) was poured on the mould to obtain
bone surface mimicked (BSM) scaffolds. Then, Bone Morphogenic Protein-2(BMP-2)
was loaded on the scaffolds and its release profile was examined in-vitro conditions
with Enzyme-Linked ImmunoSorbent Assay (ELISA). BSM scaffolds was modified ei-
ther with hydroxyapatite (HA) or collagen type-I (Col-I) to construct these scaffolds,
similar to the bone‘s natural micro- environment. Modified scaffolds were charac-
terized with Water Contact Angle (WCA) measurements, Scanning Electron Micro-
scope (SEM), X-Ray Photoelectron Spectroscopy (XPS), X-Ray Diffraction (XRD)
and Fourier Transform Infrared Spectroscopy (FTIR). Characterization studies were
followed by cell culture studies. To analyze cell viability on the scaffolds, MTT was
performed. To examine cell proliferation on the scaffolds, Alamar Blue was performed.
The effect of the modifications on the controlled and directed osteogenic differentiation
in in-vitro conditions was evaluated by using Alkaline Phosphatase Activity analysis,

Alizarin Red and SEM EDAX tests.

Keywords: Biomimetic, Bone microenvironment, Bone tissue engineering, Stem cell.
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OZET

KEMIK MIKROCEVRE TAKLIT BIYOBOZUNUR DOKU
ISKELELERI ILE OSTJENIK KOK HUCRE
FARKLILASMASI

Yiizeyin piiriizliiliigiiniin, topografisinin ve sertliginin, bunun yani sira ytiizey-
lerin kimyasal ve/veya biyokimyasal igeriginin degigimi; doku miihendisligi alaninda
geligtirilecek yeni biyoprotezler i¢in 6nemli olan hiicre-yiizey, ara yiizey karakteristigini
ve hiicresel davraniglar etkileyebilmektedir. Bu sebeple bu tezde, kemik yiizey mikro-
cevresinin taklidi amaclanmugtir. Ilk olarak, kalip iiretebilmek icin, sigir femur yiizeyi
polimetilsiloksan (PDMS) kullamilarak taklit edilmigtir. Biyobozunabilen bir polimer
olan, poli (L-laktik asit) (BSM) doku iskeleleri kemik yiizeyini taklit edebilmek igin bir
kaliba dokiilmiigtiir. Daha sonra, kemik morfojenik protein-2 (BMP-2) iskeleler iizerine
yiiklenmig ve salim profili Enzyme-Linked Immunosorbent Assay (ELISA) ile in vitro
kogullarda incelenmigtir. BSM iskeleleri, kemigin dogal mikro-gevresine benzer iskeleler
olugturulmasi i¢in hidroksiapatit (HA) ya da tip 1 kolajen (Col-I) ile modifiye edilmigtir.
Modifiye doku iskeleleri Su Temas Agisi 6lgtimii, Taramali Elektron Mikroskobu (SEM),
X-Isim Fotoelektron Spektroskopisi (XPS), X-Isinlar Kirinim Cihazi (XRD) ve Fourier
Doéniigtimlii Infrared Spektrofotometre (FTIR) ile karakterize edilmigtir. Karakteriza-
syon caligmalarini hiicre kiiltiirii caligmalar1 izlemigtir. Doku iskeleleri iizerine ekilen
hiicrelerin canlihgimi analiz etmek i¢in, MTT yapilmigtir. Doku iskeleleri iizerinde
hiicre ¢ogalmasini incelemek icin Alamar Mavisi yapilmistir. Modifikasyolarin in-vitro
kogullarda kontrollii ve indiiklenmis osteojenik farklilasma tizerindeki etkisi, Alizarin
Kirmizi, alkalin fosfataz aktivitesi analizi ve SEM EDAX testleri kullanilarak deger-

lendirilmistir.

Anahtar Sozciikler: Biyomimetik, Kemik Mikrogevresi, Kemik doku miihendisligi,

Kok Hiicre
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1. INTRODUCTION

1.1 Motivation

"Biomimetics" is a term that comes from the Greek words "bios" (life) and
"mimesis" (to imitate). It is an inspired usage of technology that imitates the nature
to make human lives better. The functions and principles of biomimetic, which could
be practiced in biomedical engineering, are originated from various natural events, like
the regeneration of the lizard’s tail and the regeneration of the buckhorn’s horns each
year, the phlegmatical, adhesive and regenerative properties of the web of the spi-
der [1]. Thus, in tissue engineering, various hybrid composites, which are inspired by
the nature, have been designed as a template in order to control biological processes.
For example, some structural biomaterials like nacres or bones have hierarchical con-
struction and organization. So as to mimic these biomaterials’ structural complexity,
inorganic-organic hybrid materials were used [2]. Furthermore, the occurrence of bone
disorders is expected to double by 2020 especially in some populations in which aging
is coupled with not only high rate of obesity but also with poor physical activity [3].
Although, bone is able to renew itself, some bone defects whose size is large could
be really challenging for the orthopedicians. Bone grafting is a method to treat these
large defects as an allograft or an autograft. However, the usage of an allograft or
an autograft also has some disadvantages like second-site surgery, donor incompati-
bility and limitations of available bone tissue [4]. Engineered bone tissue could be a
potential alternative to be a conventional bone graft, because of their limitless sup-
ply and unfeasibility to transmit disease. With bone tissue engineering applications,
inducing new functional bone regeneration with the synergistic combination of cells,
factor therapy and biomaterials is aimed [3]. In tissue engineering applications, the
usage of the synthetic and biodegradable polymer scaffolds is preferred due to their
mechanical properties, biocompatibility, the degradation rate and microstructure [5].
In addition, seeding or growing the cell on the biodegradable polymer scaffold could

endorse tissue growth and remodeling [6,7] and affect cell behaviors like proliferation,



migration, adhesion, and differentiation [§].

Tissue engineering scaffolds should be able to ensure the mechanical support as
well as having control over nanoscale topography, architecture and biochemical signals
to affect cellular processes. In this context, poly (lactic acid) (PLA)-based biomaterials
could be mentioned as a qualified material to invent various regenerative engineering
practices in orthopedics field due to their flexible fabrication, biocompatibility and
biodegradability [9]. In addition, PLA also have drug loading capacity and its byprod-

ucts are non-toxic as well [1].

A stem cell can be defined as an undifferentiated cell, which have multi lineage
differentiation and self-renewal capacity without senescence. There are three type of
stem cells such as Totipotent stem cells which is able to give rise to a full viable
organism, pluripotent stem cells which is able to differentiate into any cell type within
in the human body and multipotent stem cells which are able to differentiate into
some but not all, cell types. For example, adipose derived stem cells (ADMSC) are
multipotent and able to go under osteogenic differentiation [10,11]. Thus, the usage
of the adipose derived stem cells is useful to investigate the biocompatibility of our

samples and their affect on osteogenic differentiation [4].

To sum up, altering both the physical structure of the surface such as its rough-
ness, topography and stiffness and its chemical and/or biochemical components; may
influence cellular behaviors, which are crucial to investigate new bio prosthesis for tissue
engineering applications. Thus, to investigate mimicking physically and biochemically
bone surface microstructure to initiate osteogenic differentiation of the stem cells could

be a promising technique in bone tissue engineering field.

1.2 Objectives

In this thesis, our aim is mimicking physical, chemical and biochemical structure

of the bone and investigating proliferation and differentiation behavior of the ADMSC



on the bone surface microstructure mimicked membranes. In order to mimic bone sur-
face topography, PLA was used as a biocompatible and biodegradable polymer. For
mimicking bone’s biochemical structure, Collagen Type-I (Col-I) and Hydroxyapatite
(HA) was immobilized on the bone surface topography mimicked samples. So as pro-
mote osteogenesis of the stem cells; a growth factor, Bone Morphogenetic Protein 2
(BMP-2), loaded into Col-I and HA immobilized bone surface mimicked (BSM) sam-
ples. Finally, the effect of the PLA scaffolds on the proliferation and differentiation of
ADMSC was examined. The main objectives of this study are:

e To mimic the biochemical structure bone surface microstructure with Col-I and

HA immobilization on the biodegradable PLA membranes.

e To examine the release profile of the loaded growth factor, BMP-2 in the PLA

membranes with Enzyme-Linked Immuno Sorbent Assay (ELISA) technique.

e To characterize physically and biochemically bone surface microstructure mim-
icked membranes’ by using Scanning Electron Microscopy (SEM), Atomic Force
Microscopy (AFM), Water Contact Angle (WCA) Measurement, X-Ray Photo-
electron Spectroscopy (XPS), X-ray Powder Diffraction (XRD), Fourier Trans-
form Infrared Spectroscopy (FTIR).

e To investigate viability, proliferation and osteogenic differentiation of the ADMSC
on the physically and biochemically BSM PLA scaffolds

e To examine the effect of the BMP-2 loaded scaffolds, on proliferation and os-

teogenic differentiation of ADMSC.

1.3 Outline

The thesis is presented as follows: In chapter 2, background information about
bone and its structure, current bone repair and regeneration methods, stem cell applica-

tions and bone tissue engineering are given. In chapter 3, the experimental procedures



are explained. In chapter 4, the results are presented. In the last chapter, the re-
sults and their implications as well as the future studies, which would be done, were

discussed.



2. BACKGROUND

2.1 Bone

Bone has a fundamental role not only in the movement, support and shape of
the whole body but also in the protection of the some organs [12]. It is also significant
to mineral storage, homeostasis, blood production, blood pH regulation, regulation
of the concentration of the blood electrolytes. In addition, it is also a shelter of the

multiple progenitor cells like mesenchymal and hematopoietic cells [13].

2.1.1 Bone Structure

Bone is an extremely diverse and dynamic tissue, not only structurally but also
functionally. Distinct loading conditions principally influenced mechanical properties
and macroscopic features of the quite two hundred bones within the human skeleton.
Skeletal structures have various bone types such as long, short, flat, and irregular.
Bone functions vary from vital organ protection to locomotion. Bone tissue might in
addition not solely fight a compact (i.e., cortical bone) or fibrous tissue (i.e., cancellous
bone) pattern arrangement however additionally gets into mechanical strength and
modulus. In spite of those sophisticated options and forms, it’s relative simplicity in
terms of its microscopic, graded manner. Specifically, as it could be seen at Figure
2.1.1, bone extracellular matrix consists of every a non-mineralized organic part, which
contains predominantly Col-I, and a mineralized inorganic half, which comprised of
4-nm-thick plate-like carbonated apatite mineralizes. The nano-composite structure
(stiff and multi-pronged albuminoidal fibers supported by hydroxyapatite crystals) is

integral to bone’s high fracture toughness and its compressive strength [3].

In addition, bone, which is a mineralized connective tissue and contains four

kinds of cells, such as osteoblasts, bone lining cells, osteocytes, and osteoclasts [14,15].



Bone carries out necessary functions within the body, like locomotion, support and
protection of various kinds of tissues, phosphate and calcium storage, and harboring
of bone marrow [16,17]. Contrary to its inert structure, bone could be an extremely
dynamic organ that’s unceasingly resorbed by osteoclasts and neoformed by osteoblasts.
There’s proof that osteocytes act as mechanosensors and orchestrators of this bone
remodeling process [18,19]. The function of bone lining cells isn’t explicit, however

these cells seem to play a vital role in coupling bone resorption to bone formation [20].

Collagen
molecule

Collagen C(_:_Ill‘aglen
fiber ibri
Bone
Crystals
1 nm
10-500 pm 3-7 um
Microstructure (B) Nanostructure (D)
Macrostructure (A) Sub-microstructure (C) Sub-nanostructure (E)

Figure 2.1 Hierarchical structural organization of bone [21]

2.1.2 Bone Regeneration

Cartilage and bone defects occur owing to various reasons like degenerative,
traumatic and surgical processes, which notably affect life quality of person. Each
year, there are millions of patients, who are suffering from cartilage and bone defects,
have approximately 250,000 knee arthroplasty and 450,000 bone grafts in the United
States alone [22,23].

Bone remodeling is an extremely complicated process in which previous bone
is replaced by new one. That replacement process is like a cycle, which is comprised
of three phases, such as, initialization of bone resorption by osteoclasts, the transition
process from resorption to new bone formation, and the bone formation by osteoblasts

(Figure 2.1.2) [24,25]. In addition, this process happens as a result of coordinated



actions of osteocytes, osteoblasts, osteoclasts, and bone lining cells [26-28]

Normal bone remodeling is not only critical to fracture healing and skeleton
adaptation to mechanical use, but also important to calcium homeostasis [29]. In
contrast, an imparity of bone tissue formation and resorption leads to various bone
diseases. For instance, an excessive resorption by osteoclasts without the correspond-
ing quantity of new-formed bone by osteoblasts support bone loss and osteoporosis [30],
whereas an excessive bone tissue formation might lead to osteopetrosis [31]. Thus, the
equilibration between bone resorption and formation is important and based on the
action of many systemic and local factors together with cytokines, hormones, biome-

chanical stimulation and chemokines [32-34].

Haematopoietic Mesenchymal
stem cell stem cell

Osteoclast precursor Osteoblast precursor

Osteoclast Filled Endothelial cell,
resorption pit blood vessel
|

Resorption
Pit |

Q' . Bone resorption =—= Bone formation

U ‘ &fr V
Osteocm . y {8 4

Figure 2.2 Bone Resorption and Formation [35]

2.1.3 Bone Defects Repair Applications

Nowadays, there has been an extremely high demand for functional bone grafts
around the world. In the United States, about half million patients need the repairs
of bone defect, with a price bigger than $2.5 billion each year. The occurrence of bone
disorders is expected to double by 2020 especially where aging is coupled with not
only high rate of obesity but also poor physical activity [36]. Although bone is able to

renew itself, some bone defects whose size is large could be really challenging for the



orthopedicians. Bone grafting is a method to treat these large defects as allograft or

autograft [4].

Up to the present, autografts has been the best method for bone grafts since
they are non-immunogenic as well as histocompatible and they also supply all of the
imperious properties needed to a bone graft material. Additionally, in order to attain
osteogenesis like osteoprogenitor cells, osteoinduction like bone morphogenetic proteins
(BMPs) as well as different growth factors, and osteoconduction like three-dimensional
matrix as well as porous matrix; autografts own some essential elements. However,
autografts also have some disadvantages. For example, they involve gathering bone
from iliac crest of the patient. Thereby, patient needs a second operation where tissue
harvest was done [37]. In addition, autologous bone transplants are terribly valuable
procedures, and they also might lead to vital donor site morbidity [38] and injury, de-
formity, scarring and they are related to surgical risks as well: infection, inflammation,

injury and chronic pain [39,40].

Allograft, which has been the second most prevalent bone-grafting technique, is
inclusive of transplant donor bone tissue and they usually comes from a cadaver. In
addition, allogeneic bone is seemingly histocompatible, and it is also accessible in varied
forms, such as demineralized bone matrix, cancellous and morcellised chips, cortical
grafts and cortico-cancellous, and whole-bone segments and osteochondral, based on
the host-site necessities. In contrast to autografts, allografts are related to risks of
infection transmission and immunoreactions and the reduction of the osteoinductive
properties as well as cellular parts are required for them. Thus, donor grafts are
devitalized via irradiation or lyophilization process [41-43|. However like autografts,
allogenic grafts has also substantial cost issues [44]. Another widely used bone repair
technique is xenograft, which is obtained from one species and transplanted into another
and has the same limitations that allografts have [45]. Thereby, tissue engineering
applications could be accepted as a possible alternative therapeutic process to cure

rigorously injured patients.



2.2 Bone Tissue Engineering

Tissue Engineering, which focuses on to design functional three-dimensional
(3D) tissues combining scaffolds, cells and/or bioactive molecules, is an interdisci-
plinary field [46]. Since, this field includes various scientific areas like engineering,
material science, cell biology, molecular biology, chemistry and medicine. In 1993, the
Tissue Engineering term, which was firstly defined by Langer and Vacanti, is still in
used and indicates that the fundamental aim in Tissue Engineering is the improvement
of biological substitutes to restore, improve or maintain tissue function [8]. Thus, Tis-
sue Engineering could be able to avoid tissue damage related problems of the existing
treatment methods like mechanical devices, transplants or surgical reconstruction. For
example, organ transplants show important limitations such as lack of donor and re-
jection of the transplant. In addition, mechanical devices could not be able to avoid
the progressive deterioration of patient and achieve each the function regarding to the
tissue. Lastly, surgical reconstruction could be caused long-term problems [47]. Thus,
Tissue Engineering originate in the requirement of the more absolute solutions in order
to repair tissue in clinics and also it purposes to succeed this goal with the improvement

of the in vitro devices, which would restore in vivo damaged tissue.

2.2.1 Biomaterials For Tissue Engineering

There are several definitions have been used to the term "biomaterials" such as,
it is a "material exploited in contact with living tissues, organisms, or microorganisms"
[48] and "a substance that has been engineered to take a form which, alone or as part
of a complex system, is used to direct, by control of interactions with components of
living systems, the course of any therapeutic or diagnostic procedure, in human or
veterinary medicine" [49]. In general, biomaterials are contemplate to interface with
biological systems to replace, treat, augment or evaluate any function, tissue or organ
of the body and also they are in use for several different treatment applications. The
main difference between biomaterials and other materials is that biomaterial is able to

endure in a biological environment as well as it is damaged in that process and it does
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not damage the surroundings.

Naturally derived materials, polymers, composites and ceramics could be used
as biomaterials. Natural biomaterials could be comes from individuals of the same
species (allografts), from different species (xenografts) or from the same individual
(autografts). Furthermore, ceramic materials depend on bioglasses and calcium phos-
phates. Although they have well osteoinductive properties, they have difficulties in
forming procedure and their mechanical properties are low. Polymers like those de-
rived from PLA and polyglycolic acid (PGA) have biodegradability, good mechanical
properties, easy formability and they also vary regarding to their molecular weight.
However they do not have good osteoinductive properties. Thus, ceramic-polymer
composite materials enable scientists to produce a biodegradable material, which have
osteoconductive, osteoinductive, conformability and good mechanical strength proper-

ties [50].

2.2.2 Synthetic Polymeric Biomaterials in Bone Tissue Engineering Ap-

plications

As a scaffold material, which was used in tissue engineering, the synthetic or
natural polymers such as, poly (a-hydroxy ester), polysaccharides, thermoplastic elas-
tomers or hydrogels were the most popular ones [51]. Synthetic polymers are easy
processable, available, mechanically stabile for a long time and also they are cyto-
compatible due to their chemical and mechanical properties. There are two type
of synthetic polymers such as, biodegradable and non-degradable polymers. PLA
and PGA, poly(lactic-co-glyco-lide) (PLGA), poly(e-caprolactone) (PCL), poly(car-
bonate)s, poly(fumarate)s, poly(anhydride)s, poly(urethanes), poly-a-hydroxy esters
poly(orthoester)s, poly(hydroxyalkano- ate)s, poly(phosphazene)s were the widely used
biodegradable polymers. However, there are some main disadvantages of the synthetic
polymers, such as, these biomaterials are innate hydrophobic and they have concomi-

tant ineflicient cellular interaction and attachment.
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On the other hand, the usage of the non-degradable polymers such as poly
(acrylic acid) (PAA), poly(vinyl alcohol) (PVA), poly(2-hydroxyethyl methacrylate)
(PHEMA) are still limited. They are mostly used in permanent implants or low molec-

ular weight blocks to enable degradation in the body [52].

2.2.3 Growth Factors and Repair

The growth factors could be able to stimulate gene expression, cellular adhesion,
proliferation, differentiation and migration. With the extracellular domain’s binding
to a target growth factor receptor, the intracellular signal-transduction, which finally
goes to the nucleus and causes the mRNA transcription and the respective proteins’

synthesis, is activated [53-55].

Single growth factors could be able to have effects on several cell types and may
stimulate different functions. In order to stimulate an intracellular signal transduction,
growth factors bind to cell’s target cell receptors. Then, signals go to the nucleus to

determine the biological response (Figure 2.2.3).
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Figure 2.3 The growth factor mechanism on cellular activity [56].
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The major growth factors acting on the skeleton are transforming growth factor-
B (TGF-5), BMPs, fibroblast growth factor (FGF), insulin-like growth factors (IGFs),
platelet-derived growth factor (PDGF') and vascular endothelial growth factor (VEGF).
In bone repair process, bone microenvironment cells like inflammatory cells, endothelial
cells, fibroblasts, osteoblasts and bone marrow stromal cells (BMSC) generate growth
factors [57,58]. The osteoprogenitors’ migratio is increased by BMPs, FGF, PDGF and
VEGF. The periosteum-derived cells’ proliferation is initiated by FGF and PDGF [59].
Differentiation and proliferation of the osteoprogenitor cells is moderated by IGFs,
TGF-5, BMP-2, BMP-6, and BMP-7. In addition, vascular ingrowth into bone is
controlled by FGF-2 and VEGF [56].

Nowadays, clinical use of the growth factors is limited because appropriate de-
livery systems haven not been developed yet [60]. Firstly, an ideal delivery system,
which is designed to repair bone, would combine osteoinductive and osteoconductive
properties. In addition, the ideal delivery device would provide a scaffold that improves
cell attachment as well as cell recruitment, provide the bioactive growth factor’s time
and dose-controlled release, and assign required space to endorse angiogenesis as well
as cell migration. Finally, a carrier, which is used to deliver growth factor, should be
adequately biodegradabile, highly biocompatible, mechanically congruent, malleable,

non-toxic, cost effective and easily manufactured [61].

2.3 Stem Cells and Their Usage in Bone Tissue Engineering
Applications

Cell source selection to design tissue engineering strategies is an important de-
cision for the clinical applications. The cells, which were used in tissue engineering
applications, should integrate to the specific tissue in order to secrete several cytokines
and growth factors, which activate the regeneration program of the endogenous tissue.
The usage of some cell types can cause inherent difficulty in some specific cell types’

growth. Thus, stem cells either Adult stem cell or embryonic stem cell have arisen
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as favorable alternative cell sources [62]. Embryonic stem cells, which are pluripotent
cells, have ability to differentiate into any lineage. However the usage of them is highly

limited due to ethical arguments and their teratomas production potential [63].

Induced Pluripotent Stem Cells (iPSC), which were created by Yamanaka et
al. by using mouse fibroblasts, could be an alternative as a source of cell for tissue
engineering applications [64,65|. iPSC are somatic cells which are reprogrammed to
get into a pluripotent state by introducing a set of transcription factors. Although
these cells have autologous character, good differentiation capacity and also simple

reprogramming procedure, there are various barriers to achieve before widely usage of

iPSC [66,67].

ADMSC, which could effortlessly be isolated from adipose tissue, are mesenchy-
mal stem cells. In 2001, they were first defined by Zuk et al. as a population of cells,
which is capable of multilineage differentiation, obtained from human adipose tissue.
Like other stem cell types, ADMSC has ability to differentiate into other cell types
and renew itself [68]. In embryonic period, adipose tissue pertains to the mesodermal
layer [69] and is composed of a stromal vascular fraction and adipocytes |70, 71]. At
first, it was thought that the differentiation of ADMSC was supposed to be restricted
to mesodermal tissue only. However, recent studies demonstrated that ADMSC have
an extend usage from mesodermal and ectodermal tissues to organs [72]. More re-
cent studies have discovered that ADMSC have a several differentiation pathways,like

adipogenesis, osteogenesis, chondrogenesis, and other lineages.

Although bone marrow-derived stem cells are the most widely used adult stem
cells ADMSC have many benefits over them. The first advantage of the ADMSC is its
extracting procedure. Even though the procedure, which is used to extract BMSCs, is
actually painful, and also its effectiveness in terms of the cell yield rate is quite low 73],
ADMSC have plentiful sources, which are located in subcutaneous adipose tissue and
obtaining ADMSC using the minimally invasive liposuction is quite easy, and its yield
percentage is fairly better than other stem cell resources [74]. Furthermore, ADMSC

could be transplanted into allogeneic or autologous body safely with fewer foreign body



14

reaction and implant migration [75]. Thereby, ADMSC have become the most effective

stem cell source in tissue engineering field.
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3. MATERIALS AND METHODS

3.1 Preparation of Bone Surface For Mimicking

In order to prepare BSM scaffolds, bovine femur, which was bought from a local
butcher, was used after cutting it into small pieces with a bone saw. To clean these

bone pieces, the xenograft cleaning procedure was applied (Figure 3.1) [76,77]

In this xenograft cleaning process, osmotic bath (ultrasonic bath), oxidative
and alkaline processes were applied. In this process, to remove the remaining cells and
tissue particles on the bone, bone pieces were put into the 10% NaClI solution for 24
hours and first 20 minutes of this process was done into ultrasonic bath. To get rid of
remaining lipids from the surfaces of these bones, the acetone bath process was also
used. In order to deterge the immunologic structures, bones treated with 3% H,0O,
and to increase the effectiveness of this step, the first and last 5 minutes of this process
was applied into ultrasonic bath. Finally, for the inactivation of the prions, which are
harmful for collagen and inorganic structure of bone, 2N NaOH was used as well as

the first 15 minutes of this process was applied into ultrasonic bath.

3.2 Preparation of PDMS Molds For Mimicking Bone Surface

Topography Microstructure

Following bone cleaning procedure, bone surface topography mimicked by us-
ing PDMS (Sylgard 184; Dow Corning, Midland, MI) via soft lithography technique.
PDMS with 10:1 mass ratio was prepared by mixing silicon elastomer with curing agent
in a cup and then, the cup was placed in a dessicator to degas, in other words to re-
move the gas from the solution. Then, the PDMS was poured on bone surface or plain
surface and placed in an oven for 4h at 70C°. The PDMS was used as a mold in order

to transfer the bone surface topography to a biodegradable polymer PLA [76].
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3.3 Preparation of Plain and BSM PLA Scaffolds

The PDMS molds were used to produce bone surface mimicked PLA scaffolds.
In order to prepare these PLA scaffolds, 10% (w/v) PLA in chloroform was prepared

and poured onto these molds and the casting time of this procedure is 12 hours (Figure

3.2) [76].

Bone é /\” /
_PDMS @ 4 hours 72°C ==y = 6 hours, I
(igpmn —_—— 910 (wiv), @ m T

Bone Surface CH,CL, Bone Surface temperature —
Mimicked ’ Mimicked Bon_c S.)urla(:c
PDMS Molds PDMS Molds M'}]"Sf"d

Scaffolds

Figure 3.2 Preparation of Bone Surface Mimicked PLA Scaffolds.

3.4 Modification of Plain and BSM PLA Scaffolds

In order to load growth factor in the scaffolds to increase the osteogenic differ-
entiation, BMP-2 was loaded into each BSM PLA scaffolds and so as to chemically
mimicking the microstructure of bone. 15 ng BMP-2 protein was added into the 10%
(w/v) PLA in chloroform solution. PLA-BMP-2 solution was poured onto these molds
and again the casting time of this procedure was 12 hours. Finally the release profile of

BMP-2 was examined at in-vitro conditions, in PBS, which includes 1% Bovine Serum

Albumin (BSA), 10 mg/ml Heparin and 1 mM EDTA at 37C°.

To mimic bone microstructure biochemically, BMP-2 loaded PLA scaffolds were
also modified with HA or Col-I (Figure 3.3). To modify these scaffolds with HA, the
scaffolds were activated with O2 Plasma Treatment at 100 W Power, 80 Pa Pressure
for 10 minutes. Then, the scaffolds were immersed into 50 ml of 1% (w/v) HA in
ethanol suspension for 1 hour at room temperature under stirring [78]. In order to
perform Col-I modification, scaffolds were activated with O2 Plasma Treatment at

100 W Power, 80 Pa Pressure for 10 minutes. Then these scaffolds were incubated into



18

'SP[OJedS V'Id JO SUOTRdYIPOIY VH Pue [0) €'¢ 23y

JulE® 1 | d0j [oues

ey PASIC u apnedeixoupiy

it Fungse gy () 1%,
L - splapeas
b b 6 i

Py
23uNg Auog
= - = I ”
Iy 7 300 J.0T) s T 10§ 3,0 Lv
SH $Z 20} DuLED (&% Hd ‘T 8w pyo) ayyng aeydsoyd (4 =__u Lc
1ey, pajusi uf ayng aegdsoyg [ o0 0] gd quSwg)) yvad v
Soysyiposy
=- oo




19

EDAC Phosphate Buffer solution (10 mg/ml, pH 7.4) for 4 hours at 0C® to activate the
COOH residues on the surface of the scaffolds. Finally, these scaffolds were transferred

into the phosphate buffer solution (pH 4.5), which includes 0,04 mg/ml Col-I [79].

3.5 Surface Characterization of Bone, PDMS and PLA Scaf-
folds

3.5.1 Scanning Electron Microscopy (SEM)

Surface topography of chemically modified and unmodified Plain PLA and BSM
PLA were examined via Scanning Electron Microscopy (SEM) (Philips X130 ESEM-
FEG/EDAX) at Bogazici University Research and Development Center Electron Mi-
croscopy and Microanalysis Unit. All surfaces were coated with thin layer platinum,
whose thicknesses are around 50 nm, and then SEM images were taken. SEM was used

to observe the success of the Col-I or HA modifications.

3.5.2 Water Contact Angle (WAC) Measurements

Surface WCAs of HA or Col-I modified and unmodified Plain PLA and BSM
PLA was measured to take cognizance of the wettability of the scaffolds. The con-
tact angle measurements were performed at Bogazici University Chemical Engineering
Department by using contact angle measurement device (DSA 100, Kriiss GmbH, Ger-
many) with 10ul/min dosing rate and 10pl initial drop volume. All measurement was

performed at room temperature.

3.5.3 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra were recorded over the range of 4000 to 650 cm~! with 32 scans in

order to investigate the chemical compositions of unmodified PLA, HA modified PLA
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and Col-I modified PLA scaffolds. The FTIR measurements were perfomed at Yildiz
Teknik University Department of Chemistry by using Attenuated Total Reflectance
Fourier Transform (ATR- FTIR) spectrophotometer (Perkin Elmer, Spectrum 100).

3.5.4 Atomic Force Microscopy (AFM)

In order to investigate the surface roughness value of the scaffolds whose diam-

2 was stuck on metal disk by a double-sided cellophane tape at first.

eter is 15.6 mm
Then, the surface roughness of the HA or Col-I modified and unmodified Plain PLA
and BSM PLA scaffolds was characterized via AFM in non-contact mode. The mea-

surements were performed at Hacettepe University Department of Chemistry by using

AFM (Nanomagnetics Veeco HA).

3.5.5 BMP-2 Loading and Its Release Profile

PLA was dissolved in CHCI3 at a concentration of 10% and a BMP-2 (15ng
per scaffold) (Sigma Aldrich, United State) was added to the solution until the ho-
mogeneous mixture was obtained. Then growth factor/polymer solution poured onto
PDMS in order to cast BSM as well as growth factor loaded PLA scaffolds. Addition-
ally, plain growth factor loaded PLA was synthesized by using plain PLA and with the
same procedure. Growth factor release profile of both scaffolds was measured by using

ELISA reader (Bio-rad, iMark micro-plate reader).

The wavelength was read at 450 nm for BMP-2 maximum absorbance. For the
growth factor release studies, scaffolds were put into 2 ml phosphate buffer saline (PBS)
solution, which includes 10 mg/ml Heparin and 1 mM EDTA, at 37C° with 150 rpm
and the growth factor release measurements were performed at 2nd, 4th days and 1st,
2nd, 3rd and 4th weeks at 37C° and 150 rpm [80]. The result of the each experimental
group was the average of six parallel measurements, expressed as mean, + were used

to state the standard deviation of these groups. The calibration curve for BMP-2 was
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given in Appendix A.

3.5.6 X-ray photoelectron spectroscopy (XPS)

The compositions of unmodified and Col I modified scaffolds were characterized
by X-ray photoelectron spectroscope (X-ray Photoelectron Spectrometer, Thermo Sci-
entific K-Alpha), with Al K-radiation (photon energy 1476.6 ¢V) excitation source and
the binding energy of Au (Au 4{7/2: 84.00 eV) was used as a reference [81].

3.5.7 X-ray Diffraction (XRD)

The compositions of unmodified and HA modified scaffolds were characterized
by X-ray diffraction (XRD, D/max-2500X) with monochromated Cu Ko radiation (A
1/4 1.5405 A, 120 mA, 40 kV) in a continuous scan mode and its scanning speed of
81/min as well as the 20 range was from 10 to 70 [82].

3.6 Cell Studies

In this thesis, Adipose Derived Stem Cells will be used to see the effect of surface

properties on viability, proliferation and osteogenic differentiation.
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Osteogenic Differentiatio of Adipose
Derived Stem Cells

In vitro, by Adipose BMP-2 Loaded, Bone
Derived Stem Cells  Surface Mimicked, HA or
Col I immobilized PLA

Figure 3.4 Experimental Steps of the cell culture analysis.



22

3.6.1 The Culture of Human ADMSC

ADMSC at passage 1 (frozen sample) were cultured in growth medium, Mesen-
PRO RSTM Basal Medium (Invitrogen) consisting of %2 MesenPRO RSTM Growth
Supplement (Invitrogen), 2 mM L-glutamine (Invitrogen) and 5 pg/ml of gentamicin
(Gibco) at 37C° in a humidified incubator (5% CO;). The medium was changed twice
a week. When the cells were reached 80-85% confluence, cells were trypsinized (Gibco
Invitrogen). At passage 4, ADMSC were seeded on modified and unmodified PLA
surfaces with growth medium. In order to provide the attachment of the cells, there
were 3 days of preincubation period for these cells in the growth medium. After prein-
cubation period, half of the growth medium is shifted with differentiation medium
which consist of DMEM (Sigma), 10% Fetal Bovine Serum (FBS) (Sigma), 1% Pen-
nicilin (sigma) 10~" M Dexametasone (Sigma) 10 nM S-Glycerophosphate (Sigma),
50 mg/ml of Ascorbic Acid (Sigma) [83]. Every other day, half of the medium was

replaced with the fresh medium.

For the each analysis except cell attachment and morphology analysis by using
SEM, 2x10? cells were seeded per 24-well plate and for cell attachment and morphology
analysis by using SEM, 5x10? cells were seeded per 24-well plate as well.

3.6.2 Cell Viability

The viability of ADMSC was determined by 3-[4, 5-Dimethylthiazol-2-yl|-2, 5
Diphenyltetrazolium Bromide (MTT) assay. The assay exhibits a mitochondrial de-
hydrogenase activity, which turned light yellow MTT to dark blue Formazan. The
photometric measurement of the color change intensity was measured [84]. The sam-
ples were incubated at 37C° and in 5% CO, atmosphere for different time periods
such as 1 day, 4 days, 7 days, 2 weeks, and 4 weeks. During MTT test, the culture
medium of the samples was taken and samples were washed by using PBS and then
MTT (5 mg/mL) in PBS were added to the culture wells and incubated at 37°C and
5% COg for 3 and half hours. Finally the medium was taken gently and in order to
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solve intracellular Formosan 200u1 of DMSO (Merck, Germany). The absorbance value
of the obtained Formosan was read at 570 nm with a microplate reader (Bio-rad, iMark
micro-plate reader) [85]. The experiment was repeated three times, the results of which

are presented as means.

3.6.3 Cell Proliferation

In order to perform quantitative cell proliferation measurement, AlamarBlue
(Sigma-Aldrich) cell proliferation is used [85]. After incubation for 1 day, 4 days, 7 days,
2 weeks, and 4 weeks, the culture medium of the samples was replaced with the fresh
culture medium, which was supplemented with 10 vol.% AlamarBlue fluorescent dye.
After that, samples were incubated at 37C° and in 5% CO5 atmosphere. 100-L culture
medium-Alamar Blue solutions from each well were taken so as to read the absorbance
value of the samples was read at a wavelength of 570 nm and 595 nm by using a
microplate reader (BIO-RAD iMark, Microplate Reader). 10% AlamarBlue fluorescent
dye with cell medium without cells is used as a negative control. According to the
manufacture’s protocol, cell proliferation was obtained by calculating the reduction

percentage of alamarBlue with the equations written below:

%Reduced = CrgpTestWell/Cox NegativeControlWell (3.1)

(€OX)A2AM1 — (eOX)A1
AN2(cRED)MAN2 — (eRED))\2AN

X100 (3.2)

where are e\l and e\2 constants and represent the AlamarBlue’s molar extinc-
tion coeffcient. €OX is the oxidized form of the AlamarBlue at 570 as well as eRED
reduced form of the AlamarBlue at 595nm. Absorbance values of test wells are rep-
resented as AAl and AX2 at 570 and 595 nm, respectively. Absorbance values of the

negative control wells are represented as A’Al at 570 nm and A’A\2 at 595 nm.
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3.6.4 Cell Differentiation

3.6.4.1 Alizarin Red S Analysis

At day 14, 21, 28 Alizarin RedS staining was performed to determine the pres-
ence of the calcified extracellular matrix deposits. In order to perform this analysis,
the samples were fixed 10% neutral buffer formalin for 25 minutes and then they were
rinsed with distilled water for 2-3 times. After that 1 ml of fresh 2% Alizarin RedS
solution (pH=4.1-4.3) was added into each well and the samples were incubated for 1
hours. Finally the Alizarin RedS solution was taken from each well, the scaffolds were
rinsed with deionized water for 3-4 times. With the increase of the calcification ratio
the color scaffolds were turn into red. By using microscopy, the pictures of the samples

were taken to identify the red color intensity of the samples [86].

3.6.4.2 Alkaline Phosphatase Activity Analysis

After 7, 14 and 21 days of incubation, samples were the alkaline phosphatase
(ALP) activities of the samples were measured by using a BioVision ALP activity kit
according to the manufacturer’s protocol (Mountain View, CA). In this measurement
a microplate reader (BIO-RAD iMark, Microplate Reader) was used to measure the
optical density of samples at 540 nm [87].

3.6.4.3 Scanning Electron Microscope (SEM) Analysis

After 28 days of incubation, the medium was taken from the scaffolds, the
scaffold were rinsed with PBS two times and the cells on these were fixed by incubating
them into 2,5% Gluteraldehyde (Sigma) for 20 minutes. Then, in order to dry the
prepared scaffolds for SEM analysis, these were fixed and dehydrated for 2 min each
time in increasing concentrations of ethanol in water (30%, 50%, 70%, 90% and 100%);

afterwards, they were immediately dried with a Hexamethyldisilazane solution for 5
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min [88,89]. Following this, the samples were coated with thin layer of platinum,

whose thicknesses are around 50 nm, and observed under SEM at 10 kV.

3.6.5 Statistical Analysis

Statistical significance was evaluated based on unpaired t-test and one way

ANOVA; value of p<0.05 was considered significant.
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4. RESULTS

4.1 Characterization of the Modified Scaffolds

4.1.1 Scanning Electron Microscopy (SEM)

Due to bone regeneration and modeling arise on the bone surface [90], bone sur-
face morphology is crucial, during bone healing process [91]. In previous studies, it was
proved that it is possible to mimic bone surface topography by using bone itself [76].
However, mimicking only the bone surface topography could not be enough to mimic
bone microenvironment. Thereby, in this thesis, mimicking both bone surface topog-
raphy and its biochemical structure were aimed. In order to mimic bone biochemical
structure, the PLA scaffolds were modified with Col-I or HA. The surface properties
of the Col-I or HA modified or unmodified plain and BSM scaffolds were investigated
by using SEM. The surface topography images of the modified and unmodified PLA
scaffolds were given in Figure 4.1, 4.2 and 4.3.

According to these images, it could be concluded that BSM scaffolds were mim-
icked bone surface successfully because the results that we obtained were similar to
the previous studies done in our laboratory |76]. In addition, HA particles (Sigma),
which had 200 nm particle size in average, were observed on the surface of the HA
modified scaffolds. In addition, Col-I, which assembles into fibrils, and has gap regions
due to the staggered arrangement, was examined on the surface of the Col-I modified
scaffolds [92]. Thereby, these SEM images confirmed the success of the HA and Col-I

immobilization on the scaffolds.
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Figure 4.1 SEM surface images of the unmodified Plain and BSM PLA scaffolds with 1000X (inset
10000X) magnification. a) Plain PLA; b) BSM PLA.
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Figure 4.2 SEM surface images of the Col-I modified Plain and BSM PLA scaffolds with 1000X
(inset 10000X) magnification. a) Col-I Modified Plain PLA; b) Col-I Modified BSM PLA.
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Figure 4.3 SEM surface images of the HA modified Plain and BSM PLA scaffolds with 1000X (inset
10000X) magnification. a) Col-I Modified Plain PLA; b) HA Modified BSM PLA.

4.1.2 WCA Measurements

The wettability of the surfaces has an effect on cell behavior like its adhesion,
proliferation and differentiation [93]. In order to observe the wetting properties of the
modified and unmodified Plain and BSM scaffolds, the static WCA measurements were
performed and the results were given at Table 4.1 and Figure 4.4. According to these
measurements, BSM PLA scaffolds were found to be more hydrophobic than Plain PLA
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scaffolds and their WCA are 110.44 + 13.21° and 101.68 + 7.68°, respectively. The
hydrophilic property of the HA or Col-I modified samples was higher than unmodified
samples. WCAs of the HA modified Plain PLA and BSM PLA scaffolds were found to
be 33.39 4+ 5.07° and 18.90 + 4,61°, respectively. WCAs of the Col-I modified Plain
PLA and BSM PLA scaffolds were 49.86 + 2.24° and 25.84 + 3.94° respectively. In
addition, the BSM HA or Col-I modified samples were more hydrophilic than plain HA
or Col-I modified scaffolds.

‘.A

Figure 4.4 WCA images of Modified and Unmodified Plain and BSM PLA scaffolds A) Plain PLA;

B) BSM PLA; C) Col-I Modified Plain PLA; D) Col-I Modified BSM PLA; E) HA Modified Plain
PLA; F) HA Modified BSM PLA.
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Table 4.1
WCA Measurements of Modified and Unmodified Plain And BSM PLA Scaffolds.

Samples Water Contact Angle(°)
Plain PLA 101.68 4+ 7.68
BSM PLA 110.44 + 13.21
HA Modified Plain PLA 33.39 £ 5.07
HA Modified BSM PLA 18.90 + 4,61
Col-I Modified BSM PLA 49.86 + 2.24
Col-I Modified BSM PLA 25.84 4+ 3.94

4.1.3 X-Ray Diffraction (XRD) Analysis

In order to prove the immobilization of the HA on the surfaces of the modified
scaffolds, Pure HA powder, HA modified PLA scaffolds and unmodified PLA scaffolds,
static XRD Analysis was performed. The results were given at Figure 4.5. The broad
and small peaks at around 20 = 31.7° and 20 = 32.9° are characteristic of HA were
observed in the XRD patterns of HA modified PLA scaffolds and Pure HA powder
[94-96]. In contrast, no mineral-related peaks were observed for the unmodified PLA
membranes. Thereby, it could be suggested that the HA was successfully immobilized

onto the PLA scaffolds.
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Figure 4.5 XRD patterns of pure HA powder, HA modified PLA scaffolds and unmodified PLA
scaffolds. a) HA; b) HA Modified Plain PLA; ¢) Unmodified Plain PLA.

4.1.4 X-Ray Photoelectron Spectroscopy (XPS)

The surface chemical compositions of Plain PLA and Col-I modified PLA scaf-
folds were assessed by XPS analysis and the results were given at Figure 4.6 and 4.7.
XPS spectra revealed that the Cls and Ols peaks of Plain PLA and Col-I modified
PLA scaffolds were very similar to each other. The Cls spectra exhibited peaks at
284.8 eV, 287.1 eV, and 289.3 eV which corresponds to C-C or C-H, C-O, -CO-O re-
spectively [97,98]. Ols peak was adjusted using one component at 531.8 eV associated
to O=C-N [99].

In addition, even though there wasn’t any N1s peaks in the XPS analysis result
of the unmodified PLA scaffolds; Col-I modified PLA scaffolds has distinctive N1s

peaks at 402 and 399 eV which confirms the success of Col-I modification on our

scaffolds [100].



33

"VId PPYIPOIN T-10D (q ‘Pue VId ureld (e jo e1joads SJX 9'% 2n3ig

V'1d PYIPON 10D —
V1d payrpourun

0091

00¥1

0071

0001

(A9) A313u7g Surpurg
008 009

00¥

00T

STO

STO

STO

SIN

STO

T

T

T

T

T

000001

000002

00000€

000001

000008

000009

s / sjuno))




34

"V1d peyipout [-[0)) jo '1yoads SN (o pue ‘yId peyipout [-[o)) jo v1y0ads sTQ (P ‘VId peyrpout [-[o)) jo v1ydads
sTD (0 ‘y1Id urerd jo e1yads sTO (q {YId ure[d jo eioads sT) (e "SPIOJedS POYIPOIN [-[0) Pue payipowun o) Jo vipads SN pue sTQ ‘sI) L% 2InSig

(A9) AS19uy Surpurg (A?) AS10u7q Smpmg (A2) Afxouy Surpurg
Tlv O0Iv 80v 90v +OF TOF O00F 86 96€ P6E T6E 06E 08§ (S 0rs [ 0€s §TS (143 00€ S67 067 [:14 082 SLT
L 1 1 1 1 1 1 1 + 0 1 i i 0 L N L " L 0
000t - 00001
000T . 0000z I 0008
000€ | 0000€
000r O o 00001 A
g - 0000t & g
000§ 2 5 5
o L 0000s & 2
0009 & s 00081 =
oot - 00009
Giba - 0000L + 00002
0006 L 00008
00001 ° " 00006 P L ooosz 2
(A?) AB10uyg Swpurg (A?) &drouy Surpurg
08§ oS ors [ 0 943 0zs 00€ S6T 06T [4:14 082 SLT
. . i . L " 0 . 0
k00001
00002 00001
0000 L o0t
b 0000F o o)
g g
- 0000 § - 0000€ &
w w
L 00009 & -
L Gonds - 0000F
00008 | cooos
00006
- 000001 9 L oooos B




35

4.1.5 Fourier Transform Infrared Spectroscopy (FTIR) Analysis

In order to gain additional information on the chemical structure of the substrate
and the immobilization, FTIR spectroscopy was used. The FTIR spectra of a collagen
having the molecular formula CoHsNOCsHgNOCsH1(NO,, PLA having the molecular
formula (C3H403),, and HA having the molecular formula Cas(POy4)3(OH) were given
in Figure 4.8.

The IR spectra of modified and unmodified PLA scaffolds exhibited distinctive
peaks at 1751 cm~!which corresponds to -C = O ester group and the peaks at 2998,
2947 were assigned to the stretching vibration of -CH2 [101]. In IR spectra of the
HA modified scaffolds, characteristic PO43~ peaks were observed. These characteristic
bands were existed at 1040 cm™! and 1093 cm™!, which arises from u3 PO43~ and
stretching mode of PO, ™2 group, respectively [102]. In IR spectra of the Col-I modified
scaffolds, the amide peak was observed between 1630 and 1655 cm™~!, corresponding to
N-H bending of the both secondary and primary amides, [103-105]. Hence, it concluded
that be said that the HA and Col-I modification on the scaffolds were confirmed by
this data.
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Figure 4.8 The ATR-FTIR spectra of modified and unmodified Plain PLA, a) Col-I Modified Plain
PLA; b) HA Modified Plain PLA; ¢) Unmodified Plain PLA.

4.1.6 In-Vitro BMP-2 Release Profile Analysis

The cumulative BMP-2 release of the Plain and BSM PLA scaffolds were given
at Figure 4.9. It was clear that there was a burst effect at first day but after that
there was a slight release of the BMP-2. After 4 weeks, Plain and BSM PLA scaffolds
released almost the same amount of BMP-2. The cumulative BMP-2 release of the
Plain and BSM PLA scaffolds were %99.63 and %100 respectively. According to this

data, it concluded that the surface roughness had not any effect on the BMP-2 release
of the PLA scaffolds.
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Figure 4.9 The cumulative BMP-2 Release of the Plain and BSM Scaffolds, a) BSM PLA; b) Plain
PLA.

4.1.7 Atomic Force Microscopy (AFM) Measurements

The surface properties of the unmodified plain, BSM, Col-I modified BSM and
HA modified BSM scaffolds were investigated by using AFM analysis and the results
were given at Figure 4.10 and Table 4.2. According to the AFM images, the plain PLA
scaffolds had a smooth surface whereas the BSM PLA scaffolds have possed a rough
surface. Roughness value of plain PLA is 0.36 + 0.01 nm. BSM PLA has smooth and
rough region whose roughness were 27.14+4.29 nm and 73.07£1.81 nm, respectively. In
addition, after the Col-I and HA modifications were performed, the surface roughness
of the modified scaffolds was increased. The roughness of the Col-I modified scaffolds
was 249.68v18.82 nm and the roughness of the HA modified scaffolds was 95.94 + 6.02
nm. The increase in the roughness of the Col-I modified scaffolds might be caused by
the Col-I immobilization process and the increase in the roughness of the HA modified

scaffolds could be due to the non-uniform distribution of the HA on the surface.
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Figure 4.10 The cumulative BMP-2 Release of the Plain and BSM Scaffolds, a) BSM PLA; b) Plain
PLA.

Table 4.2
Roughness Measurements Of Unmodified Plain PLA Scaffolds, Unmodified and Modified BSM PLA
Scaffolds.

Samples Roughness (nm)

Plain PLA 0.36+0.01

BSM PLA Smooth Region 27.144+4.29
BSM PLA Rough Region 73.07+1.81
HA Modified BSM PLA 95.944+ 6.02
Col-I Modified BSM PLA 249.68+18.82
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4.2 Cell Culture Studies

4.2.1 Viability Analysis

The viability percentages of the ADMSC on the modified and unmodified PLA
scaffolds were analyzed regarding six different categories by using MTT test. The
results were given at Figure 4.11. According to MTT assay of pure PLA scaffolds, after
28 days, there were more viable cells than the first day of the culture. In addition,
there was not any significant difference of OD values were found on all scaffolds when
the all days were considered. It meant that HA, Col-I and BMP-2 loading provided
a suitable surface for cell attachment and proliferation [106]. After Day 4, due to
the differentiation of ADMSC, the viability percentage did not increase, which means
that during differentiation period, the cells do not divide [107]. Also, this data were
consistent to the literature. At day 1, there was a significant increase in the viability of
BMP-2 loaded and HA modified Plain and BSM PLA scaffolds. At day 7, there was a
significant decrease in BMP-2 loaded and BMP-2 loaded/Col-I Modified scaffolds. In
addition, there was a significant increase in the viability of BMP-2 loaded and Col-I
modified Plain and BSM PLA scaffolds. At day 14, only the viability of the BMP-2
loaded/HA modified BSM PLA scaffolds was significantly higher than the others. At
day 28, there was a significant decrease on the all of the modified scaffolds except the
BMP-2 loaded/Col-I modified scaffolds.
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41

4.2.2 Proliferation Analysis

The proliferation percentages of the ADMSC on the modified and unmodified
PLA scaffolds were analyzed regarding six different categories by using Alamar Blue
test. The results were given at Figure 4.12. From day 1 to day 4, there was a significant
increase on the proliferation of the ADMSC on the modified and unmodified PLA
scaffolds. After day 4, there wasn not any significant increase, which is consistent to the
literature because the cells that becomes differentiate would stop their dividing activity
[107]. In addition, there was a significant increase in the proliferation of the BMP-2
loaded BSM PLA scaffolds at day 1, HA modified scaffolds and BMP-2 loaded/Col-I
modified BSM PLA scaffolds at day 4. At day 7, Col-I modified PLA scaffolds showed
the highest proliferation rate while BMP-2 loaded /HA modified scaffolds showed the
lowest proliferation percentage. Finally, all of the modified scaffolds except BMP-2
loaded /HA modified ones showed better proliferation than unmodified PLA scaffolds.
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4.2.3 Alizarin Red Analysis

In order to analyze the differentiation of the ADMSC on the produced scaf-
folds, the Alizarin Red Analysis was performed and the results were given at Figure
4.13. to Figure 4.18. In that analysis, with the increase in the Calcium amount, the
reddish color of the scaffolds would increase [108]. According to our results, on in-
creasing incubation time, the scaffolds became more reddish. In addition, the colors
of the modified scaffolds were more reddish than unmodified scaffolds, which demon-
strated that modifications improve the differentiation activity of the ADMSC. Finally,
the differentiation activity of the BMP-2 loaded /HA modified and BMP-2 loaded and
Col-I modified scaffolds were higher than the others which showed that the BMP-2
loaded/HA modified and BMP-2 loaded/Col-I modified scaffolds were the best group
regarding to the differentiation activity of the ADMSC.

Day 14

Figure 4.13 The effect of surface topography. Plain PLA scaffolds a) day 7, b) day 14 ¢) day 21;
BSM PLA scaffolds d) day 7 e) day 14 f) day 21
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BSM PLA scaffolds d) day 7 e) day 14 f) day 21; Col-I1 Modified Plain PLA scaffolds g) day 7, h) day
14, i) day 21; Col-I Modified BSM PLA scaffolds j) day 7, k) day 14, 1) day 21.
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Figure 4.15 The effect of HA modification. Plain PLA scaffolds a) day 7, b) day 14 c¢) day 21; BSM
PLA scaffolds d) day 7 e) day 14 f) day 21; HA Modified Plain PLA scaffolds g) day 7, h) day 14, i)
day 21; HA Modified BSM PLA scaffolds j) day 7, k) day 14, 1) day 21.
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Figure 4.16 The effect of BMP-2 loading. Plain PLA scaffolds a) day 7, b) day 14 ¢) day 21; BSM
PLA scaffolds d) day 7 e) day 14 f) day 21; BMP-2 loaded Plain PLA scaffolds g) day 7, h) day 14,
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Figure 4.17 The effect of BMP-2 loading/Col-I modification. Plain PLA Scaffolds a) day 7, b) day
14 ¢) day 21; BSM PLA scaffolds d) day 7 e) day 14 f) day 21; BMP-2 loaded and Col-I Modified
Plain PLA scaffolds g) day 7, h) day 14, i) day 21; BMP-2 loaded and Col-I Modified BSM PLA
scaffolds j) day 7, k) day 14, 1) day 21.
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Figure 4.18 The effect of BMP-2 loading/HA modification. Plain PLA scaffolds a) day 7, b) day
14 ¢) day 21; BSM PLA scaffolds d) day 7 e) day 14 f) day 21; BMP-2 loaded and HA modified Plain
PLA Scaffolds g) day 7, h) day 14, i) day 21; BMP-2 loaded and HA modified BSM PLA scaffolds j)
day 7, k) day 14, 1) day 21.

4.2.4 ALP Analysis

In order to investigate the difference of the osteogenic differentiation of the
ADMSC, ALP analysis was performed because with the increase of the alkaline phos-
phatase activity of the cells, the differentiation mechanism started. The results of this
analysis were given at Figure 4.19. It was expected that, the ALP activity of the cells
would increase and that activity would have its highest value at day 14 [107]. Ac-
cording to our results, At day 14, the BMP-2 loaded BSM, Col-I modified BSM, HA
modified plain and BSM, BMP-2 loaded/Col-I Modified Plain and BSM amd BMP-2
loaded /HA Modified Plain and BSM Scaffolds were statistically significantly increased.
In addition, at day 21, only BMP-2 loaded /Col-I Modified BSM Scaffolds were signifi-
cantly higher than the others. The ALP activity of the cells rose and that activity had

its highest value at day 14, which is consistent to the literature as well.
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Figure 4.19 ALP activity of the ADMSC on the scaffolds. a) The effect of surface chemistry b) The
effect of BMP-2 loading ¢) The effect of Col-I modification d) The effect of HA modification e) The
effect of BMP-2 loading/Col-I modification f) The effect of BMP-2 loading/HA modification.
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4.2.5 SEM Analysis

The morphology and the HA deposition of the ADMSC on the modified and
unmodified scaffolds were analyzed by SEM EDAX and the SEM images were given
at Figure 4.20. According to the SEM images, mineral deposition on the BMP-2
loaded/Col-I modified and BMP-2 loaded /HA modified PLA scaffolds were observed
at day 28 [108]. That deposition was also correlated with the EDAX results of these
samples, which were given at Table 4.3. Ca/P molar ratios of the BMP-2 loaded/Col-
I modified Plain PLA scaffolds, BMP-2 loaded/Col-I modified BSM PLA scaffolds,
BMP-2 loaded/HA modified Plain PLA scaffolds, BMP-2 loaded/HA modified BSM
PLA scaffolds were 1.33, 1.49, 1.22 and 1.33, respectively. The Ca/P ratio of these
surfaces was close to 1.5 of the pure HA component tricalcium phosphate and 1.33 of
the HA precursor octacalcium phosphate in vivo [107,109]. In addition, it might be
considered that the high Ca/P molar ratio values might be caused due to HA presence
on the BMP-2 loaded/ HA modified scaffolds. However, EDAX measurements of these

scaffolds were taken from the area, which looked like cell debris.

Table 4.3
WCA Measurements of Modified and Unmodified Plain And BSM PLA Scaffolds.

Groups Ca/P Ratio Reference Values
BMP-2 Loaded/Col-I Modified Plain Scaffolds 1.33 1.5 [109] - 1.33 [107]
BMP-2 Loaded/Col-I Modified BSM Scaffolds 1.49 1.5 [109] - 1.33 [107]
BMP-2 Loaded/HA Modified Plain Scaffolds 1.22 1.5 [109] - 1.33 [107]

BMP-2 Loaded/HA Modified BSM Scaffolds 1.33 1.5 [109] - 1.33 [107]
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Figure 4.20 SEM images at day 28 with 1000X (inset 10000X) magnification. a) Plain PLA scaffolds;
b) BSM PLA scaffolds ¢) BMP-2 loaded Plain PLA scaffolds; d) BMP-2 loaded BSM PLA scaffolds;
e) Col-I modified Plain PLA scaffolds; f) Col-I modified BSM PLA scaffolds; g) HA modified Plain
PLA scaffolds; h) HA modified BSM PLA scaffolds; i) BMP-2 loaded/Col-I modified Plain PLA
scaffolds; j) BMP-2 loaded/Col-I modified BSM PLA scaffolds; k) BMP-2 loaded/HA modified Plain
PLA scaffolds; 1) BMP-2 loaded/HA modified BSM PLA scaffolds.
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5. DISCUSSION

Materials, which are used in the orthopedic clinical usage, is divided into three
generations based on their bio-function by Navarro et al [110]. In the first genera-
tion, there would be bio-inert materials’ which are used as a filler for the gaps. The
second-generation contains composites, which are biodegradable and bioactive mate-
rials to cooperate with the biological environment across the fracture for improving
the tissue/surface bonding and the biological response. In addition, the second gener-
ation materials are bioabsorbable and able to perform progressive degradation during
new tissue regeneration and healing such as poly(lactic-co- glycolide) (PLGA) copoly-
mers, PLA and PGA. Finally, the third-generation materials are intended to excite
specific cellular responses. These materials have three-dimensional structures, which

are biocompatible and biodegradable and their by-products aren not cytotoxic [111].

PLA, which is FDA approved synthetic biodegradable polymer, was firstly re-
ported as bio-absorbable surgical device by Kulkarni et al. [112]. It has various good
characteristic features like biodegradability, good biocompatibility, good process abil-
ity [112]. HA has been extensively used as an implant for bone regeneration and vari-
ous biomedical applications, owing to its biodegradable, bioactive and osteoconductive
properties. Though, the usage of pure HA particle is limited because of its brittleness.
Thereby, Tian et al prepared Poly (L-lactide) (PLLA)/HA composite and they found

that PLA/HA composite showed good osteoconductivity and osteoinductivity [113].

According to Tsuji et al., BMP-2 is the high standard of growth factor to regen-
erate bone [114]. Nonetheless, upholding useful therapeutic concentrations is problem-
atic because of a short half-life in vivo. Several delivery systems have been established
for BMP-2 release [115]. Burkus et al. developed collagen based delivery of the BMP-
2 [116]. Sawyer et al used tricalcium phosphate to investigate useful delivery mechanism
for the BMP-2 [117]. In addition, by Wang et al, the 3D printed porous HA scaffold
with embedded BMP-2 was used for bone tissue engineering applications [118,119].
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Generally, bone regeneration has been studied by investigating new scaffolds
which mimic 3D structure of the bone [120, 121] or the biochemical composition of
it [122|. However, the bone regeneration and modeling arise on the surface of bone [90].
Thereby, the morphology of the bone surface is crucial during healing process [91].
Rather than investigating new 3D structure or chemical composition mimicked scaf-
folds, previous studies also proved that it is possible to mimic bone surface topography
microenvironment by using bone itself [76]. Nevertheless, mimicking only the surface
topography of the bone could not be enough to mimic bone microenvironment. To
the best of our knowledge, there has been no study, which aimed to understand the
synergetic effect of the surface topography of the bone and its biochemical structure
mimic. From that point, in this thesis, comprehending the synergetic effect of the

surface topography of the bone and its biochemical structure mimic is aimed.

In order to understand the effectiveness of the BSM mimicking and the success
of the HA and Col-I modifications, the surface properties of the scaffolds were analyzed
with SEM, WCA and AFM. In addition, the chemical compositions of the modified
and unmodified PLA scaffolds were examined by FTIR, XRD and XPS. Growth factor
release profile of PLA scaffolds were also studied. Finally, the characterization studies
were followed by the cell culture studies. The viability, proliferation and osteogenic
differentiation of the ADMSC on plain and BSM, modified and unmodified PLA scaf-
folds had been investigated by using MTT test, Alamar Blue Analysis, Alizarin Red
Staining and ALP analysis, respectively.

The surface properties of the Col-I or HA modified or unmodified plain and
BSM scaffolds were investigated by using SEM. The surface topography images of
the modified and unmodified PLA scaffolds were given in Figure 4.1- Figure 4.3. In
SEM analysis, affectivity of the BSM mimicking and the success of the HA and Col-I
modifications were analyzed. Firstly, it should be noticed that the BSM scaffolds, which
are produced by using PDMS molds, should be able to mimic the surface topography
of the bone. According to the SEM images, it could be said that BSM scaffolds were
produced successfully because our results were similar to the previous studies (Figure

4.1-Figure 4.3) |76]. Furthermore, the surface morphology of Col-I and HA modified
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scaffolds were quietly different than their unmodified versions as it could easily be
observed at Figure 4.1-Figure 4.3. HA particles, whose size is 200 nm, were monitored
on the surface of the HA modified scaffolds and Col-I, which assembles into fibrils,
and has gap regions because of the staggered arrangement, was seen on the surface
of the Col-I modified scaffolds [92]. In addition, the morphology of HA particles or
Col-I on our modified samples are consistent to the studies of the Kleinheinz et al and
Santos et al, which confirmed the success of the HA and Col-I immobilization on the

scaffolds [123,124].

Material surface wettability is a macroscopic effect, which is affected mainly by
chemical functionality and topography of the surfaces. Due to the different wettability
properties of the surfaces, proteins would adsorb in different ways onto them which
effects the adhesion, proliferation and differentiation of different type of cells [124]. In
order to estimate the effect of the produced scaffolds on the adhesion, proliferation and
differentiation of ADMSC, the wettability of the surfaces was analyzed by performing
WCA measurements. WCA measurements were taken from three different contact
points of each samples as well as three different samples from each group were used
for that measurement process. WCA values of plain PLA and BSM HA or Col-I
modified and unmodified PLA scaffolds were given in Table 4.1 and their contact
angle images were given in Figure 4.4. Contact angle value of plain PLA was 101.68
+ 7.68° which is similar with PLA surface of Schaub et al study [125]. According
to Ma et al, after collagen type I immobilized on the PLA surface, the WCA was
decreased from 71.00+1,60° to 35.00£3,40°. The hydrophilic property of the Col-
I modified samples was increased twofold which is also similar the results of Ma et
al [126]. According to Chen et al. the WCA degree of the HA coated PLA membranes
29.00 £+ 3.00°. The WCA result of the HA modified Plain PLA was 33.39 £+ 5.07°
and this result was similar to Chen et al. study. In addition, unmodified BSM PLA
scaffolds were more hydrophobic than Plain PLA scaffolds and modified BSM PLA
scaffolds were more hydrophilic than modified Plain PLA scaffolds, which could be
explained by Wenzel Theorem [127]. According to this theorem, with the increase
of the surface roughness, the hydrophobic materials become more hydrophobic and

hydrophilic materials become more hydrophilic [127]. According to Ahn et al, the
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proliferation of hADSCs on rough and hydrophilic surfaces was higher than that on
smooth and hydrophobic and surfaces [93].

In order to check the success of the HA modifications on the plain PLA scaf-
folds, XRD test was performed. The static XRD Analysis of the Pure HA powder,
HA modified or unmodified Plain PLA Scaffolds were given at Figure 4.5. It was ex-
pected that HA modified Plain PLA scaffolds would have similar peaks with either, the
unmodified Plain PLA scaffolds and Pure HA powder. As it could be seen at Figure
4.5, the diffraction patterns of Pure HA powder and HA modified Plain PLA scaffolds
showed two peaks at 31.70 and 32.90, which are the main reflection planes of apatite-
like calcium phosphate according to Abdal-hay et al. , Deplaine et al. and Tanimoto
et al. [95,96,128]. In contrast, Plain PLA hadn not any of these characteristic peaks.
Thus, it could be said that the HA modification of the PLA surfaces was successful.

After Col-I modification of the PLA scaffolds, the surface chemical composition
changes on the modified scaffolds were analyzed by XPS analysis and the results were
given at Figure 4.6 and 4.7. PLA having the molecular formula (C3H402)n has Carbon
and Nitrogen atoms in its structure. Thereby, it was expected that Cls spectra and
O1s spectra of the Col-I modified and unmodified PLA scaffolds exhibited the same
peaks. The Cls peak was adjusted using three peaks 284.8 eV, 287.1 eV, and 289.3
eV corresponding to C-C or C-H, C-O, -CO-O respectively [97,98]. The Ols spectra
exhibited peaks at 531.8 €V associated to O=C-N [99].

According to Cui et al. , the peaks between 402 and 399 eV are the characteristic
nitrogen peaks [100]. The unmodified PLA, having the molecular formula (C3H4O2)n,
has not got any nitrogen atom its structure unlike the Col-I modified PLA, which
has collagen, having molecular formula CoHsNOCsHgNOCsHoNO,, in its structure.
Thereby, the presence of the nitrogen could be able to prove the success of our Col-
I modification. As it was expected, Col-I modified PLA scaffolds was enriched with
nitrogen atoms, which presented similar binding energies to pure collagen, because
these scaffolds had a characteristic N1s peak between 402 and 399 eV. In contrast there

wasn not any N1s peak in the XPS spectrum of the unmodified PLA scaffolds, which
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confirmed that these scaffolds had not got nitrogen atom in its structure. Thereby, it

could be said that Col-I modification on our scaffolds was achieved.

With the Col-I and HA modifications of the PLA scaffolds, the surface chemical
composition on the modified scaffolds were changed and the change of the composi-
tion was analyzed by FTIR analysis. The FTIR spectra of a collagen that have the
molecular formula CoHsNOC;H9gNOC;Hi(NO,, PLA, which have the molecular for-
mula (C3H4O2)n and HA, which have the molecular formula Caz;(POy4)3(OH) were

given in Figure 4.8.

According to Hoidy et al., the IR spectra of the PLA exhibited distinctive peaks
at 1751 cm~! corresponding to -C = O ester group and the peaks at 2998 and 2947
cm ™! were assigned to the stretching vibration of -CH, bonds [101]. As it was expected,
modified and unmodified PLA scaffolds showed all of these distinctive peaks in their

IR spectra.

In addition, it was also expected that there should be characteristic POs3~ peaks
in the IR spectra of HA modified scaffolds and Amide peaks in the IR spectra of Col-I
modified scaffolds. As it was expected, the band at 1040 cm ™! arises from v3 PO33~ as
well as the bands at 1093 cm™! arises from stretching mode of PO4*~ group [102] in the
data of the HA modified scaffolds and the amide peak was existed between 1630 and
1655 cm™!, corresponding to N-H bending of the both secondary and primary amides,
in the data of the Col-I modified scaffolds [103-105]. In contrast, there wasn not any
characteristic PO3 and Amide peaks in the IR spectra of the unmodified PLA scaffolds.
Therefore, HA and Col-I modification on the PLA scaffolds were confirmed with this
data.

In order to see the effect of the surface topography on the BMP-2 growth fac-
tor release, the cumulative BMP-2 release of the Plain and BSM PLA scaffolds were
analyzed and the results were given at Figure 4.9. To begin with, the release profile of
BMP-2 from plain PLA is consistent to the study of the Fakbender et al. [80]. Accord-

ing to the results, there was a burst effect at first day but after that there was a slight
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release of the BMP-2, as expected.

In addition, if the surface topography has an effect on the BMP-2 release from
the surfaces, an increase of the surface roughness would cause a rise in the BMP-
2 release from the scaffolds because of the increase in surface area of the scaffolds.
However, there wasn not any significant difference between the cumulative BMP-2
release of the Plain and BSM PLA scaffolds. According to this data, it could be said
that the surface roughness hadn not any effect on the BMP-2 release profile of the PLA
scaffolds. It was also consistent with the literature because Yilgor et al. showed that
BMP-2 release profile is not regarding to the architecture of the scaffolds it only relates
to the chemical composition of the scaffolds [129,130].

According to Wennerberg et al. [91], the surface roughnesses of the scaffolds are
crucial factors for the attachment of the cells [91]. The rough surfaces possess more
advantageous than the smooth surfaces in cell studies [91]. In order to estimate the
cell behaviors on the produced modified scaffolds, the surface roughness of the Col-I
or HA modified or nonmodified plain and BSM scaffolds were investigated by using
AFM analysis and the results were given at Figure 4.4 and Table 4.1. The rough-
ness values of the BSM PLA scaffolds (Ra: 27.144+4.29/73.07+1.81) were higher than
plain PLA scaffolds (Ra: 0.36£0.01 nm). In addition, the BSM PLA scaffolds has
either, rough and smooth regions. According to the Palin et al. studies, due to the
high roughness value of the bone surface, in nano scale, it does not have homogenous
roughness [131,132]. Thereby, the AFM results of the Plain and BSM scaffolds were
consistent to the literature. According to Més, Bruna Antunes, et al, collagen has
net-like fibrillar structure. Thus, it was expected that Col-I deposition on the surface
promotes an increase in the roughness [99]. The the roughness of the Col-I modified
BSM membranes (Ra: 249.68+18.82 nm) were higher than the roughness of nonmodi-
fied BSM membranes which confirm that the success of the collagen immobilization on
the scaffolds. According to Bottino et al, HA has overall bamboo-like fiber appearance.
Thereby, it was expected that expected that HA deposition on the surface endorses a
rise in the roughness [133]. When the roughness of the HA modified BSM PLA scaffolds

compared with the unmodified scaffolds, HA modification caused formation of rougher
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surfaces (Ra = 95.9446.02 nm), as can be seen in both the SEM (Figure 4.3) and AFM
images (Figure 4.4). These results demonstrate the success of the modifications and

were consistent to the literature.

The effect of the surface topography on viability, proliferation and differentia-
tion of the ADMSC was analyzed by using MTT, Alamar Blue, Alizarin Red and SEM
analysis respectively. According to these analyses, there was not any significant differ-
ence between Plain and BSM PLA scaffolds. Thereby, it was observed that the surface
topography of the scaffolds did not have any significant effect on the differentiation
and proliferation of the scaffolds and it did not show cytotoxic effects as the plain PLA
scaffolds.

The effect of the Col-I Modification on viability, proliferation and differentiation
of the ADMSC was examined. According to the Li and Jiashen et al., the Col-I
modification is not cytotoxic and it also introduces the osteogenic differentiation of the
ADMSC [107]. When MTT results of the each day were considered, Col-I modifications
on the surfaces did not have any cytotoxic effect on the ADMSC. According to Alamar
Blue analysis, the Col-I modification improves the proliferation of the ADMSC at day
7 and day 28. In addition, according to the ALP and Alizarin Red analysis, Col-I
modified Plain and BSM scaffolds showed higher osteogenic differentiation activity,
which is consistent to the Li and Jiashen et al. study. In addition, According to the
ALP data, Col-I modification and BSM has a synergistic effect on the differentiation
of ADMSC.

The effect of the HA Modification on viability, proliferation and differentiation
of the ADMSC was studied. According to Lv, Qing, et al and Rizzi, Simone C.,
et al., HA is a not cytotoxic effect on the mesencymal stem cells and it helps the
initiation of ADMSC’s osteogenic differentiation [134,135]. According to MTT results,
HA modified PLA scaffolds were not cytotoxic and from the Alamar Blue data, it could
be concluded that HA modification did not have any negative effect on the proliferation
of the ADMSC. Additionally, ALP analysis demonstrated that the HA modification of

the scaffolds improves osteogenesis. The Alizarin Red analysis of these scaffolds also
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confirms the results of the ALP analysis and the results of Alizarin Red analysis showed
that a synergistic effect occurs with BSM and HA modification. To the best of our
knowledge, there has been no study which had been tried to investigate the synergistic

effect of BSM and HA modification on the osteogenesis.

The effect of the BMP-2 loading on viability, proliferation and differentiation
of the ADMSC was investigated. According to Schofer and Markus D. et al., BMP-2
loaded scaffolds were not cytotoxic and they also differentiate [115]. In addition, Ji and
Ye, et al suggested that BMP-2 loaded scaffolds had higher osteogenic capacity [136].
Based on MTT results, it could be concluded that BMP-2 release from the scaffolds
was not cytotoxic and regarding to the Alamar Blue analysis, BMP-2 release from the
scaffolds didn”t cause any significant change in the proliferation of the ADMSC which
is consistent to the literature. In addition, the cells on the BMP-2 loaded BSM scaffolds
showed better osteogenesis than the cells on the other groups, which could be also the

synergistic effect of BSM and BMP-2 load on the osteogenesis of the ADMSC.

The effect of the BMP-2 loading /HA Modification on viability, proliferation
and differentiation of the ADMSC was investigated. Cui et al. studied on the BMP-
2 loaded HA modified PLGA scaffolds and they suggest that these scaffolds would
be accepted as a secure and histocompatible for bone tissue engineering applications.
When the MTT data of the day 4, 7, 14, and 28 and Alamar Blue results of the day
4, 7, 14 and considered, the cells on the unmodified scaffolds showed better viability
and proliferation activity. Additionally, regarding to the Alizarin Red and SEM anal-
ysis, the cells on BMP-2 loaded HA modified PLA scaffolds showed high osteogenesis.
Finally based on the SEM and Alizarin Red results, the osteogenic differentiation of
the ADMSC on the BMP-2 loaded HA modified BSM PLA scaffolds were higher than
BMP-2 loaded HA modified Plain PLA scaffolds. Thereby, the cells on the BMP-2
loaded HA modified PLA scaffolds had demonstrated higher osteogenic activity and

the bone surface topography mimicking further enhanced that activity as well.

The effect of the BMP-2 loading/Col-1 Modification on viability, proliferation
and differentiation of the ADMSC was analyzed. Based on the studies of Ji et al,
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it could be said that Col-I on the surfaces delayed the release of the BMP-2, which
improves osteogenesis [136]. According to our MTT and Alamar Blue results, BMP-
2 Loaded and Col-I Modified scaffolds improved viability and proliferation of the
ADMSC. In addition, regarding to the Alizarin Red and ALP data, these scaffolds
enhances the osteogenic differentiation of the ADMSC. In addition, the SEM and ALP
results demonstrated that BMP-2 Loaded and Col-I Modified BSM scaffolds has higher
osteogenic differentiation capacity than BMP-2 Loaded and Col-1 Modified plain scaf-
folds which also confirms that the surface topography and the biochemical property of

the material has an effect on osteogenic differentiation.

To sum up, based on the characterization studies, the Col-I/HA modification of
the surfaces was successful and the BMP-2 release from the scaffolds were consistent
to the literature. In addition, regarding the cell culture studies, BMP-2 loaded/Col-
I Modified as well as BMP-2 loaded/HA Modified membranes were the best groups
regarding to the differentiation of the ADMSC. It might be caused the synergistic effect
of the usage of BMP-2 and HA as well as BMP-2 and Col-I together. In addition,
the cells on BMP-2 loaded/Col-I Modified scaffolds showed better proliferation and
viability. Thereby, BMP-2 loaded/Col-I Modified scaffolds were found to be the best

groups in this study.

5.1 Future Studies

The findings of this thesis may be advantageous to apprehend the changing
the characteristics of scaffolds like its surface roughness and topography, chemical and
biochemical content, had an effect on cell-surface, cell-tissue scaffold interface charac-

teristics as well as behavior and mechanism of the cells.

In order to analyze the differentiation of the ADMC on the modified and un-
modified PLA scaffolds further, immunohistochemistry and gene expression analysis
will be done. In addition, to identify the morphology and the attachment of the cells
on the modified and unmodified PLA scaffolds, Alexa Flour Analysis will be performed.
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After that, all of the experiments will be repeated by using non-osteogenic medium to
examine the effect of the medium on the osteogenic differentiation of the ADMSC.
Finally, for examining these cell behavior in a real-time, bioreactor might be used to
examine the cell behaviors on the best scaffolds, which initiated better cell viability,

proliferation and differentiation behavior, as a the future aspects.
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