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ABSTRACT

PREPARATION AND CHARACTERIZATION OF
CHITOSAN-GELATIN/HYDROXYAPATITE SCAFFOLDS
FOR HARD TISSUE ENGINEERING APPROACHES

Isikli, Cansel
M.Sc., Department of Biomedical Engineering
Supervisor: Prof. Dr. Nesrin Hasirci

Co-supervisor: Prof. Dr. Vasif Hasirci

January 2010, 127 pages

Hard tissue engineering holds the promise of restoring the function of failed hard
tissues and involves growing specific cells on extracellular matrix (ECM) to
develop ‘‘tissue-like” structures or organoids. Chitosan is a linear amino
polysaccharide that can provide a convenient physical and biological environment
in tissue regeneration attempt. To improve chitosan’s mechanical and biological
properties, it was blended with another polymer gelatin. 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide (EDC) and N-hydroxysuccinimide (NHS)
were used to crosslink the chitosan-gelatin matrix to produce stable structures.
These natural polymers are mechanically weak especially to serve as a bone
substitude and therefore, an inorganic calcium phosphate ceramic, hydroxyapatite,
was incorporated to improve this aspect.

The objective of this study was to develop chitosan-gelatin/hydroxyapatite scaffolds
for a successful hard tissue engineering approach. For this reason, two types of
hydroxyapatite, as-precipitated non-sintered (nsHA) and highly crystalline sintered

(sHA) were synthesized and blended into mixtures of chitosan (C) and gelatin (G)



to produce 2-D (film) and 3-D (sponge) structures. The physicochemical properties
of the structures were evaluated by scanning electron microscopy, X-Ray
Diffraction (XRD), Fourier Transform Infrared-Attenuated Total Reflectance
spectrometer (FTIR-ATR), differential scanning calorimetry, contact angle and
surface free energy measurements and swelling tests. Mechanical properties were
determined through tensile and compression tests. In vitro cell affinity studies were
carried out with SaOs-2 cells. MTS assays were carried out to study cell attachment
and proliferation on the 2-D and 3-D scaffolds. Several methods such as confocal,
fluorescence and scanning electron microscopy were used to examine the cell
response towards the scaffolds.

Cell affinities of the samples were observed to change with changing chitosan-
gelatin ratio and hydroxyapatite addition into the matrices. XRD and FTIR results
confirmed the purity of the hydroxyapatite synthesized. Mechanical test results
showed that 2-D and 3-D chitosan-gelatin/hydroxyapatite constructs have similar
properties as bones, and in vitro studies demonstrated that the prepared matrices
have the potential to serve as scaffold materials in hard tissue engineering

applications.

Keywords: Chitosan, Gelatin, Hydroxyapatite, Scaffold, SaOs-2, Hard Tissue

Enginnering
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KITOSAN-JELATIN/HIDROKSIAPATIT DESTEK YAPILARIN SERT DOKU
MUHENDISLIGI YAKLASIMLARI ICIN HAZIRLANMASI VE
KARAKTERIZASYONU

Isikli, Cansel
Yiiksek Lisans, Biyomedikal Miihendisligi Boliimii
Tez Yoneticisi: Prof. Dr. Nesrin Hasirci

Ortak Tez Yoneticisi: Prof. Dr. Vasif Hasirci

Ocak 2010, 127 sayfa

Doku miihendisligi, zarar gormiis doku ve organlarin fonksiyonlarini yeniden
kazanmasini hedefleyerek, hiicre dis1 matriks {izerinde belli hiicrelerin biiyiitiilmesi
ile doku-benzeri organsi yapilar gelistirmek temeline dayanir. Lineer bir amino
polisakarid olan kitosan doku yenilenmesi siirecinde uygun fizyolojik ve biyolojik
cevreyi saglar. Kitosan mekanik ve biyolojik 6zelliklerini gelistirmek amaci ile, bir
bagka polimer olan jelatin ile karigtirilmistir. 1-etil-3-(3-dimetilaminopropil)-
karbodiimid (EDC) ve hidroksisaksinimid (NHS) kararli kitosan-jelatin yapilar
olusturmak i¢in ¢apraz baglayici olarak kullanilmistir. Bu dogal polimerler 6zellikle
kemik tedavisi uygulamalarinda mekanik agidan zayif olduklari igin bu 6zellikleri
gelistirmek amaci ile iglerine inorganik kalsiyum fosfat seramigi hidroksiapatit
eklenmistir.

Bu c¢alisma basarili bir sert doku miihendisligi yaklasimi icin kitosan-
jelatin/hidroksiapatit destek yapilar gelistirmeyi hedeflemistir. Bu amagla,
coktiiriilmiis katilagtirllmamis (NSHA) ve yiiksek kristaliniteye sahip katilagtirilmig
(sHA) olmak iizere iki ¢esit hidroksiapatit sentezlenmis, iki-boyutlu (film) ve {ig-
boyutlu (kopiik) yapilar iiretmek i¢in kitosan (C) ve jelatin (G) karisimlarinin igine

Vi



eklenmistir. Yapilarin fiziko kimyasal Ozellikleri taramali elektron mikroskobu
(SEM), X-Ray Difraktometre, FTIR-ATR, DSC, kontakt a¢1 ve yiizey enerji
Olciimleri ve sigsme testleri ile incelenmistir. Mekanik 6zellikler gerilme ve basing
testleri ile gozlenmistir. Orneklerin in vitro calismalari, SaOs-2 hiicreleri ile
etkilesimi sonucu belirlenmistir. Destek yapilar tizerindeki hiicre yapismasini ve
cogalmasimi gozlemlemek igin MTS olglimleri yapilmistir. Hiicrelerin destek
yapilara kars1 davranislar1 konfokal, florasan ve taramali electron mikroskoplari gibi
cesitli metodlarla incelenmistir. XRD ve FTIR sonuglart saf hidroksiapatit
sentezlendigini kanitlamistir. Mekanik test verileri iki- ve ti¢-boyutlu kitosan-
jelatin/hidroksiapatit yapilarin sert doku miihendisliginde kullanima uygun
degerlere sahip oldugunu gostermistir. Orneklerin hiicre etkilesimleri kitosan-jelatin

oranlarinin degisimi ve hidroksiapatit eklenisiyle de gelistirilmistir.

Anahtar Kelimeler: Kitosan, Jelatin, Hidroksiapatit, Destek Yapi, SaOs-2, Sert
Doku Miihendisligi
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CHAPTER 1

INTRODUCTION

1.1 Tissue Engineering

The need for the organ transplantation is one of the main health problems around
the world because of organ shortage resulting with about 8000 deaths on the waiting
lists in last years [Pomfret, 2008]. Posttransplantation period also has some
complications that limits the tissue transplantation such as; transmission of the
diseases or immune reactions [Lalan et al., 2001]. Therefore, around the world,
about 600 million dollar per year is spent by more than 70 different companies for
the invention of new applicable engineered biomaterials to increase the health
standards and to overcome the drawbacks of organ or tissue transplantation
[Lysaght et al., 2001]. Thus, researches that aim to find new solutions to these
arising health problems and limitations, have revealed an interdisciplinary area
named as; tissue engineering.

Tissue engineering which is still developing branch of science, aims to mimic the
nature, using the supporting engineered structures with or without cell addition, for
restoring the function of damaged tissues [Garner, 2004]. Therefore, materials
which are compatible with the biological media, are the fundamental elements of
tissue engineering and used in various biomedical applications [Barnes et al., 2008].
In tissue engineering approach; two main strategies can be applied to the required
area; a polymeric matrix or a matrix loaded with cells, depending on the healing
ability of damaged part of the body [Atala et al., 2007]. In each case, the material

used to produce two dimensional or three dimensional constructs should have good

1



matching with the applied body site. These biomaterials acting as scaffolds, cells
and signalling factors (e.g. growth factors) enhancing the regeneration [Basmanav
et al., 2008] are the major components of tissue engineering. The keys of successful
tissue engineering approaches are; chosing the correct biomaterial with required
properties and having an appropriate engineering performance for subsequent
healing process. Researchers try to investigate new applicable tissue engineering
approaches dealing with some challenges and claim that despite all the limitations,
in future, many patients will be treated by advanced tissue engineered biomaterials
[Giannoudis et al., 2005]. Therefore, great knowledge in chemistry, biology,
materials science and medicine is needed for research in tissue engineering that is
an interdisciplinary area.

Following sections will focus on the properties of tissue engineering components

for successful applications.

1.2 Components of Tissue Engineering

This section examines the definitions and properties of fundamental components of
tissue engineering approach which are; scaffolds, cells and bioactive molecules
since the properties of these components are very crucial for a successful tissue

regeneration process.

1.2.1 Scaffolds

Scaffolds behave as templates for growing cells or for delivery materials (genes or
drugs), and are implanted into diseased body part [Widmer et al., 1998]. Choosing
the material and designing procedure of the scaffold structure, are the first steps to
obtain a useful and applicable end product to the damaged tissue site. Implantable
scaffolds can be prepared as two-dimensional (2-D) film forms or three-
dimensional (3-D) porous structures, depending on the shape and position of the

implantation site. The essential roles of scaffolds are; to create a convenient



environment for the cell ingrowth, so that cells can adhere to the matrix, proliferate
and differentiate in the desired direction, to improve the mechanical property of the
unhealthy tissue and to maintain these features until the completion of new healthy
tissue formation [Kim et al., 2001]. Scaffold characteristics are very important
parameters to observe the new tissue formation on the applied part of the body.
They must have an appropriate chemistry that provides an interface varying with
the local physiological and biological changes and that encourages the extracellular
matrix remodeling [Venugopal et al., 2007].

Porosity of the 3-D structure is one of the main factors that affect the tissue growth
into the matrix, cell viability is provided by the channels through the scaffold with
easy oxygen and nutrient transportation.

Scaffold surface is another important factor, because initial cell attachment begins
on the surface of the material and subsequent tissue formation depends on the initial
cell-material interaction. Therefore, functional groups existing on the scaffold
surface can enhance or diminish cell adhesion.

Furthermore, tissue engineered scaffolds must have compatible properties with the
damaged part of the tissue without causing any toxic or allergenic reactions [Liu et
al., 2007]. While scaffolds degrade in time after implantation, they release some
chemicals and they may change the pH or biological properties of the environment.
That’s why, not only the tissue engineered scaffold material but also degradation
products are important. They must be non-toxic to prevent immune response or
encapsulation of construct (meaning fibrous tissue formation around the implant)
which are termed as host response of body to implanted material.

Surface area to volume ratio is another key factor for successful scaffold material
affecting scaffold-cell interaction. Greater surface area to volume ratio means
greater water uptake and greater interactions with cells. Therefore, the number of
cells adhered to the material increases. On the other hand, high porosity supplies
easier transport of metabolites enhancing cell growth. For degradable materials;
degradability of the scaffold occurs in shorter time compared to bulk structures [Lu
etal., 1999].



In the following sections, properties of scaffold materials are described in details.

1.2.1.1 Scaffold Materials

Polymers, ceramics, composites and metals, are the main classes of biomaterials
used in the tissue damages in different forms as it is illustrated in Table 1 [Park et
al., 2007].

Table 1 Biomaterials used in human body with some examples, forms and
application areas.

Materials Examples Biomaterial Forms Applications

Polymers PLLA, PLGA, PCL, Fibers, hydrogels, Sutures, soft (e.g.
PMMA, polyamides, 2-D or 3-D porous or | heart valves) or
polystyrene, polyethylene, | non-porous constructs | hard (e.g. dental)
polyurethanes, tissue implants, hip
polyethyletherketone, socket
silicone, chitosan, silk,
gelatin,Ulvan, fibroin,
collagen

Ceramics Calcium phophates (e.g. p- | Particulate constructs, | Othopedic
Tricalcium phosphate, 2-D or 3-D porous or implants, dental
hydroxyapatite), bioglass, | non-porous constructs | implants
calcium aluminate,
alumina, zirconia

Composites | Carbon nanotubes and Fibers, 2-D or 3-D Bone cement,
fibers, PLGA-calcium porous or non-porous | dental resin, tissue
phosphate, chitosan- constructs, engineered
gelatin/hydroxyapatite scaffolds
composites

Metals Titanium-based alloys, 2-D or 3-D porous or Bone implants, hip
gold, silver, Cobalt-based non-porous constructs | prostheses, screws,
alloys, steel, platinum pins, plates




Biomaterial has lots of different definitions changing with time related to the
improvements in technologies used, application areas or approaches. In 1992,
European Society for Biomaterials Consensus Conference Il defined biomaterial as;
“a material intended to interface with biological systems to evaluate, treat, augment
or replace any tissue, organ or function of the body”.

According to the recent approaches, biomaterials may also be defined as; “the
materials, both synthetic and natural, that are implanted in the human body for the
purposes of promoting improved human health” [Guelcher and Hollinger, 2006].

In tissue engineering, some types of these biomaterials are used to design modified
constructs with cells and with or without active molecules in order to improve
regeneration and healing process in defected tissue site of body. These types of
structures are called as scaffolds as described previously and have some important
characteristics to prevent undesired results in postimplantation periods. For
example, degradation product of the construct may result with some effects such as;
allergenic, cancerogenic reactions, encapsulation or immune responses. Therefore,
in recent years, much more attention has been paid to biodegradable polymers and
bioactive ceramics as scaffold materials because of their high biological and
chemical resemblance to natural tissue. These materials that are used especially in

tissue engineering approaches, are summarized in the following sections.

1.2.1.1.1Biodegradable Polymers

Biodegradability of a material depends on its origin, chemistry, degradability and
environment [Mohanty et al., 2000]. In recent studies, biodegradable polymers are
emphisized as candidate scaffold materials because some types have great
resemblence to natural extracellular matrix with a soft, tough, and elastomeric
proteinaceous network structure that perform mechanical stability and structural
integrity for damaged hard tissues [Chu, 2008]. Mohanty et al. classified
biodegradable polymers as; biosynthetic, semi-biosynthetic and chemo-biosynthetic

types with respect to their material classes. Furthermore, biodegradable polymers



are also divided into two major categories according to their chemistries and
origins: natural biopolymers and synthetic polymers.

Polymers synthesized by living organisms are called as natural biopolymers and
classified into four main categories; polysaccharides, proteins, lipid/surfactants and
speciality polymers [Krajewska et al., 2005 and Kaplan et al., 1998], the

categorization of natural polymers is illustrated as Table 2.

Table 2 Natural polymer types with different sources and examples.

Polymer Type Source Examples

Polysaccharides Red sea weeds, plant cell Plant/algal: starch, cellulose,
walls, exoskeleton of pectin, konjac, ulvan, alginic acid
insects and crustacea, Animal: hyaluronic acid,
animal cells, bacteria chondroitin sulphate

Fungal: pulluan, elsinan,
scleroglucan
Exoskeletal: chitin, chitosan

Bacterial: levan, xanthan

Proteins Blood, hard and soft Soy, serum, albumin, collagen,
tissues of animals, silk gelatin, fibroin, polyamino acids,
elastin, fibrin
Lipids/surfactants Vegetable oils and Acetoglycerides, waxes,
extractions surfactants
Speciality polymers Vegetable extractions Lignin, shellac, natural rubber

Limitations of their applications are; nonreproducible productions and variations of
isolation from biological sources (batch variation), and their different solubilities
[Chen et al., 2005]. Natural biodegradable polymers have been examined in the
literature as delivery agents in cancer therapies [Vorhies et al., 2009], scaffolds for

cartilage and bone tissue engineering approaches [Lu et al., 2001], or autologous



aortic vascular designs [Shum-Tim et al., 1999] etc. There are several natural
polymers used in hard tissue engineering such as; collagen [Zheng et al., 2007], silk
fibroin [Altman et al., 2003], alginate [Li et al., 2005], chitosan [Peter et al., 2010]
and gelatin [Liu et al., 2009]. In next sections, chitosan and gelatin properties will
be examined to explain the reasons of their usages in this project.

The other type of biodegradable polymers is synthetic polymers. The most
commonly used synthetic biodegradable polymers are polyesters such as; poly
(glycolic acid) (PGA), poly(lactic acid) (PLA), poly(lactic acid-co-glycolic acid)
(PLGA) copolymers, poly(L-lactide), poly(trimethylene carbonate) (PTMC)
copolymers, poly(hydroxybutyrate) and poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) in tissue engineering approaches. The reasons of
increasing number of tissue engineering researches on polyesters are their easy
degradation by hydrolysis of ester linkages and resorbable degradation products.
However, this easy and fast degradation may result with sudden mechanical
strength loss of polyester based scaffolds, which is an undesirable reaction in tissue
engineering applications [Gunatillake et al., 2003]. A number of other polymers
such as; poly(dioxanone), poly(&-caprolactone) (PCL) homopolymers and
copolymers are also examined as scaffold materials. For example, in a recent study,
it was validated that PHBV implants in the rat tibia defects resulted with induced
mild tissue with bone deposition without any fibrous tissue formation at 4 weeks
post surgery [Wu et al., 2009]. Moreover, PCL/PLGA blend scaffolds showed no
cytotoxic effect and great cell proliferation as promising tissue engineering

materials for further studies [Lucchesi et al., 2010].

1.2.1.1.2Bioceramics

Ceramics are defined as highly crystalline, inorganic materials bonded with
combination of ionic, covalent and metallic bonds [Carter 2007]. Ceramics that are
designed and fabricated for the repair and reconstruction of diseased and damaged

part of the body, are called as bioceramics.



In orthopedic applications, bioceramics have great advantages. For instance, they
realease negligible amount of ions and cause less aging effect reducing wear rate
[Chevalier 2009]. Hydroxyapatite (HA) (Caio(PO4)s(OH),), Bioglass® (Na,0-CaO-
Si0,—P,0s), B-tricalcium phosphate (B-TCP) (Cas(POg), and bioactive glasses are
attractive bioactive ceramics used in bone tissue engineering studies because of the
lack of encapsulation problem seen in most of the other bone implants [Kokubo et
al., 2003].

Some examples of bioceramics used in biomedical applications are summarized in

Table 3 [Thamaraiselvi and Rajeswari et al., 2004].

Table 3 Bioceramics with different types, medical devices and functions.

Types Devices Function

Dense hydroxyapatite, | Osseous tooth Replace diseased,

Al,O3, Bioglass,

vitreous carbon

replacement implants

damaged or loosened
teeth

High-density alumina,

metal bioglass coatings

Artificial total hip, knee,

shoulder, elbow, wrist

Reconstruct arthritic or

fractured joints

Dense-apatite, Polytetra
fluro ethylene (PTFE)-

Alveolar bone

replacements, mandibular

Restore the alveolar ridge

to improve denture fit

carbon composite, reconstruction

porous Al,O3, bioglass,

In 1971, the first observation of chemical bond formation between hydroxyapatite
crystals and bone has been reported [Hench et al., 1971]. After this proof, it was
suggested that bioactive ceramics like hydroxyapatite induce bond formation
between implanted material and surrounding osseous tissue and enhance bone tissue
formation. In vivo and in vitro studies focusing on the examination of bone-

bioceramic bond formation summarized the progress as; dissolution, precipitation



and ion exchange [ElI-Ghannam et al., 1997] accompanied by adsorption and
incorporation of biological molecules [EI-Ghannam et al., 1999]. It was also stated
that bioactive ceramics such as: HA or TCP are excellent materials for stimulation
of cells for bone repair in tissue engineering approaches [Duchenyne et al., 1999].
One of the most attractive characteristics of bioactive ceramics in tissue engineering
applications is their controlled bioresorption rates that can be controlled by their

chemical structures [Hench et al., 1997].

1.2.1.1.3 Biocomposites

For tissue engineering applications, polymers are ductile and not rigid enough, and
ceramics are too stiff and brittle. Therefore, combinations of polymers with
bioceramics can provide improved mechanical and biological properties with
desired stiffness elasticity and porosity required for tissue engineering approaches.
So, in many recent studies, ceramics like hydroxyapatite or tricalcium phosphate
have been added into the polymeric scaffolds to produce biocomposite constructs
[Supova, 2009].

There are tremendous number of studies that aim to fabricate biocomposites for
successful bone tissue engineering approaches. For instance, in a recent study, 3-D
scaffolds prepared by lyophilization of the mixtures of chitosan and bioactive glass
particles, indicated great biocompatibility towards MG-63 cells with high amount
cell spreading and it was reported that these types of biocomposites have great
potential to be used in tissue engineering applications without any cytotoxic effect
[Peter et al., 2010]. In another recent research, it was investigated that porous
PHBV-hydroxyapatite composite scaffolds prepared by modified thermally induced
phase-separation technique, showed improved stiffness, strength, and in vitro
bioactivity with addition of HA by controling the surface characteristics and
porosities of the samples. As a result, it was reported that these novel PHBV-HA
composite scaffolds may be served as promising three-dimensional structures in
bone tissue engineering applications [Jack et al., 2009]. Furthermore, calcium

phosphate/collagen structures as chondrocyte carriers [Kose et al., 2004], nano-



hydroxyapatite incorporated poly(L-lactic acid) scaffolds as bone tissue engineering
scaffolds [Wei et al., 2003], two-dimensional biodegradable polyester constructs
with B-tricalcium phosphate as guided bone regeneration materials [Kikuchi et al.,
2004] are some of the successful examples studied biocomposites for bone tissue

engineering approaches.

1.2.1.2 Scaffold Preparation Techniques

Properties of final scaffold products strongly depend on their preparation
techniques. Pore size and surface characteristics are the most important properties
that are affected from scaffold preparation method as they are shown in Figure 1
[Yilgor et al., 2008, Ulubayram et al., 2002, Yucel et al., 2010, Zhang et al., 2004].

Figure 1 Scanning electron microscope micrographs of (a) poly(&-caprolactone)
based rapid prototyped 3-D scaffold (b) gelatin-based scaffolds prepared by freeze-
drying method (c) micropatterned polymeric films obtained from the PDMS replica
of the Si template (d) electrospun fiber morphologies of gelatin/PCL.
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There are various types of scaffold preparation techniques and some of them can be
classified as; solvent casting with or without particle leaching, membrane
lamination, peptide self assembly, phase separation, freeze-drying, electrospinning,
3-D micro plotting, rapid prototyping, micro patterning, melt molding, extrusion,
and fiber bonding.

Different preparation methods give the chance to create scaffolds with different
desirable shapes and dimensions. Surface modifications, porosity control, pore wall
thicknesses are some of the parameters that can be varied with preparation
processes depending on the need in the application area.

All of the scaffold production methods has some advantages and disadvantages as
summarized in Table 4 [Yang et al., 2001, Ma et al., 2006 and Murphy et al., 2007]
and different forms of materials such as; fibers, porous structures, hydrogels and
membranes may be obtained by these fabrication methods.

Stabilities of the produced scaffolds must be provided for desired time periods
because these engineered materials must support cell growth on themselves in
ageous media and be stable as the cells grow and then decompose in extended
periods. Crosslinking processes can be applied to enhance the stabilities of easily
soluble tissue engineered scaffolds by some physical and/or chemical modifications.
In this study, solvent casting and freeze-drying techniques and crosslinking process
are used to fabricate 2-D and 3-D chitosan-gelatin/hydroxyapatite composite

structures and therefore these techniques will be discussed in the following sections.
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Table 4 Polymeric scaffold processing methods with advantages and disadvantages.

Processes

Advantages

Disadvantages

Solvent casting and
particulate leaching

Controlled porosity up to
93%

Lack of mechanical strength for
load-bearing tissue

degradation products

Membrane 3-D porous matrix Lack of mechanical strength for
lamination load-bearing tissue

Peptide self Control of porosity, fiber Expensive, complex design
assembly diameter, bioactive parameters, limited micro-size and

mechanical properties

Phase separation

Keeping of molecular
activity

Lack of scaffold morphology control

Freeze-drying

High porosity and

interconnectivity

Surface skin formation depending on
the process conditions, time

consuming

Electrospinning

Control of porosity and
pore size and fiber

thickness

Pore size decrease because of fiber
thickness, limited mechanical

properties

3-D micro plotting

Design-based, good

mechanical properties

Very smooth surface that may be

undesired for cells attachment

Rapid prototyping

Complex geometries and
very fine structures,
controlled porosity,

medical scan

Expensive, limited polymer types

Micropatterning

Guided spatial

organization of cells

Only for 2-D constructs

Melt molding Lack of harsh organic Risk of degradation and inactivation
solvent of molecules because of high
temperature
Extrusion Control of porosity Limited mechanical properties, risk

of degradation and inactivation of

molecules becuase of temperature

Fiber bonding

Simplicity

Lack of porosity control
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1.2.1.2.1 Solvent Casting Method

Solvent-casting is a well-known polymeric film production technique and it has
been widely used in tissue engineering studies to prepare two-dimensional
scaffolds. In solvent-casting method; polymers are dissolved in a solvent and the
prepared polymer solution is casted into a mold as thin layer and then dried at room
temperature on shelf or in an oven for evaporation of the solvent. Solvent
evaporation rate marginally affects the structure of the casted film [Bu et al, 2002].

There are several advantages of this technology such as; low cost, uniform
thickness distribution and extremely low haze which are very important properties

for scaffold surfaces [Siemann et al, 2005].

1.2.1.2.2 Freeze-drying Technique

Freeze-drying is based on freezing of the prepared polymer solution to form solid
solvent crystals in the construct and then, removing these solid crystals by
sublimation, which leave empty interconnected pores through the scaffold, with
maximum 90% porosities. Freezing time and annealing stage are critical points that
control the porosity level of freeze-dried material [Murphy et al., 2007]. To prevent
collapse of freeze-drying sample or any back melting, there must be a balance
between heat transfer and solvent sublimation [Rey et al., 2004]. If, freezing time is
too short and uncontrollable, scaffolds with heterogeneous porosity are obtained
because of non-uniform nucleation and growth of solvent crystals.

Different pore sizes may be observed in the regions that are called as hot spots
where the contact between the sample dish and freeze-dryer shelf is poor. These
points formed as a result of less heat conduction and augmented temperature of
sample [O’brien et al., 2004].
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1.2.1.2.3Crosslinking Process

Crosslinking is mostly needed for chemical or physical modifications of
biodegradable polymeric scaffolds because degradability of the biomaterials must
be extended to the desired time period before the implantation process. If the
polymeric construct does not have a suitable degradation period for the applied
region of injured tissue, healing process within the scaffold application may be
unsuccessful. If the degradation rate is too fast, the scaffold will dissapear before
complete healing. If it is too slow, matrix will stay in the applied area more than
needed. This rate can be adjusted by the type and the amount of crosslinkers used.
There are many different crosslinking agents used as stabilizing agents of natural
biodegradable polymeric constructs such as; glutaraldehyde, genipin, 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide (EDC) and N-hydroxysuccinimide (NHS)
(Table 5).

The major advantages of water-soluble amide-type crosslinkers such as; 1-ethyl-3-
(3-dimethylaminopropyl)-carbodiimide (EDC) and N-hydroxysuccinimide (NHS)
are their lower toxicity and better compatibility with respect to other crosslinkers
[van Wachem et al., 2001].

Another attractive property of EDC/NHS is the absence of additional chemical
entities that are incorporated into the matrix at the end of the process.

In EDC/NHS crosslinking reaction carboxyl groups of the matrices are usually
activated with EDC in the presence of NHS and the activated carboxyl groups then
react with nucleophiles, such as primary amine groups, to form stable zero-length
amide bonds with increased stability [Rafat et al., 2008]. EDC activated reaction

mechanisms are given in Figure 2.
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Table 5 Chemical structures of crosslinkers.

Crosslinking Agent Chemical Structure

Glutaraldehyde

Genipin

1-ethyl-3-(3-
dimethylaminopropyl)-
carbodiimide

N- hydroxysuccinimide

N—OH

Recently, it was proposed that in addition to amide bond formation, ester links are
also formed between activated carboxyl groups and hydroxyl groups [Everaerts et
al., 2008].
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Figure 2 Reaction mechanisms of carboxylic group activation by EDC and amide
bond formation with amine addition.

It was reported that EDC/NHS crosslinking has resulted with higher modulus of
elasticity and stability in gelatin based scaffolds compared to gluteraldehyde

crosslinked constructs [Ulubayram et al., 2002].

1.2.2 Active Molecules

The extracellular matrix (ECM) contains various complex structures and

macromolecules to maintain the cells viabilities. Many different signaling
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molecules are found in ECM providing cell-cell, cell-ECM interactions for cell
migration, proliferation and differentiation. Some signaling compounds are growth
factors and they stimulate and guide the cell behavior with different signal
transduction pathways. These active molecules can be incorporated to the implanted
sample to enhance the cell attachment on the scaffold materials by physical
adsorption or chemical bonding. Glycosaminoglycans (GAGs), proteoglycans and
adhesive proteins are the main types of ECM elements that may be used to enhance
cell attachment [Rosso et al., 2004]. Some of these proteins that contain Arginine-
Glycine-Aspartic acid (RGD) like sequences are highly preferred in tissue
engineering applications to increase the cell attachment on the scaffold surface by
these cell recognition sites. Cell membrane components integrins, that provide cell-
environment communication bind to these RGD groups on the material surface and
provide improved cell adhesion. There are various studies that aimed to immobilize
RGD sequences on the scaffold surfaces. For example, it was reported that chitosan-
alginate-hyaluronan based scaffolds were modified with covalent attachment of
RGD-containing proteins. After cell seeding process, these modified complexes
showed neocartilage formation and when they were implanted into the damaged
rabbit knee cartilage, they demonstrated repair of tissue in one month [Hsu et al.,
2004].

The other commonly used bioactive molecules used in tissue engineering
applications are transforming growth factor p1 (TGF-B1) in new cartilage tissue
formation [Guo et al., 2007], vascular endothelial growth factors (VEGF) in cardiac
tissue engineering [Sheridan et al., 2000], basic fibroblast growth factor (bFGF) in
adipose tissue regeneration [Kimura et al., 2003], epidermal growth factor (EGF) in
the design of new biomimetic constructs [Imen et al., 2009] and platelet-derived

growth factor (PDGF) in periodontal applications [Zhang et al., 2007].
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1.2.3 Cells

In tissue engineering, the reason of cell addition into the polymeric carrier is to
expand the cells under in vitro conditions on this scaffold material and to enhance in
vivo tissue regeneration because the defect site is not left empty to heal but rather
filled with a substitute tissue which is already actively healing. Cell number and cell
type are chosen by taking into consideration the application area, regeneration
ability of cells and repair mechanism of the damaged tissue site [Carole et al.,
2000].

Cells, added on the construct can be from patient’s own body (autograft), from
another human (allograft) or from an animal donor (xenograft). These cells can be
mature cells or stem cells of various levels of development.

In recent studies, stem cells, such as human amniotic fluid-derived, adipose-derived,
umbilical cord and bone marrow stem cells, gained much attention in biomimetic
strategies because of their potential to differentiation into the desired cell type with
some stimulants [Liao et al., 2008]. For example, it was reported that mesenchymal
stem cells seeded onto porous hydroxyapatite scaffolds along with bioactive agents
demonstrated enhanced bone and cartilage tissue formation [Yoshikawa et al.,
2005].

In general, in simple tissue engineered approaches more concentrated on scaffold
development, cells used are generally cell lines. For this purpose, certain types of
cells that are harvested from the tissue of a living system, are proliferated and
maintained to form first subculture, a monolayer. The system rising from the
outgrowth of this primary monolayer is called as cell line [Freshney et al., 2006].
Cell lines have great advantages such as they are easy to produce and handle, well
characterized, have less tendency to phenotypic problems than their primary cells.
Human osteosarcoma cell lines SaOs-2 and MG-63, fibroblast 3T3 and mouse
calvaria MC3T3-E1 cell lines are some of the most popular cell lines used in bone
and skin tissue engineering studies.

Moreover, vascular endothelial cells, myoblasts, chondrocytes and kidney cells are

other cell types widely used in tissue engineering approaches [Malafaya et al.,
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2007]. For instance, it was proved that endothelial cells enhanced vascular smooth
muscle cell adhesion and spreading after coculturing in porous polyethylene
terephthalate membranes. This result showed that endothelial cell seeded scaffolds
have great potential to use in vascular grafts [Wang et al., 2007].

Cell attachment and adhesion are critical steps in tissue engineering approaches.
Former is known as a short-term event involving physicochemical interactions like
van der Waals and ionic interactions between the cell and the material surface.
However, cell adhesion is a longer-term process dependent on several
environmental factors such as signal transduction promoting the action of
transcription factors and gene expression regulated by biological agents [Anselme et
al., 2000]. Therefore, choice of the cell type and material is very critical to obtain a
successful tissue engineering approach.

In brief, tissue engineered scaffolds loaded with cells can be implanted into the
defect site for the new tissue formation, and gradual degradation of the scaffold
material is required and the formed metabolites should not cause any immune
response or other cytotoxic effect.

Based on the organ systems, tissue engineering may be subdivided either by organ
systems (such as hepatic tissue engineering, cardiac tissue engineering) or by tissue
properties (such as hard tissue engineering and soft tissue engineering) or by
strategies (aim to replace a metabolic or a structural function) [Saltzman et al.,
2004]. In the following sections, hard tissue engineering will be explained as this
study aims at producing the two-dimensional (2-D) and three-dimensional (3-D)

matrices prepared for hard tissue engineering applications.

1.3 Hard Tissue Engineering

According to 2006 research results over 1.5 million people suffer from bone related
diseases in the world [White et al., 2006]. Since the regeneration of bone tissue is
limited, there have recently been extensive research efforts on developing new

technologies and strategies specifically employing hard tissue engineering.
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Hard tissue engineering has emerged to regain the properties of the defected bone as
an alternative approach to tissue transplantation methods that have problems such
as; immune response or tissue rejection in allografting and donor site limitation in
autografting [Naughton et al.,1995, Mizutani et al, 1990 and Moore et al.,1984].

Two different forms of hard tissue are found in the bone; cancellous bone
(trabecular) containing pores, and compact bone (cortical) made up of protective
outer shells. Bone tissue also contains two main phases; organic phase formed by
type | collagen and glycosaminoglycans giving tensile strength to bone tissue, and
inorganic phase including hydroxyapatite-like minerals providing higher
compressive strength for bone structure. Combination of these different phases
provides highly improved mechanical property to the natural bone.

Osteogenic precursor cells (bone lining cells), osteoblasts, osteoclasts, osteocytes,
and the hematopoietic (blood cell production) elements of bone marrow are the
cellular components of bone [Anderson et al., 2000]. Precursor cells are inactive
cells but remodeling of bone tissue with osteoblast production and new bone matrix
mineralization creates a living environment in bone tissue. Osteocytes maintain the
bone matrix and osteoclasts resorb this matrix [Marks et al., 2002]. Living bone
tissue acts as a dynamic tissue and healing of bone proceeds with dynamic
mechanisms of bone deposition, resorption and remodeling. Different hormonal and
pathological effects also have influences on new bone formation [Kalfas et al.,
2001]. Because of the diversity of bone structure and the variations of effects on
healing process, the design of tissue engineered material becomes very complicated.
Although, there exist some difficulties in clinical applications, healing of bone
fractures in 6 months by the help of tissue engineered implants has been reported
[Quarto et al., 2001].

Hard tissue engineering components have different characteristics depending on the
properties of bone tissue. Thus, the following sections will focus on the

characteristics of these components used in hard tissue engineering.
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1.4 Components of Hard Tissue Engineering

In hard tissue engineering approaches; similar to the other tissue engineering
applications; there exist three main components; scaffolds, active molecules and
cells that are chosen according to their availabilities for the required bone healing
application.

In vitro bone tissue engineering aims to expand the cells in the scaffolds (which
either contains ceramic particles or not) and to use these scaffolds as filling material
in the defected bone region as described in Figure 3.

Furthermore, there are other interesting hard tissue engineering approaches in which
in vivo bone tissue engineering is aimed and the cells are expanded in the body on
the osteoinductive scaffolds, using the body as a bioreactor. Then this cellularized
construct is implanted into the defected tissue site in the same body, resulting with

tissue regeneration [Bao et al., 2008].

3-D or 2-D scaffold materials

Y
I
C - &
=1y ] -
GEEEEER \
' o=
OOOOOOOOOO In vitro expanded cells

Modifying of the scaffolds with

ceramic particles if needed ‘

Implantation of scaffolds with seeded cell into injury site

Figure 3 Bone regeneration by using scaffolds and seeded cells.
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There are different successful approaches that aim to induce bone tissue formation
by scaffold application such as; using of micropatterned two-dimensional
biodegradable polymeric structures [Kenar et al., 2006]. In a recent study, collagen-
polysaccharide based porous scaffolds were fabricated with two different layers.
One side of this layer stimulates cartilage growth and the other side contains
calcium phosphate to stimulate bone growth in defected tissue site. So, this

approach has a great potential to use in knee implants [Gibson et al., 2009 ].

1.4.1 Scaffolds in Hard Tissue Engineering

Two-dimensional and three dimensional constructs known as scaffolds; provide the
needed environmental conditions for initial cell adhesion and subsequent
proliferation in hard tissue engineering applications and the design of these
constructs affects the shape of the regenerated tissue.

Scaffold properties such as; surface chemistry, mechanical similarities to bone
tissue, biodegradability depending on the material chemistry, and biocompatibilities
of degradation products, are very important factors for successful hard tissue
engineering approach. For biodegradable constructs; controlled degradation also is
needed because scaffolds must retain their physical properties for at least 6 months
in defected bone tissue site. Otherwise, scaffold may degrade before the complete
healing process causing some unfilled regions in the bone tissue as it is seen in
Figure 4 [Hutmacher et al., 2000]. Figure 4 shows the mass and weight loss of the

scaffold ans remodeling of the healing tissue as a function of time.
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Figure 4 Graph of mass and weight loss of the scaffold versus time for

bone/cartilage tissue engineering approaches.

Chemical structure and molecular weights of polymers, and crystallinities of
ceramics are the main parameters that affect the resorption kinetics and degradation
rate of scaffolds. Pore sizes of the hard tissue engineered scaffolds may have
influences on mechanical properties of the sample. Thus, pore sizes with the range
of 100-500 pum are supposed to be ideal for new vessel formation through the
matrix maintaining the mechanical strength of the material in a required range in

hard tissue engineering applications.

1.4.1.1 Scaffold Materials in Hard Tissue Engineering

There are various raw materials used in scaffold preparation for bone tissue
engineering because of the importance of scaffold chemistry. These materials can

be classified as; natural or synthetic biodegradable polymers, ceramics and
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composites of these materials and their harvested forms with natural extracellular
matrices [Badylak et al., 2002] in different forms like; microparticles, hydrogels,
fibers, 3-D porous or 2-D membranes. Altough there is an intense research in this
area; there is still need for the investigations and improvement of novel materials
with required properties such as; biocompatibility, biodegradability, and mechanical
strength for clinical applications [Malafaya et al., 2007]. In recent studies, some
natural polymers such as; chitosan and gelatin with high resemblance to bone tissue
and great mechanical behaviors have been the subject of great interest. Ceramics,
like hydroxyapatite, that mimic the inorganic part of the bone tissue, are also
candidate materials for scaffold materials in hard tissue engineering. Properly
designed composites of these two types of materials; natural polymers and
ceramics, can provide highly improved mechanical and biocompatible properties in
bone tissue engineering applications.

So, in the following sections natural biodegradable polymers; chitosan and gelatin,
bioceramics; hydroxyapatite will be discussed in details to explain the reasons of
their usages in this project.

1.4.1.1.1 Chitosan

Chitin, (the second most abundant polysaccharide after cellulose), is produced by
the removal of proteins and the dissolution of CaCOs that exist in crab shells and
cell walls of fungi. Chitosan is obtained by NaOH treatment of chitin at 120°C for
1-3h to produce deacetylated chitosan and formed by p-(1-4) linked D-glucosamine
residues with N-acetyl-glucosamine groups (Figure 5). Deacetylation value of
chitosan can change between 30% and 90% and molecular weight may vary from
300 to 1000 kD [Madihally et al., 1999].
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Figure 5 Derivation of chitosan from chitin.

Deacetylation of chitosan implies the change of acetyl groups of chitin to primary
aliphatic amino groups in chitosan structure. Chitosan can react with other polymers
through N-acetylation and Shiff reactions [Kumar et al., 2000]. In vivo degradation
of chitosan takes place by lysosyme enzyme, and with an inverse proportinality
highly depends on the deacetylation degree and crystallinity of chitosan [Di Martino
et al., 2005], as well as pH of the preparation solution [Davies et al., 1969].

Chitosan is insoluble in water or in solutions with pH above 7, but it is soluble in
acidic environment with the help of the protonated free amino groups on
glucosamine. Acetic acid is most commonly used solvent of chitosan [Dornish,
2001]. Studies on chitosan has displayed that it enhances osteogenesis [Klokkevold
et al., 1996], osteoconductivity [Tang et al., 2008], and has scar reducing ability in
soft tissue [Ishihara et al., 2002]. It is also indicated in the literature that chitosan
has hemostatic [Ong et al., 2008], fat binding [Gades et al., 2005], wound healing
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[Muzarelli et al., 1977, Hiroshi et al., 2001], bioadhesive [George et al., 2006],
antimicrobial properties [Rabea et al., 2003, Zivanovic et al., 2007, Sarasam et al.,
2008] and it is biologically renewable [Khor et al., 2003].

Since its reactive functional groups bind to drugs and it has non-toxic metabolites
[Suheyla et al., 1997], chitosan has been applied to a wide range of tissue
engineering approaches such as; gene [Dang et al., 2006] or drug delivery for
controlled release of bioactive agents as micro- or nano- particles [Agnihotri et al.,
2004], antimicrobial agent against several viruses and bacteria types [Rabea et al.,
2003], additive for enrichment of bone cements [Rochet et al., 2009], scaffolds for
soft tissue engineering applications [Wang et al., 2005]. In addition, Seol et al.
reported that freeze-dried chitosan scaffolds showed sufficient histological results
cooperated in vitro bone formation with seeded rat osteoblasts [Seol et al., 2004].
Limitations of chitosan are its low degradation rate and brittleness. To overcome
these difficulties, blending with ceramics and/or polymers has been investigated in
recent studies [Hong et al., 2009]. For example, in bone tissue engineering
approaches; calcium phosphate cements displayed enhanced mechanical properties
and biocompatibility with addition of chitosan [Xu et al., 2005]. Moreover, since
chitosan has a positively charged nature, its polyelectrolyte formation ability with
anionic polymers is an attractive point in chitosan-based blend structure formation.
For instance, chitosan-alginate hybrid porous structures showed great stability,
extended mechanical property and great cell affinity toward the osteoblast cells due
to ionic interactions [Li et al., 2005], polyacrylic acid-chitosan polyelectrolyte
complexes with HA particles also have been examined and the results revealed that
human osteosarcoma cells showed good attachment and spreading [Sailaja et al.,
2006]. Since this type of structures can be modified in physicochemical manner by
changing the mixing ratios and processing techniques of the blend polymers, they
are promising candidate materials as hard tissue engineered scaffolds [de Oliveira et
al., 2008].
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1.4.1.1.2Gelatin

Gelatin is a polypeptide, produced by hydrolytic cleavage of collagen protein
[Kuijpers et al., 1999] that is the major constituent of human bone and skin and also
animal extracellular matrix [Buckwalter et al., 2005]. It contains 19 amino acids
joined by peptide linkages. It contains alanine, arginine, glutamic acid while the
major amino acids in gelatin are glycine (30%) and proline/hydroxyproline (25%).
Chemical structures of amino acid sequences, and proposed chemical structure of
gelatin are given in Figure 6.
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Figure 6 (A) Chemical structures of amino acid sequences, and (B) proposed
chemical structure of gelatin.
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Collagen has been used in many tissue engineering applications as a scaffold
material but it has some limitations such as; potential pathogen transmission,
immune rejection, limited handling, insufficient mechanical properties, and poor
controlled biodegradability [Ma et al., 2004]. Since gelatin is the denatured form of
collagen, it has lower antigenicity property and controllable degradation rate [Yao
et al., 2004]. There are different sources of gelatin such as; fish [Norland et al.,
1990], bovine [Chomarat et al., 1994] or porcine skins [Huang et al., 2005]. There
exist two types of gelatin named with respect to collagen pretreatment method
before the extraction process [Djagny et al., 2001]. Type A gelatin extracted and
processed by acidic pretreatment from collagen, and Type B obtained by alkaline
pretreatment converting glutamine and asparagine residues into glutamic and
aspartic acid, resulting with higher carboxylic acid content than Type A [Johns et
al., 1977]. Alkaline treatment causes hydrolysis of amide group of collagen and
negatively charged gelatin is obtained with higher amounts of carboxyl groups. So,
these chemical features facilitate the interaction of gelatin with positively charged
molecules to form polyion complexes [Tabata et al., 1998].

The most attractive property of gelatin for tissue engineering is; its Arg—-Gly—Asp
(RGD)-like sequence that enhances the promotion of initial cell adhesion on the
gelatin based scaffolds [Ito et al., 2003]. Gelatin is water-soluble and degrades in
vivo very fast [Rohanizadeh et al., 2008]. Therefore, crosslinking agents like
gluteraldehyde [Martuccia et al., 2006], genipin [Bigi et al., 2003] or carbodiimides
[Everaerts et al., 2008] are used to stabilize gelatin structures prolonging its
existence in application area.

Gelatin can be hydrolyzed by a variety of the proteolytic enzymes to yield its
constituents of amino acid or peptide components. This nonspecificity is a desirable
factor in intentional biodegradation [Kumar et al., 1981]. Reasons of arising studies
on gelatin as scaffold material are its biodegradability and biocompatibility of itself
and side products. Other major advantages of gelatin are; its plasticity, low

immunogenicity, adhesiveness and low cost [Young et al., 2005].
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Gelatin-based blend biomaterials have been widely investigated in preparation of
microspheres of controlled release of bioactive agents [Defail et al., 2006]. It was
reported that successful gelatin-based scaffolds with adipose-derived and muscle-
derived stem cells for cartilage and bone tissue engineering were achieved [Guilak
et al., 2004, Suna et al., 2005]. In another study, it was suggested that gelatin-based
structures modified with nano-hydroxyapatite particles showed osteoblast
stimulations [Kim et al., 2005]. There exist many other tissue engineered constructs
based on gelatin such as; artificial skin substitudes [Kawai et al., 2000], scaffolds
for cardiac tissue engineering [Rosellini et al., 2009] and wound dressing material
[Ulubayram et al., 2001]. Gelfilm® and Gelfoam® are commercial gelatin-based
two-dimensional and three-dimensional tissue engineered constructs produced by
Pfizer company for hemeostatic devices or absorbable implants in neurosurgery and

thoracic or ocular surgery [Pfizer Co., 2007].

1.4.1.1.3 Hydroxyapatite

Hydroxyapatite (Cajo(PO4)s(OH),) has a chemical structure and crystallography
very similar to the inorganic component of the bone tissue, so it has attracted much
attention in bone tissue engineering studies.

As it is seen from the Figure 7 [Manafi et al., 2008], in crystalline structure of HA,
PO,> molecules are in tetrahedral form and Ca®* ions and OH™ ions exist in space

and along the c-axis, respectively.
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Figure 7 Crystallographic structure of hydroxyapatite viewed along the c-axis.

Calcium and phosphate precursors such as calcium acetate-triethyl phosphate,
calcium nitrate-diammonium nitrate, calcium carbonate-di-ammonium hydrogen
phosphate can be used to develop hydroxyapatite phases. There are different
methods for synthesis of HA such as dry and wet methods (precipitation),
hydrothermal method and mixed material preparation conducted with
mechanochemical milling treatment [Mamoru et al., 2003]. Wet method which is
the most popular HA synthesis, is based on the slow precipitation reaction between
calcium and phosphate precursors under controlled pH. Hydrothermal technique
uses high temperatures and pressure for HA synthesis reaction. In general, HA
synthesis proceeds with sintering process which means heat treatment at 800-
1000°C increasing the crystallinity of the synthesized HA [Gerike et al., 2006]. It
was reported that 3-D porous scaffold materials obtained by impregnating a
polyurethane sponge with HA particles, followed by burning the sacrifice polymeric
template and sintering the final HA porous structure. Then, these constructs has
demonstrated bioactive and biocompatible behaviors towards the mouse lung
fibroblasts [Oliveira et al., 2009]. However, sintering has some limitations; it
decreases the biodegradability of HA with high crystallinity. It was reported that,
commercially available non-sintered HA based bone substitute Nanobone® showed
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better histological results and vascularized tissue growth compared to encapsulated
sintered HA particles [Abshagen et al., 2009].

Hydroxyapatite has three available forms; dense blocks, porous blocks, and
granules. However, each of these forms has some limitations: Dense HA problems
rise from manufacturing with large-scale fracture and granules migration in the
body is uncontrollable macroporous HA has a ragged surface [Shareef et al., 1993].
Composite materials, obtained by HA incorporation into natural polymeric network,
may eliminate these problems and provide convenient environment with basic
resorption products of HA buffering acidic by-products of polymers such as;
polyesters [Shikinami et al., 1998].

The dissolution rate of synthetic HA mainly depends on the type and concentration
of the buffered or unbuffered solutions, pH of the solution, degree of the saturation
of the solution, solid/solution ratio, the composition and crystallinity of the HA
phase [Rezwana et al., 2006]. Another important feature of hydroxyapatite is its
bioactivity which is coming from partial degradation property of calcium phosphate
leading higher bonding ability between bone and HA. It was stated that augmented
initial flash spread of serum proteins gives higher biocompatibility to
hydroxyapatite implants as compared to the hydrophobic polymers [Hutmacher et
al., 1998]. Hydroxyapatite application increased mainly because of its
osteoconductivity [Woodard et al., 2007] and it has started to be used as substitutes
for autogenous bone grafts in bone defects [Byrd et al., 1993].

Some of the recent investigations have demonstrated that hydroxyapatite is a
convenient bioactive ceramic for improving the properties of polymeric scaffolds. It
was reported that chitosan/nano-hydroxyapatite composite constructs, prepared by
calcium and phosphate precursors solutions addition into chitosan solution and
lyophilization method, have showed improved bioactivity and osteoblast cell
differentiation when compared to pure chitosan sponges [Kong et al., 2006]. In
another novel study, it was observed that chitosan hydrogel-hydroxyapatite
membranes, prepared by wet synthesis of HA on chitosan hydrogel soaking it into

calcium and phosphate precursors, demonstrated increased biocompatibility

31



towards MG-63 osteosarcoma cells [Madhumathi et al., 2009]. In another recent
study, gelatin-hydroxyapatite-fibrin hybrid porous scaffolds that release bone
morphogenetic protein-2 bioactive agent, indicated non-cytotoxic effects towards
human bone-marrow mesenchymal cells and these structures were used to repair
critical-size segmental bone defects of rabbit. As a result, it was suggested that
gross specimen, X-Ray, bone histomorphology and bone mineral density assay
showed that these constructs had good osteogenic capability and repair ability for
the segmental bone defect completely in 12 weeks [Liu et al., 2009].

1.4.1.1.4Biocomposites of Chitosan-Gelatin/Hydroxyapatite

Polymeric films and porous 3-D scaffolds that are used in hard tissue engineering
applications, need to be raised mechanical properties and higher osteoconductivity.
Moreover, bioactive ceramics need improved osteogenicity and oestoinductivity.
So, the combination of the polymers and ceramics have gained attention due to the
improved mechanical and biological properties [Schnettjer et al., 2003].

Gelatin which is a protein with RGD-like sequences, contains free carboxyl groups
on its backbone and has the potential to blend with chitosan which is a
polysaccharide, to form a network by hydrogen bonding. There are many different
studies focusing on chitosan-gelatin blend scaffolds in hard and soft tissue
engineering approaches because both chitosan and gelatin are natural,
biocompatible and biodegradable polymers. It was reported that; in chitosan-gelatin
film structures prepared by casting of solutions in different ratios and at different
temperatures (22°C and 60°C) and plasticized with water or polyols; gelatin
addition lowers the crystallinity of chitosan because of chitosan incorporation in
gelatin network and dilution effect of gelatin. Moreover, results revealed that
increase in the total plasticizer content (water, polyols) of these blends led to higher
gas permeability (CO; and O;) of the structures and lower preparation temperature
resulted with higher crystalline gelatin formation [Arvanitoyannis et al., 1998]. In a

recent tissue engineering study, researchers tried to fabricate porous chitosan-
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gelatin hybrid structures with well-organized fluidic channels and hepatic chambers
by combining rapid prototyping, micropatterning and freeze—drying techniques
aiming the production of artificial liver. Since hepatocytes (liver cells) loose their
characteristics after harvesting from liver, it is hard to create an environment to
prolong cell viabilities in tissue engineering approaches but according to the results
of this study; chitosan-gelatin based well-defined porous constructs demonstrated
enhanced hepatocyte affinity compared to non-defined porous constructs and it was
stated that these types of materials could be candidate structures not only for hepatic
tissue engineering but also for vascular designs [Jiankang et al., 2009].

In a cartilage tissue engineering study, combined with gene therapy, freeze-dried
chitosan-gelatin scaffolds were filled with plasmid DNA encoding transforming
growth factor beta-1. Ultimate constructs showed plasmid release for 3 weeks in
PBS solution and chondrocytes-specific ECM synthesis [Guo et al., 2006]. Porous
3-D chitosan-gelatin structures were used as controlled released drug delivery
constructs against many diseases such as; diabetes and cardiovascular diseases
[Dogan et al., 2009, Xiaoyan et al., 2008]. Another interesting design based on
chitosan-gelatin blends is the production of contact lenses. It was reported that in
solvent-casted chitosan-gelatin blends, while chitosan enhanced mechanical
strength and antibacterial activity, gelatin increased the hydrophilicity and gas
permeability of the structures [Xin-Yuan et al., 2004]. Optimization of chitosan-
gelatin blend preparation conditions is another area that most of the studies focused
on. For example, in a study about thermodynamic and Kinetic parameters of bilayer
chitosan-gelatin porous scaffolds, prepared by freeze-drying technique, it was
described that prefreezing temperature has a crucial influence on mono- or bi-layer
structure formation. Furthermore, it was reported that the lower the concentration of
solution in same volume samples demonstrate, less density, larger pore size and
smaller tensile strength on the scaffolds at wet state [Mao et al., 2003]. In another
research, for in vitro characterization, mechanical behaviors and cell affinities of 2-
D and 3-D chitosan-gelatin blends in different ratios towards the fibroblasts and

human umbilical vein endothelial cells (HUVECS) scaffolds have been compared.
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Results of tensile test in dry conditions exhibited that gelatin addition increased the
break stress and stiffness, whereas in wet state an opposite trend was obtained.
Furthermore, compression tests in wet conditions indicated that gelatin content
increase in 3-D samples increased the stiffness of structures. Cell adhesion analysis
demonstrated that 3-D structures showed better fibroblast cell morphologies and
higher cell survival. In addition, HUVECSs had spherical shape and less cell viability
on pure chitosan scaffolds with respect to the chitosan-gelatin blend scaffolds
[Huang et al., 2005]. In animal tests of chitosan-gelatin wound dressing sponges
with rat models, it was suggessted that antibacterial property of chitosan comes
from the replacing radical amido groups with positive charge in its molecule chains.
So, when hydrogen bonds break between chitosan and gelatin or water, antibacterial
effect of structure increases. However, at the same time, formation of new amido
bonds may decrease this activity. Thus, there is a critical point that chitosan-gelatin
sponges shows the best antibacterial activity affected from the preparation
conditions [Deng et al., 2007].

Previous studies have demonstrated that polyelectrolyte complex formation ability
of positively charged chitosan and negatively charged gelatin makes them ideal to
use as raw material in preparation of scaffold constructs. However, highly improved
mechanial property and biocompatibility with bone cells are needed for successful
hard tissue engineering application. So, addition of an inorganic ceramics like
hydroxyapatite may enhance these properties [Mohamed 2008]. Ceramic/polymer
composites have attracted attention mostly in hard tissue engineering. For example,
it was reported that, layered silicate montmorillonite addition to chitosan-gelatin
composite scaffolds has shown good mechanical property and cell viability for
potential hard tissue engineering application [Zheng et al., 2007]. In a recent study,
chitosan-gelatin films with sintered micro- and nano-sized HA were prepared by
suspension of HA and tris buffer solutions of calcium nitrate-sodium phosphate,
respectively. Chemical characterization results of these films revealed that polar
interactions between Ca?* and OH and NH, groups of gelatin, and hydrogen bonds

between OH groups of HA and OH, NH, and COOH groups of chitosan-gelatin
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blend are the driving forces in nano-HA and micro-HA formation, respectively.
Furthermore, mesenchymal stem cell behavior on these films showed very good
biocompatibiliy and high osteogenic differentiation [Li et al., 2009]. Histological
investigations of the 3-D sintered hydroxyapatite/chitosan-gelatin structures that are
prepared by phase separation method also have indicated high osteoconductivity
and good biocompatibility towards the osteoblast cells [Zhao et al., 2002].

The limitation of highly crystalline sintered HA bone substitutes was observed as
the encapsulation problem after 8 months of implantation on pigs. However as-
precipitated non-sintered HA based constructs indicated almost complete
degradation after 8 months and new bone tissue formation in the defected area
[Gerike et al., 2006]. Moreover, clinical applications of non-sintered HA hard tissue
substitude in human oral and maxiofacial surgeries resulted without any
postoperative inflammatory reaction [Bienengréber et al., 2006]. Therefore, novel
approaches like non-sintered HA addition into chitosan-gelatin blends in both 2-D
and 3-D forms and optimization of chitosan-gelatin ratio in composite constructs or
comparison of chitosan-gelatin structures with non-sintered and sintered
hydroxyapatite particles are needed in the literature. Therefore, in order to be
sureabout the applicability of the products; the effects of chemical composition and
type of hydroxyapatite on the physicochemical properties of scaffolds and cell-
material interactions must be examined and optimized for successful hard tissue

engineering approaches.

1.4.2 Active Molecules in Hard Tissue Engineering

In bone tissue engineering applications, differentiation of the cells is very important
to achieve new bone tissue formation. Thus, the active molecules that stimulate the
differentiation of the cells, may be used and released from the scaffold. To enhance
the angiogenesis, growth factors such as; vascular endothelial growth factor or
fibroblast growth factor can be added into the scaffolds in hard tissue engineering

approaches [Griffith et al., 2002]. Bone morphogenic proteins (BMP) are other
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bioactive molecule used in hard tissue engineering because of their crucial role in
bone morphogenesis. It was demonstrated that BMP loaded scaffolds have strong
efficacy in inducing bone formation [Geiger et al., 2003]. Moreover, viral or non-
viral gene delivery is also used in hard tissue engineering with different gene types
such as; pBMP-2 genes or TGF-B encoding plasmids. For example, Bonadio et al.
reported that collagen scaffolds incorporated to the gene (pMat-1) for peptide
fragment of human parathyroid hormone (hPTH 1-34) that regulates bone growth,
provided new bone formation related to dose of gene [Bonadio et al., 1999].

Initial cell adhesion on the scaffolds has mechanisms including cell membrane and
extracellular matrix (ECM) components. In bone matrix, there are several
glycoproteins containing integrin-binding arginine-glycine-aspartic acid (RGD)
sequences. Thus, scaffold materials with RGD-like sequences may have advantages
like enhancement of cell affinities. It was reported that hydroxyapatite surfaces with
Arginine-Glycine-Aspartic Acid (RGD) sequence modification showed improved
osteoblast-like cell adhesion compared to unmodified substrates [Kilpadi et al.,
2003].

1.4.3 Cells in Hard Tissue Engineering

Bone tissue engineering is based on the osteogenic cell-based therapy for the
orthopedic diseases [Xia et al., 2004]. For successful bone tissue engineering,
precursor cell differentiation and extracellular matrix formation are essential
[Ignatiusa et al., 2005].

Osteoblast cells, that are present in bone matrix, are the main elements in bone
remodeling process. Proliferation and differentiation ability of osteoblast-like cells
on monolayer and 3-D porous collagen-based scaffolds also have been shown
[Wiesmann et al., 2003]. The other reasons of osteoblast usage in tissue engineering
experiments are their extracellular matrix production ability and mineralization
[Brunette et al., 1999].
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One of the most known cell lines used in bone tissue engineering studies, is the
osteosarcoma cell line SaOs-2 cells. Malignant bone tumors are called
osteosarcomas and consist of cells with abnormal cellular functions like immortality
[Pautke et al., 2004]. This property is an advantage for studying material-cell
interactions because these cells are easier to handle even though they do not always
behave as the osteoblasts do. Studies of the cells on 3-D composite constructs
showed that, chemical composition, porosity and pore size of the scaffold influence
Sa0s-2 cell growth and morphology. It was also shown that cell ingrowth into pores
was possible in all scaffolds that have pores with diameters of 200-1000 pum. It was
also reported that chemical compositions of composites with different ion
percentages led to different differentiation ability and solvent dehydrated bone was
the most clinically applicable one when compared to tricalcium phosphate and
bioglass [Mayr-Wobhlfart et al., 2001]. Moreover, it was suggested that osteoblasts
seeded on porous lactide- and glycolide-based constructs showed three-dimensional
tissue formation with great similarity to natural bone in 12 weeks and claimed that
these biodegradable polymeric constructs may be used clinically in bone

regeneration [Shea et al., 2004].

1.5 Characterization of Scaffolds

The properties of scaffold materials are the key factors in cell-material interaction
and subsequent healing processes. Therefore, chemical, physical, thermal, surface
properties and cell interactions of the materials must be analyzed very carefully

before the application to prevent any undesired reaction.

1.5.1 Chemical Structure

Chemical structure of the scaffolds must be examined to see the effects of
treatments such as crosslinking or blending with different materials. Blending
different polymers and forming composite structures with the addition of ceramics

must be predefined in atomic scale to create a stable construct.
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Fourier  Transform Infrared-Attenuated Total Reflectance (FTIR-ATR)
spectroscopies are successful, well-known methods to examine the chemical
compositions of the samples with micro scale resolution. They also give
information about phase composition to examine the degree of crystallinity
[Blazewicz et al., 2001].

In FTIR spectroscopy; tested material must include vibrational modes in its atomic
or molecular composition to obtain an infrared band. For instance, hydroxyapatite
(Ca10(PO4)s(OH),) has only OH and PO,> vibrational modes, so only those bands
can be seen from FTIR spectra. ATR provides surface examination of samples with
FTIR combination. The principle of ATR is based on the reflection of IR beam
between different phases close to the surface [Lacefield et al., 1999].

X-Ray diffraction (XRD) is another tool to identify the purity and composition of
crystalline materials. It can be applied to hydroxyapatite crystals to ensure the
completion of HA crystal formation and therefore biological suitability of the
synthesized material. X-Ray examination of the sample informs about the presence
of calcium phosphates and impurities in the crystal structure [Wise et al., 1995].

1.5.2 Surface Examination

Biological interactions (e.g. cell adhesion, proliferation and migration) between
implanted material and defected tissue begin on the surface of the implanted
construct. Thus, surface characteristics such as water contact angle, surface free
energy (SFE), surface topography of the prepared material must be examined
carefully.

Contact angle (0) of a liquid, is the angle between the tangent line from the droplet
of that liquid to the touch of the solid surface and liquid-solid interfaces as shown in
Figure 8, changing from 0 to 180 degrees. Materials with water contact angle value
lower than 90 degrees called as wettable (hydrophilic), while with contact angle
value higher than 90 degrees known as unwettable (hydrophobic).
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Figure 8 Contact angle of a liquid drop with surface free energy vectors; A, B and C
showing interfacial tension between vapor and liquid, solid and liquid, solid and
vapor respectively.

Surface free energy which is another term in surface interactions concept, can be
obtained from the contact angle values of various liquid drops with known surface
tension, placed on the solid surface. Surface free energy (SFE) of a material is
defined as the work required to bring the molecule from the interior bulk phase to
its surface to have a surface with a unit area; 1m? and its dimension is energy per
unit area; J/m? [Erbil et al., 2006].

As a general trend, the contact angle becomes lower when the SFE of the solid and
liquid become closer. So, the relation between the contact angle and the

intermolecular forces of the surface can be written as Young’s equation:

VYoo —Vsi =V COSO ..o, (1.2)
where Vs, Y1y and Y are the surface tensions for solid/vapor, liquid/vapor and

solid/liquid interfaces, respectively. According to this equation, Belloncle et al.
remarked that for a given liquid, increasing of the surface tension of the solid

increases the absorption ability of this surface [Belloncle et al., 2006]. y, and y;
terms also can be used Instead of y;, and 1y, respectively, for low energy

surfaces.
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SFE includes different components such as; polar, dispersive, acidic and basic and
total SFE components calculated by means of Zissman, Harmonic Mean, Geometric
Mean and Acid Base approaches [Ozcan et al., 2008].

In Zisman approach, cosine of the contact angles (0) of different liquids are plotted

against SFE values of these liquids and Zisman equation uses slope of the

regression line b, the contact angles (0) and the surface tension of the liquids y;:

COSO =14+ D (Vo = Vi) eweererrermrreeniinnenenennns (1.2)

to calculate the , critical surface tension Y which is equal to SFE of the sample.

Wau et al., reported that the SFE of the materials has polar (y?) and dispersive (y%)
components and used Harmonic Mean Equation (Eq. 1.3) or Geometric Mean
Equation (Eq 1.4) to calculate the interfacial free energy between solid and liquid

(Vs1)-

_ yiyé )/l ye
Ya=Ys+tVi— 4 (y T yl +y;,) ..................... (1.3)

Ve = Vet ¥ — 2 (\/yldysd +\/ylpyf) ..................... (1.4)

According to another method which is known as Acid-Base approach, surface free
energy is accepted as the summation of Lifshitz—van der Waals (y“") and Lewis
acid (y*) and base (y ) components (Eq 1.5) [Gindl et al., 2001]:

(cosB + 1y, = 2( /ylLW W vty vy ) .............. (1.5)
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For SFE measurements of film structures; it was suggested that the surface energies
of thin films depend on the molecular forces of film material and the interactions or
attractive forces of substrates [Abbasian et al., 2004]. Therefore, the same polymer
may have different SFE values depending on the preparation process and the type of
the mold.

In the literature, the factors of surface properties on biocompatibility of material are
summarized as; the interfacial free energy, balance between the hydrophilicity and
the hydrophobicity on the surface, type of functional groups, type and density of
surface charges. It is suggested that desired surface properties highly depend on the
biomedical application area of the material and the values of interfacial free
energies of the material and the implanted surface. The difference between these

SFEs must be minimum. For example, blood contacting surfaces must have
interfacial free energies very close to water (y{ = 21.8%”,)/}’ =50.8 dcy?n) because

blood plasma has aqueous nature but since polar component of water is so high only
dispersive component similarity may be satisfactory for blood-contacting materials
[Wang et al., 2004]. Moreover, there exist various methods to modify polymeric
surfaces increasing the polar surface free energy such as; ultraviolet radiation,
chemical etching and plasma discharge. When degradable tissue engineered
scaffolds are considered, the balance between hydrophilicty and hydrophobicity
becomes more important because cell attachment and cell adhesion on material,
swelling and degradation are affected from this balance. It was reported that
polymeric surfaces with high hydrophilic behavior coming from hydrophilic groups
(e.g. OH) on the surface of material enhanced cell adhesion. So, it is suggested that
minimum interfacial energy must be obtain for higher cell adhesion [Ponsonnet et
al., 2003]. However, this high hydrophilic character may increase degradation rate
of scaffold in implanted area and may prevent the completion of new tissue
formation through the construct. As a result, all these parameters (cell affinity of the
surface, biodegradation rate etc.) must be taken into account in surface
hydrophilicity examinations.
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Surface topography also is another important fact influencing the cell behavior on
the material surface and can be examined by different microscopic techniques.
Atomic force microscopy (AFM) is one of the most common methods used in
surface investigation and based on imaging of surface with a tip and laser sending
electron beams to the cantilever. AFM gives excellent topographic contrast and
direct measurements of surface properties with quantitative height information
[Braga et al., 2004].

Scanning electron microscopy (SEM) also provides information about surface
morphologies of the samples. SEM uses finely focused electron beams to irradiate
the surface area of the sample. Then, signals are produced from the electrons
interactions with surface of material resulting with secondary, backscattered
electrons, characteristics X-Rays and other photons at different energy levels
[Goldstein et al., 2003].

1.5.3 Swelling Degree

Swelling behavior of the biomaterial in physiological conditions must be
investigated before the implantation to ensure that the scaffold would be swellable
in ageous media in the required time. Maximum water swelling value of a material
is also known as water uptake ability of the material. To test the swelling of a
material, it should be immersed into the prepared physiological solutions and the
weight changes in different time intervals should be detected. Swelling ratio of
polymeric structures is affected by the pH of the solution, molecular weight and
crosslinking density of polymers and temperature of the environment. For example,
materials containing amino groups show higher swelling in acidic solutions because
of protonated amino groups but substances with carboxylic groups indicate best
swellability at pH near 7. Materials composed of both acidic and basic groups may
demonstrate increased swelling behavior at pH values higher or lower than pH 4-5
[Jagur-Grodzinski et al., 2009]. It is preferable that the scaffolds must reach to the
equilibrium swelling states in short time intervals such as 1-24 hours instead of

days.
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1.5.4 Mechanical Properties

Mechanical properties of the scaffolds can be examined based on the stress-strain
curves which inform about the hardness and toughness of the tested material.

Stress is the force intensity applied to the material and strain is the deformation or
length change with changing force intensity on the material [\Vincent 1990].

As it is seen from the Figure 9, a stress-strain curve of a solid may give data about
yield and ultimate strength values, elastic and plastic behaviors of material. Initial
lineer part of the line shows the elastic region in which the deformation is
reversible; if applied force is removed, material can take its original shape.

Ultimate Strength
Yield Strength Fracture Point

Plastic Region

Stress

Elastic Region

Y.

v

Strain

Figure 9 A tensile stress-strain curve of a viscoelastic material.

In elastic region stress is proportional to strain and slope of the curve gives Young’s
modulus (modulus of elasticity, E) of the sample. However, in plastic region;
deformation is irreversible and yield strength is the starting point of plastic region in

some materials like metals. In general, it is difficult to define original yield point,
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therefore, an offset (0.2%) vyield point is used. Area under the curve gives the
toughness of the material. Ultimate tensile strength is the peak strength in plastic
region and fracture point at the end of plastic region is the breaking point that
sample fractures [Keene 1999]. Since ceramics have high modulus of elasticity,
they can easily cause undesirable results in bone implant applications. So,
biocomposites of polymer-ceramics have the advantages of flexibility with respect
to hard ceramics [Teoh 2000].

Mechanical behavior of the prepared constructs can be tested by using mechanical
test machines. After applying controlled forces to the material, its behavior under
tensile or compression stress is analyzed. Force versus extension graphs may be
obtained by these test applications and elasticity, ultimate tensile or compression
strength, strain at break values may be calculated.

Mechanical values of cortical and spongy bones are given in Table 6 [Hench et al.,
1993]. So, hard tissue engineered 2-D or 3-D scaffolds must show almost similar
results with these mechanical values depending on their implantation area (cortical

or spongy bone).

Table 6 Mechanical properties of cortical and spongy bones.

Mechanical Property Cortical Bone Spongy Bone
Compressive Strength 100-230 2-12
(MPa)

Tensile Strength (MPa) 50-150 10-20
Strain Failure (%) 1-3 5-7
Fracture Toughness 2-12 -
(MPa.m"?)

Young’s Modulus 7-30 0.05-0.5
(GPa)
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1.5.5 Thermal Analysis

Polymeric materials can be affected from environmental temperature changes
during preparation or implantation processes and some chemical transitions may
occur because of these thermal variations. Glass transition, denaturation and
crystallization temperatures, evaporation temperature of adsorbed water or solvents
are some of the important phenomena that are dependent on the temperature
alterations and heat flow rate on the material. Thermal properties of the biomaterials
can be investigated by different methods such as; thermogravimetric analysis
(TGA), differential thermal analysis (DTA) and differential scanning calorimetry
(DSC). DSC is defined as the measurement of temperature changes of a sample and
a reference in a certain heat flow rate by using a special temperature program
[Hohne et al., 2003]. So, in thermal analysis results of polymeric scaffolds, it was
expected to see the variations in decomposition or water/solvent evaporation

temperatures with changing preparation conditions.

1.5.6 Pore Size Distribution

Porosity of the 3-D framework affects cell migration into scaffold and
vascularization process. Pore size and size distribution of the matrices can be
controlled by polymer type or polymer-particle ratios in blend or composite
structures. New blood vessels formation into the scaffolds by host tissue ingrowth is
called angiogenesis and it is essential for healing process [Carmeliet 2000]. It was
reported that the development of functional vessels and tissue ingrowth into the
scaffold increase with increasing pore diameter and pores with sizes of 250-300 pm
showed the best neovascularization results [Druecke 2004]. Thus, observation and
calculation of the pore size distribution of scaffolds are very important in tissue
engineering approaches. There are several methods to investigate the pore shape
and size of the scaffolds e.g. Scanning electron microscopy (SEM), mercury

porosimetry etc.
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1.5.7 Biocompatibility

Biocompatibility may be simply defined as the effect of non-living material on the
implanted living system after the recognition of the differences between non-living
and living structures by the body [Black, 2006]. It was explained that there are two
main principles in biocompatibility concept; absence of cytotoxic effect and
biofunctionality of the material [Kirkpatrick et al., 2005].

The best way of observing the material biocompatibility is to analyze its affinity
towards the seeded cells and subsequent cell behavior. Therefore, cell morphology
and number of proliferated cells on the scaffolds must be specified with the
experiments and calculations as one of the preliminary steps of biocompatibility
testing. In general; MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy
methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) or MTT (3-(4,5-Dimethyl
thiazol-2-yl)-2,5-diphenyltetrazolium bromide, a tetrazole) cell proliferation assays
are applied to quantify the mitochondrial activities of the cells on the scaffold by
using UV-Vis spectrophotometry. Data is obtained as a change in absorption
intensity and is proportional to the living cell number.

Cell morphology is examined by microscopic methods such as; light, fluorescence

and confocal microscopies to serve as an indicator of cell-material interaction.

1.6 The Aim of This Study

This study is focused on the preparation and characterization of chitosan-
gelatin/hydroxyapatite scaffolds in both two-dimensional and three-dimensional
forms to judge their potential to serve as tissue engineering scaffolds.

Since scaffold properties are very important to achieve proper cell-material
interactions in tissue engineering applications, optimization of scaffold
characteristics was aimed within the context of this research. Chitosan and gelatin
were selected since they are natural biodegradable polymers and have significant
resemblance to natural ECM components. These properties make them very

attractive as scaffold materials. However, the mechanical and osteogenic properties
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must be improved to served in hard tissue engineering applications. Hydroxyapatite
which exists in the bone structure, was chosen as an additive to improve the
mechanical strength of the polymeric matrix. So, two natural polymers, a
polypeptide, gelatin, and a polysaccharide, chitosan, were combined with a
bioactive ceramic, hydroxyapatite in 2-D and 3-D structures. In this study, calcium
phosphate was synthesized and two types of hydroxyapatite, non-sintered and
sintered, were produced from this synthesized calcium phosphate.

Two-dimensional polymeric blends (films) were prepared for the optimization of
chitosan-gelatin blend ratio that will be used in further processes. EDC/NHS were
used as crosslinkers because of their low toxicity. The crosslinked and
uncrosslinked chitosan-gelatin blends were compared by examining their chemical,
thermal, mechanical and surface properties.

Chitosan-gelatin blend films were mixed with hydroxyapatite in order to enhance
the osteogenic activity of the biopolymeric scaffolds and to create a convenient
environment for the new tissue formation by keeping the pH of the medium at a
suitable value. The effects of the two types of hydroxyapatites, sintered or non-
sintered hydroxyapatites, on the physicochemical properties of the scaffolds were
examined by FTIR-ATR, thermal analysis, tensile tests, contact angle
measurements and surface free energy calculations.

Highly porous sponges with optimized chitosan-gelatin/hydroxyapatite
compositions were produced by freeze-drying technique.

Chemical, thermal and mechanical properties of all scaffolds were investigated by
FTIR-ATR, DSC analysis and compression tests, respectively. SEM micrographs
were taken done to obtain detailed information about the surface topography and
cell morphologies after attachment experiments. Surface chemistry of the scaffolds
were studied by using several surface free energy calculation approaches after
contact angle measurements. Biocompatibility of scaffolds were tested by using
human osseosarcoma SaOs-2 cell line. Cell numbers were determined by MTS
assay, the attachment and the morphologies of the cells were evaluated by different

microscopic methods such as fluorescence and confocal microscopies.
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CHAPTER 2

EXPERIMENTAL

2.1 Materials

Hydroxyapatite precursors Ca(NO3).4H,0 and (NH4),HPO, were purchased from
Merck (Germany). 25% NH,OH solution was also obtained from Merck (Germany).
Chitosan powder (deacetylation degree = min 85%), 1-ethyl-3-(3-dimethylamino
propyl)-carbodiimide (EDC), N-hydroxysuccinimide (NHS) and acetic acid were
purchased from Sigma (Germany). Type A gelatin from bovine skin was obtained
from Difco (USA). Sodium hydroxide was supplied from J.T. Baker (Holland).
Bovine serum albumin (BSA) was obtained from Fluka (USA). Dulbecco’s Modified
Eagle Medium (DMEM, high glucose and low glucose), RPMI-1640 and fetal
bovine serum (FBS) were obtained from HyClone (USA). Penicillin/Streptomycin
(Pen/Strep) solution was also a product of HyClone (USA). Trypsin-EDTA (0.25%),
glutaraldehyde and cacodylic acid (sodium salt) were obtained from Sigma (USA).
Alexa Fluor 488 phalloidin and 4',6-diamidino-2-phenylindole (DAPI) were obtained
from Chemicon (USA). Nucleocounter reagents were supplied by Chemometec

(Denmark). MTS kit was obtained from Promega Corporation (USA).
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2.2 Methods

2.2.1 Hydroxyapatite Synthesis

Hydroxyapatite (HA) powder was prepared by the method of Jarcho et al [Jarcho and
Bolen, 1976]. Briefly, 0.5 M Ca(NO3).4H,0 and 0.3 M (NH,4),HPO, solutions were
prepared separately in deionized water (DW) and pH of the solutions were adjusted
to 11-12 by addition of NH,OH solution. Calcium solution (100 mL) was added into
phosphate solution (100 mL) dropwise, with NH,OH addition to maintain pH at 11-
12 continiously. Final solution was stirred at room temperature for 2 h and stirred at
90°C for 1 h. Then the solution was cooled down to room temperature and stirred
overnight. After filtration, the filtered slurry was dried at 80°C overnight and the
obtained non-sintered hydroxyapatite (nsHA) was ground. For the preparation of
sintered hydroxyapatite (sHA), 1000°C heat treatment was applied for 3h to the
nsHA powder.

2.2.2 Chitosan-Gelatin/Hydroxyapatite Scaffolds Preparation

2.2.2.1 Chitosan, Gelatin and Chitosan-Gelatin Films

For chitosan films, chitosan solution (C, 2% w/v) was prepared in acetic acid
solution (1% v/v) and filtered through sintered glass with pore size 2. To prevent
bubble formation in casted films because of vacuum filtering process, all filtered
chitosan solution placed into ultrasound machine for 10 min. As a result of these
procedures, smooth chitosan blend films were obtained.

For gelatin films, gelatin solution (G, 2% w/v) was prepared in distilled water
stirring the solution for 2 h in 50°C water bath.

For chitosan-gelatin blend films, chitosan solution and gelatin solution were mixed at
the ratios of 3-1, 1-1 and 1-3 (w-w) under agitation for 2 h at 50°C.

The prepared solutions (chitosan, gelatin and chitosan-gelatin blend solutions) were

poured into the plastic petri dishes and dried in oven at 40°C for 48 h. Prepared films
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were named as C, C-G:3-1, C-G:1-1, C-G:1-3, G where the numbers define the

weight ratios of chitosan to gelatin in the films.

2.2.2.2 Chitosan-Gelatin/Hydroxyapatite Films

Chitosan-Gelatin/non-sintered hydroxyapatite (C-G/nsHA) were prepared keeping
the polymer:hydroxyapatite mass ratio constant as; 2:1.

C/nsHA film was prepared by adding 0.5 g of nsHA into 50 mL DW and
ultrasonicating at least 20 min for a complete dispersion of nsHA in DW, and then
stirring extra 1 h. Then, this nsHA suspension was poured into the 2% (w/v) 50 mL
chitosan solution under agitation and mixed at overnight room temperature.

For C-G:3-1/nsHA composite preparation, 4% (w/v) 25 mL nsHA suspension in DW
was added into 2% (w/v) 75 mL chitosan solution and stirred overnight. Then, 0.5 ¢
of powder gelatin was added into this mixture under agitation and mixed in water
bath at 50°C for 2 h.

In C-G:1-1/nsHA film preparation, 2% (w/v) 50 mL nsHA suspension was added
into 2% (w/v) 50 mL chitosan solution and stirred overnight. 1 g of powder gelatin
was added into this mixture and mixed in water bath at 50°C for 2 h.

In G/nsHA film preparation 4% (w/v) 50 mL G solution was stirred with 2% (w/v)
50 mL nsHA suspension in water bath at 50°C for 2 h.

All final mixtures were poured into plastic petri dishes and placed into 40°C oven
and named as; C-G for blend films and C-G/nsHA for composite structures.

The prepared films were also subjected to crosslinking treatment. For this purpose,
EDC/NHS (5/1 M/M) solution was prepared in ethanol:phosphate buffer solution
(80:20 v:v) (pH 5.5; 50 mM). Film samples were immersed in this solution for 24 h
at room temperature, then treated with 1 M NaOH solution for 2 h to neutralize
acetic acid and then washed several times with distilled water until pH was
neutralized. At the end, crosslinked films were dried at room temperature and named
as XC-G for blend films and xC-G/nsHA for composite structures. The prepared film

compositions are summarized in Table 7.
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Table 7 Compositions of the prepared films.

Samples’ Chitosan (g) | Gelatin (g) | HA (g) | EDC/NHS (5/1 M/M)
treatment *
C 1 - - -
C-G:3-1 1.25 0.75 - -
C-G:1-1 1 1 - -
C-G:1-3 0.75 1.25 - -
G - 2 - -
xC 1 - - +
xC-G:3-1 1.25 0.75 - +
xC-G:1-1 1 1 - +
xC-G:1-3 1.25 0.75 - +
XG - 2 - +
C/nsHA 1 - 0.5 -
C-G:3-1/nsHA 1.25 0.75 1 -
C-G:1-1/nsHA 1.25 0.75 1 -
G/nsHA - 2 1 -
xC/nsHA 1 - 0.5 +
XC-G:3-1/nsHA 1.25 0.75 1 +
XC-G:1-1/nsHA 1 1 1 +
XG/nsHA - 2 1 +
xC/sHA 1 - 0.5 +
XC-G:3-1/sHA 1.25 0.75 1 +
XC-G:1-1/sHA 1 1 1 +
XG/sHA - 2 1 +

“ Amounts are in 100 mL

C=chitosan, G=gelatin, x=crosslinked structure, nsHA=non-sintered HA,
sHA=sintered HA

* Positive sign defines application of crosslinking

For contact angle measurements, all film samples were prepared as described and

casted on microscope slides to obtain smooth surfaces.
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2.2.2.3 Chitosan-Gelatin/Hydroxyapatite Porous Sponge Scaffolds

Three-dimensional sponge structures of chitosan-gelatin (spC-G),  chitosan-
gelatin/nsHA (spC-G/nsHA) and chitosan-gelatin/sHA (spC-G/sHA) composite
preparation procedures were same as the solution preparation steps of C-G:1-1 blend
and C-G:1-1/nsHAcomposite films, respectively. Amounts of ingredients used in the
preparation of these prous sponge structures is summarized in Table 8. Prepared
solutions (1.5 mL) were put into well clusteres (24-well tissue culture clusture) in 15
mm thickness (in height) and frozen in different ways. Some samples were put -
80°C, some to -20°C keeping on vapor of liquid N, and some dipped in liquid N, and
all kept in these conditions for 24h. All frozen spC-G, spC-G/nsHA and spC-G/sHA
composite samples were lyophilized at least for 30 h. For the following experiments
only scaffolds frozen at -20°C keeping on vapor of Naiqy Were used. The prepared 3-
D constructs were subjected to crosslinking treatment. For this purpose, EDC/NHS
(5/1 M/M) solution was prepared in ethanol:phosphate buffer solution (80:20 v:v)
(pH 5,5; 50 mM). Sponge samples were immersed in this solution for 24 h at room
temperature, then treated with 1 M NaOH solution for 2 h to neutralize acetic acid
and then washed several times (during 24 h) with distilled water until pH was
neutralized. Crosslinked sponges were freeze-dried again and named as; spxC-G,
spxC-G/nsHA and spxC-G/sHA, where sp defines sponge structure and x defines
crosslinked structure. The prepared sponge compositions are summarized in Table 8.

Table 8 Compositions of the prepared sponge structures.

Samples” Chitosan (g) | Gelatin (g) | nsHA (g) | sHA (g) | EDC/NHS (5/1 M/M)
treatment
SpxC-G 1 1 - - +
SpxC-G/nsHA 1 1 1 - +
SpxC-G/sHA 1 1 - 1 +

“ Amounts all in 100 mL
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2.3 Characterization

2.3.1 X-Ray Diffraction (XRD)

The crystal structure of the synthesized and ground non-sintered and sintered
hydroxyapatite samples (nsHA and sHA) were characterized by X-ray diffraction
(XRD). The patterns were recorded with a Rigaku X-Ray diffractometer model
Ultima D/MAX 2200/PC using CuKaa radiation generated at 40 kV and the scan

speed was 2°/min.

2.3.2 Scanning Electron Microscopy

Morphology and microstructure of sHA and nsHA powders, surface morphologies of
the film structures and porous structures of sponge scaffolds, cell behaviours on 2-D
and 3-D constructs were investigated by scanning electron microscopy (SEM). The
fracture sections of the samples were sputter-coated with Au prior to examinations.
For sintered HA (sHA) and non-sintered HA (nsHA) powder examination, JSM-
6400 Electron Microscope (JEOL), equipped with NORAN System 6 Xray
Microanalysis system was used. Scaffolds structures were examined with QUANTA
400F Field Emission SEM.

2.3.3 Fourier Transform Infrared-Attenuated Total Reflectance
(FTIR-ATR) Analysis

Chemical compositions of the prepared scaffolds were examined with FTIR-ATR
(Perkin Elmer, FT-IR System, USA).

2.3.4 Differential Scanning Calorimetry (DSC) Analysis

Differential scanning calorimeter (DSC, DuPont 2000, France) was used to examine
the thermal properties of the prepared blend films with a constant heating rate of

10°C/min under nitrogen flow in the 25°C-350°C temperature range.
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2.3.5 Contact Angle and Surface Free Energy Measurements

Contact angle and surface free energy measurements of the films were done by a
goniometer (CAM 200, Finland) at room temperature. SuL liquid drops of deionized
water (DW), diiodomethane (DIM), formamide (FA) and dimethylsulfoxide (DMSO)
were dropped on the samples and the contact angles of at least five drops were
measured and averaged. Zissman, Harmonic Mean and Geometric Mean and Acid
Base approaches were used to calculate surface free energy (SFE) values.

2.3.6 Swelling Tests

Crosslinked film samples (20 mm x 10 mm) were weighed and then put in 0.01 M
phosphate buffered saline (PBS) at pH 7.4 at 37°C. At certain time intervals (1, 3, 6,
12, 24, and 48 h) swollen films were taken out, excess water on the surface was
removed with a filter paper by gentle contact and then the samples were weighed.
For each sample, three parallel experiments were carried out and the obtained values
were averaged. The percent swelling was calculated from the equation:

Sw% = [(Ws-W;)/Wi] x 100 (2.1)

where W; and W5 are the sample weights initially and after swelling, respectively.

2.3.7 Mechanical Tests

Tensile properties of films and compression characteristics of scaffolds were
examined by a mechanical testing machine (Lloyd Instrument, Ltd., Fareham, UK),
equipped with a 100 N load cell. For tensile test; film samples were cut as
rectangular strips (10 mm x 40 mm) and for compression tests; porous 3-D samples
were in cylindirical shapes. In tensile tests; the gauge length was 10+2 mm and the
width was 10 mm for each film sample, for compression tests the gauge length was
5+1 mm. The thickness of each film specimen was determined by a micrometer
having measurements from different parts and the average values were used in the
calculations. At least 5 experiments were carried out for each type of films and 3-D

scaffolds and average values of mechanical properties were calculated.

54



2.3.8 Cell Viability Tests

2.3.8.1 Preparation of Scaffolds for Cell Seeding

Crosslinked blends (xC, xC-G:3-1, xC-G:1-1, xG, where x shows crosslinking
occurs) and composite films (XxC/nsHA, xC-G:3-1/nsHA, xC-G:1-1/nsHA, where
nsHA shows presence of non-sintered HA in the composition) (1x1 cm?) and 3-D
spongy scaffolds (spxC-G/sHA, spxC-G/nsHA, where sp shows sponge structures)
were rehydrated in 70% ethanol at 4°C for 3 h and washed with PBS three times in

the wells of 24-well plates and then dried under laminar flow before cell seeding.

2.3.8.2 Cell Culture and Seeding

Sa0s-2 cells were cultured as monolayers in RPMI-1640 medium supplemented with
10% fetal bovine serum (FBS), penicillin (100 units/mL) and streptomycin (100
pg/mL), incubated under 5% CO, (CO; incubator, SANYO, Japan, Model MCO 175) at
37°C. Confluent SaOs-2 cells were detached from the flask surface using 0.05%
trypsin/EDTA. The cells were centrifuged at 3000 rpm for 5 min and the pellet was
resuspended in complete medium. The cells were counted by using Nucleocounter
(Chemometec A/S, Denmark). Aliquots of 20 pL of cell suspension containing 2x10*
cells were seeded on the sterile films placed in the wells while 1x10° cells were
seeded on the 3-D scaffolds. After incubation for 1 h, complete RPMI-1640 medium

(1 mL) was added and cells were grown at 37°C in the CO; incubator up to a week.

2.3.8.3 Cell Proliferation Test

MTS cell proliferation assay was carried out to determine the cell density on the
samples. After transferring of cell seeded films into a new, sterile 24-well plate and
washing with sterile PBS, 1 mL of MTS/PES solution (10% in low glucose medium)
was added to each sample in the 24-well plate and incubated for 1 h at 37°C in CO;
incubator. After 2 h incubation, 200 pL of solution from each well was transferred to

a new 96-well plate. Absorbance was measured at 490 nm using an Elisa Plate
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Reader (Molecular Devices, Model Maxline, USA). Cell numbers were calculated
after 24 h and after one week for 2-D and 3-D scaffolds (all experiments were

performed in triplicate).

2.3.8.4 Cell Morphology

Cell morphologies on the samples were examined by transmission microscopy (I1X
70, Olympus, Japan), fluorescence microscopy (Leica DM2500, Germany), confocal
microscopy (Leica TCS., SPE, Germany) and scanning electron microscopy (SEM,
JEOL JSM-6400) after 1 and 7 days. For transmission microscopy examination, the
cells were fixed in 1 mL of 4% paraformaldehyde (PFA) solution for 20 min and
washed twice with PBS.

For fluorescence microscopy, PFA fixed cells were permeabilized in 1% (v/v) Triton
X-100 solution at room temperature for 5 min and washed with PBS three times.
Then samples were kept in blocking solution (1% BSA (bovine serum albumin) in
PBS) at 37°C for 30 min and washed with PBS. Cells were stained with DAPI-
phalloidin, washed twice with 0.1% BSA.

For confocal microscopy, propidium iodide (PI) (1:3000 dilution with distilled
water) was used as the nuclear stain and after 1% (v/v) Triton X-100 treatment for 5
min, sponge samples were immersed in 800 pL PI solution for 15 min at room
temperature, washed three times with distilled water (1 mL each time) and visualized
with confocal microscopy.

For SEM imaging; the cells were fixed for 1 h in 1 mL 1% glutaraldehyde solution
prepared in 0.1 M cacodylate buffer. Then washed with cacodylate buffer three times

(1 mL each time), lyophilized, and sputter coated with gold.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 Hydroxyapatite Synthesis

Sintered and non-sintered hydroxyapatite powders were synthesized with a well-
known wet synthesis procedure involved by Jarcho et al. Basically, Ca(NO3).4H,0
and (NH,).HPO4 were used as hydroxyapatite precursors and HA formation occurs in

the basic media following the reaction shown in Figure 10.

10 Ca(NOs)y4 H,0(s) + 6 (NH4)2HPOu4(s) + 8 (NHsOH)(aq)

l

Cay0(PO4)s(OH)2(s) + 20 (NH4NOs)(g) + 40 (H20)(aq)

Figure 10 Hydroxyapatite synthesis.

As a novel approach, two types of hydroxyapatite (HA) as; non-sintered HA (nsHA)
and sintered HA (sHA), were synthesized in the experiments to see their
physicochemical and biocompatibility effects on the two-dimensional (2-D) and
three-dimensional (3-D) chitosan-gelatin polymer-based scaffolds. Normally,

sintering process with heat treatment at 1000°C increases the fusion of the atoms and
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therefore crystallinity of the HA. So, final products with sintering process have high
crystallinity while non-sintered HA particles show less crystalline structure.
Deionized water usage is an important point in HA preparation because ionic
substances even in trace amount can bind to ions of HA and change the crystal
structure. Pulverization is another key factor in pretreatment process to increase the
surface area of HA particles and enhance interaction between polymeric and ceramic

matrices.

3.2 Hydroxyapatite Characterization Results

3.2.1 X-Ray Diffraction (XRD) Examination

XRD spectra of non-sintered and sintered hydroxyapatite powders are shown in
Figure 11. It is seen that the 1000°C heat treatment caused higher crystallinity with
sharper apatite peaks and there is no carbonate impurity displaying at 37° and 54°
peaks [Vijayalakshmi et al., 2006]. Characteristic peaks of hydroxyapatite were
shown at around 26.0° and 31.9° [Zhang et al., 2005].

Intensity (Counts)

Ztheta (degree)

Figure 11 XRD patterns of hydroxyapatite powders (a) non-sintered, and (b) sintered.
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Alternatively, in non-sintered hydroxyapatite sample XRD spectrum, those peaks are
seen in broader range because of amorphous structure. So, XRD spectra of the

samples without carbonate peaks verify the pure hydroxyapatite synthesis.

3.2.2 FTIR -Attenuated Total Reflectance Spectroscopy Analysis

FTIR spectra of non-sintered hydroxyapatite (nsHA) and sintered hydroxyapatite
(sHA) are shown in Figure 12. In nsHA spectrum, a broad band appears between
3250 cm™ and 3650 cm™ deducing O-H stretching. PO,* stretching peak appeared at
1030 cm™ and peaks at 602 cm™ and 563 cm™ indicate PO,* bending vibrations. The
small peak at 860 cm™ can be attributed to symmetric P-O stretching vibration.
Those peaks get narrower or disappear when hydroxyapatite was exposed to 1000°C

heat treatment.

(a) Non-sintered Hydroxyapatite

(b) Sintered Hydroxyapatite

%Transmittance

4000.0 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600 400.0
Wavenumber (cm™)

Figure 12 FTIR-ATR spectra of hydroxyapatite powder (a) non-sintered and (b)
sintered.
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In spectrum of SHA, PO,* ions stretching bands are more clear at 962 cm™, 1090
cm?, 1032 cm™ and triple degenerate bending vibration of P-O peaks appeared at
566 cm™, 602 cm™ and 632 cm™. OH stretching peak at 3572 cm™ also becomes
sharper after heat treatment in sintered hydroxyapatite spectrum [Thamaraiselvi et
al., 2006 and L. et al., 2007].

3.2.3 Morphologies of Hydroxyapatite Particles

Non-sintered and sintered hydroxyapatite morphologies can be seen from Figure 13.
As it is seen from the SEM micrographs; aggregates of hydroxyapatite formed more
crystalline, densely packed structures, when they were heated at 1000°C while non-

sintered particles demonstrated amorphous structures with smaller flakes.

Figure 13 SEM micrographs of non-sintered (a and b) and sintered (c and d).
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3.3 Film Preparation

Chitosan-gelatin blend films were prepared by solvent casting method resulting with
solvent evaporation that leads thin and transparent C-G film formation. Since, C-
G:1-3 blend films could not be removed from molds because of high brittleness of
these films, they could not be used for further experiments. Pulverization of HA
particles was one of the most important step in HA addition to increase the surface
area of HA particles. Gelatin/non-sintered HA (G/nsHA) composite films had non-
homogenous and brittle structures (as shown in Figure 14) and therefore, only
C/nsHA, C-G:3-1/nsHA and C-G:1-1/nsHA composite films were used for the

following experiments.

Figure 14 Pictures of (a)xC, (b)xC-G:3-1, (c)xC-G:1-1, (d)xG, (e)xC/nsHA, (f) xC-
G:3-1/nsHA, (g) XC-G:1-1/nsHA, and (h) xG/nsHA films.

Water soluble EDC/NHS crosslinking agents with low toxicity were used in the
experiments to form stable chitosan-gelatin structures. Crosslinker solution was

prepared in ethanol to create a hydrophobic environment that prevents hydrolysis of
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EDC [Nam et al., 2008]. The reason of NHS addition is to increase rate of reaction
and degree of crosslinking [Damink et al., 1996].

EDC/NHS activates the carboxyl groups of gelatin and these activated carboxyl
groups react with nucleophiles such as amino groups of chitosan or itself.
Interactions between chitosan and gelatin induced by EDC/NHS crosslinking agent

treatment is illustrated in Figure 15.
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Figure 15 Schematic illustration of (A) gelatin carboxyl group activation by EDC
and reaction of activated gelatin complex with (B) chitosan, (C) gelatin, and (D)
NHS activated gelatin reactions.
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As a result of these reactions, it is suggested that during the crosslinking of chitosan
and gelatin, amide bonds formations have occured. It was also claimed that ester
bonds may form between hydroxyl and carboxyl groups in EDC/NHS presence
[Zhang et al., 2005].

3.4 Film Characterization

3.4.1 FTIR -Attenuated Total Reflectance Spectroscopy Analysis

FTIR-ATR spectra of uncrosslinked chitosan-gelatin (C-G), crosslinked chitosan-
gelatin (xC-G) blend films and chitosan-gelatin/nsHA (xC-G/nsHA) composites are
shown in Figure 16, Figure 17 and Figure 18.

FTIR spectrum of uncrosslinked chitosan film displayed characteristic peaks around
892 cm™ and 1152 cm™, assigned to the saccharide structure and anti-symmetric
stretching of C-O-C bridge. Furthermore, -CH, bending peak at 1402 cm™ is another
characteristic peak of chitosan. The spectrum of chitosan depicted absorption bands
at 1633 cm™ for C=0 stretching of the N- acetyl group (amide | band) and scissor
vibration of amine group; at 1537 cm™ for N-H bending of amide Il and scissor
vibration of ammonium ions; at 3180 cm™ for stretching of O-H; at 1063 cm™ for
skeletal vibration of C-O stretching, at 2875 cm™ for CH, stretching vibration .
Uncrosslinked gelatin film was characterized by its C-N and N-H stretching amide 11
band at 1537 cm™ and C=0 stretching peak of carboxylic group at 1629 cm™. In the
spectrum, the broad band around 3280 cm™ was the OH stretching. The band at 2933
cm™ was C-H stretching.

Since carbonyl group amount is higher in gelatin; the intensity of carbonyl peak at
around 1629 cm™ increased with increasing gelatin concentration in both crosslinked
and uncrosslinked blend film samples. Moreover, the amide Il band; coming from
C-N-H in-plane bending modes, was observed at around 1239 cm™ especially for xC-
G:1-1 and xG samples which have higher gelatin concentration.

Crosslinked blend samples spectra at around 650 cm™ decreased or dissappeared

because of less C-H deformation than uncrosslinked blends. Crosslinked xC-G:1-1
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and XC-G:3-1 blend films showed shifting in O-H and C-H stretching, at 3250 cm™
and 2920 cm™ with respect to the uncrosslinked blend samples. Since in EDC/NHS
crosslinking process amide bonds form between NH, groups and COOH groups, N-H
stretching band at around 1530 cm™ decreased in crosslinked xC-G:3-1 and xC-G:1-
1 when compared to uncrosslinked ones. C-H bending band at around 1400 cm™

decreased in crosslinked samples.
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Figure 16 FTIR spectra of uncrosslinked chitosan-gelatin films.

64



% Transmittance

4000.0 3000 2000 1500 1000 600.0

Wavenumber (cm™)

Figure 17 FTIR spectra of crosslinked chitosan-gelatin films.
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Figure 18 FTIR spectra of crosslinked chitosan-gelatin/non-sintered hydroxyapatite
composite films.

In xC/nsHA spectrum, absorption band at 2925 cm™ can be attributed to aliphatic C-
H stretching band. At 1732 cm™, C=0 band is appeared in xC/nsHA and xC-G:3-
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1/nsHA spectra but it decreased or disseapeared with increasing gelatin content [Yin
et al., 2000 and Mohamed et al., 2008]. FTIR spectra of crosslinked chitosan-
gelatin/nonsintered hydroxyapatite (xC-G/nsHA) composites displayed phosphate
stretching bands at around 962 cm™ for all compositions. In the spectrum of all
composites; the sharp band at 1023 cm™ and the bands at around 603 cm™ indicate
assymetric and bending vibration of phosphate groups of HA.

When crosslinked chitosan-gelatin blend and chitosan-gelatin/nsHA composite films
were compared, it is obvious that C=0 band of carboxylic group at around 1630 cm™
and NH. band at around 1530 cm™, amide 111 bands (combinations of C-N stretching
and N-H bending deformation) around 1370-1200 cm™ decreased in all composites
because of Ca** ions-carboxylic groups and PO, ions-amino groups interactions in
composites. However, in xG/nsHA spectrum, these peaks do not decrease as much as
in the others and it confirms the lack of hydroxyapatite-gelatin molecules interactions
in XG/nsHA samples that show brittle structures and heterogenous dispersion in SEM
images as well. Another difference between crosslinked blend and composite FTIR
spectra is the shifting of peaks around 1020-1080 cm™ because of overlapping of

skeletal vibrations of chitosan C-O stretching and nsHA PO,* vibrational peaks.

3.4.2 Differential Scanning Calorimetry Results

Thermal properties of the blend samples, as well as crosslinking effect and HA
addition on thermal properties were examined by Differential Scanning Calorimetric
(DSC). DSC curves of crosslinked chitosan-gelatin  (xC-G) and chitosan-
gelatin/nsHA (xC-G/nsHA) composites are shown in Figure 19 and Figure 20,
respectively. Uncrosslinked chitosan-gelatin (C-G) DSC graphs were given in
Appendix A.

According to DSC thermograms, endothermic peaks observed around 50°C-150°C
are due to removal of adsorbed water and exothermic peaks around 300°C are

associated to decomposition temperatures of the samples [Wang et al., 2008].
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The onset of thermal degradation of the chitosan film is observed at 250°C. It is
difficult to identify the glass transition temperature (Tg) of chitosan (150°C-170°C)
since it is semicrystalline. Melting temperature (T) of chitosan also can not be
detected from DSC curve because rigid-rod backbone of chitosan contains strong
inter- and intra- hydrogen bonds [Lee et al., 2000]. Nam et al. also reported that
electrospun chitosan fiber with 85% deacetylation degree showed exothermic

decomposition temperature at around 276°C [Nam et al., 2010].
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Figure 19 DSC of crosslinked chitosan-gelatin blend films.
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Figure 20 DSC of crosslinked chitosan-gelatin/nsHA composite films.

In the DSC curve of pure crosslinked gelatin film, absorbed water evaporation peak
overlaps with denaturation temperature associated to the helix coil transition about
88°C as it was shown in other researches as well [Bigi et al., 2002]. The denaturation
temperature of uncrosslinked gelatin films (241°C) shifted to higher values (288°C)
with crosslinking, which increases the thermal stability, whereas hydroxyapatite
addition lead to the least denaturation temperature at 75°C.

As it is seen in Table 9, the degradation temperatures of uncrosslinked C, C-G:3-1
and C-G:1-1 blend samples were increased with crosslinking process from about
281-290°C to 296-301°C, as expected.
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Table 9 Adsorbed water evaporation and decomposition temperatures of chitosan-
gelatin and chitosan-gelatin/non-sintered hydroxyapatite composite films.

Sample Adsorbed Water Decomposition

Evaporation Temperature
Temperature (°C) °O)

C 97.22 281.49

C-G:3-1 98.27 290.51

C-G:1-1 97.54 288.34

G 88.33 241.40

xC 100.42 296.42

xC-G:3-1 94.08 301.43

xC-G:1-1 99.76 301.56

xG 86.20 288.06

XC/nsHA 74.69 297.71

XC-G:3-1/nsHA 85.77 296.5

XxC-G:1-1/nsHA 78.77 303.94

xG/nsHA 74.65 226.35

It was stated that chitosan-gelatin scaffolds show two transitions peak in DSC graphs
coming from dehydration of water molecules at below 200°C and for decompositions
of samples at above 200°C [Thein-Han et al., 2009].

nsHA addition lead to shifting of decomposition temperature to higher degrees in
composites, except for xC-G:3-1/nsHA sample. It may be because of the ionic
interactions between Ca?* and PO,* groups of hydroxyapatite and COO™ and NH5"
groups of chitosan-gelatin blends resulting with more stable structures in these
composite samples.

XC-G/nsHA composite films DSC graphs demonstrated reduced water evaporation
temperatures because of easier evaporation of unbounded water from highly

hydrophilic amorphous hydroxyapatite particles.
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3.4.3 Mechanical Properties of Film Structures

Mechanical properties of the blend and composite films were obtained by applying
tension stress and recording the force applied and change in dimensions. The
obtianed results are given in Table 10. Since xG/nsHA films could not be obtained in
necessary rectangular dimensions (10 mm x 40 mm), they could not be tested in
mechanical analysis.

In the literature, it was reported that the mechanical properties of chitosan-gelatin
structures are affected mainly from molecular weight and deacetylation degree of
chitosan, water content in the film samples and the ratios of both components [Trung
et al., 2006 and Kolodziejska et al., 2007]. Furthermore, Arvanitoyannis et al.
suggested that protein-based film structures such as; gelatin films show very brittle
and susceptible to cracking because of strong cohesive energy density of the polymer
[Arvanitoyannis et al., 1998]. In fact, comparison of mechanical behaviors of these
samples with literature is hard because preparation methods (plasticizer addition,
crosslinking agents, solubilization method) and chitosan-gelatin ratios change among
the studies. However, it can be said that reported mechanical characteristics of films
prepared by similar methods were different from those obtained in this study. For
example, Cheng et al., reported that chitosan films demonstrated E values at about
1.25 GPa and these values indicated 70% decrease with gelatin addition in chitosan-
gelatin blend samples [Cheng et al.,, 2003]. In our study; hardness of the
uncrosslinked and crosslinked blend films diminished about 50% and 60% with
increasing gelatin content, respectively. However, E values of all chitosan samples
were about 2.04-2.52 GPa.
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Table 10 Mechanical properties of crosslinked (C-G) blend

composite films.

and (C-G/nsHA)

Sample UTS (MPa) E (GPa) SAB (%)

C 139.25+22.33 2.04+£0.70 11.64+1.33
C-G:3-1 126.49 + 11.07 1.89+0.30 10.67 £ 3.57
C-G:1-1 103.46 + 7.82 1.80+0.24 7.80+1.40
G 50.16 + 6.94 0.97 +£0.09 6.40+1.42
xC 190.50 +13.33 252+0.28 13.72+1.17
xC-G:3-1 171.87 +16.20 2.61+0.27 10.87 + 4.07
xC-G:1-1 153.69 + 18.00 2.77+0.99 8.70+2.90
xXG 108.73+ 18.44 1.04 £0.22 16.15+ 3.50
xC/nsHA 140.04+4.47 2.32+0.24 11.59+1.35
XC-G:3-1/nsHA 99.75+15.87 2.13+0.28 7.59+1.01

XC-G:1-1/nsHA 88.07+£13.28 2.2340.12 6.9+1.13

According to the tensile test results; it was observed that the ultimate tensile strength
(UTS) and Young’s modulus (E) of uncrosslinked pure chitosan showed the highest
values (UTS = 139 MPa, E = 2.04 GPa) in uncrosslinked blends and mechanical
properties of all samples decreased with increasing gelatin content in the films, as
expected. This behavior was due to the higher crystallinity and mechanical strength
of chitosan when compared to gelatin. In addition, electrostatic interactions between
the ammonium (-NHs") ions of the chitosan and the carboxylate (-COO") ions of the
gelatin may cause deformation in the crystallinity of chitosan and therefore have an
effect on the decrease of tensile strength. The value of UTS of chitosan was found at
about 139 MPa and gradually decreased to 103 MPa for C-G:1-1 samples. For pure
gelatin UTS value was about 50 MPa.

Ultimate tensile strength, Young’s modulus (E) and strain at break (SAB) values
were increased as a result of crosslinking. It can be concluded that crosslinking

caused to improved mechanical stability.
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However, non-sintered hydroxyapatite addition into chitosan-gelatin blend films
decreased the ultimate tensile strength values of samples in different chitosan-gelatin
ratios. While Young’s modulus results of xC-G and xC-G/nsHA films decreased in
small amount (8%-23%), ultimate tensile stength and strain at break values reduced
with nsHA addition in a significant range (26%-35%). It is reported that HA particles
may lead to less ductility in polymer-HA composite structures and initial cracks may
arise from larger HA particles in polymer matrix [Suchanek et al., 1998].

As a result, when tensile strength of cortical bone value between 50-150 MPa is
considered, chitosan-gelatin/nonsintered hydroxyapatite composite films with UTS
results in the range of 88-140 MPa have quite suitable UTS values for cortical bone

tissue engineering applications.

3.4.4 Surface Hydrophilicity

Since surface hydrophilicity has significant effect on cell adhesion; wettabilities of
the samples were investigated by contact angle measurements with different liquids.

Contact angle values of deionized water (DW), diiodomethane (DIM), formamide
(FA) and dimethylsulfoxide (DMSOQ) on the surface of blend and composite films are
given in Table 11. Although chitosan and gelatin are hydrophilic polymers (with NH,
and OH groups), water contact angle measurements were found as high as 114° and
98° for uncrosslinked chitosan and gelatin samples, respectively, most probably due
to the hydrophobic backbone of the polymer. For the blends; it was observed a
gradual decrease with crosslinking process and increase with increasing gelatin
content. For example, water contact angle of chitosan is 114° and it decreased to 84°
when it is crosslinked. The most significant change in water contact angle after
crosslinking is in XC-G:1-1 film with the most hydrophilic character (6=53°). These
changes may be due to the reorientation of polar functional groups toward to the top
surface of blend films after crosslinking process especially in crosslinked films with
chitosan-gelatin:1-1 ratio. When water contact angle of chitosan is compared with
literature, it can be suggested that crosslinked sample has more similar value to

contact angle of 2% (w/w) chitosan film prepared in 1% (v/v) acetic acid (same mass
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and volume values with this study) that has showed 88° contact angle [Kuo et al.,
2005]. Moreover gelatin showed the least water contact angle value (98°) in
uncrosslinked samples and the second least value (77°) in crosslinked ones. Ai et al.,
also reported that glutaraldehyde crosslinked gelatin showed decreasing contact
angle with crosslinking process from about 84° to 74° [Ai et al., 2002].

In composites, nsHA added chitosan exhibited 71° water contact angle and the
enhanced hydrophilicty caused by nsHA addition in composite constructs with water
contact angles 62° and 70° for xC-G:3-1/nsHA and xC-G:1-1/nsHA, respectively.
This result may be assigned to availability of hydrophilic -OH groups of
hydroxyapatite.

Table 11 Contact angle values of the uncrosslinked, crosslinked (x) chitosan-gelatin
blend and crosslinked chitosan-gelatin/nsHA composite (x/nsHA) films.

Contact Angle (Degree)

ample
C C-G:3-1 C-G:1-1 G
Liqui

X x/ns - X x/ns - X x/ns | - X x/ns
HA HA HA HA

DW 1139 | 84.4 | 70.81 | 105.0 | 82.4 | 6242 | 1051 | 53.0 | 69.94 | 98.3 | 77.3

DIM 46.6 | 37.7 | 40.20 | 40.0 | 341 | 40.23 | 40.7 | 28.2 | 3534 | 40.0 | 36.3

FA 545 | 433 | 40.71 | 463 | 484 | 3888 | 46.1 | 37.2 | 4251 | 324 | 28.9

DMSO | 58.0 | 16.7 | 17.08 | 256 | 144 | 1958 | 204 | 146 | 16.38 | 153 | 185

For the liquids, used in the calculation of SFE values of the prepared films, the
surface tension and its components were obtained from literature [Cantin et al., 2006
and Ozcan et al., 2007] and given in Table 12.
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Table 12 Surface free energy parameters (acidic and basic components) of test
liquids according to acid-base approach.

Total SFE Lifshitz—Van der Acid-Base Acidic Basic
Waals interaction component component
component
Liquid YL W e ' Yo
(md/m?) (md/m?) (md/m?) (mJ/m?) (mJ/m?)

DW 72.8 21.8 51 25.5 255
DIM 50.8 50.8 0 0 0
FA 58.0 39 19 2.3 39.6
DMSO 44 36 8 0.5 32

The calculated SFE results of samples from different approaches (as explained in
Section 1.5.2) are given in Table 13. It was observed that the results are very much
dependent on the method used in calculation and changes between 32 mJ/m? and 56
mJ/m?. According to Acid-Base and Harmonic approaches, total SFE values of
uncrosslinked samples do not show significant fluctuations with increasing gelatin
content. When compared with the literature, chitosan SFE value calculated with
Harmonic approach (40 mJ/m?) showed similar value with chitosan prepared by
similar methods (38 mJ/m?) [Wang et al., 2009]. In Zisman and Geometric
approches, it is obvious that SFE values of uncrosslinked blends increase with gelatin
content from 38 mJ/m? to 46 mJ/m? and from43 mJ/m? to 50 mJ/m?, respectively.
This may be because of high number of COOH and NH; groups in gelatin structure
that increase the SFE of surfaces and decrease water contact angle.

Acid Base and Harmonic approaches indicate that total SFE values of uncrosslinked
films were increased when blend films were crosslinked with EDC/NHS. As the total
SFE value of sample surface is close to total SFE of liquid drop, sample becomes
more wettable. So, according to Acid-Base approach; total SFE of xC-G:1-1 blend
sample with 46.32 mJ/m? showed the highest and closest value to total SFE of water
and this result supported the contact angle measurement demonstrating xC-G:1-1

blend sample as the most wettable surface with water contact angle of 53°.
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Table 13 SFE values of chitosan-gelatin films.

Sample Zisman Harmonic Geometric Acid Base
y (MI/m?) y (MI/m?) y (MI/m?) y (MJ/m?)
C 37.96 39.61 4281 32.34
C-G:3-1 44.74 45.15 49.49 33.71
C-G:1-1 45.17 45.28 50.02 32.48
G 46.03 47.43 50.14 33.84
xC 44.38 46.57 45.32 42.77
XC-G:3-1 44.43 46.70 45.18 44.46
xC-G:1-1 41.56 55.71 51.87 46.32
xG 44,74 49.66 47.25 45.46
XC/nsHA 42.10 48.41 45.33 44.59
XC-G:3-1/nsHA 39.51 50.79 47.17 45.07
XC-G:1-1/nsHA 42.87 49.09 46.07 45.62

There is not a significant trend in crosslinked nsHA added composite samples when
they were compared to crosslinked blend samples. However, if uncrosslinked
samples are considered, according to Harmonic and Acid Base approaches nsHA
addition increased total SFE values. For example, for chitosan films, total SFE
values increased from about 40 mJ/m? to 48 mJ/m? for Harmonic approach and from
32 mJ/m? to 45 mJ/m* for Acid Base approach. This change may be due to

contribution of high amount of OH groups from hydroxyapatite structures.

3.4.5 Surface Morphology Analysis

Surface morphology of the film structures is one of the important parameters in
initial cell attachment. Thus, SEM images of the sample surfaces were examined to
provide information about roughness and homogeniety of the blend and compostie
samples (Figure 21).
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Figure 21 SEM micrographs of crosslinked chitosan-gelatin (left column) and
chitosan-gelatin/nsHA composite (right column) films X5000.

Scanning electron microscopy (SEM) images of chitosan-gelatin blend films indicate

the presence of smooth surfaces without phase disengagement supporting the idea of
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homogenous chitosan-gelatin blend formation while chitosan-gelatin/nsHA images
showed rough surfaces with homogenous hydroxyapatite particle dispersion through
the chitosan-gelatin blend and embedded nsHA particles into polymeric matrix
without distinct polymer-nsHA interfaces. Phase separation in SEM image of
XG/nsHA film confirms the FTIR and DSC results; lack of chemical interactions

between nsHA particles and gelatin molecules.

3.4.6 Swelling Behavior of Film Structures

Dissolution of uncrosslinked blend samples were quite fast in aqueous medium
therefore, only crosslinked films and composites were tested in swelling tests.

Table 14, Figure 22 and Figure 23 show the percent swelling ratios that were
calculated by Equation 2.1 as a function of time.

XxC and xC-G:3-1 samples reached to equilibrium swelling state in 3 h and 6 h,
respectively. The equilibrium swelling degree of crosslinked chitosan showed the
least value (155.3+11.5%) and chitosan-gelatin:3-1 film had the second least
equilibrium value (172.4+4.3%). In crosslinked chitosan-gelatin blend films,
maximum equilibrium swelling degree (333.0+16.9%) was observed for xC-G:1-1.
Kim et al., reported that the swelling ratio would enhanced by the increasing of free —
OH, —NH; and -NHOCOCH; groups of the chitosan [Kim et al., 2005]. However,
Haider et al. claimed that chitosan amount increase also lead to generation of
network structure (through the electrostatic interactions between NH3" of chitosan
and COO  ions of gelatin) that result with improved stiffness in complex chains of
structure and swelling ratio may decrease [Haider et al., 2008]. So, by combining
these two approaches; it may be said that swelling ratio may show the highest value
with the combination of these two opposite effects in xC-G:1-1 film sample. Contact
angle values also verified that these hydrophilic groups amount was higher in xC-
G:1-1 films.
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Table 14 Swelling ratios (% w/w) of crosslinked blend and composite films.

Figure 22 Swelling behavior of crosslinked chitosan-gelatin blends.
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mple xC XC-G:3-1 xC-G:1-1 xXG xC/nsHA XC-G:3- xC-G:1-
1/nsHA 1/nsHA
Time (
1 150.6+10.9 168.4+3.0 319.9+7.2 232.1+4.7 137.6+2.3 159.2+1.2 162.7+2.2
3 154.6+10.9 172.4+4.3 321.2+15.9 262.7+0.6 137.5+2.1 157.0+9.9 162.7+2.2
6 155.3+11.5 172.5+4.3 324.1+12.5 262.2+5.5 139.6+0.5 167.3+0.9 167.3+0.8
12 155.9+12.1 172.6+4.2 327.8+17.1 264.8+4.6 142.5+2.1 167.3+0.9 173.6+2.0
24 156.1+11.8 172.6+4.2 333.0+16.9 268.7+0.5 149.4+9.3 173.5+2.1 181.7+5.6
48 156.1+11.8 172.6+4.2 335.6+16.7 270.7+0.3 153.4+15.0 177.5+3.5 186.3+4.2
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Figure 23 Swelling behavior of crosslinked chitosan-gelatin/nsHA composite
samples.

Swelling ratio results of crosslinked chitosan-gelatin/nsHA composite samples
indicated that xC-G:1-1/nsHA films had the highest selling ratios increasing from
162.7+2.2% to 186.3+4.2% from 1 h to 48 h. xC-G:3-1/nsHA films showed a small
decrease in swellability and had swelling ratio of 177.5£3.5% at 48 h. xC/nsHA
films demonstrated the least swellability (153.4+£15.0% at 48 h) in composite
constructs as in the example of chitosan in blend samples. The reason of decreasing
swelling ratio of composite samples with respect to polymeric blends may be the
interactions of HA with polymeric groups such as; -COO™ and —NHs". As a result, as
described before, these groups that may enhance swellability of the samples, may

decrease in content.

3.4.7 Cell Affinity and Proliferation of Film Structures

Uncrosslinked chitosan-gelatin blend structures degraded quite rapidly in aqueous

media, therefore, only crosslinked samples were examined in cell adhesion and
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proliferation tests. MTS assay results of SaOs-2 cells on crosslinked film samples are

given in Figure 24.

Cell attachment and proliferation as a function of time on the tissue engineered
constructs are very important properties that show cytocompatibility and thus
suitability of the surfaces for bone tissue engineering approaches.

MTS assay showed that in the first day, among the crosslinked chitosan-gelatin blend
films, pure gelatin showed the highest cell attachment (575443083 cells/cm?);
chitosan had higher cell number (4654+965 cells/cm?) than its blends xC-G:3-1 and
XC-G:1-1 films (3144+434 cells/cm?). However, among the chitosan-gelatin blend
samples, SaOs-2 cell proliferation on day 7 increased with the increase in gelatin
content. This can be explained by on the presence of RGD sequences in gelatin that
promote cell attachment to the surfaces of the films. Gelatin films (xG) showed
higher cell number (44597+188 cells/cm?) than chitosan (15363+931 cells/cm?) in
blend films at day 7. This significantly higher proliferation indicates the superior
cellular compatibility of the gelatin containing scaffolds.

Among the chitosan-gelatin/nsHA composite structures, the effect of increase in
gelatin content was a decrease in cell number, especially detectable on day 7.
XC/nsHA indicated the highest cell proliferation on day 1 (4736+2536 cells/cm?) and
day 7 (25283+2962 cells/cm?). This might be the result of a gelatin-HA interaction
(between COO™ and NHs* groups of amino acid sequences and Ca** and PO,* ions of
HA) leading to inhibition of RGD-like sequences. It was claimed that after
crosslinking process, the distance between gelatin and hydroxyapatite decreases
within the critical length and higher concentration of Ca®* and COO™ may have
higher chance to bind each other [Chang et al., 2003]. So, cell proliferation decreases
to 17987+3893 cells/cm? and 13018+427 cells/cm? for XC-G:3-1/nsHA and xC-G:1-
1/nsHA, respectively.
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Figure 24 SaOs-2 proliferation on films.

Fluorescence micrographs of SaOs-2 cells cultured on crosslinked chitosan-gelatin
blend films were obtained to study the cells attached to the the film surfaces (Figure
25). DAPI and Phalloidin stained cells have blue nuclei and green cytoplasms. It is a
commonly used staining method with chitosan-based scaffolds that have

autofluorescence. Fluorescence micrographs reflect that increasing gelatin amount in
blend samples stimulates the attachment of osteosarcoma cells on film structures.
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Figure 25 Fluorescence microscopy images of crosslinked chitosan-gelatin blend
films with SaOs-2 cells cultured on them for 1 and 7 days (x20).



DAPI (nuclei) and phalloidin (cytoplasm) stained chitosan-gelatin/nsHA composites
showed comparable cell proliferation and higher cell viabilities on xC/nsHA and xC-
G:3-1/nsHA composite films with respect to xC-G:1-1 film at day 7 (Figure 26).
Moreover, adherent cells enhanced on all films from day 1 to 7.

Day1l Day7

- . .
o . .
- . .

Figure 26 Fluorescence microscopy images of crosslinked chitosan-gelatin/nsHA
composite films seeded with SaOs-2 cells. After 1 and 7 days (x20).
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Since cell-material interactions on film structures were not observed clearly by
fluorescence microscopy, SEM micrographs of all the prepared samples were
obtained. SEM images of blend films (Figure 27) with SaOs-2 cells demonstrated
that cell spreading was remarkable on day 7, while they had more spherical shapes
on day 1. xC films demonstrated the least cell spreading at day 1 whereas star-like
spread cells were seen on gelatin added blend samples. Furthermore, cell densities
also were higher on the films with increased gelatin amount. For example, it is
obviously seen that high coverage of xC-G:1-1 and xG film surfaces with increasing

cell densities on day 7.
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Figure 27 SEM images of cell morphology of SaOs-2 cells seeded on crosslinked
chitosan-gelatin blend films cultured for 1 day and 7 days.
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In SEM images of composite films (Figure 28), it is obvious that cells were spread
on nsHA added surfaces after 7 days even though they showed spherical shapes on
Day 1. Contrary to the expectations from the MTS values the SEM micrographs do
not show a significant difference in cell spreding between the films with different
chitosan-gelatin ratios. Rizzi et al., reported that SEM images of biodegradable
polymer/non-sintered HA films (prepared by PCL and PLA) showed that the human
osteoblasts spread in higher degree on the film regions of exposed non-sintered HA
compared to polymer coated surfaces [Rizzi et al., 2001]. So, according to the SEM
micrographs of this study, it can be suggested that nsHA particles encouraged cells

spreading if sufficient were exposed at the surface of the scaffold.
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Figure 28 SEM images of SaOs-2 cells seeded on crosslinked chitosan-gelatin/nsHA
composite films and cultured for 7 days.

3.5 Porous Scaffold Preparation

Before freeze-drying, chitosan-gelatin solutions were frozen at -80°C, on Nx(lig) and
in N2(lig) to observe the effect of this temperature on scaffold structure. At the end of

the freeze-drying process, scaffolds that were frozen at -80°C and and in Na(lig),
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showed laminar three-dimensional structures while scaffolds that were frozen on
Ny(lig) had irregular shaped pores with homogenous distribution in the sponge
(Figure 29).
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Figure 29 SEM micrographs of spxC-G:1-1/sHA porous scaffolds frozen (a) at -80°C
(b) in N2(lig), and (c) on Na(lig).

In the rest of the study scaffolds were frozen on Na(lig) before lyophilization.
Considering the results obtained from the characterization of C-G film samples, C-

G:1-1 was chosen as the optimum composition for 3-D scaffold preparation.

3.6 Porous Scaffold Characterization

3.6.1 FTIR-ATR Examination

EDC/NHS crosslinking process of all scaffolds was applied in an aqueous media
during two days. During this period the added sintered or non-sintered
hydroxyapatite particles may have degraded or left the porous composite structures
because of exposure to ethanol or highly akaline solutions or the neutralization step
of crosslinking that took at least two days (Section 2.2.2.3). However, FTIR results
confirmed the presence of hydroxyapatite particles in crosslinked and freeze-dried
chitosan-gelatin three-dimensional constructs as was shown by the PO,* peaks at 961
cm™, 603 cm™ and OH vibration peak of HA at 629 cm™ (Figure 30).
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Figure 30 FTIR-ATR analysis of crosslinked various chitosan-gelatin sponges.

3.6.2 Scaffold Morphology

SEM images of the chitosan-gelatin (spxC-G), -chitosan-gelatin/non-sintered
hydroxyapatite (spxC-G/nsHA) and chitosan-gelatin/sintered hydroxyapatite (spx(C-
G/sHA\) scaffolds are given in Figure 31. Pore sizes, ranged from 100 pm to 500 um,
and therefore they are suitable for vascularization process according to the literature
[Hutmatcher et al., 2007]. In the scaffolds the lowest pore size was formed in spxC-
G/nsHA samples about 100 um while spxC-G and spxC-G/sHA showed larger pore
sizes about 200 um and 500 pm, respectively. Pore walls of spxC-G and spxC-
G/sHA samples showed similar thicknesses (5-10 um) but it seemed that spxC-
G/nsHA had thicker pore walls (50-60 pm).
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Figure 31 Scanning electron microscopy images of chitosan-gelatin-based three-
dimensional porous scaffolds. Second column presents the mignified version of the
first column.
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SEM images also verified that non-sintered and sintered HA particles remain on the
scaffold surface of spxC-G/nsHA and spxC-G/sHA after crosslinking treatment
despite 48 h aqueous medium exposure.

Homogenous, irregular pore distribution can be observed in all three-dimensional
porous scaffold samples that are essential properties of the scaffolds to provide
transfer of nutrients for cells and subsequent tissue ingrowth. Moreover,
hydroxyapatite addition did not cause to failure of structures. Pore walls of the
scaffolds had uniform HA distribution and particle sizes about 5-10 um as it can be
seen from Figure 32. These HA embedded pore walls may enhance cell affinites

towards the scaffolds with good biocompatiblity of hydroxyapatite.

- spxC-G/nsHA ' ]
g 27 ‘

Figure 32 Scanning electron microscopy images of chitosan-gelatin/non-sintered
hydroxyapatite (x5000) magnitude and chitosan-gelatin/sintered hydroxyapatite
scaffolds pore walls (x250) magnitude.

3.6.3 Mechanical Properties

Compression tests were carried out for the chitosan-gelatin and chitosan-
gelatin/hydroxyapatite scaffolds and the obtained compressive elastic modulus (E)
and ultimate compression strength (UCS) values are given in Figure 33 and Figure
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34, respectively. The results indicated that HA addition enhanced the ultimate
compression strength of the materials from 1.33+0.19 MPa for spxC-G to 3.03+0.82
MPa and 3.16+0.39 MPa for spxC-G/nsHA and spxC-G/sHA, respectively. Young’s
modulus values also enhanced with the HA addition from 0.12+0.03 GPa for spxC-G
to 0.33+0.07 GPa and 0.31£0.04 GPa for spxC-G/nsHA and spxC-G/sHA,
respectively. So, approximately 300% increase in mechanical properties was

achieved after both nsHA and sHA addition into polymeric matrices.
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Figure 33 Comparison of Young’s modulus (E) of crosslinked chitosan-gelatin,
chitosan-gelatin/non-sintered hydroxyapatite, chitosan-gelatin/sintered
hydroxyapatite porous scaffolds, obtained in compression tests.
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Figure 34 Ultimate compression strengths (UCS) of crosslinked chitosan-gelatin,
chitosan-gelatin/non-sintered hydroxyapatite, chitosan-gelatin/sintered
hydroxyapatite porous scaffolds.

Compressive strength of cancellous bone is in the range of 2-12 Mpa and Young’s
modulus values are around 0.05-0.5 MPa [Hench et al., 1993]. Thus, hydroxyapatite
incorporated chitosan-gelatin structures that have shown UCS values at around 3
MPa and Young’s modulus with about 0.3 MPa, can be applied in cancellous bone

tissue engineering approaches as can be seen from Table 15.

Table 15 Comparison of Young’s modulus (E) and Ultimate Compression Strength
of crosslinked Chitosan-Gelatin and Chitosan-Gelatin/Hydroxyapatite porous
scaffolds with those of cancellous bone.

Sample UCS (MPa) E (GPa)

Cancellous Bone 2-12 0.05-0.5
SpxC-G 1.33+£0.19 0.12+0.03
spxC-G/nsHA 3.03+0.82 0.33+0.08
spxC-G/sHA 3.17+0.39 0.31+0.05
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3.6.4 Cell Viability on Porous Structures

The suitability of the scaffolds for cell spreading was examined by determining the
cell proliferation with MTS assay (Figure 35) and observing the morphologies of
cells by microscopy. 100.000 cells/cm? were seeded onto porous structures for 7 days
and the highest cell proliferation was obtained with the sintered HA incorporated
composite scaffolds and lowest with spxC-G/nsHA sponges. The reason for this may
be the differences in pore size. SEM images of the scaffolds showed that the least
pore size was observed in spxC-G/nsHA (about 100 pm) whereas spxC-G/sHA

demonstrated the largest pore sizes (about 500 pm).
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Figure 35 SaOs-2 osteosarcoma proliferation on sponges assessed by MTS assay.

Confocal microscopy was used to evaluate cell distribution and cell penetration
through the pores of the cell seeded scaffolds. Confocal microscopy images (Figure
36) of propidium iodide-stained SaOs-2 cells cultured on spxC-G, spxC-G/nsHA and
spxC-G/sHA sponges supported the MTS results with higher cell number in spxC-
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G/sHA sample on Day 7. In addition, z-stack confocal images of the cross-section
revealed that the cells had infiltrated about 100 um through spxC-G scaffolds while
only about 60 um depth in spxC-G/sHA scaffolds. In spite of the highest cell number
of spxC-G/sHA, spxC-G scaffolds showed the highest penetration. spxC-GnsHA
constructs showed the least cell distribution and penetration, it may be becasue of the

smallest pore sizes that are very critical in cell penetration and viability in scaffolds.
Day 1

Day 7
S R | R

spxC-G/sHA

Figure 36 Confocal images of the cross-section of SaOs-2 cells seeded crosslinked
chitosan-gelatin blend, chitosan-gelatin/nsHA and chitosan-gelatin/sHA composite
porous scaffolds cultured for land 7 days.

Cells migrated down the pores are shown by SEM micrographs of the scaffolds
(Figure 37). SEM images indicate that cells have spherical shape with low spreading
on all samples on Day 1. However, on Day 7, cells appear to have spread and
adhered on the pore walls.
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spxC-G/nsHA

Figure 37 SEM images of SaOs-2 cells seeded on crosslinked chitosan-gelatin blend,
chitosan-gelatin/nsHA and chitosan-gelatin/sHA composite porous scaffolds cultured
for 1 and 7 days.

Interestingly, it was suggested that the osteoblast cells seeded on chitosan-
gelatin/sintered-hydroxyapatite 3-D scaffolds may be located under the surface of the
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porous walls of the scaffolds because the scaffold material may resorb partially. So,
it was claimed that osteoblasts may bury themselves during this process [Zhao et al.,
2002]. Since hydroxyapatite particles embedded on the pore walls are not
distinguishable from buried cell structures in Figure 37 it is possible to claim the
same for this study. If this approach is verified, the result of MTS assay with lowest
cell proliferation in xC-G/nsHA scaffolds can be explained. Some other studies,
explained the reason of increasing cell proliferation in HA added scaffolds as the
effect of basic adsorption products that prevents the formation of acidic environment
for cells [Shikinami et al., 1998 and Zhao et al., 2006].

It can be resulted that according to the confocal and SEM micrographs of chitosan-
gelatin blend, chitosan-gelatin/nsHA and chitosan-gelatin/sHA composites, SaOs-2
osteosarcoma cells adhered and spread on the 3-D constructs but MTS assay results

demonstrated that sHA addition indicated higher cell proliferation.
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CHAPTER 4

CONCLUSIONS

Chitosan and gelatin are biocompatible and biodegradable natural polymers and

hydroxyapatite is a bone-like mineral that is widely used to improve osteogenic

properties of tissue engineered costructs. This study focused on the characterization

of 2-D and 3-D chitosan-gelatin blend and chitosan-gelatin/hydroxyapatite composite

structures for hard tissue engineering approaches. The results obtained in current

study can be summarized as follows:

According to FTIR-ATR, X-Ray and SEM analysis of the synthesized
hydroxyapatite particles; highly pure amorphous and crystalline
hydroxyapatite properties were obtained for non-sintered and sintered
hydroxyapatite, respectively.

In chitosan-gelatin films prepared with different chitosan-gelatin ratios,
EDC/NHS crosslinking agents were used to crosslink water-soluble structures
and FTIR-ATR results verified that this crosslinking process was successfuly
achieved. So, in further steps within the ageous media only crosslinked
samples were examined.

To improve the osteogenic properties of the natural polymeric films non-
sintered hydroxyapatite particles were added into these samples and
homogenous distribution of hydroxyapatite particles in the polymeric matrix
was obtained after crosslinking process. Since sintered-HA addition resulted

with non-homogenous distribution and fragile constructs, only non-sintered

98



HA added samples with different chitosan-gelatin ratios were used in
characterization tests.

In thermal analysis; DSC curves showed that the decomposition temperatures
of chitosan-gelatin blends increased with crosslinking process due to higher
stability. In chitosan-gelatin/hydroxyapatite composite films, hydroxyapatite
addition increased the decomposition temperatures of xC/nsHA and xC-G:1-
1/nsHA composites. It may be because of the ionic interactions between Ca**
and PO,% groups of hydroxyapatite and COO™ and NHs" groups of chitosan-
gelatin blends resulting with more stable structures in these composite
samples. However, crosslinked xG/nsHA composites showed the least
decomposition temperature due to heterogenous nsHA distribution of
particles within the polymer as it was seen in SEM micrographs.

Mechanical properties of the crosslinked samples showed higher ultimate
tensile strength, hardness and strain at break values when compared to
uncrosslinked ones. Moreover semi-crystalline chitosan addition also
enhanced the mechanical behavior of the blend film samples. After nsHA
addition, UTS and E values of films decreased. Because HA particles may
lead to less ductility in polymer-HA composites and initial cracks may arise
from larger HA particles in polymer matrix. 2-D chitosan-gelatin/nsHA film
structures may be the candidate materials for cortical bone tissue engineering
when similar mechanical results of cortical bone with these films were
considered.

Surface hydrophilicity results demonstrated that xC-G:1-1 films had the most
hydrophilic behaviour among the crosslinked blend samples and swelling test
results supported this behavior of film with the highest degree of swelling.
Assays with human osteosarcoma SaOs-2 cells demonstrated that gelatin
addition enhanced the cell proliferation in chitosan-gelatin blend samples
mostly because of the presence of RGD-like sequences in gelatin that
enhance cell attachment whereas in chitosan-gelatin/hydroxyapatite

composite structures the trend of cell proliferation was in the opposite
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direction and a decrease in cell number was observed as the gelatin content
was increased. The reason of this decrease may be the reaction of HA
particles and gelatin in a way that inhibits RGD-like sequences.

e To improve the similartiy of the scaffolds to natural extracellular matrix,
three-dimensional porous chitosan-gelatin/hydroxyapatite scaffolds were
fabricated by lyophilization method. In these types of constructs both non-
sintered and sintered HA added composite production was achieved.
Chitosan-gelatin ratio was chosen as 1-1 in porous scaffold production
according to crosslinked polymeric blend film characterization results.

e FTIR-ATR results and SEM images of porous scaffolds confirmed the
stability of HA particles even after 24-hour crosslinking process in ageous
media.

e Mechanical results of samples indicated that both non-sintered and sintered
HA addition lead to increased Young’s modulus and ultimate compression
strength. Moreover HA added porous composite samples showed very similar
mechanical behavior to human spongy bone mechanical properties. So, these
products may have the potential to be used in spongy bone tissue engineering.

e 3spC-G/sHA scaffolds showed the highest SaOs-2 cell affinities within the
porous sponge samples. This may be because of greater pore sizes, about 500
um, with respect to spC-G scaffolds with pore sizes about 200 um and spC-
G/nsHA scaffolds with pore sizes about 100 um. Confocal and SEM images

also verified the cell attachment on the pore walls of the constructs.

As a conclusion, biocompatibility of chitosan-gelatin protein-based scaffolds can be
improved with bioactive ceramics hydroxyapatite addition and the effects of the
modification highly depends on the composition of polymer, type of hydroxyapatite
and shape of structure. In addition, chitosan-gelatin/hydroxyapatite scaffolds have
the potentiol to use in hard tissue enginnering applications and in order to have
detailed information about cell-material interaction, in vivo histological examinations

of the samples are needed.
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Figure 38 DSC analysis of uncrosslinked chitosan-gelatin films.
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