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ABSTRACT

INTEGRATED BIOMIMETIC SCAFFOLDS
FOR
SOFT TISSUE ENGINEERING

Gulven, Sinan
M.S., Department of Biotechnology
Supervisor: Prof. Dr. Nesrin Hasirci

Co-Supervisor: Assoc. Prof. Dr. Kezban Ulubayram

July 2006, 71 pages

Tissue engineering has the potential to create new tissue and organs
from cultured cells for transplantation. Biodegradable and
biocompatible scaffolds play a vital role in the transfer of the cultured
cells to a new tissue. Various scaffolds for soft tissue engineering
have been developed, however there is not any structure totally

mimicking the natural extracellular matrix (ECM), ready to use.

In this study biodegradable and biocompatible scaffolds were
developed from natural polymers by tissue engineering approach and
tested in vitro. Scaffolds (SCAF) were prepared with freeze drying and
composed of chitosan, gelatin and dermatan sulfate. Polymer
solutions were treated with different stirring rates (500 rpm and
2000 rpm), freezing temperatures (-20 °C and -80 °C) and molding
(cylindrical mold and petri dish) to achieve porous structure in order
to provide sufficient space for cell growth and extracellular matrix

production. Among the prepared scaffolds at different conditions, the
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scaffolds prepared at 500 rpm and frozen at -80 °C, (SCAF-1), was
chosen for further studies. These scaffolds achieved 0.512 MPa tensile
strength, with 9.165 MPa tension modulus and 3.428 MPa
compression modulus. Besides in lysozyme containing degradation
medium they conserved their integrity and lost about 30 % of their
initial weight in 30 days period. Mechanical and enzymatic
degradation tests showed that scaffolds have physical integrity for the
tissue engineering applications. To mimic the natural tissue and
enhance cell growth, biologically active arginine - glycine - aspartic
acid - serine (RGDS) peptides and platelet derived growth factor-BB
(PDGF-BB) were immobilized on the SCAF-1. Fibroblast cells were
seeded on the scaffolds containing RGDS, (SCAF-1-RGDS), and PDGF-
BB, (SCAF-1-RGDS-PDGF), and incubated in media either free of
serum or containing serum. Scaffolds immobilized with RGDS and
PDGF-BB had the highest attached cell number by the day 15.
Florescence microscopy studies also indicated that RGDS and RGDS-
PDGF modified scaffolds were more suitable than controls, (SCAF-1),
for cell growth and proliferation. According to scanning electron
microscopy (SEM) results, modified scaffolds demonstrated better cell
morphology and attachment of cells. Based on the obtained results, it
can be concluded that RGDS-PDGF immobilized chitosan-gelatin-
dermatan sulfate systems have a great potential to be used as a

scaffold for soft tissue engineering applications.

Keywords: Tissue engineering, biomimetics, scaffold, chitosan,
RGDS, growth factor.
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YUMUSAK DOKU MUHENDiSLIGINE YONELik BUTUNLESIK
BIYOMIMETIK TASIYICI YAPILAR

Gulven, Sinan
YlUksek Lisans, Biyoteknoloji BoIUmu
Tez YOneticisi: Prof. Dr. Nesrin Hasircl

Ortak Tez Ydneticisi: Dog. Dr. Kezban Ulubayram

Temmuz 2006, 71 sayfa

Doku muhendisligi transplantasyon icin kiltlir ortaminda codgaltiimis
hicrelerden yeni doku ve organlar olusturma potansiyeline sahiptir.
Biyobozunur ve biyouyumlu tasiyict vyapilar, kuiltir ortaminda
codaltilmis hicrelerin yeni dokuya aktarilmasinda hayati bir role
sahiptir. Bugline kadar yumusak doku muhendisligine yonelik bircok
tasiyici yapi gelistiriimesine karsin dodal ekstraseliler matrisi (ECM)

tamamiyla taklit edebilen bir tasiyici yapi elde edilememistir.

Bu calismada doku miuihendisligi yontemiyle dogal polimerlerden
biyobozunur ve biyouyumlu tasiyici yapilar gelistiriimis ve in vitro
kosullarda test edilmistir. Kitosan, jelatin ve dermatan sulfattan
olusan tasiyici yapilar dondurup-kurutma ydéntemiyle Uretilmistir.
Hicre blylumesi ve sentezlenen ECM icgin yeterli, gbzenekli bir yapi
elde edebilmek icin polimer cozeltileri degisik karistirma hizlari
(500 rpm ve 2000 rpm) ile hazirlamis, dedisik kaliplar (silindirik ve
petri kabir) kullanilmis ve iki farkh sicakhkta dondurulmustur (-20 °C
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ve -80 °C). Degisik kosullarda hazirlanmis olan yapilar arasindan
500 rpm ile karistirllanmis ve -80 °C’de dondurulmus olanlar (SCAF-1)
ileriki calismalarda kullanilmak (zere secilmistir. Bu tasiyici yapilar
0.512 MPa gerilme mukavemeti, 9.165 MPa gerilme moddilisu ve
3.428 MPa sikistirma modultstne sahip olup lizozom iceren ortamda
30 ginde agirhdinin % 30'unu  kaybetmekle birlikte fiziksel
bGtinlGglind korumustur. Mekanik ve enzimatik bozunma testleri
gelistirilen yapinin fiziksel anlamda doku muhendisligi uygulamalarina
uygun oldugunu gostermistir. Dogal dokuyu taklit edebilmek ve hicre
blylimesini artirmak amaciyla biyolojik aktif arjinin-glisin-aspartik
asit-serin (RGDS) peptitleri ve pleteletlerden elde edilen blylime
faktori-BB (PDGF-BB) secilen tasiyici yapilya immobilize edilmistir.
Yapilara fibroblast htcreler ekilip, RGDS ve PDGF-BB’nin etkisini
gbérebilmek icin inkibasyon serumsuz ve serumlu htcre kaltard
ortaminda gerceklestirilmistir. Hiicre cogalmalari, floresan mikroskobu
ve taramali elektron mikroskobu calismalari RGDS ve PDGF-BB
baglanan yapilarin en ylksek hilicre tutunmasi ve ¢ogalmasi ve dogru
hiicre morfolojisine sahip oldugunu gostermistir. Elde edilen sonuglara
gbre RGDS-PDGF immobilize edilmis kitosan-jelatin-dermatan sulfat
tasiyici  yapilart  yumusak doku muhendisligi uygulamalarinda

kullanilabilme potansiyeline sahiptirler.

Anahtar Kelimeler: Doku mihendisligi, biyomimetik, tasiyici yap,

kitosan, RGDS, bluyime faktora.
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CHAPTER 1

INTRODUCTION

“It was the best of times, it was the worst of times

It was the age of wisdom, it was the age of foolishness
It was the epoch of belief, it was the epoch of incredulity
We had everything before us, we had nothing before us”

Charles Dickens A Tale of Two Cities

1.1 Tissue Engineering

There are various traditional approaches to deal with the loss of tissue
or non-functional tissues and these involve (a) surgical strategies that
concern organ transplantation from one individual to another, tissue
transfer from a healthy site to an affected site in the same individual,
(b) replacement of tissue function with mechanical devices (such as
prosthetic valves / joints and dialysis machines) (c) medical strategies
include pharmacologic supplementation of the metabolic products of

targeting tissue [1].

A new interdisciplinary field called tissue engineering raised during
last two decades concerning on developing biomimetic cell-
biodegradable carrier constructs for in vivo applications. First tissue
engineering definition was made in 1988 at National Science
Foundation meeting as:“... the application of the principles and
methods of engineering and the life science toward the fundamental
understanding of structure-function relationships in normal and
pathological mammalian tissue and the development of biological
substitutes to restore, maintain or improve functions" [2]. The

innovative approach of tissue engineering is; to seed isolated cells
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with tissue inducing substances, such as growth and differentiation
factors [3], on a scaffold which mimics the extracellular matrix (ECM)
and serves as a cell attachment, proliferating, migrating and
functioning environment (Figure 1.1). After maturation in a
bioreactor, cell seeded carrier can be implanted into the body and by
time the carrier degrades while the cells proliferate, synthesize their

native ECM, and take place of the natural tissue [4].

08

tissue-inducing : T
substances ¥ E
isolated, Lo

expanded
cells

Transplantation

wall plate with
cell-polymer constructs

o 9
3-D matrix \ % \
In vitro
Cell seeding Tissue formation In vivo Basic research

Figure 1.1 Diagram of tissue engineering approach [5].

1.2 Components of Tissue Engineering

1.2.1 The Cells

Cells used in tissue engineering could be drawn from primary tissues
or cell lines. Primary tissues may be (i) xenogeneic, from different
species, (ii) allogeneic, from different members of the same species,
(iii) syngeneic, from a genetically identically individual, or (iv)

autologous, from the same individual. Currently, the use of
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xenogeneic and allogeneic cells in the engineered cell / polymer
constructs is limited because of host immunosuppression. However,
developments in cell science may enable to render cells
immunologically safe so that clinical use of banked xenogeneic /

allogeneic cells may become possible.

On the other hand, cell lines obtained from genetically modified cells
can have the ability to proliferate forever. These cells have the
potential for rapid proliferation in vitro, however several limitations
such as the possible invocation of an immune response, the tendency

for cell lines to lose differentiated function raise in this approach.

Most of the tissue engineering studies up to date using cell / polymer
construct technology have employed primary autogenous cells and

succeed to discard the drawbacks of previously mentioned approaches

[1].

1.2.2 Scaffolds

Cell adhesion to ECM is essential to tissue homeostasis. In order to
enable cell proliferation, migration and functionality, cells should be
anchored on a substrate usually called scaffold [6, 7]. The officially
accepted definition of a scaffold is; “The support, delivery vehicle, or
matrix for facilitating the migration, binding, or transport of cells or

bioactive molecules used to replace, repair, or regenerate tissues”

[8].

1.2.2.1 Properties of Scaffolds

An ideal scaffold desighed to engineer tissues must have several basic

requirements, which include being; (i) three dimensional and highly

porous with an interconnected pore network with a high surface area



to volume ratio for cell or tissue growth and flow transport of
nutrients and metabolic waste; (ii) nontoxic, biodegradable or
bioresorbable with a controllable degradation and resorption rate to
match cell or tissue growth in vitro and/or in vivo; (iii) suitable
surface chemistry for cell attachment, proliferation, and
differentiation; (iv) mechanical properties to match those of the
tissues at the site of implantation; and (v) be easily processed to

form the desired shapes and sizes [9, 10].

1.2.2.2 Scaffolding Materials

Polymers (macromolecules) are the primary materials for scaffolds in
various tissue engineering applications. Polymeric scaffolding

materials can be broadly classified as either natural or synthetic.

1.2.2.2.1 Natural Biodegradable Polymers

Natural polymers, such as proteins and polysaccharides are widely
used for tissue engineering applications. Collagen, gelatin, alginate,
chitosan, chondroitin sulfate etc. can be considered in this class.
Natural polymers provide advantage of possessing specific biological
activities. Previous classical selection criterion for a safe material in
biomedical implants dictated as choosing inert materials. However, in
1994, Peppas and Langer showed that such materials may cause
cellular response [11]. While naturally occurring biomaterials are
most closely simulate the native cellular environment, but large
batch-to-batch variations upon isolation from biological tissues is the
main limitation for their wide applications. Poor mechanical
performances is also a drawback for transplantation scaffolds made
from natural polymers, such as collagen and chitin, which cannot be
easily melted with heat but require a special solvent [12, 13].

Decellularized tissues may also serve as natural materials for



scaffolding purposes. Removing cells from tissue usually require
physical, enzymatic and chemical treatment where the major
challenge is the elimination of all cellular materials and chemicals. In
addition there are risks to degrade or lost the biological activity of the
ECM. However there are decellularization protocols that have received
regulatory approval for use in human patients, including human
dermis (Alloderm®, LifeCell, Corp.), porcine urinary bladder (ACell,

Inc.), and porcine heart valves (Synergraft®, CryolLife, Inc.) [14].

Collagen

The collagens are a family of fibrous proteins that occur in almost all
mammalian tissues, constituting approximately 30 % of total protein
mass in the mammalian body. They are particularly abundant in load
bearing tissues such as tendon, bone and connective tissues. The
primary feature of a typical collagen molecule is long, stiff, triple
stranded helical structure (Figure 1.2), in which three collagen
polypeptide chains, called a chains, are wraped around one another in
a rope like superhelix. Because of relative ease of extraction and its
abundance, collagens in their native and denatured forms had a long
history of use as implantable materials. Its use has been facilitated by
the fact that its amino acid sequences are highly conserved across
different species boundaries. Thus, collagens from xenogenic sources
like bovine and porcine generally produce only mild immune
response. To date, 20 types of collagens have been identified. The
form that has been most studied for scaffolding purposes in tissue
engineering is Type I collagen, which is also the most abundant form
(more than 90 % of all fibrous proteins) [15-18].
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Figure 1.2 Schematic representation of collagen [19].

Gelatin

Gelatin is partially denatured derivative of the fibrous insoluble
protein collagen, composed of a unique sequence of 19 amino acids
and obtained by hydrolytic cleavage of collagen chains. Structurally,
gelatin molecules contain repeating sequences of glycine (Gly)- A-B
triplets, where A and B frequently are proline (Pro) and
hydroxyproline (Hypro) (Figure 1.3). Gelatin is preferred to collagen
since in some cases collagen expresses antigenicity in physiologic

conditions while gelatin is not known to have any such antigenicity
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[20]. Gelatin has been shown to exhibit activation of macrophages
and high hemostatic effects. It is biocompatible, completely
resorbable in vivo, and its physicochemical properties can be suitably
modulated because of the existence of many functional groups. These
characteristics have contributed to gelatin’s proven record of safety as
a plasma expander, as an ingredient in drug formulations, and as a
sealant for vascular prostheses [21]. Gelatin can form
a polyelectrolyte complex with chitosan at the suitable pH values
[22].

— (Gly-A-B),—— (Gly-Pro-Hypro),—

Figure 1.3 General structure of gelatin.

Two different types of gelatin can be produced depending on the
method in which collagen is pretreated, prior to the extraction process
[23]. The alkaline process targets the amide groups of asparagine and
glutamine, and hydrolyses them into carboxyl groups, thus converting
many of these residues to aspartate and glutamate. In contrast,
acidic pretreatment does little affect on the amide groups present. As
a result, pretreatment processes cause electrically different charged
gelatin molecules. Alkaline pretreated gelatin is more cationic and has
lower isoelectric point than acidic processed gelatin. Since that
feature is adjustable it enables to get gelatin with various isoelectric

point values [24].



Chitosan

Chitosan is derivative of chitin, the basic structural polymer in
arthropod exoskeletons. Chitin is a high molecular weight
glycopolymer composed of N-acetyl-D-glucosamine units linked via
B(1—4) glycosidic bonds. Chitosan obtained by deacetylation of chitin
is composed of (1-4)-2-amino-2-deoxy-B-D-glucose and

(1—4)-2-acetoamido-2-deoxy-B-D-glucose units (Figure 1.4).

[~ CcH,0H ]
CH,OH
OH OH
o) o -0 .
NHz NH,
n

Figure 1.4 Structure of chitosan

Considering the chemical structure, chitosans are very similar to
cellulose (Figure 1.4). Chitosan crystalline structure results in the
polymer being insoluble in neutral or basic aqueous solutions.
However, in dilute acids (pH < 6) free amino groups are protonated
and crystalline structure is disrupted and dissolved. When the pH is
raised, amino groups become deprotonated and form hydrogen
bonding.

The repeated structure of chitosan contains glucosamine and

N-acetylglucosamine which are found in glycosaminoglycans (GAGSs).



GAGs play a major role in organizing and determining the properties
and functionality of extracellular matrix (ECM). Being similar to GAGs
structure makes chitosan a very preferable polymer in mimicking the
natural tissue. However, free amino groups of chitosan make it
cationic whereas GAGs are sulfated and have anionic nature. This
feature may allow chitosan to interact with cellular receptors and
matrix proteins in unique ways based on a combination of
stereospecific glycan binding and nonspecific electrostatic

interactions.

Compared to its analogue cellulose, chitosan can be hydrolyzed
enzymatically in vivo. Lysozyme is major enzyme among pepsin,
papain and pancreatin which appears to target acetylated residues
[25]. The lysozyme-mediated degradation products are chitosan
oligosaccharides of variable length. The degradation rate is inversely
proportional to the degree of deacetylation. Highly deacetylated
chitosans are more crystalline than others and for that reason
enzymes could not penetrate into the microstructures to achieve

degradation reactions.

Chitosan implant materials have been found to evoke minimal
immunogenic reactions. During a healing process formation of normal
granulation tissue, often with accelerated angiogenesis, appears to be
the typical process [26-28]. In the short term (< 10 days), significant
accumulation of neutrophils in the vicinity of the implants is often
seen, but this dissipates rapidly and a chronic inflammatory response
does not develop. Moreover, release of growth factors and cytokines
by stimulated macrophages may induce local fibroblast and
endothelial cell proliferation. In addition, this leads to formation of a
highly cellular and well vascularized repair, followed by integration of

the chitosan implant with the host tissue.



Another most important feature of chitosan is its ability to be
processed under mild conditions into structures suitable for the
production of tissue scaffolds. Porous chitosan structures can be
easily produced by a phase separation method involving freezing and
lyophilization of chitosan solutions in suitable molds [29]. During the
freezing process, ice crystals nucleate from solution and grow along
the lines of heat flux. Exclusion of the chitosan from the ice crystal
phase and subsequent ice removal by Ilyophilization generates a
porous material whose mean pore size can be controlled by varying
the freezing conditions. Some control over pore orientation can also
be obtained by manipulating the direction of thermal gradients during

freezing.

The mechanical properties of chitosan scaffolds are mainly dependent
on the pore sizes, pore orientations and degree of deacetylation.
Tensile testing of hydrated samples shows that porous membranes
have greatly reduced elastic moduli (0.1 - 0.5 MPa) compared with
nonporous chitosan membranes (5 - 7 MPa). The elongation of
porous membranes varied from values similar to nonporous chitosan
(~30 %) to greater than 100 % as a function of both size and

orientation of the pores [30, 31].

1.2.2.2.2 Synthetic Biodegradable Polymers

Poly(glycolic acid) (PGA), poly(lactic acid) (PLA), and their copolymers
poly(lactic acid-co-glycolic acid) (PLGA) are a family of linear aliphatic
polyesters, which are most frequently used in tissue engineering [32].
Relatively hydrophilic nature of PGA causes rapid degradation in
aqueous solutions or in vivo, and loss of mechanical integrity in two -
four weeks [33]. PLA is also widely used for scaffold fabrication. The
extra methyl group in the PLA repeating unit (compared to PGA)

makes it more hydrophobic, reduces the molecular affinity to water,
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and leads to a slower hydrolysis rate. It takes many months or even
years for a PLA scaffold or implant to loss mechanical integrity in vitro
or in vivo [34]. To achieve intermediate degradation rates in between
PGA and PLA, various lactic and glycolic acid ratios can be used to
synthesize PLGAs. These polymers (PLA, PGA, and PLGAs) are among
the few synthetic polymers approved by the US Food and Drug
Administration (FDA) for certain human clinical applications.

There are other linear aliphatic polyesters, such as
poly(e-caprolactone) (PCL) [35], polyethylene glycol (PEG) also
known as polyethylene oxide (PEO) [36]. PCL degrades at a
significantly slower rate than PLA, PGA, and PLGA. The slow
degradation makes PCL less attractive for general tissue engineering
applications, but more attractive for long term implants and controlled
release applications. PEG is petroleum derived synthetic water soluble
polymer. It is nontoxic, nondegradable and is able to resist protein
binding. Handling in mild conditions makes PEG and its derivatives to
be preferred as versatile polymeric biomedical and tissue engineering

materials.

1.2.2.3 Scaffold Preparation Techniques

Porous scaffolds can be fabricated using a variety of methods. These
methods include woven or nonwoven preparation from spun fibers,
blown films using solvents or propellants, or sintered polymer
particles. Polymers are often supplied in solid pellet form which is
often not suitable to fit tissue engineering demands. The choice of the
correct preparation technique, however, is vital because the
fabrication can significantly alter the properties of the material and its

degradation characteristics.
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1.2.2.3.1 Traditional Techniques

Fiber felts or meshes

Fiber meshes consist of individual fibers either woven or knitted into
three-dimensional patterns of variable pore size. The advantageous
characteristic features of fiber meshes are a large surface area for cell
attachment and a rapid diffusion of nutrients in favor of cell survival
and growth. However, they lacked the structural stability necessary

for in vivo use [37].

Fiber bonding

Interconnected fiber networks have been prepared by Mikos et al., by
the so-called fiber bonding technique [38]. Basically polymer fibers
are aligned in the shape of the desired scaffold and then embedded in
a solvent. After evaporation of the solvent, polymer is heated above
the melting temperature. After all, polymer fibers are physically
joined at their cross-points. Obviously, this technique is not most
appropriate for the fine control of porosity. Choice of solvent and
melting temperature restricts the general application of the technique
to all polymers. Solvent remaining in the scaffold may cause

undesired toxic effects to the cells and organs.

Phase separation

The polymer is dissolved in a solvent such as molten phenol,
naphthalene or dioxane at a low temperature. Liquid-liquid or solid-
liquid phase separation is induced by Ilowering the solution
temperature. Subsequent removal of the solidified solvent-rich phase
by sublimation leaves a porous polymer scaffold. One prominent

advantage is to incorporate bioactive molecules into the matrices
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without decreasing the activity of the molecule due to harsh chemical
or thermal environments. A slight change in the parameters, such as
types of polymer, polymer concentration, solvent/nonsolvent ratio,
and the most importantly, thermal quenching strategy, significantly

affect the resultant porous scaffold morphology [39].

Freeze Drying

Freeze drying is another scaffold preparation method which can give
up to 90 % porosity. In this method dissolved and frozen polymer is
lyophilized to form foam like porous scaffolds. Freezing temperature
and heat flux during the freezing predict the scaffold mean pore size
and orientation. Solvent crystallization takes part during the freezing
and as the freezing rate is slower, pores form in larger sizes, since
slow nucleation leads greater crystals which leave behind pores after
the lyophilization. Heat flux determines the orientation of the crystals

and therefore the pores [29].

Solvent casting and particulate leaching

This method consists of dispersing calibrated mineral (e.g., sodium
chloride, tartrate and citrate) or organic (e.g., saccharose) particles in
a polymer solution. This dispersion is then processed either by casting
or by freeze-drying in order to evaporate the solvent. The salt
particles are eventually leached out by selective dissolution to
produce a porous polymer matrix. Highly porous scaffold with porosity
up to 93% and median pore diameters up to 500 um can be prepared
using this technique. One disadvantage of this method is that it can
only be used to produce thin wafers or membranes up to 3-mm thick.
However, three-dimensional structures can be manufactured from
polymer membranes by laminating them together to form a three-

dimensional matrix of the desired shape at higher thickness [13, 40].
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1.2.2.3.2 Rapid Prototyping Techniques

Traditional preparation techniques are lack of precise control of the
three-dimensional pore architecture of the scaffolds. These drawbacks
are trying to be eliminated by using computer-assisted design and

manufacturing (CAD/CAM) techniques.

Rapid prototyping technique also known as Solid Free Form
Fabrication (SFF) mainly consists of Fused Deposition Modeling (FDM),
Selective Laser Sintering (SLS) and Three Dimensional Printing (3DP).
In FDM, dissolved polymer is loaded to computer controlled machine
that has printing nozzle. Nozzle deposits polymer droplets that solidify
when released and build the structure layer by layer. SLS uses laser
beams to sinter polymer powder in powder bed. The interaction of the
laser beam with the powder raises the local surface temperature to
the glass transition temperature of the powder. This is just below the
melting temperature. It results in particle bonding—fusing the
particles onto each other and to the previous layer to form a solid. In
3DP method, objects are created by a layered printing process with
adhesive bonding, using powder as the base material. Each layer of
powder is selectively joined where the part is to be formed by ink-jet
printing of a binder material. The process is repeated layer by layer
until the part is complete. However, the smallness of the powder
particles and the binder drops are limited. The accuracy of positioning
the printing nozzle is also limited. Besides rapid prototyping
techniques have inherent shortcomings such as limited material
selection and inadequate resolution. In addition, the resulting
constructs have structural heterogeneity because of the drop
assembly nature of the fabrication process. To overcome this
shortcoming, a reverse fabrication technique has been developed to
fabricate a negative replica of the scaffold. A polymer solution is cast

into such a mold and solidified after the removal of the solvent. The
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mold is then dissolved away to form the polymer scaffold with the
desighed three-dimensional pore network. The scaffold is more
homogeneous and pore interconnectivity is developed but the feature

resolution is improved [31, 41].

1.2.3 Cell Adhesive Peptides

Various polymers used in tissue engineering can be made attractive
for cell interaction by modifying their surfaces so that recognition by
cell membrane receptors is enhanced. These modifications are
performed by coating ECM proteins such as fibronectin or
immobilizing peptide molecules on the scaffolds. The Arginine-
Glycine-Aspartic acid (RGD) sequence is by far the most effective and
most often employed peptide sequence for stimulated cell adhesion
on synthetic surfaces. This is based upon its widespread distribution
and use throughout the organism, its ability to address more than one
cell adhesion receptor, and its biological impact on cell anchoring,
behavior and survival. In multicellular organisms contacts of cells with
neighboring cells and the surrounding ECM are mediated by cell
adhesion receptors. Among them the integrin family comprises the
most numerous and versatile group. They play not only a major role
as anchoring molecules but are also important in processes like
embryogenesis, cell differentiation, immune response, wound healing

and hemostasis [42].

In an attempt to reduce macromolecular ligands to small recognition
sequences, RGDS was the first found peptide motif identified in 1984
by Pierschbacher and Rouslahti as a minimal essential cell adhesion

peptide sequence in fibronectin (Figure 1.5) [43].

RGD peptides behave in two directions. They either inhibit cell
adhesion to fibronectin or promote cell adhesion, when they are
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immobilized on surfaces handoff the biomaterials. Since then, cell
adhesive RGD sites were identified in many other ECM proteins,

including vitronectin, fibrinogen, collagen, laminin, etc. [44].
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Figure 1.5 Chemical structure of Arg-Gly-Asp-Ser peptide.

1.2.4 Growth Factors

Growth factors are polypeptides that transmit signals to modulate
cellular activities. Growth factors can either stimulate or inhibit
cellular proliferation, differentiation, migration, adhesion and gene
expression. There are several characteristic properties of growth
factors. Many cell types can produce the same growth factor and the
same growth factor can act on many cell types with the same or
different effects. Growth factor effects are concentration-dependent,
often in a complex non-monotonic way. Growth factors can influence

the secretion and action of other growth factors.

Growth factors usually exist as inactive or partially active precursors

that require proteolytic activation, and may need to bind to matrix
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molecules for activity or stabilization. Growth factors have short
biological half-lives. Platelet derived growth factor (PDGF) has two
chains each containing 124 and 109 amino acids (Figure 1.6), isolated
from platelets, can not be detected in the circulation and has a half

life of less than 2 minutes when injected intravenously [45, 46].

Platelet-derived growth factor-BB has been demonstrated to stimulate
the proliferation and recruitment of both fibroblast cells in vitro [47].
Due to its capability in promoting wound healing through enhancing
the formation of granulation tissues, recombinant human PDGF-BB
has been approved by US Food and Drug Administration (FDA) for use

in diabetic foot ulcers [48].
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Figure 1.6 General representation of Platelet Derived Growth Factor-
BB

1.3 Natural Extracellular Matrix Organization

Two main classes of extracellular macromolecules form up the matrix;
(1) polysaccharide chains of the class called glycosaminoglycans
(GAGs), which are usually found covalently linked to protein in the

form of proteoglycans, and (2) fibrous proteins, including collagen,
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elastin, fibronectin, and laminin, which have both structural and

adhesive functions.

The proteoglycan molecules in connective tissue form a highly
hydrated, gel-like ground substance in which the fibrous proteins are
embedded. The polysaccharide gel resists compressive forces on
matrix while permitting the rapid diffusion of nutrients, metabolites,
and hormones between blood and the tissue cells. The collagen fibers
both strengthen and help to organize the matrix and rubberlike

elastin fibers give resilience.

Glycosaminoglycans

Glycosaminoglycans are unbranched polysaccharide chains composed
of disaccharide units where one of the two sugars is always an amino
sugar which in most cases is sulfated. GAGs are highly negatively
charged and hydrophilic. They constitute less than 10 % of the weight
of fibrous proteins. But because they form porous hydrated gels, the
GAG chains fill most of the extracellular space, providing mechanical
support to the tissue. Four main groups of GAGs are distinguished
according to their sugars and type of linkage between sugars, and the
number and location of sulfate groups: (1) hyaluronan, (2)
chondroitin and dermatan sulfate, (3) heparin sulfate, and (4) keratin

sulfate. Chemical structure of Dermatan sulfate is given in Figure 1.7.

Fibrous Proteins

Although collagen fibers give the ECM great tensile strength, their
rigid, rodlike structure is not particularly suited to the elasticity and
flexibility required by some tissues. For example, lung tissue must
expand and contract as an organism breathes, and arteries must be

able to dilate and constrict as the heart pumps blood through them.
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Figure 1.7 Chemical structure of Dermatan sulfate.

Other tissues that require a flexible ECM include skin and the
intestines, which change shape continuously. Elasticity is provided by
stretchable elastic fibers present in the ECM. The principle constituent
of elastic fibers is a family of ECM proteins called elastins. Like
collagens, elastins are rich in amino acids of glycine and proline.
However, the proline residues are not hydroxylated and no
hydroxylysine is present. Elastin molecules are crosslinked to one
another by covalent bonds between lysine residues. Tension on an
elastin network causes the individual molecules to adopt extended
conformations that permit the overall network to stretch. When the
tension is released, the individual molecules relax, returning to their
normal, less extended conformations. The crosslinks between

molecules then cause the network to recoil to its original shape [49].

Proteins in the natural extracellular space are either of the structural
type (for example, collagen, elastin) or the adhesive type (for

example, laminin, fibronectin).

Collagen is the most abundant protein found in the ECM and is
secreted by chondrocytes, fibroblasts, and other cell types. Several
chemically distinct forms of collagen have been identified, each of

which contains the same basic macromolecular unit: an alpha helical
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chain formed by the interaction of three polypeptides (Figure 1.2).
These polypeptide chains contain 1000 amino acids in length and
have a certain sequence specific to each type of collagen. The most
common forms of collagen found within the ECM are types I, II, III,
and IV. Following secretion into the ECM, molecules of collagen types
I, II, and III organize into larger fibrils which are 10 to 300 nm in
diameter. These fibrils are stabilized by crosslinks which connect
lysine residues within or between adjacent collagen molecules. In
some tissues these fibrils become further organized, forming larger
collagen fiber several micrometers in diameter. Fibrillar collagens
interact with cells trough integrin receptors on cell surfaces. Cell
differentiation and migration during development are influenced by
fibrillar collagens. In contrast to the fibrillar collagens, collagen type
IV forms a mesh-like lattice that constitutes a major part of the
mature basal lamina, the thin mat separating epithelial sheets from
other tissues. Collagen type IV interacts with cells indirectly by

binding to laminin, another major component of the basal lamina.

Fibronectin is a dimeric glycoprotein composed of similar subunits,
each containing 2500 amino acids. The two similar polypeptide chains
are linked by disulfide bonds at the carboxyl termini and folded into a
number of globular domains. The biological activities of certain
polypeptide domains within the fibronectin macromolecule have been
defined by observing the properties of fibronectin fragments.
Fibronectin binds to collagen and heparin; this binding contributes to
the organization of the ECM. Integrin receptors on cell surfaces bind
to a fibronectin domain containing the tripeptide sequence of RGD. It
appears that complete cellular adhesion also requires participation of
another region on fibronectin, the “synergy” region on the amino
terminus side of the RGD containing region. Cellular interactions with
fibronectin have been shown to affect cell morphology, migration, and

differentiation.
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Laminin is a large cross-shaped protein composed of three
polypeptide subunits: o, B, and vy. At least twelve different
heterotrimeric laminins are found in mammals. These different
isomers has important role in neutrite growth, cell migration, and cell
adhesion. Laminin contains binding sites for cell attachment and other
binding sites that promote neutrite outgrowth. Regions that promote
cell attachment, heparin binding, and neutrite outgrowth have been

identified and involve the specific peptide sequences like RGD.

Elastin is a hydrophobic, nonglycosylated protein composed of 830
amino acids. After secretion into the ECM, extended elastin molecules
form crosslinked fibers and sheets which can stretch and relax upon
deformation. Elastin is found in abundance in tissues that undergo

repeated stretching, such as the blood vessels.

Tenacin, a multiunit glycoprotein of 1.9x10° daltons, has both cell
adhesive and anti adhesive properties. While it is confined primarily to
the nervous system in adults, it is present in embriyonic tissues and
may be involved in modulating cell migration during embriyogenesis.
Tenacin is composed of six polypeptide chains, some containing the
RGD sequence, which are disulfide - linked to produce a windmill -

shaped complex [50].
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1.4 Aim of the Study

In this study an integrated biocompatible and biodegradable scaffolds
which mimic the natural tissue extracellular matrix were developed by
tissue engineering approach. Scaffolds were composed of chitosan,
gelatin and dermatan sulfate and prepared under various stirring
rates, freezing temperatures and moldings to achieve sufficient pore
size and organization for cell growth and proliferation. Biologically
active arginine-glycine-aspartate-serine (RGDS) peptide and platelet
derived growth factor (PDGF) were immobilized on to the scaffolds to
enhance adhesion and proliferation of seeded fibroblast -cells.
Designed scaffolds were tested in vitro in order to show their potent

to be used in soft tissue engineering area.

22



CHAPTER 2

MATERIALS AND METHODS

2.1 Materials

Chitosan (medium molecular weight), gelatin (Type-A from porcine
skin), dermatan sulfate B-heparin, Arg-Gly-Asp-Ser (RGDS) peptide,
1-ethyl-3dimethylaminopropyl carbodiimide (EDC), lysozyme (chicken
egg white), hydroxysuccinimide (NHS), platelet derived growth factor
BB-human (PDGF-BB), RPMI (Roswell Park Memorial Institute) basal
cell culture medium, 3-(4, 5-dimethylthiazol-2-yl)-2,
5-diphenyl tetrazolium bromide (MTT), sodium dodecyl sulfate (SDS),
propidium iodide, and osmium tetroxide were purchased from Sigma-
Aldrich, Germany. N,N-dimethyl formide (DMF), acetic acid, absolute
ethanol, sodium hydroxide were supplied from Reidel-de-Haén,
Germany. Gluteraldehyde solution was purchased from Fluka,
Switzerland. Phosphate buffer saline (Dulbecco, 1x, PBS) was
purchased from Biochrom AG, Germany. BIOAMF® basal medium was
supplied from Biological Industries Ltd., Haemek, Israel. Glycerol,
sodium cacodylate and gluteraldeyde (electron microscopy grade)

were purchased from BDH Chemicals, England.

2.2 Methods

2.2.1 Preparation of Chitosan/Gelatin/Dermatan Sulfate
Scaffolds

Chitosan (2 % w/v) was dissolved in 0.2 M acetic acid at room
temperature and stirred 24 h to obtain homogeneous solution. On the

other hand gelatin (2 % w/v) was dissolved in 0.2 M acetic acid at
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40 °C and dermatan sulfate (DS) solution (0.6 % w/v in deionized
water) was added drop wise to gelatin solution till the final
concentration will be 0.03 g DS / 2 g gelatin and stirred for 30 min.
Homogenized chitosan solution was mixed with gelatin-dermatan
sulfate solution in 4:1 (v/v) ratio and stirred for 1 h with magnetic
stirrer at 500 rpm. Final solution was composed of 79.7 % chitosan,
20 % gelatin and 0.3 % dermatan sulfate. This homogeneous solution
poured into polypropylene cylindrical molds (14 mm in diameter,
60 mm in height) or polystyrene petri dishes (35 mm in diameter,
7 mm in height), frozen at -80 °C for 12 h and lyophilized for 48 h
(Christ® Alpha 1.4 Germany). These scaffolds were coded as SCAF-1.
All scaffold preparations were performed under room temperature

conditions.

To examine the effects of stirring rate and freezing temperature on
scaffold morphology and structure, the given procedure was
performed at two different stirring rates; 500 rpm (1 h) and
2000 rpm (15 min) with magnetic stirrer and overhead mixer,
respectively and frozen at two different temperatures (-20 °C and

-80 °C). The obtained four set of scaffolds are given in Table 2.1.

Table 2.1 Prepared scaffolds

Freezing
Scaffold Stirring Rate
Temperature
SCAF-1 500 rpm -80 °C
SCAF-2 500 rpm -20 °C
SCAF-3 2000 rpm -80 °C
SCAF-4 2000 rpm -20 °C
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2.2.2 Stabilization of Scaffolds and Peptide Immobilization

Scaffold stabilization and immobilization of RGDS peptides were
achieved in one step process. Freeze dried scaffolds were immersed in
absolute ethanol for 15 min, then immersed in peptide solution
(composed of 25:25:1 v/v/v of the following solutions; 0.2 mM
peptide in DMF, 2.5 mg/mL EDC in DMF and 8 mM NHS in pH 8.4
phosphate buffer) and kept at 4 °C for 72 h or 96 h to assure
crosslinking and peptide immobilization [51]. Afterwards the scaffolds
were washed with ethanol (40 %, 100 mL) twice and frozen at -80 °C
overnight and then lyophilized for 24 h. These scaffolds were coded
as SCAF-RGDS.

2.2.3 Incorporation of Growth Factor into the Scaffolds

Platelet Derived Growth Factor-BB (PDGF-BB 10 ug) was dissolved in
sterile HCI solution (1 mL, 4 mM containing 0.1 % BSA). Required
amounts of PDGF-BB solutions (200 ng/cm?® scaffold)were added by
an injector on disc shaped SCAF-1-RGDS scaffolds which have the
size of 12 mm diameter and 2 mm height. Scaffolds were frozen
overnight at -80 °C and then freeze dried. These scaffolds were coded
as SCAF-1-RGDS-PDGF.

2.2.4 Characterization of Scaffolds
2.2.4.1 SEM Analysis
Scaffolds were coated with gold and their topography and porosity

were analyzed via Scanning Electron Microscopy (SEM) (JEOL®, JSM-
6400, NORAN Instruments, Tokyo, Japan).
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2.2.4.2 FTIR-ATR Spectroscopy

Fourier = Transform Infrared Spectrometer-Attenuated Total
Reflectance (FTIR-ATR) spectra for the unmodified (SCAF), and
RGDS-modified (SCAF-RGDS) scaffolds were obtained with a
BRUKER®  Vertex 70, (BRUKER®,  Ettlingen, Germany)
spectrophotometer. Spectra were analyzed with built-in OPUS Viewer
5.5® software. To assure the RGDS structure, FTIR spectrum of RGDS
peptide was obtained in KBr pellet (Figure B.1 appendix).

2.2.4.3 Mechanical Tests

Mechanical stabilities of the prepared scaffolds were analyzed with
LLOYD® LRX5K (LLOYD® Instruments Limited, Fareham, Hampshire,
UK) mechanical tester. Dry scaffolds with 12 mm in diameter and
12 mm in height were compressed with 10 kg load capacity with a

rate of 0.1 mm/min at room temperature.

2.2.4.4 Degradation Studies of Scaffolds

The biodegradation studies of the scaffolds were carried out in vitro
by incubating the scaffolds in PBS (pH 7.4) containing 1x10* U/mL of
the enzyme, lysozyme, in an incubation dish and kept at 37 °C. At
predetermined time intervals, the scaffolds were taken from the
medium, washed with distilled water and freeze-dried and weighted.

Weights remaining, W,, were determined from the given formula,

% W,= (W, / Wo) x 100

where W, denotes the original weight, and W, is the weight at time t
[52]. Each biodegradation experiment was repeated three times and

the average values were taken.
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2.2.5 In-vitro Cell Culture Studies

The prepared scaffolds (SCAF-1, SCAF-1-RGDS, SCAF-1-RGDS-PDGF)
(12 mm in diameter and 2 mm in height) were exposed to UV for 1 h
prior to cell culture studies to achieve sterilization. Unmodified

scaffold (SCAF-1) was used as a control for cell culture studies.

2.2.5.1 Cell Culture

Isolated human fibroblast cells were cultured in tissue culture plates
(Falcon®) using BIOAMF® basal medium containing 10 % fetal calf
serum (FCS), 2 mM L-glutamine and 1 % penicillin - streptomycin.
Incubations were carried out at 37 °C in air containing 5 % CO,
atmosphere and medium was changed every 3 days. At confluence
fibroblasts were harvested by tripsinization. For this purpose, 5 mL
tripsin-EDTA (0.05 % trypsin, 0.02 % EDTA) solution was added and
the cultures were incubated at 37 °C for 15 min, centrifuged at
1200 rpm for 5 min resuspended and subcultured in the same

medium. Cells used in seeding were 3rd passage.

2.2.5.2 Seeding of Scaffolds

Fibroblast cells in culture medium were seeded on scaffolds
(4x10° cells/ 0.068 cm?® scaffold) in 96-well tissue culture plate.
Briefly, scaffolds initially were treated with RPMI basal cell culture
medium for 30 min in two ways either in the cell culture medium
containing FCS and L-glutamine or without FCS and L-glutamine.
Harvested passage 3 cells were suspended with basal medium to
inhibit the effect of trypsin, centrifuged at 1200 rpm for 5 min and the
precipitated cell pellets were resuspended with basal medium either
contains FCS and L-glutamine or not. 1 mL of cell containing medium

was colored with trypan blue (1 mL, 10 %) and cells were counted by
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applying through capillary to Thoma® cell count lam. 4x10° cells were
seeded on scaffolds (0.068 cm?®) present in 96 well tissue culture
plate and incubated at 37 °C, in air containing 5 % CO, atmosphere

and medium was changed in every 3 days.

2.2.5.3 Cell Proliferation Assay

MTT, (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide),
assay was performed to observe viable cells on the scaffolds. For this
purpose, seeded scaffolds in 96 well tissue culture plate were taken
out in predetermined time intervals and placed in a new 96 well tissue
culture plate and washed 3 times with PBS (pH 7.4). Then 10 yL MTT
and 100 pL PBS were added to each well and the plate was incubated
for 4 hours (37 °C, air 5 % CO;). Then 100 pL, 10 % SDS solution
was added on each scaffold and incubated overnight. Finally scaffolds
were removed from wells and optical densities (OD) of aliquoids were
measured with ELISA reader (TECAN SPECTRA® CLASSIC, Austria) at
492 nm [53]. Six independent OD values were obtained for each

scaffold group and the average values were taken.

2.2.5.4 Preparation of Calibration Curve for MTT Assay

To quantify the cell number on the scaffolds; a calibration curve was
prepared as follows: known amounts of fibroblast cells (4x103, 8x10°,
1.2x10%, 1.6x10% 2x10* cells) were seeded on 96 well tissue culture
plate and after 2 hours of incubation at 37 °C in air containing
5 % CO,, MTT assay was performed. Calibration curve was prepared
by plotting the cell number versus OD obtained at 492 nm (Figure C.1
appendix).
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2.2.5.5 Preparation of Fibroblast Seeded Scaffolds to SEM

Fibroblast seeded scaffolds both prepared in serum free and serum
containing cell culture media were fixed for SEM observation. Briefly,
scaffolds were washed with cacodylate buffer (0.1 M, pH 7.4) and
treated with 2.5 % glutaraldehyde in cacodylate buffer (0.1 M,
pH 7.4) for 2 hours at room temperature. Then scaffolds were washed
with cacodylate buffer 3 times each 5 min and placed in 1 % osmium
tetroxide solution (5 mL/scaffold) for 1 h at room temperature in
dark. Next, scaffolds were washed again with cacodylate buffer
(10 mL) 3 times for 5 min. Dehydration of scaffolds was carried out
with ethanol in sequential steps (10 min in 25 %, 10 min in 50 %,
10 min in 75 %, 10 min in 85 %, 10 min in 95 %, and three times
10 min in 100 %) and vacuum dried [54]. Scaffolds were coated with
gold, the attached cells and morphology of the cells were analyzed via
Scanning Electron Microscopy (SEM) (JEOL®, JSM-6400, NORAN

Instruments, Tokyo, Japan).

2.2.5.6 Preparation of Fibroblast Seeded Scaffolds to
Florescence Microscopy

Fibroblast seeded scaffolds were frozen at -196 °C in liquid nitrogen.
Sections with 7 um thickness of frozen scaffolds were taken by
cryostat (Leica® Jung Frigocut 2800E). Nuclei of fibroblast cells exist
in the scaffolds were stained with propidium iodide (100 pL, 1 %) and
examined under florescence microscope (Leica® DMR DC500) with
build in software (IM 50®).
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 Preliminary Work in Scaffold Preparation

Various sets of chitosan, gelatin-dermatan sulfate polymer solutions
were prepared with different concentrations and compositions in order

to justify the proper preparation technique and scaffold composition.

Initially to examine the chitosan nature, scaffolds were prepared only
from 1 % (w/v) chitosan in 0.1 M acetic acid polymer solution, stirred
with 2000 rpm overhead mixer and freeze dried (Figure A.1).
Observations and SEM images showed that chitosan is promising
material in physical manner for scaffolding. Next, 1 % (w/v) chitosan
and 1% (w/v) gelatin dissolved in 0.1 M acetic acid were mixed in
2.6:1 ratio respectively. Glycerol (2% v/v) was added to chitosan-
gelatin solution as a plasticizer to obtain soft elastic scaffold and
freeze dried (Figure A.2). The structure was elastic however removing
the excess glycerol from scaffolds was difficult and required additional
steps in process which flawed the scaffold structure. Therefore
glycerol concentration was reduced to 1 % (v/v) while keeping the
rest of the composition constant (Figure A.3). Then chitosan amount
was increased and chitosan-gelatin ratio was set to 4:1, respectively
(Figure A.4). Since the removal of excess glycerol was still problem,
for further studies glycerol was removed from the scaffold
composition. Addition of dermatan sulfate to chitosan-gelatin mixture
was also studied (Figure A.5). Crosslinked scaffolds were prepared by
using glutaraldehyde (Figure A.6). But for further studies,
glutaraldehyde was not preferred, instead EDC/NHS was used since

crosslinking and RGDS peptide immobilization on scaffols could be
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achieved properly in one step with EDC/NHS. For non-crosslinked
scaffolds preparation, effect of stirring rate was reduced from
2000 rpm to 500 rpm and well oriented pores were obtained
(Figure A.7). These type of pore structures were not reported in
literature previously. Therefore, it was decided to study the
reproducibility and to increase physical strength via increasing
chitosan and gelatin concentration from 1 % (w/v) to 1.5 % (w/v) in
0.1 M acetic acid. It was observed that increasing the polymer
concentration did not alter the oriented pore structure but increased

the physical strength (Figure A.8).

Scaffold preparation technique and scaffold composition that will be
used in the study was developed with the results of the above
mentioned preliminary work. Finally, the concentrations of each,
chitosan and gelatin were set to 2 % (w/v) in 0.1 M acetic acid. For
these scaffolds, the effects of two stirring rates (500 rpm and
2000 rpm), and two freezing temperatures (-20 °C and -80 °C) were

examined.

3.2 Characterization of Biomimetic Scaffolds

Scaffolds used in tissue engineering applications should have high
void volumes in order to allow cells migrate into and populate the
scaffold to facilitate new tissue formation, vascularization and
structural integration with the surrounding tissue [55]. Besides pore
size, orientation is also critically important in determining the
mechanical properties of the scaffold [56]. Porosity is defined as the
percentage of void space in a scaffold and it is a morphological
property independent of the scaffolding material [57]. However
porosity of a scaffold can be controlled with the preparation technique

and parameters. Therefore porosity and structural organization should
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be optimized for the designed scaffolds before any tissue engineering

usage.

3.2.1 Stirring Rate of Natural Polymers

Scaffold preparation solutions containing chitosan, gelatin and
dermatan sulfate were stirred at two different rates, either at
500 rpm with a magnetic stirrer or at 2000 rpm with an overhead
mixer. These scaffolds were molded either in polypropylene cylindrical
molds (14 mm in diameter, 60 mm in height) or in polystyrene petri
dishes (35 mm in diameter, 7 mm in height). Resulting SEM image
(Figure 3.1a and c) of 3-D scaffold (SCAF-3) prepared with 2000 rpm
shows well organized layered structure, however due to the high
speed of stirring; bubble shaped polymeric structures filling the
distances between the layers can be observed in the matrix. On the
other hand, scaffolds prepared at 500 rpm (SCAF-1) demonstrated
layered structures but in this case layer intervals were clear of
bubbles (Figure 3.1b and d).

The major challenge in in vitro cell culture studies is dealing with the
nutrient and waste material transport within the inner parts of the
scaffolds prepared for tissue engineering applications. Cells on the
upper side of scaffolds are more viable compared to cells inside the
scaffold. Open pores and sheet like inner structure of scaffolds
prepared at 500 rpm makes these scaffolds good candidates for
efficient nutrient and waste circulation leading to successful cell
attachment and proliferation. Therefore SCAF-1 and SCAF-2, prepared
at 500 rpm, are thought to have potential to be used for cell culture

studies.
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3.2.2 Scaffold Molding and Freezing Temperature

The shape of molds in which polymer solutions are placed, is another
critical issue on organizing the structure of the scaffolds. Scaffolds
prepared in petri dishes at -80 °C, show nonuniform orientation and
distribution of pores as shown in Figure 3.2a and c. Upper part of
these scaffolds which were exposed to atmospheric conditions during
freezing, show more bubble like polymeric formations in a dense
structure with closed pores compared to inner part. Petri dishes are in
7 mm height and have large surface area (9.61 cm?) and therefore it
is assumed that freezing flux did not affect the polymer solution
homogenously. Therefore the surface and bulk demonstrated different
formations and the homogeneous inner parts which are also the
appropriate parts for tissue engineering are very limited. For these
reasons it is assumed that these scaffolds will not provide uniform cell

seeding distribution and are not suitable for cell culture experiments.

In cylindrical molds with small inner diameter (14 mm) the freezing
flux is assumed to be equally distributed though the whole polymer
solution. That feature leads to creation of symmetrical ice nucleation
when the samples were frozen and therefore after the freeze-drying
well oriented sheet like laminar interconnected pores were obtained
(Figure 3.2b).

Freeze drying technique gives porous scaffolds as a result of
sublimation of solvent crystals formed with freezing. Freezing
temperature affects the pore size and the pore shape of the scaffolds.
Lower freezing temperatures induce crystal formation more rapidly
[58]. Therefore solvent crystals formed in this way at lower
temperatures are smaller than the crystals formed at higher

temperatures.
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Figure 3.1 Effect of stirring rate of polymer solution on scaffold
morphology. (a) SCAF-3 in petri dish (middle section), (b) SCAF-1 in
petri dish (middle section), (c) SCAF-3 in cylindrical mold,
(d) SCAF-1 in cylindrical mold.

In order to see the effects of freezing temperature on pore size
between scaffold layers, polymer solutions prepared with in cylindrical
molds with 500 rpm stirring rate were frozen at two different
temperatures of -20 °C and at -80 °C. SEM micrographs are given in
Figure 3.3. Average pore size between scaffold layers in -20 °C frozen
scaffolds is about 200-400 um (Figure 3.3a), whereas is about  100-
150 pm in scaffolds frozen at -80 °C (Figure 3.3b). Having small pore
size between layers in the scaffolds also indicate that there are more
layers in unit volume of scaffold prepared at -80 °C. In fact this also

implies that there will be more cell sheets per unit volume of scaffold.
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Moreover, an increase in the void volume results in a reduction in
mechanical strength of the scaffold [57]. Larger pores of SCAF-2 are
suspected to lead greater void volumes and weaken the structure. For
these reasons it was decided to use scaffolds (SCAF-1) prepared at

-80 °C in cylindrical mold for cell culture experiments.

LN ook
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Figure 3.2 Molding effect on scaffolds (a) SCAF-1 in petri (middle
section) (b) SCAF-1 in cylinder (middle part) (c) SCAF-3 in petri dish
(arrow indicates upper section).
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Figure 3.3 Effect of freezing temperature on the scaffolds,
(@) SCAF-2, -20 °C (b) SCAF-1, -80 °C.

3.2.3 Mechanical Tests

Mechanical strengths of scaffolds prepared at 500 rpm and 2000 rpm
stirring rate shaped in cylindrical molds, and frozen at -80 °C, were
examined with a mechanical test instrument both in compression and
tension manner in order to study the compression modulus, tension
modulus and tension strength in dry conditions. Mechanical tests of
the scaffolds in cylindrical mold were performed both before and after
the crosslinking of scaffolds (SCAF-1 and SCAF-3) with EDC/NHS.

Compression tests were performed with cylindrical scaffolds 12 mm in
diameter and 12 mm height. Compression modulus was obtained
from the initial slope of load versus deformation graph. Compression
resistance of non-crosslinked and crosslinked scaffolds (SCAF-1 and
SCAF-3) was determined from compression modulus data. It could
clearly be interpreted that crosslinking significantly increase the
compression modulus values from 0.601 MPa to 3.428 MPa for
SCAF-1 and from 0.741 MPa to 3.386 MPa for SCAF-3 (Table 3.1 and
Figure 3.4). However there is no significant difference in compression
modulus values between scaffolds prepared at 500 rpm (SCAF-1) and
2000 rpm (SCAF-3).
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For tension tests, the specimens were prepared as follows; cylindrical
scaffolds were uniformly compressed and thick sheets were obtained.
These samples (SCAF-1 and SCAF-3) were properly placed to the
holders of the mechanical tester. At those stages, ultimate attention
was paid not to break the scaffolds. At tension tests all scaffolds
broke off from the center part of the gage length. This is desired in all
type of mechanical tests and indicates that the pressure applied
during the preparation of sheets was uniformly applied. Tensile
strength and tension modulus were calculated from the load versus
deformation graphs and the results are given Table 3.1 and Figure 3.5
and 3.6. Crosslinking improves also the tension modulus and tensile
strength of scaffolds. The tension modulus values for SCAF-1 (non-
crosslinked) and SCAF-1 (crosslinked) were 7.333 MPa and
9.165 MPa, respectively while tensile strength values were 0.300 MPa
and 0.512 MPa. The tension modulus values were obtained as
9.106 MPa for SCAF-3 (non-crosslinked) and 9.408 MPa for SCAF-3
(crosslinked). Corresponding tensile strength values for SCAF-3 (non-
crosslinked) and SCAF-3 (crosslinked) were found to be 0.456 MPa
and 0.581 MPa, respectively.

Non-crosslinked and crosslinked scaffolds prepared at 2000 rpm
(SCAF-3) have higher tension modulus and tensile strengths values
than ones prepared at 500 rpm (SCAF-1) both before and after
crosslinking (Figure 3.5-3.6). A probable explanation could be such
that SCAF-3 has bubble like polymeric structures and therefore their

void volumes are lower than the SCAF-1.

As a result, mechanical properties of SCAF-3 (crosslinking) were
found to be slightly better than SCAF-1 (crosslinking). Hovewer as it
mentioned before SCAF-1 with higher pore size yields efficient
nutrient and metabolic waste transfer. Therefore SCAF-1, prepared

with 500 rpm stirring rate, frozen at -80 °C in cylindrical molds and

37



crosslinked with EDC/NHS was chosen to be suitable for the following

cell culture experiments.

Table 3.1 Mechanical test values of scaffolds
Compression Tension Tensile
Scaffold Modulus Modulus Strength
(MPa) (MPa) (MPa)
SCAF-1non- | 60110.125 | 7.333%0.264 | 0.300+0.047
crosslinked
SCAF-3 non- | 5 24110.020 | 9.106+2.045 | 0.456+0.025
crosslinked
SCAF-1 3.428+0.179 | 9.165+1.348 | 0.512+0.164
crosslinked
SCAF-3 3.386+0.052 | 9.408+1.367 | 0.581+0.157
crosslinked
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Figure 3.4 Compression modulus of crosslinked and non-crosslinked
scaffolds (n>3).
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Figure 3.5 Tension modulus of crosslinked and non-crosslinked
scaffolds (n>3).
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Figure 3.6 Tensile strength of crosslinked and non-crosslinked
scaffolds (n>3).
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3.2.4 Degradation Studies

Degradation kinetics is extremely important for a scaffold that is
going to be used in tissue engineering applications. Scaffold should
protect its structural properties inside the physiological, cell culture
media and even in vivo after the implantation. Cell proliferation and
functionalization takes time and therefore if scaffold degrades rapidly,
cells will go apoptosis before the natural tissue formation since their
carrier integrity is lost. On the other hand if the scaffold is very rigid
and degradation time is too long there will be space restrictions at the
implant site. In this study degradation experiments for crosslinked
and non-crosslinked SCAF-1 scaffolds were performed in vitro at
37 °C in lysozyme containing PBS solution at pH 7.4. Lysozyme is a
nonspecific proteolytic enzyme widespread in human and can
hydrolyze chitosan [59]. Crosslinking efficiency of the scaffolds is one
of the major parameters that control the degradation rate. Non-
crosslinked scaffolds lost their integrity totally even after 2 h of
incubation whereas crosslinked scaffolds conserved their integrity and
lost about 30 % of their initial weight in 30 days period (Figure 3.7).
In literature it is given that 25 days integrity is enough for skin wound
healing process [60]. The degradation results of crosslinked scaffolds
in this study excessively meet this condition and therefore it could be
concluded that the crosslinking procedure used in this study is

efficient for stabilizing the prepared scaffolds.
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Figure 3.7 Degradation curve of SCAF-1 in lysozyme containing
PBS pH 7.4 (n=3).

3.3 RGDS Immobilization

To enhance the cell adhesion through the integrin cell receptors and
scaffolds, cell receptor recognizing sites were created on scaffolds by
immobilizing Arg-Gly-Asp-Ser (RGDS) peptide. RGD sequences are
present in fibronectin protein and serve as specific ligands for integrin
receptors where fibronectin is responsible for cell adhesion. In this
study immobilization of RGD on scaffolds was carried out in the
presence of EDC and NHS which function as activators, form
intermediates that lead formation of imide bonds between amino
groups of chitosan and carboxylic acid groups of peptides. Water is
nucleophilic, and hydrolysis can be a competing reaction during
activation and coupling, especially at higher pH (>9-10). To reduce
hydrolysis, surfaces are commonly activated in nonaqueous solvents
[61]. Therefore the reaction was carried out in buffered basic (pH 8.4)

organic media (DMF).

FTIR-ATR spectra of the non-modified scaffolds, (SCAF-1 and
SCAF-3), and RGDS immobilized scaffolds (SCAF-1-RGDS and
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SCAF-3-RGDS) were obtained (Figure 3.8 - 3.9). From the obtained
spectra any significant differences that indicate the immobilization of
RGDS peptide were not observed. Since the immobilization takes
place through the amino groups of chitosan it was expected that after
the coupling reaction, N-H bending peak should reduce or disappear.
The reason for not being able to observe this reduction can be the
presence of gelatin in the scaffold structure that may shield the
disappearance of N-H bending peak at 1548 cm™. Gelatin is a partially
denatured derivative of collagen protein and it also contains amino
acids which may mask the difference among the RGDS peptide
immobilized and non-immobilized spectra. To confirm that idea, the
scaffolds that does not contain gelatin (SCAF-Ch) were prepared and
coupled with RGDS peptide with the same concentrations and
procedure. The FTIR-ATR spectra of non modified scaffold that does
not contain gelatin (Figure 3.10c) and the one which is RGDS
immobilized (Figure 3.10b) show a clear reduction of N-H bending
peak at 1548 cm™ which confirms the successful immobilization of
RGDS to the scaffolds. Extending the immobilization time from 72 h
to 96 h makes the coupling much effective where the indicator peak

almost disappeared (Figure 3.10a).
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Figure 3.8 FTIR-ATR spectra of scaffolds (1) SCAF-1, (2) SCAF-1-
RGDS.
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Figure 3.9 FTIR-ATR spectra of scaffolds (1) SCAF-3, (2) SCAF-3-
RGDS.
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Figure 3.10 FTIR-ATR spectra of (a) SCAF-Ch-RGDS (96 h),
(b) SCAF-Ch-RGDS (72 h), (c) SCAF-Ch.

3.4 Optimized Scaffolds

The parameters, (stirring rate of natural polymer solution, freezing
temperature and molding shape) that may affect the scaffold
morphology are used as variables in order to produce a scaffold
suitable for tissue engineering applications. According to the obtained
results, optimum scaffold is chosen as the one which prepared in
cylindrical mold with 500 rpm stirring rate, frozen at -80 °C,
immobilized with  RGDS and crosslinked with EDC/NHS
(SCAF-1-RGDS) (Figure 3.11). For cell culture experiments these

scaffolds were selected and used after the incorporation of PDGF-BB.

44



Figure 3.11 Optimized 3-D scaffolds (a) Photograph, (b) SEM image

3.5 Growth Factor Incorporation

Platelet derived growth factor-BB was incorporated to RGDS
immobilized scaffolds. PDGF-BB (10 ug/mL) was dissolved in BSA
(0.1 %) containing dilute HCI (1mL, 4 mM) and put on the scaffolds in
the concentration of 200 ng/cm?® scaffolds. PDGF-BB is anionic
molecule and since the scaffolds are chitosan based they are cationic,
therefore there is an electrostatic interaction between PDGF-BB and
scaffold. That feature makes the PDGF-BB stay on the scaffolds, not
to burst to the cell culture medium causing an inactivation or

denaturation.

3.6 Cell Culture Studies

Cell culture studies were performed both in serum containing and

serum free culture media.

3.6.1 Serum Free Proliferation

Integrin binding ligand RGDS and PDGF-BB immobilized SCAF-1
scaffolds (SCAF-1-RGDS and SCAF-1-RGDS-PDGF respectively) were
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selected for cell culture studies. Nonmodified SCAF-1 was used as
control. Cells were amplified in fetal calf serum containing cell culture
medium, however since some growth factors are present in fetal calf
serum and may mask the effect of PDGF immobilized on the scaffolds,
one set of proliferation studies were performed in serum free cell

culture medium.

Viability and proliferation of cells were determined by MTT assay at
predetermined time intervals. Calibration curve was prepared to
calculate the viable cell numbers from optical density values (Figure
B.2 appendix). Live cells uptake the yellow MTT tetrazolium salt,
cleave it and form purple formazan crystals. Number of live cells can
be obtained through the optical densities measured by ELISA reader
with 492 nm filter by using the calibration curve [62]. This procedure
was applied and on day 5, cell numbers and proliferation percentages
for control and SCAF-1-RGDS were found to be quite low as
~1600 cells and ~4 % respectively (Table 3.2 - 3.3), (Figure 3.12 -
3.13). On the other hand presence of PDGF-BB increased cell humber
to 2350 and proliferation to 15.5 %. On day 15 the proliferation
percentage values for all scaffolds were above 90 %. PDGF-BB
immobilized scaffolds are more active for cell proliferation (150.8 %)

than other scaffolds as it is expected.
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Table 3.2 Cell numbers on scaffolds obtained from MTT assay at
492 nm in serum free media on day 2, day 5 and day 15

Cell Number

Scaffold Day 2 Day 5 Day 15
SCAF-1 (control) 1579 1643 3033
SCAF-1-RGDS 1762 1820 3763
SCAF-1-RGDS-PDGF 2033 2350 5100

Table 3.3 Percent proliferation of cells on scaffolds in serum free
media on day 5 and day 15

% Proliferation

Scaffold Day 5 Day 15
SCAF-1 (control) 4.1 92.1
SCAF-1-RGDS 3.3 113.5
SCAF-1-RGDS-PDGF 15.6 150.8
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Figure 3.12 Proliferation curves of fibroblast cells on scaffolds in

serum free medium, SCAF-1 (control), SCAF-1-RGDS and SCAF-1-
RGDS-PDGF (OD at 492 nm), (n=6).
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Percent proliferation of fibroblasts seeded on scaffolds
in serum free medium between day 5 and day 10, (OD at 492 nm),
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3.6.2

The same set of scaffolds from section 3.6.1 were incubated in FCS

containing cell

prepared biomimetic scaffolds in the presence of serum. The cell
proliferation curve and percentage proliferation values for scaffolds
are found to be highest for RGDS-PDGF immobilized ones, similar to
the ones cultivated in serum free media (Table 3.4 - 3.5), (Figure

3.14 - 3.15). These data interpret that serum in cell culture media

Serum Containing Proliferation

masks the activity of PDGF immobilized on scaffolds.

Table 3.4 Cell numbers on scaffolds obtained from MTT assay at

culture medium to evaluate the activity of the

492 nm in serum containing media on day 2, day 5 and day 15

Cell Number

Scaffold Day 2 Day 5 Day 15
SCAF-1 (control) 2435 2300 5358
SCAF-1-RGDS 2050 2380 5745
SCAF-1-RGDS-PDGF 2240 2367 6275

Table 3.5 Percent proliferation of cells on scaffolds in serum
containing media on day 5 and day 15
% Proliferation

Scaffold Day 5 Day 15
SCAF-1 (control) -5,5 120.1
SCAF-1-RGDS 16.1 180.2
SCAF-1-RGDS-PDGF 5.7 180.1
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Figure 3.14  Proliferation curves of fibroblast cells on scaffolds in
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3.6.3 Florescence Microscopy

Primary human fibroblast cells were seeded on SCAF-1, SCAF-1-RGDS
and SCAF-1-RGDS-PDGF and incubated for 15 days in serum free cell
culture medium and examined under florescence microscopy on days
7 and 15 to observe cell viability, proliferation and distribution.
Sections with 7um thickness were taken with cryostat and cell nucleus
staining was achieved with propidium iodide. Non-modified scaffold

SCAF-1 served as control.

On day 7, control group scaffolds were lack of cell populated regions
(Fig. 3.16 a) whereas highly proliferated cell regions were observed
on RGDS and PDGF-BB modified scaffolds (Figure 3.16 b and c).
These results support the MTT assay results so that, in serum free cell
culture medium the scaffolds modified with RGDS and PDGF-BB
provide better conditions for the attachment and proliferation of

fibroblast cells.
On day 15 it could be seen that cell population has been increased on

all groups of scaffolds (Figure 3.17). However modified scaffolds still

preferred much more in serum free cell culture medium.
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Figure 3.16 Florescence microscopy of fibroblast seeded scaffolds
on day 7 incubated in serum free cell culture medium (a) SCAF-1

(control), (b) SCAF-1-RGDS, (c) SCAF-1-RGDS-PDGF (magnification
10X, arrows indicate cell regions).
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Figure 3.17 Florescence microscopy of fibroblast seeded scaffolds
on day 15 incubated in serum free medium (a) SCAF-1 (control), (b)

SCAF-1-RGDS, (c) SCAF-1-RGDS-PDGF (magnification 10X, arrows
indicate cell regions).
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3.6.4 Scanning Electron Microscopy Study

Attachment and morphology of fibroblasts that were seeded on
scaffolds were studied with SEM after 2 hour, 7 day and 15 days of
cultivation. Fibroblast cells attached on biomimetic scaffolds are
clearly seen on Figure 3.18 and 3.19. In the natural environment
fibroblast cells have spread and rod-like shapes [63]. The morphology
of fibroblasts attached on scaffolds incubated both in serum and
serum free media show differences with the incubation time periods
(2 h, 7 days and 15 days). Fibroblasts have round, ball like shape at
2 h incubation (Figure 3.18a) and got spread shape on days 7 and 15
(Figure 3.18b). This indicate that cell at 2 h are not functionalized
yet, whereas on day 7 they reach their native morphology. Another
difference between initial and further stage of attachment is the
bioactivity and proliferation of fibroblast cells. There are plaques
around fibroblast cells attached on the scaffolds (Figure 3.18b and d)
which are suggested to be the ECM that cells secreted on day 7 and
day 15 samples. However at 2 h samples surroundings of cells are

clear on any plaque formation (Figure 3.18a and c).
Cells seeded on scaffolds and incubated in serum free media did not

show any differences in attachment and morphology when compared

to ones incubated in serum containing media (Figure 3.19).
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Figure 3.18 SEM images of fibroblast seeded scaffolds in serum free
medium. (a) SCAF-1-RGDS at 2 h, (b) SCAF-1-RGDS on day 7, (c)
SCAF-1-RGDS-PDGF at 2 h, (d) SCAF-1-RGDS-PDGF on day 7.
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Figure 3.19 SEM images of fibroblast seeded scaffolds (a) SCAF-1
(control) in serum free at 2 h, (b) SCAF-1 (control) in serum
containing medium on day 15, (c) cross-section of SCAF-1-RGDS-
PDGF in serum free medium at 2h, (d) SCAF-1-RGDS-PDGF in serum
containing medium on day 15, (e) SCAF-1-RGDS-PDGF in serum
containing medium on day 7.
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CHAPTER 4

CONCLUSION

Many synthetic or natural biomaterials have been developed as
scaffolds for tissue engineering applications however there is not any
structure totally mimicking extracellular matrix (ECM), ready to use

yet.

In this study, integrated biomimetic scaffolds were developed by
tissue engineering approach. Prepared scaffolds were composed of
chitosan which can be considered as belonging to the family of
glycosaminoglycan (GAG), gelatin and dermatan sulfate. Topography
of scaffolds was designed by varying stirring rates and freezing
temperatures. According to the results scaffolds prepared with 500
rpm stirring rate and frozen at -80 °C in cylindrical molds gave porous
structure to provide sufficient space for cell growth and extracellular
matrix production. Mechanical and enzymatic degradation results
showed that scaffolds have physical integrity for use in tissue
engineering applications. To stimulate and accelerate the cell
adhesion and proliferation, biologically active peptide sequences of
RGDS and growth factors were immobilized on optimized scaffolds.
RGDS and RGDS-PDGF immobilized scaffolds demonstrated higher
cell adhesion and proliferation compared to non-modified scaffolds
even in serum free media. Morphology of fibroblasts attached on
scaffolds reached native shape on day 7 and cells have begun
secreting their ECM by that time. It can be concluded that RGDS-
PDGF immobilized chitosan-gelatin-dermatan sulfate scaffolds could
be considered as biomimetic scaffold candidates suitable to be used in

soft tissue engineering applications.
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APPENDICES

APPENDIX A
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Figure A.1 SEM image of chitosan (1 % w/v) stirred at 2000 rpm.
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Figure A.2 SEM image of Chitosan-Gelatin (1 % w/v with 2.6:1 ratio)
+ Glycerol (2 % v/v) stirred at 2000 rpm.
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Figure A.3 SEM image of Chitosan-Gelatin (1 % w/v with 2.6:1 ratio)
+ Glycerol (1 % v/v) stirred at 2000 rpm.

+ Dermatan Sulfate (0.03 % w/w) stirred at 2000 rpm.
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Figure A.6 SEM image of Chitosan-Gelatin (1 % w/v with 4:1 ratio)
+ Dermatan Sulfate (0.03 % w/w) stirred at 2000 rpm and crosslinked
with glutaraldehyde.

Figure A.7 SEM image of Chitosan-Gelatin (1 % w/v with 1:1 ratio)
+ Dermatan Sulfate (0.03 % w/w) stirred at 500 rpm.
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Figure A.8 SEM image of Chitosan-Gelatin (1.5 % w/v with 4:1 ratio)
+ Dermatan Sulfate (0.03 % w/w) stirred at 500 rpm.
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APPENDIX B
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Figure B.1 FTIR spectra of RGDS peptide in KBr.
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APPENDIX C
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Figure C.1 Calibration curve for fibroblast cells obtained by MTT

assay.
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