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ABSTRACT

PREPARATION AND CHARACTERIZATION OF
CARTILAGE MIMICKED STRUCTURES

In this thesis, micro-environment of cartilage tissue was mimicked by adjusting
the surface topography, stiffness and chemistry of polydimethylsiloxane (PDMS) which
is a biocompatible synthetic elastomeric polymer. PDMS substrates were synthesized
with different stiffness between 2.13+0.150 MPa and 0.5640.06 MPa which were in the
range of healthy human articular cartilage’s stiffness (0.45-0.80 MPa) and measured by
nanoindendation. A template mimicking the collagen type II bundle alignment, geom-
etry and size of healthy human cartilage tissue were prepared (A= 100, 150, 200 pm;
B= 30, 40, 50 um; C= 30, 40, 50 um) by photolithography. PDMS substrates with
desired patterns were prepared by soft lithography. In order to mimic the chemistry
of the cartilage tissue micro-environment, PDMS substrates were modified with amino
acid conjugated self-assembled molecules (Histidine, Leucine and Tryptophan) and also
with type II collagen. Stiffness of PDMS substrates were analyzed with nanoindenta-
tion measurements and chemical modifications of substrates were confirmed by using
X-ray Photoelectron Spectroscopy and contact angle measurements. According to the
characterization results, prepared substrates with cartilage like stiffness, chemistry and

topography are possible cell substrates for cartilage tissue engineering.

Keywords: Cartilage-mimicked structures, Polydimethylsiloxane (PDMS), Stiffness,
Amino acids, Self-assembled Molecules (SAMs)



OZET

KIKIRDAK TAKLIDI YAPILARIN SENTEZI VE
KARAKTERIZASYONU

Bu tez calismasinda, biyouyumlu, sentetik ve elastomerik bir polimer olan
PDMS’in yiizey topografisi, sertligi ve kimyasi, kikirdagin mikro-cevresine ayarlanarak,
kikirdak dokusu taklit edilmigtir. Nanoiz yontemiyle sertlikleri belirlenen PDMS sub-
stratlary, 2.134+0.150 MPa ve 0.561+0.06 MPa arasi sertliklerde sentezlenmigtir. Bu
degerlerin saglikli insan kikirdaginin sertligine uyumu (0.45-0.80 MPa) goriilmiigtiir.
Saglikli insan kikirdagindaki tip II kolajen demetlerinin yénlenme, geometri ve uzun-
luklarim taklit eden kaliplar tasarlanmig (A= 100, 150, 200 pm; B= 30, 40, 50 pm;
C= 30, 40, 50 um) ve fotolitografi yontemiyle hazirlanmigtir. PDMS substratlarin
desenlemesi, tasarlanan kalip kullanilarak yumusak litografi ile elde edilmigtir. Kikir-
dak dokusunun mikro-cevresinin kimyasini taklit etmek icin, PDMS substratlar amino
asit konjiige kendiliginden yonlenen molekiiller (histidin, 16zin ve triptofan) ile tip
IT kolajen kullanilarak modifiye edilmiglerdir. PDMS substratlarin sertlikleri nanoiz
yontemi ile 6lgiilmiig, kimyasal modifikasyonlarinin basarisi da X 1sm1 fotoelektron
spektroskopisi ve temas acisi olgiimleri kullanilarak kanitlanmistir. Karakterizasyon
sonuglarina gore, kikirdak benzeri sertlik, yiizey kimyasi ve yiizey topografisi ile hazir-
lanan PDMS substratlarin, kikirdak doku miihendisligi i¢in bir iyi hiicre substrat1 aday:

oldugu goriilmiigtiir.

Anahtar Sozciikler: | Kikirdak benzeri yapilar, Polidimetilsiloksan (PDMS), Sertlik,

Amino asitler, Kendiliginden diizenlenen molekiiller (KDM).
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1. INTRODUCTION

1.1 Motivation

Cartilage is a flexible connective tissue which bears the ends of bones and helps
us to move. The structure and function of this tissue is unique and cartilage can be
easily damaged from daily activities [1]. Many people around the world are suffering
from osteoarthritis which is a degenerative condition caused from the break down of
cartilage during daily physical activites or aging. Due to lack of blood supply, carti-
lage’s self-regeneration capacity is relatively very low and if left untreated, causes pain,
swelling and ultimately loss of joint function [2]. However, current medication for carti-
lage defects is only for pain relief. They cannot initiate cartilage healing. Since, surgical
replacement looks like the only treatment preferably by using autographs which have
to be donated and hard to obtain. Also there are many unsuccessful replacement ex-
periments which increases the interest of cartilage tissue engineering to repair cartilage
defects |3, 4, 5, 6].

Cartilage tissue engineering has been a great hope for a long term treatment of
the defected cartilage tissue. In cartilage tissue engineering, chondrocytes are grown
and populated by using appropriate cell sources, appropriate biomaterials and appro-
priate culture conditions [7]. Major drawback of these studies is losing the function,
morphology and shape of chondrocytes, called dedifferentiation. It causes the cells lose
their chondrogenic behaviour to regenerate cartilage and efficiency of the treatment
decreases. Used cell type, and contact of cells with flat, rigid surfaces are main reasons
of cell dedifferentiation [8]. Thus properties of cell substrates are crucial for cartilage
tissue engineering.

Recent studies show that, living cells can realize stiffness, topography, chemical
and biochemical composition of their surroundings response according to this input [9].
Among these studies Liu (2013) reported the chemical functionality of cell substrate
can affect the behaviour of human adipose derived stem cells (hASCs), after producing

plasma polymerized films, rich in amine (-NHy), carboxyl (-COOH) and and methyl



(-CH3) on hydroxyapetite substrates and investigated osteogenic differentiation [10].
Results of this study showed that, osteogenic differentiation was promoted in -NH,
modified surfaces. Greater amount of proteins were absorbed by -COOH modified
surfaces and -CH3 modification was not a successful modification for osteogenic differ-
entiation and protein absorbtion of cells [10].

Biomechanical forces, such as surface stiffness, are important to regulate extra-
cellular matrix to change in shape and size and thus effect stem cell differentiation.
In 2006 Engler et al. showed the effect substrate stiffness on stem cell differentiation.
They indicated that collagen I-coated firm gels with muscle mimicked elasticity caused
stem cells to upregulate myogenic markers [1].

In an another study, effects of surface topography on stem cell differentiation
was investigated. Alterations of geometry and size of the substrate influence cell adhe-
sive molecules and eventually change the number and distribution of focal adhesions.
These changes in focal adhesions may enhance cell growth, adhesion, motility and stem
cell differentiation. For example, random features lead to osteogenic differentiation of
Mesenchymal stem cells and anisotropic features induced axon outgrowth guidance in
neurons [11].

With the inspiration of these studies, to enhance a better cellular activity, to
induce chondrogenic stem cell differentiation and to inhibit dedifferentiation of chondro-
cytes, preparing substrates with cartilage-like chemical, mechanical and topographical

properties are holding a great promise [11].



1.2 Objectives

In this thesis, PDMS was used as a cell substrate as it is non-toxic, biocompatible
and has tunable mechanical properties. Stiffness of PDMS was adjusted to human car-
tilage tissue’s stiffness. Alignment, geometry and size of collagen type IT bundles were
mimicked on PDMS substrate’s surface and substrate surface was modified with amino
acid conjugated self assembled molecules to prepare cartilage extracellular matrix-like

environment. The main objectives of this study are:

e The production of polydimethylsiloxane (PDMS) cell substrates mimicking car-

tilage tissue’s elasticity,

e Adjusting the surface topography of substrates to the type II collagen fibers,
which are found predominantly (approximately 90% of total collagen) 2] in car-

tilage tissue,

e Modifying the surface with amino acid conjugated self assembled molecules and

to characterize these substrates,

e Modifying the surface with type IT collagen.

1.3 Outline

The thesis is presented as follows; In chapter 2, background information about
cartilage tissue, cartilage tissue engineering, appropriate cell substrates and required
modifications of cell substrates is explained. In chapter 3, the experimental procedures
are explained. In chapter 4, the results are presented In chapter 5, the discussion of

the results are given.



2. BACKGROUND

Cartilage is a living, firm and elastic connective tissue which is found in many
areas of the body, including the joints, ribs, nose, ear, trachea and intervertebral discs.
It performs different functions, as structural support, shape maintenance or shock ab-
sorber. Cartilage tissue is found in various forms in the body. It is classified depending
on its composition as articular (also known as hyaline) cartilage, fibrocartilage, or elas-
tic cartilage. Articular cartilage, which is white-blue in colour, smooth and glistening,

is the most abundant type among the cartilage types mentioned above [1, 12].

2.1 Articular Cartilage: Structure and Function

The articulating bond ends in diarthrodial joints are covered by the articular
cartilage which distribute the loads by minimizing the friction and shock absorption.
Articular cartilage is a soft but strong tissue. Its characteristic stiffness helps to reduce
contact stresses at joints [1]. Young’s modulus of cartilage is in the range of 5-25 MPa
depending on the depth and type of the joint. The compressive aggregate modulus fall
within the range of 0.08 to 2 MPa, with an average range of 0.45 to 0.80 MPa [13].
For comparison, the Young’s modulus in the midshaft of a long bone varies from about
17 GPa in the longitudinal direction to about 12 GPa in the transverse direction [14].
These data show that cartilage has a much lower stiffness (modulus) than bone[15].

Articular cartilage is composed of relatively low numbers of highly special-
ized cells, called chondrocytes, and a multicomponent extracellular matrix, which is
secreted by chondrocytes and primarily composed of water, proteoglycans, collagens,
elastin, glycoproteins and interstitial fluid. Chondrocytes are located in the lacunae
and they receive their nutrition from synovial fluid via diffusion [12]. Chondrocytes
produce the extracellular matrix which has a water content of approximately 70 to 85%.
The remainder of the tissue is mainly proteoglycans and collagen [1|. This composition

provides cartilage viscoelastic properties. Proteoglycans, which approximately 30% of
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Figure 2.1 A cross-sectional diagram through a synovial joint [16].

the dry weight of articular cartilage form a bottlebrush-like structure consisting of a
core protein (aggrecan, biglycan, decorin in the extracellular matrix; syndecan, CD44
and fibroglycan as cell surface receptors; serglycan in intracellular tissues) which is
attached to glycosaminoglycans. These GAG side chains, keratan and chondroitin sul-
phate help water retention of the tissue. Proteoglycans are bind to a hyaluronic acid
backbone to form a macromolecule [1, 12].

Collagen is a fibrous protein that makes two-thirds of the dry mass of articular
cartilage [1|. Type II is the predominant collagen in articular cartilage, but collagen
I1, VI, IX, X, XI, XIT and XIV are all found in the extracellular matrix [17]. Among
all the collagens found in the cartilage tissue, 90-95% of the collagen present is in the
form of collagen type II bundles [13]. It forms a meshwork that encloses massive pro-
teoglycan aggregates. This conjuction (the alignment of collagen type II bundles and
the rigidity of proteoglycans) provide compressive load strength to the cartilage tissue
[1].

Proteoglycan, collagen and water content vary through the depth of the car-
tilage tissue. There are four different regions between the articular surface and sub-
chondral bone classified by these structural differences: the superficial tangential zone,
the intermediate or middle zone, the deep or radiate zone and the calcified zone. The
orientation of collagen bundles are different in these zones. In calcified and deep zones
they are radially oriented, while from the upper deep zone into the middle zone they
become less distinct. The finest fibers are found in the superficial zone and thatas
why sometimes this zone is referred as the gliding zone. Collagen in superficial zone

is randomly oriented and it is parallel to the joint surface. This orientation helps the
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Figure 2.2 Alignment of collagen type II bundles a) Transmission Electron Microscopy (TEM) image
of collagen type II bundles [13]; b) Collagen type II, IX and XTI alignment [17].

tissue to resist compressive forces. Highest water content and few proteoglycan aggre-
gates are found in superficial zone. Also in deeper regions of cartilage, proteoglycan
concentration is very high and near the articular surface it is lower [1, 18|.

Articular cartilage helps to maintain body’s shape, provides structural support
and absorbs shock during physical exercise. This mechanical behaviour of cartilage
arises from its special constituents; collagen and proteoglycans. Proteoglycans are neg-
atively charged in aqueous environment and the repulsive forces of this negative charges
cause aggregated proteoglycan molecules to expand. As proteoglycans are located in
the collagen framework, their spreading volume is limited. However the enlargement of
these aggregated molecules against collagen is the basic principle of cartilage’s mechan-
ical response. In the compression of the tissue, negatively charged sites on aggregan

aggregate, repulsive force increases and so does the compressive stiffness of cartilage

1, 12].
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2.2 Cartilage Defects and Regeneration

Due to trauma or osteochondral pathology, such as osteonecrosis and osteo-
chondritis dissecans, cartilage tissue may lost its joint function and this may lead to
disability. Many people around the world are suffering from osteoarthritis which is a
degenerative condition caused from the break down of cartilage during daily physical
activites or aging. In adults, cartilage tissue healing is very poor and if left untreated,
causes pain, swelling and ultimately loss of joint function |2, 3].

Most of the chondrocytes are found near the the osteochondral junction and
captured with extracellular matrix constituents, so they have a limited migration abil-
ity. Furthermore, the cartilage tissue consist relatively low number of cells because of
its avascular nature that causes the hypoxic environment and lack of lymphatic vessels.
Thus, after the injury, normal inflammation process does not occur and consequently
tissue cannot heal [2]. Another drawback of having low number of chondrocytes is
the poor regeration of extracellular matrix. As it is mentioned before the cartilage

extracellular matrix components (including collagen I, which forms the network) are



Bone physmlogy Cartilage physiology

Subchondral
tissues (bone

and marrow)
Bone's putative Cartilage's intrinsic
healing capacity inability to heal
Stem cells of
periosteum | 9 = Mechanically
» = | inferior fibro-

- cartilage fills

Active
| osteochondral

remodeling

Marrow

{stfr[n ot:"s L""
o VA\A

factors)

o

Figure 2.4 Differences between bone and cartilage healing processes [19].

synthesized by chondrocytes. The low density of these cells and lack of nutrient supply
cause cartilage tissue a very poor self-healing capacity [19, 20].

Several researches showed that there is no existing medication to initiate car-
tilage healing. The recommended therapy is surgical replacement for cartilage defects
preferably by using autografts which have to be donated and consequently harder to
reach. Also there are many unsuccessful replacement experiments which increases the

interest of cartilage tissue engineering to repair cartilage defects [3, 4, 5, 6].

2.3 Cartilage Tissue Engineering and Cell Based Threapies

Cartilage is an aneural and avascular tissue in which any damage to the tissue
may not be able to repaired by itself and may lead to disability. Cell based thera-
pies according to the principles of cartilage tissue engineering has been a great hope
for a long term treatment of this tissue. There are three main elements to improve

these techniques: cells, cell substrates and culture conditions [7]. Although some re-



searches have obtained good repair of cartilage defects for short terms, there are still
a great need for the developement of these techniques and eliminate the drawbacks by
preparing novel biomaterials and searching for suitable cell sources for cartilage tissue
engineering [3].

Autologous chondrocyte transplantation is one of the cartilage regeneration
techniques in which chondrocytes are isolated from the healty cartilage tissue of the
patient, cultured and populated to have desired amount of cells and implanted to the
damaged area. The biggest problem in this treatment is dedifferentiation of chon-
drocytes which is defined as loss in function, morphology, shape of chondrocytes and
expression of fibroblast-like. Thus, implanted cells have lost their capacity to regener-
ate cartilage and the efficiency of the threatment is decreased. Also further treatments
would be required to redifferentiate cells into chondrocytes [8].

Besides from dedifferentiation, donor site morbidity and chondrocyte supply
problems are other important drawbacks of autologous cartilage transplantation |21,
22]. Therefore, researchers have been seeking for a new cell cource for cartilage regen-
eration. Allogenic cells were thought to be used, however considering the possibility
of immunological rejection during culture, the idea was dropped and the researchers
concentrated on the use of mesenchymal stem cells(MSCs). Using MSCs show lower
immunological reaction than adult cells |23, 24, 25]. Mesenchymal stem cells can be
obtained from various tissues as bone marrow and adipose tissue. They can be iso-
lated without any damage to donor and they have multiple differentiation capacity,
self-renewal potential and also they can be accessed easily. In various cartilage re-
generation studies, MSCs showed a better cell arrangement than adult chondrocytes.
Cartilage repair with MSCs has been an actively studied topic. The studies showed
certain success, however some researchers showed that, cartilage healing was slowed
down after 1 month of transplantation. They also observed some degeneretive changes
in cartilage tissue [25]. Thus, further improvements are necessary for MSC based ther-
apies with sustainable repair including adjusting the cell substrate properties to the
micro-environment of cartilage.

Dedifferentiation of chondrocytes may come of many factors as cell type, cell
substrate, rapid proliferation and exposure to some biochemical products. During cell

culture, contact with a rigid, flat surface, which is highly different form cellas original
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environment, promotes dedifferentiation the most. To aviod this, altering physical,

mechanical and chemical properties of the cell culture environment is essential [8].

2.4 Effects of cell substrate properties on stem cell differentia-

tion

Micro-environment of cells and biomolecular signals from their micro-environment
orientate specific functions of cells. To carry out their unique functions, biochemical
and biophysical inputs from microenvironment are very important. By mimicking these
signals and preparing novel biomaterials in a precise and near-physiological fashion have
attracted much interest. These mimic systems serve as a powerful cell substrates for
stem cell differentiation [26].

In stem cells, biochemical composition of extra cellular matrix is not enough
for controlling self-renewal and differentiation. Biomechanical forces, such as topogra-
phy and substrate stiffness are crucial for modulating extracellular matrix features to
change in shape and size [27|. Stiffness of the microenvironment may lead preferred
differentiation of stem cells. For example, rigid cells resembling precalcified bone pro-
vide stem cells to an osteogenic differentiation. Also, it was shown in a study that
collagen I-coated firm gels with muscle mimicked elasticity caused stem cells to upreg-

ulate myogenic markers [27].

Focal adhesions

Figure 2.5 Examples of topographical effects on cellular behaviour [11].

It has been proved [28, 29| that cells are sensitive to topographical properties
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and change their behaviour accordingly to this input through focal adhesions (see Fig-
ures 2.5 and 2.6) [11]. Controlling physical conditions of the cell substrate is a novel
approach to stem cell fate and differentiation. Cells and extracellular matrix are or-
ganised in a complex topographical features. Culturing stem cells on materials with
extracellular matrix-like topography regulated stem cell differentiation, cell shape, pro-

liferation and organization [29].

Roughness

Decreased attachment and increased apoptosis in neurons
Modulation of phenotype in ostecblasts

Random features

Increased spreading and adhesion in osteoblasts

Osteogenic differentiation in MSCs

Anisotropic features
Maintenance or restoration of phenotype in tenocytes

Axon outgrowth guidance in neurons
Maintenance of phenotype and deposition of aligned matrix in osteoblasts

Isotropic features Tenogenic differentiation in MSCs

Decreased spreading and adhesion in osteoblasts

Maintenance of multipotency in MSCs

Figure 2.6 Sensitivity of cells to surface topography through focal adhesions [11].

Several studies in tissue engineering have shown that surface chemistry has an
important effect on cellular behaviour (adhesion, proliferation and fate) and stem cell
differentiation [10, 30, 31, 32]. As the extracellular matrix of cartilage is primarily com-
posed of water, proteoglycans, collagens, elastin, glycoproteins and interstitial fluid [1],
functionalizing substrateas surface with extracellular matrix-like chemicals may im-

prove cellular behaviour and promote chondrogenic stem cell differentiation.
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2.5 Polymeric Materials for Cartilage Tissue Engineering and

Polydimethylsiloxane

Many natural and synthetic polymers have been used to produce cell substrates
for cartilage tissue engineering (see Table 2.1). Natural polymers which are economic,
biodegradable, low toxic and renewable, are widely used as substrates in cartilage tis-
sue engineering [32]. They send biological signals and have properties of cell adhesion
and cell responsive degradation. However, they may lose their biological properties
during substrate fabrication because of their tendency to rapid degradation. Also in
substrates made from natural polymers, there is a risk of immunorejection ans disease
transmission [7, 32].

Physical, mechanical and chemical properties of synthetic polymers can be al-
tered easiliy. Also they are easy to process into desired shape. These advantages of
synthetic polymers enables their successful use in cartilage tissue engineering [7].

Polydimethylsiloxane (PDMS), a nontoxic, biocompatible, bioinert and Si
based synthetic polymer, is a commonly used cell substrate, as its mechanical prop-
erties are easily altered. It is an elastomeric polymer composed of a pre-polymer and
a cross-linker. Producing PDMS with different ratios of pre-polymer and cross-linker
provides PDMS different stiffness’ [33]. Since cells can feel stiffness and change their
behavior according to this input, PDMS is a very convenient biomaterial for cell studies
[27].

Cartilage regeneration with stem cell therapy requires a convenient substrate
which mimicks the biochemical signals coming from the extracellular matrix [26].
As the extracellular matrix is primarily composed of water, proteoglycans, collagens,
elastin, glycoproteins and interstitial fluid [1], functionalizing substrateas surface with
extracellular matrix-like chemicals may promote this specific stem cell differentiation.
As amino acids are building blocks of proteins, fuctionalizing the surface with them
could provide cartilage extracellular matrix-like environment. Also, recent studies
showed that, modifiying cell substrate’s surface with amino acids helps to reduce toxi-
city [34].

PDMS is a highly hydrophobic material and does not have any cell binding sites.
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Table 2.1
Natural and synthetic polymers used in cartilage tissue engineering [7].

Synthetic Polymers Natural Polymers
Polyvinyl alcohol Cellulose
Poly (L-lactide-co-3-caprolactone) (PLCL) Collagen

Polyglycolic acid (PGA) Hyaluronic acid
Polylactic acid(PLLA) Dextrans

Polylactic-co-glycolic acid(PLGA) Fibrin
Polyurethane Chitosan
Polybutyric acid Carboxymethyl chitosan

Polytetrafluorethylene Alginate
Polyethyleneterephtalate Agarose

Poly(N-isopropylacrylamide)
Polyethylene glycol fumerate
Polydimethylsiloxane (PDMS)

Therefore, surface modifications are essential for cell adhesion. In order to make PDMS
surface convenient for functionalization with some molecules and proteins, surface acti-
vation is required [33|. For the modification of PDMS with amino acids, self assembled
molecules can be used. Self-assembling is a spontaneous organization of atoms and
molecules into an ordered array of elements [15]. Monolayers can be formed by self as-
sembly of some molecules. With these self assembled molecules, desired flexible design

requirements and increased stability can be acquired [35].
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3. MATERIALS AND METHODS

3.1 Surface Preparation

3.1.1 Preparation of Plain PDMS Substrates

Polydimethylsiloxane was used as a substrate to mimic the micro-environment
of the cartilage. Substrates were prepared by using the PDMS preparation kit (PDMS,
Sylgard 184; Dow Corning, Midland, MI), composed of pre-polymer and cross-linking
agent. To prepare substrates with different stiffness, amounts of pre-polymer and cross-
linking agent were changed to be 10:1, 15:1, 20:1 and 30:1 (w/w). The components were
mixed extensively and put in a vacuum chamber to remove bubbles. At first, degassing
process was performed with short intervals. Then, after almost all of the bubbles were
removed, the system was put under vacuum for 30 minutes appoximately. After this
step, PDMS was poured into aluminum plates and baked for 4 hours at 70°C [36].

Cured PDMS samples were peeled from the aluminum plates and cut by using a
circular blade with a diameter of 1.5 cm. Then substrates were cleaned in an ultrasonic
bath (Bandelin-Sonorex) first in ethanol and in distilled water, for 10 minutes each.

Substrates were dried with Ny gas.

3.1.2 Preparation of Patterned PDMS Substrates

Surface topography of the PDMS substrates were prepared for controlling the
architectural features of cartilage tissue. As type II collagen is the dominant collagen for
cartilage tissue, bundles of the type II collagen were mimicked on PDMS substrates by
soft-lithography technique [37]. To do this, a template was designed (according to TEM
photos of collagen 1II fibers, see Figure 2.2) with various width, length and distances
using photolithographic processing. The master geometry was shown in Figure 3.1 as

horizontal period and size of line width was changed to be 100, 150, and 200 pum (A),
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size of line length was changed to be 30, 40 and 50 pum (B), while the perpendicular
period was changed to be 30, 40 and 50 pum (C).

A
<+
— AcCc——°8
— >[_|_c
— —

Figure 3.1 Geometry and size of type II collagen bundles-like template.

Table 3.1
Pattern dimensions of Collagen Type IT bundles-like template

A (pm) B (pm) C (pm)

a 100 30 30
b 100 30 40
¢ 100 30 50
d 100 40 40
e 150 30 30
f 150 30 40
g 150 40 40

150 40 40
i 200 30 30

200 30 40
k 200 30 50
1 200 40 40

Template was fabricated by using a single side polished silicon wafer, since the
features were created on one side of the wafer. Preparation process was started with
cleaning of the wafer by dipping it into acetone, isopropanol (IPA) and deionized water
(DI) baths sequentially. Then the wafer was baked at 200°C for dehydration. For
the lithography process, first the wafer was coated with the SU-8 2005 (MicroChem)

photoresist by using spin coater in 1800 rpm for 40 sec and then soft baked at 95°C for
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3 min. After cooling at room temperature, the wafer was exposed to UV light at 120
mJ/cmy by using mask aligner and then was post baked at 65°C for 1min, at 95°C for
3 min and at 65°C for 1 min. Finally, substrate was placed into the SU-8 developer
solution for 7 min in order to remove unexposed photoresist. Then this silicon wafer
was used as a mold. To prepare col II bundles-like patterns on PDMS substrates
surfaces, PDMS mixtures with four different crosslink ratios (10:1, 15:1, 20:1 and 30:1)
were degassed. A petri dish was covered with aluminum foil and the silicon wafer was
placed on this dish. Degassed PDMS was poured on the template and put in an oven
for 4h at 70°C. After curing, PDMS and the template were separated from the petri

dish and PDMS replica was peeled from the template.

3.1.3 Chemical Modification of PDMS Substrates

PDMS substrates were modified with amino acid conjugated self assembled

monolayers and with (3-Aminopropyl)triethoxysilane (APTES) molecule.

3.1.3.1 Modification of PDMS Substrates with APTES.

Cleaned PDMS substrates were treated with oxygen (Os) plasma (March Plasma
Systems, PM-100) to activate surfaces. Treatment was performed for 1 min at 200 mT
and 50 scem flow of oxygen to form hydroxyl groups on the PDMS surfaces [38] Aque-
ous solution of APTES (v/v, 1%) was prepared and PDMS substrates were dipped in
the solution for 20 min at room temperature. After this reaction time, substrates were

washed with distilled water and dried with an Ny gas [38].
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Figure 3.2 APTES modified PDMS.

3.1.3.2 Svnthesis of Amino Acid Conjugated Self Assembled Molecules.

Dichloromethane (CHyCly) was purified and used after boiling with sodium
metal on calciumhydride (CaH,) with the presence of tetrahydrofuran (THF) ben-
zophenone. Solution of amino acid (1 equivalent) in NaOH (aq, 1,5 equivalent) was
cooled in an ice bath. Chz-Cl’s (1,3 equivalent) solution in dioxane was added to the
amino acid solution drop by drop. Then, the reaction mixture was mixed at 0°C for
30 min and at room temperature for 16 h. After this time, dioxane was evaporated
under vacuum and extracted with ethyl acetate (3x25 mL). pH of the liquid phase was
fixed 2 by using 1M HCI. Acidified liquid phase was extracted by using ethyl acetate
(4x20 mL). Organic phase was was dried with sodiumsulphate and by evaporating the
solvent under vacuum, amino acids, Cbz-Leu-Bt, Cbz-Trp-Bt, and Cbz-His-Bt, were
synthesized [36].

Characterization of His-SAM, Leu-SAM and Trp-SAM was done by using NMR,
spectroscopy (Brueker, 500 MHz, Germany) in CDCl3 or DMSO-d6. Tetramethylsilane

was used as internal standard.
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PDMS substrates were cleaned and modified with amino acid conjugated self as-

sembled molecules (Histidine-SAM, Leucine-SAM and Tryptophan-SAM). PDMS sub-

strates were dipped in amino acid conjugated SAMs to investigate the effects of con-

centration (1-20 mM) and dipping time (1h-24h) on the formation of the self assembled

monolayers. After the reaction time, PDMS substrates were rinsed with ethanol and

dried with Ny, gas.

Figure 3.4 Amino acid conjugated SAMs on PDMS substrate a) His-SAM, b) Leu-SAM, c) Trp-SAM.
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3.1.3.4 Modification of PDMS Substrates with Type II Collagen.

PDMS substrates were sonicated in ethanol and distilled water for 10 min each.
PDMS surface was activated by oxygen plasma treatment (March Plasma Systems,
PM-100) for 1 min at 200 mT and 50 scem flow of oxygen to form hydroxyl groups
on the PDMS surfaces [38]. NHy Activated PDMS surface were modified with APTES
(v/v, 1%) to create amino (-NHj) groups for 20 min at room temperature (RT). Then
PDMS substrates with amino groups were immersed in 1% glutaraldehyde solution for
3h at RT. After the reaction time, substrates were washed with distilled water exten-
sively and dried with No. 0.1mg/mL aqueous Collagen II solution including 0,3% acetic
acid was prepared and mixed at RT until Collagen II was completely dissolved. Then
the solution was poured on glutaraldehyde modified PDMS substrates for 24h at 4°C.

Substrates were washed extensively with distilled water and dried with Ny gas [39].

3.2 Surface Characterization
3.2.1 Characterization of Mechanical Properties of PDMS Substrates

PDMS substrates’ elastic modulus with four different pre-polymer and cross-
linking agent ratios (10:1, 15:1, 20:1 and 30:1), were measured using a nanoindenter
(CellHesion®200, JPK, Germany). Young’ moduli of the substrates were provided
by using Hertz model after measurements. The indentation measurements were per-
formed in contact mode, using a CONT cantilever (Nanoworld, contact mode afin
probes) which has a pyramidal tip made of monolithic silicon with a force constant of
0.2 N/m and resonance frequency of 13 kHz [40].

Young’s modulus is an elastic property, which is a measure of stiffness - the
higher Young’s modulus value, the stiffer material. Young’s modulus is given by the

equation 3.1:
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E=_ (3.1)

For data acquisition, firstly force calibration of the system was done by using
a glass slide. Then sample was placed on the sample holder and mechanical data was
acquired with an extend speed of 5 um/s and sample rate of 2000 Hz. Pulling length
was adjusted according to the stiffness of the sample. PDMS substrates with higher
cross-linking agent ratios, pulling length was selected to be 2 pym and with decreas-
ing amount of cross-linking agent, pulling length was adjusted to be higher values as
10 pm. Mechnical data acquisition was performed on three different areas of three
different PDMS substrates for all different pre- polymer and cross-linking agent ra-
tios (10:1, 15:1, 20:1 and 30:1) and three force measurements were carried out each
time. With this mechanical data, Young’s modulus calculations were done by using

CellHesion®200 software according to the Hertz model.
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3.2.2 Characterization of Patterned PDMS Substrates

Patterned PDMS substrates were characterized by using optical microscopy.
Substrates were cut by using a circular blade with a diameter of 1.5 cm. Then substrates
were cleaned in an ultrasonic bath (Bandelin-Sonorex) first in ethanol and in distilled
water, for 10 minutes each. Substrates were dried with N,. Then, optical images were

recorded by an optical microscopy (Leica, DTC295).

3.2.3 X-ray Photoelectron Spectroscopy (XPS)

To examine the changes in chemical composition of PDMS substrates, XPS
(Thermo Scientific K-Alpha X-ray Photoelectron Spectrometer) was used. Analysis
were performed using monochromated aluminum Ko radiation, at 72 W, 400 um spot

size, 90° angle and with a 128-channel detector.

3.2.4 Contact Angle Measurements

Wettability of bare and modified PDMS substrates were investigated by using
contact angle measurements (CAM 100, KSV). Measurements were performed at room
temperature with fixed amount of distilled water drop (approximately 6 pm drop di-
ameter) and 10 images were taken with 1 s time intervals. After recording the data,
by using the software of the device, contact angles were calculated. Contact angle
measurements were performed from 3 different areas of 3 samples for each of the bare

and modified (APTES, amino acid conjugated SAMs, type II collagen) substrates.
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4. RESULTS

4.1 Nanoindentation Measurements of PDMS Substrates

Young’s moduli of PDMS substrates with different prepolymer/crosslinker ratios
(w/w; 10:1, 15:1, 20:1 and 30:1) were measured by using Hertz model and shown in
the Figure 4.1. According to the measurements, Young’s moduli of 10:1, 15:1, 20:1 and
30:1 PDMS were found to be 2.13+0.15 MPa, 1.4740.07 MPa, 0.7240.05 MPa and
0.56+0.06 MPa respectively.

2,50
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:
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10:1 15:1 20:1 30:1
Prepolymer - Crosslinker Ratios (w/w)

Figure 4.1 Young’s moduli data of PDMS, w/w; prepolymer-crosslinler ratio. Measured with
CellHesion®200 by using Hertz model, in air, at 25°C, p<0.0001.

4.2 Optical Microscopy

Collagen type II fibers alignment in human adult cartilage tissue was mimicked
on PDMS surface by using soft lithography process. A template was designed accord-
ing to Transmission electron microscopy (TEM) photo of type II collagen fibers of
human cartilage with various dimensions (see Table 3.1). Surface topography of type
IT collagen bundles-like patterned PDMS substrates were analyzed by using optical

microscopy and they were shown in the Figure 4.2. From these optical microscopy
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images, the template topography was shown to be mimicked properly with PDMS for

all different dimensions.

Figure 4.2 Surface patterning on PDMS substrate (for dimensions see Table 3.1).

4.3 Characterization of Amino Acid Conjugated Self Assem-
bled Molecules

After the reactions for the production of His-SAM, Leu-SAM and Trp-SAM, for
Leu-SAM; white microcrystals were obtained with 78% yield. For Trp-SAM and for His-
SAM, white microcrystals were obtained with 91% yield. yellow oil was produced with
87% yield. After the reaction for His-SAM, nonisolated byproducts were obtained. This
product’s mixture was reacted with amies directly and Nuclear Magnetic Resonance
(NMR) analysis were done from this mixture.

Characterization of His-SAM, Leu-SAM and Trp-SAM was done by using NMR,
spectroscopy (Brueker, 500 MHz, Germany) in CDCl3 or DMSO-d6. Tetramethylsilane
was used as internal standard. NMR spectra of His-SAM, Leu-SAM and Trp-SAM were
found in Figure 4.3, Figure 4.4 and Figure 4.5

For His-SAM, 'H NMR (500 MHz, DMSO-d6): 6 = 9.13 (s, 1H), 8.54 (d, J =
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7.2 Hz, 1H), 8.30 (q,J — 8.3 Hz, 2H), 7.82-7.87 (m, 1H),7.65-7.70 (m, 1H),7.54 (s, 1H),
7.30-7.37 (m, 5H),5.88 (q, J = 8.3 Hz, 1H), 5.06 (s, 2H), 3.46-3.50 (m, 1H), 3.35-3.43
(m, 1H).

For Leu-SAM, 'H-NMR (500 MHz, CDCl3): § 8.30 (d, J= 8.23 Hz, 1H), 8.15
(d, J= 8.23 Hz, 1H), 7.69 (t, J= 7.25 Hz, 1), 7.55 (t, J= 7.25 Hz, 1H), 7.42-7.34 (mm,
5H), 5.87 (dt, J— 8.29, 4.88 Hz, 1H), 5.51 (d, J= 8.49 Hz, 1H), 3.70 (s, 2H), 2.00-170
(m, 3H), 1.15 (d, J = 5.34 Hz, 3H), 1.00 (d, J = 5.34 Hz, 3H) ppm

For Trp-SAM, 'H NMR (CDCl): 6 = 11.00 (s, 1H, NH-Trp), 8.00 (s, 1H, NH),
7.60-7.50 (m, 1H, Trp-H), 7.30 (d, 1H, J=7.80 Hz, Trp-H), 7.20 (s, 1H, Trp-H), 7.10-
6.90 (m, 2H, Trp-H), 3.50 (s, 9H, (OCHs)3), 3.30-2.90 (m, 3H, NH-CH,), 2.80-2.60 (mn,
9H, -CHa-), 1.80-1.40 (m, 2H, -CHs-), 0.80-0.50 (m, 2H, Si-CHs-) ppm.
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Figure 4.3 1H NMR spectrum of His-SAM (Benzyl 1-(1H-benzo|d][1,2,3|triazol-1-il)-3-(1H-imidazole-
4-il)-1-oxopropane-2-ilcarbamade).
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Figure 4.4 1H NMR spectrum of Leu-SAM (Benzyl 1-(1H-benzo[d][1,2,3]triazole-1-il)-4methyl-1-
oxopropane-2-ilcarbamade).
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Figure 4.5 1H NMR spectrum of Trp-SAM (2-Amino-4-methyl-N-(3-
(trietoxysilil)propyl)pentanamide).
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4.4 Contact Angle Measurements

4.4.1 Contact Angle Measurements of Bare PDMS Substrates with Dif-

ferent Prepolymer/Cross linker Ratios

Contact angles of bare PDMS substrates prepared with different prepolymer /cross
linker ratios (w/w; 10:1, 15:1, 20:1 and 30:1) were measured by using CAM 100, USA
and shown in the Table 4.1. After the measurements, contact angles were calculated
to be 104.1045.12°, 105.57£5.66°, 109.13+3.73° and 107.7445.30° for the PDMS sub-
strates having prepolymer/ cross linker ratios of 10:1, 15:1, 20:1 and 30:1, respectively.
According to the figure, changing the prepolymer/cross linker ratios (w/w; 10:1, 15:1,
20:1 and 30:1) slightly changed PDMS substrateas wettability. Captured photos of the
water drops on the PDMS surfaces with different prepolymer/crosslinker ratios were

presented for 10:1, 15:1, 20:1 and 30:1 in Figure 4.6.

Table 4.1
Contact angle measurements of Bare PDMS with different pre polymer-crosslinker ratios.

Prepolymer-crosslinker ratio(w/w) Contact Angle (°) Standard Deviation

10:1 104.10 5.12

15:1 105.57 5.66

20:1 109.13 3.73

30:1 107.74 5.30
a b e d

Figure 4.6 Captured photos of the water drops on the PDMS surfaces with different prepolymer/
cross linker ratios (w/w) a) 10:1, b) 15:1, ¢) 20:1, and d) 30:1.
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4.4.2 Contact Angle Measurements of Bare and APTES (1% v/v) Modified
PDMS Substrates

Contact angles of bare and APTES (1% v/v) modified PDMS substrates pre-
pared with a prepolymer/ cross linker ratio of 10:1 (w/w) were measured by using
CAM 100, USA and shown in the Table 4.2. After the measurements, contact angles
were calculated to be 104.10£5.12° and 61.98+5,51° for bare and APTES (1% v/v)
modified PDMS substrates. According to the figure, APTES (1% v/v) modification
caused the PDMS surface to be hydrophilic. Captured photos of the water drops on
the bare and APTES (1% v/v) modified PDMS surfaces were presented in Figure 4.7.

Table 4.2
Contact angle measurements of Bare and APTES modified PDMS substrates.

Contact Angle (°) Standard Deviation

PDMS, bare 104.10 5.12
PDMS, APTES modified 61.98 5.51
a b

=

Figure 4.7 Captured photos of the water drops on a) bare and b) APTES modified PDMS.

4.4.3 Contact Angle Measurements of His-SAM Modified PDMS Sub-

strates

PDMS substrates were modified with different concentrations of His-SAM (1-20

mM). Contact angles of PDMS substrates (prepolymer /crosslinker ratio of 10:1 (w/w))
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with increasing concentrations (1-20 mM) of His-SAM modifications were measured by
using CAM 100, USA and shown in the Table 4.3. After .the measurements, contact
angles were calculated to be 100.89+6.79°, 96.2145.89°, 91.30+5.56°, 98.99+4.44° and
94.9542.58° for the His-SAM concentrations of 1 mM, 2 mM, 5 mM, 10 mM and 20
mM, respectively. Captured photos of the water drops on different concentration of

His-SAM modifications on PDMS surfaces were shown in the Figure 4.7.

Table 4.3
Contact angle measurements of His-SAM modified PDMS substrates with different concentration
(1-20mM) and dipping time:2h; in air, at 25°C.

Concentration Contact Angle (°) Standard Deviation

1 mM 100.89 6.79
2 mM 96.21 5.89
5 mM 91.30 5.56
10 mM 98.99 4.44
20 mM 94.95 2.58

a b c d e

Figure 4.8 Captured photos of the water drops on His-SAM modified PDMS substrates a) 1mM, b)
2 mM, ¢) 5 mM, d) 10 mM, e) 20 Mm.

PDMS substrates were modified with different dipping times of His-SAM. Effects
of dipping time (1h-24h) on contact angles of PDMS substrates [prepolymer /cross linker
ratio of 10:1 (w/w)] with 10 mM His-SAM modifications were investigated by using
CAM 100, USA and shown in the Table 4.4. After the measurements, contact angles
were calculated to be 90.20°46.03, 98.99°+4.44, 84.06°+5.92 and 101.17°+3.31for the
corresponding dipping times of 1 h, 2 h, 4 h and 24 h, respectively. Captured photos
for the investigation of the effect of dipping time on His-SAM modifications of PDMS
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surfaces were shown in the Figure 4.9.

Table 4.4
Contact Angle Measurements of His-SAM modified PDMS subtrates with different dipping time
(1-24h), His-SAM Concentation: 10 mM; in air, at 25°C.

Dipping time Contact Angle (°) Standard Deviation

1h 90.20 6.03

2 h 98.99 4.44

4 h 84.06 5.92

24 h 101.17 3.31
a b c d

Figure 4.9 Captured photos of the water drops of His-SAM (10mM) modified PDMS substrates; A)
1h, b) 2h, C) 4h, D) 24h.

4.4.4 Contact Angle Measurements for His-SAM, Leu-SAM, Trp-SAM
and Collagen type II Modified PDMS Substrates

PDMS substrates prepared with a prepolymer/crosslinker ratio of 10:1 (w/w)
were modified with 10 mM His-SAM, Leu-SAM, Trp-SAM and 0,1mg /mL of type
IT collagen. Contact angles of PDMS substrates (prepolymer/ cross linker ratio of
10:1 (w/w)) modified with His-SAM, Leu-SAM, Trp-SAM and Collagen type Il were
measured by using CAM 100, USA and shown in the Table 4.5. After the measure-
ments, contact angles were calculated to be 93.51°4+45.95, 86.76°+£8.12, 93.83°+6.47
and 92.88°+8.78 for His-SAM, Leu-SAM, Trp-SAM and Collagen type II modifications
of PDMS substrates. Captured photos of the water drops on His-SAM, Leu-SAM, Trp-
SAM and Collagen type IT modifications of PDMS substrates were shown in the Figure
4.10.
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Table 4.5
Contact Angle Measurements of His-SAM modified PDMS subtrates with different dipping time
(1-24h), His-SAM Concentation: 10 mM; in air, at 25°C.

Type of Modification Contact Angle (°) Standard Deviation

His-SAM 93.51 5.95
Leu-SAM 86.76 8.12
Trp-SAM 93.83 6.47
Col type 11 92.88 8.78

a b c d

Figure 4.10 Contact Angle Measurements for His-SAM, Leu-SAM, Trp-SAM and Collagen type II
Modified PDMS Substrates; SAM concentration 10 mM; dipping time 2h, in air, at 25°C.

4.5 X-ray Photoelectron Spectroscopy (XPS) Analysis
4.5.1 XPS Analysis of Bare PDMS

Survey spectrum of bare PDMS was shown in Figure 4.11. XPS survey of bare
PDMS showed Si2p, Cls and Ols peaks. In the analysis of Si2p core level, presence of
Si-C and Si-O peaks were found at 102.1 and 103.7 eV, respectively [41]. In Ols core
level, Si-O bond is shown at 532.7 eV [42]. C-Si bond was found in the Cls spectrum
at approximately 284.6 eV [42].

Atomic percentages of the PDMS components (C, O, Si) were calculated from
the area under the curves, as 46.79, 24.74 and 28.48% for C, O and Si atoms, respec-
tively. Comparison of measured atomic percentages with theoretical ones were shown

in the Table 4.6.
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Figure 4.11 XPS spectra of bare PDMS with survey spectrum, Si2p, Ols, and C1s regions.

Table 4.6
Theoretical and measured atomic percentages of C, O and Si atoms found in PDMS.

Atoms Theoretical Atomic % Measured Atomic %

C 50.00 46.79
O 25.00 24.74
Si 25.00 28.48

4.5.2 XPS analysis of APTES modified PDMS substrates

XPS survey spectrum of APTES (1% v/v) modified PDMS substrates were
shown in the Figure 4.12. According to the figure, Si2p, Cls, N1s and Ols peaks are

found from the analysis.

XPS analysis for Si2p, Cls, Ols and Nils levels of APTES (1% v/v) modified
PDMS substrates prepared with a prepolymer/ cross linker ratio of 10:1 (w/w) were
measured by using Thermo Scientific K-Alpha XPS and shown in the Figure 4.13. As
seen from the figure, Si-C and Si-O bonds were found in Si2p region at 101.8 and 103.4
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Figure 4.12 XPS survey spectrum of APTES modified PDMS substrate.
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eV [42]. In Cls core level; peaks were found at 284.4, 285.6 and 288.3 eV corresponding
to C-Si, C-C and C-N bonds [42, 43, 44]. In Ols level, Si-O bond was shown at 532.1
eV and in N1s level, C-N bond was found at 401.8 eV [45].
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Figure 4.13 XPS spectra of Aptes modified PDMS with Si2p, Cls, Ols and Nls.

Atomic percentages of the APTES modified PDMS components (C, O, N, Si)

were calculated from the area under the curves, as 38.00, 34.14, 1.65 and 26.22% for

C, O, N and Si atoms, respectively. Comparison of measured atomic percentages with

theoretical ones were shown in the Table 4.7.
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Table 4.7
Theoretical and measured atomic percentages of C, O, N and Si atoms found in APTES modified
PDMS substrates.

Atoms Theoretical Atomic % Measured Atomic %

C 35.00 38.00
O 35.00 34.14
N 5.90 1.65
Si 24.00 26.22

4.5.3 XPS Analysis of His-SAM Modified PDMS Substrates

PDMS substrates were modified with different concentrations of Histidine conju-
gated self assembled molecules. XPS analysis of PDMS substrates [prepolymer /crosslinker
ratio of 10:1 (w/w)] with increasing concentrations (1-20 mM) of His-SAM modifica-
tions were done by using Thermo Scientific K-Alpha XPS. In Table 4.8 theoretical
and experimental atomic percentages of PDMS substrate modifications with different
His-SAM concentrations were shown and according to these values, PDMS substrate

surface was modified the most with 10 mM His-SAM.

Table 4.8
Theoretical and measured atomic percentages of C, O, N and Si atoms found in modified PDMS
substrate different His-SAM concentration (1-20mM).

Theoretical 1mM 2mM 5 mM 10mM 20 mM

C 44.44 36.34  20.50 35.03  38.00 33.81
O 25.93 46.33 60.80 33.62  32.93 35.99
N 14.81 1.31 2.44 2.73 3.41 2.71
Si 14.81 16.01 16.25 28.60  25.86 27.46

PDMS substrates were modified with different dipping times of Histidine conju-
gated self assembled molecules. XPS analysis of PDMS substrates (prepolymer /crosslinker
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ratio of 10:1 (w/w)) with increasing dipping times (1h-24h) of His-SAM modifications
were done by using Thermo Scientific K-Alpha XPS. In Table 4.9 theoretical and exper-
imental atomic percentages of PDMS substrate modifications with different His-SAM

dipping time were shown.

Table 4.9
Theoretical and measured atomic percentages of C, O, N and Si atoms found in modified PDMS
substrate with different dipping time of His-SAM (1h-24h).

Theoretical 1h 2h 4h 24h
C 44.44 35.56 38.00 34.70 38.86
O 25.93 34.67 32.93 34.90 31.20
N 14.81 3.00 341 270 4.69
Si 14.81 26.72 25.86 27.80 25.26

XPS survey spectrum of His-SAM (10mM, 2h) modified PDMS substrates were
shown in the Figure 4.14 According to the figure, Si2p, Cls, N1s and Ols peaks were

obtained from the analysis.
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Figure 4.14 XPS survey spectrum of His-SAM (10mM) modified PDMS substrate.

XPS analysis for Si2p, Cls, Ols and Nils core levels of His-SAM (10mM) mod-
ified PDMS substrates prepared with a prepolymer/ cross linker ratio of 10:1 (w/w)
were measured by using Thermo Scientific K-Alpha XPS and shown in the Figure 4.15.
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Figure 4.15 XPS spectra of His-SAM (10mM) modified PDMS with Si2p, Cls, Ols and N1s regions.

As seen from the figure, Si-C and Si-O bonds were found in Si2p region at 102.0 and

103.6eV [41]. In Cls core level; peaks were found at 284.6, 285.9 and 288.2 €V corre-
sponding to C-Si, C-C and C-N bonds [42, 43, 44]. In O1s level, Si-O bond was shown
at 532.1 eV and in N1s level, C-N bond was found at 401,3 eV [42, 45].

4.5.4 XPS analysis of Leu-SAM modified PDMS substrates

XPS analysis of Leu-SAM(10mM, 2h) modified PDMS substrates [prepoly-

mer/cross linker ratio of 10:1 (w/w)] were done by using Thermo Scientific K-Alpha
XPS. XPS survey spectrum of Leu-SAM (10 mM, 2h) modified PDMS substrates were

shown in the Figure 4.16. According to the figure, Si2p, Cls, N1s and O1ls peaks were

obtained from the analysis.

XPS analysis for Si2p, Cls, Ols and Nils core levels of Leu-SAM (10mM, 2h)

modified PDMS substrates were measured by using Thermo Scientific K-Alpha XPS

and shown in the Figure 4.17. As seen from the figure, Si-C and Si-O bonds were
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Figure 4.16 XPS survey spectrum of Leu-SAM (10mM, 2h) modified PDMS substrate.

found in Si2p region at 101.9 and 103.0 eV [41]. In Cls core level; peaks were found
at 285.2, 284.4, 286.3 and 288.2 eV corresponding to C-Si, C-C, C=0 and C-N bonds
[42, 43, 44, 46].In Ols level, Si-O, C=0 bonds was shown at 532.1 and 532.9 eV, and
in N1s level, C-N bond was found at 400.0 eV [42, 46].
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Figure 4.17 XPS spectra of Leu-SAM (10mM,2h) modified PDMS with Si2p, Cls, Ols and Nls

regions.

Atomic percentages of the Leu-SAM modified PDMS components (C, O, N, Si)

were calculated from the area under the curves, as 38.36, 32.32, 3.36 and 25.96% for

C, O, N and Si atoms, respectively. Comparison of measured atomic percentages with
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theoretical ones were shown in the Table 4.10.

Table 4.10
Theoretical and measured atomic percentages of C, O, N and Si atoms found in Leu-SAM modified
PDMS.

Theoretical Atomic % Measured Atomic %

C 50.00 38.36
O 25.00 32.32
N 8.33 3.36
Si 16.67 25.96

4.5.5 XPS analysis of Trp-SAM modified PDMS substrates

XPS analysis of Trp-SAM(10mM, 2h) modified PDMS substrates prepolymer/crosslinker
ratio of 10:1 (w/w)) were done by using Thermo Scientific K-Alpha XPS. XPS survey
spectrum of Leu-SAM (10 mM, 2h) modified PDMS substrates were shown in the Fig-
ure 4.18. According to the figure, Si2p, Cls, N1s and Ols peaks were obtained from

the analysis.
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Figure 4.18 XPS survey spectrum of Trp-SAM (10mM, 2h) modified PDMS substrate.

XPS analysis for Si2p, Cls, Ols and Nils core levels of Trp-SAM (10mM, 2h)
modified PDMS substrates were measured by using Thermo Scientific K-Alpha XPS
and shown in the Figure 4.19. As seen from the figure, Si-C and Si-O bonds were
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found in Si2p region at 102,1 and 103,8 eV [42]. In Cls core level; peaks were found
at 286.2, 284.6, 285.2 and 288,6 eV corresponding to C-Si, C-C, C=0 and C-N bonds
[42, 43, 44, 46]. In Ols level, Si-O, C=0 bonds was shown at 532,6 and 533,3 eV, and
in N1s level, C-N bond was found at 400,0 eV [42, 46, 45].
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Figure 4.19 XPS spectra of Trp-SAM (10mM) modified PDMS with Si2p, Cl1s, Ols and N1s regions.

Atomic percentages of the Trp-SAM modified PDMS components (C, O, N, Si)
were calculated from the area under the curves, as 34.86, 35.06, 1.94 and 28.14% for
C, O, N and Si atoms, respectively. Comparison of measured atomic percentages with

theoretical ones were shown in the Table 4.11

Table 4.11
Theoretical and measured atomic percentages of C, O, N and Si atoms found in Trp-SAM modified
PDMS.

Theoretical Atomic % Measured Atomic %

C 56.67 34.86
O 20.00 35.06
N 10.00 1.94

Si 13.33 28.14
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4.5.6 XPS analysis of Type II Collagen Modified PDMS Substrates

XPS analysis of Type II collagen (0,lmg/mL, 24h, at 4°C) modified PDMS
substrates prepolymer/crosslinker ratio of 10:1 (w/w) were done by using Thermo
Scientific K-Alpha XPS. XPS survey spectrum of Type II collagen (0,1mg/mL, 24h,
at 4°C) modified PDMS substrates were shown in the Figure 4.20. According to the
figure, Si2p, Cls, N1s and Ols peaks were found from the analysis.
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Figure 4.20 XPS survey spectrum of Type II collagen modified PDMS substrate.

XPS analysis for Si2p, Cls, Ols and Nils core levels of Type IT collagen modified
PDMS substrates were measured by using Thermo Scientific K-Alpha XPS and shown
in the Figure 4.21. As seen from the figure, Si-C and Si-O bonds were found in Si2p
region at 101.9 and 103.3 eV [42]|. In Cls core level; peaks were found at 285.9, 284.6,
285.2 and 288.1 eV corresponding to C-Si, C-C, C=0 and C-N bonds [42, 43, 44, 46].
In O1s level, Si-O, C=0 and C-O bonds was shown at 532.2, 532.9 and 531.4 and in
N1s level, C-N bond was found at 400.0 eV |42, 46, 45|.

Atomic percentages of the Type II collagen modified PDMS components (C, O,
N, Si) were calculated from the area under the curves, as 49.10, 25.90, 4.08 and 20.88%

for C, O, N and Si atoms, respectively.
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Figure 4.21 XPS spectra of Type II collagen modified PDMS with Si2p, Cls, Ols and N1s regions.

Table 4.12
Theoretical and measured atomic percentages of C, O, N and Si atoms found in Type II collagen
modified PDMS.

Atom Measured Atomic %

C 25.90
O 49.14
N 20.88

Si 4.08
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5. DISCUSSION

Recent studies have shown the effects of preparing mimicked structures on cell
behaviour (adhesion, cell growth, migration, proliferation) and stem cell differentiation
[9, 47, 48, 30]. With the inspiration of these studies cartilage mimicked structures were

prepared in this thesis. The main objectives of the thesis could be identified as

e The production of polydimethylsiloxane (PDMS) cell substrates mimicking car-

tilage tissue’s elasticity,

e Adjusting the surface topography of substrates to the type II collagen fibers,
which are found predominantly (approximately 90% of total collagen) [2] in car-

tilage tissue,

e Modifying the surface with amino acid conjugated self assembled molecules and

to characterize these substrates,

e Modifying the surface with type II collagen and to characterize these substrates.

5.1 Stiffness of PDMS substrates

In this thesis, PDMS was used as a possible cell substrate as it is a widely used
inert, biocompatible and nontoxic polymer with tunable mechanical properties.[49] In
order to prepare substrates with cartilage tissueas stiffness (0.45 to 0.80 MPa) [13],
PDMS substrates were produced with different prepolymer/crosslinker ratios (10:1,
15:1, 20:1 and 30:1). Young’s moduli of these PDMS substrates with different pre-
polymer /crosslinker ratios were measured with nanointenter (CellHesion®, JPK, Ger-
many). Nanoindentation data were recorded on the system and Hertz model was ap-
plied on this data by using the software of the system. Young’s moduli range of PDMS
substrates with different prepolymer-crosslinker ratios, 10:1, 15:1, 20:1 and 30:1, were
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found to be 2.134+0.16 MPa, 1.474+0.07 MPa, 0.72£0.05 MPa and 0.56+0.06 kPa, re-
spectively. Thus, PDMS substrates with prepolymer/crosslinker ratios of 20:1 and 30:1
were fit the range of healthy cartilage’s stiffness (0.45 to 0.80 MPa) [49, 13]. According
to these measurements, concentration of crosslinker was directly proportional to the
stiffness (Young’s modulus) of the PDMS. Also the difference between Young’s mod-
uli values were getting lower with decreasing amount of crosslinker as the difference

between 10:1 and 20:1 is much higher than 20:1 and 30:1.

5.2 Surface Topography of PDMS Substrates

There are several ongoing studies on mimicked topography on cell substrates
as it improves the biocompatibility of substrates, regulates cell adhesion, spreading
and migration [50, 51]. In local micro-environment of cells, they collect physical and
chemical signals and change their behavior according to this data. For example, there
is a specific interaction between cell surface receptors and extracellular matrix. Nan-
otopographies were proved to stimulate adsorption of ECM proteins [52]. In cartilage
tissue, type II collagen is the predominant collagen and provides compressive load
strength to the cartilage tissue by forming a meshwork. Thus its function is crucial for
cartilage tissue. Near the joint surface (superficial zone of cartilage) type II collagen
orientation is parallel. In this thesis, this parallel alignment of type II collagen was
mimicked with varying dimensions [size of line width was changed to be 100, 150, and
200 um (A), size of line length was changed to be 30, 40 and 50 pm (B), while the
perpendicular period was changed to be 30, 40 and 50 um (C)]. A template was de-
signed according to these dimensions and PDMS surfaces were patterned by using soft
lithography. Patterned surface topographies on PDMS substrates were analyzed with

optical microscopy and it was shown that patterns were mimicked properly.
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5.3 Chemical modifications of PDMS substrates

PDMS is a highly hydrophobic polymer and has no cell binding sites. Therefore,
surface modifications are essential for PDMS as a cell substrate [52]|. Effects of chemical
modification of cell substrates on cell adhesion, protein absorption, proliferation and
stem cell differentiation were proved, but novel strategies are still required to enhance
better cell-substrate interactions [10, 49].

In this thesis chemical and biochemical alterations were done on PDMS sub-
strates with different prepolymer /crosslinker ratios (10:1, 15:1, 20:1 and 30:1). As dis-
cussed before, prepolymer/crosslinker ratio determines PDMS’s stiffness. According
to contact angle results, this ratio also effects surface wettability of PDMS substrates.
This means the surface chemistry of substrates with different crosslinker concentrations
were not similar. With decreasing crosslinker concentrations, there was an increase
found in the amount of uncrosslinked hydroxyl groups in PDMS [49]. However, this
situation was important only for cell culture experiments investigating the effects of
only stiffness, without any chemical modifications of surface. Since in this thesis, for
all surface modifications, substrate surface was hydroxylated by using oxygen plasma
treatment which could eliminate effects of crosslinker concentration. That was why,
surface characterization of PDMS substrates were only performed for PDMS with a
prepolymer-crosslinker ratio of 10:1.

Modifications of surface chemistry alters the hydrophobicity of the substrates
and consequently influences protein absorption capabilities of these materials [10].
PDMS has methyl (-CH3) groups which makes it a relatively hydrophobic polymer.
It is known from the literature that amino (-NHs) groups were more hydrophilic and
modification with molecules including amino (-NHy) groups has proved effects on the
enhancement of cell-substrate interactions [10]. In this thesis amino acid conjugated
self-assembled molecules (His-SAM, Leu-SAM and Trp-SAM) were used for the modi-
fication of cell substrates contained. Since they include amino (-NHy), increased cell-
substrate interactions were expected from the beginning. Besides including amino
(-NHs) groups, they were amino acids, the monomers of proteins, since modification
with these molecules made our substrates not only more suitable for protein absorp-

tion, but also provided more extracellular matrix-like biochemistry.
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In this thesis, using SAMs for chemical alterations enabled us to modify sub-
strates in an easier and more stable way. Three different amino acid conjugated self-
assembled molecules; His-SAM, Leu-SAM and Trp-SAM were synthesized to modify
PDMS substrates. For the characterization of amino acid conjugated SAMs which were
known as Cbz-AA-Bt, 1TH NMR was used. In 1H NMR spectra of Cbz-AA-Bt com-
pounds, doublet signals were obtained at 8.15 and 8.30 ppm and triplet signals were
obtained around 7.50-7.20 ppm which were characteristic signals of N-substitute benzo-
triazole. Thus, binding of benzotriole to Cbz-AA-Bt was proved. Also the 5 protons of
aromatic signals at 7 ppm and 2 protons of aliphatic singlet signals were supported the
existence of Cbz group. In later steps, by-products (Abz-AA-amines) were obtained
from nucleophilic substitution reactions. Existence of this products were proved from
the disappearance of N-substitute benzotriazole’s specific signals and recognition of
aliphatic CH2 signals of amine group (3.0, 1.5 ppm and 0.6 ppm) which was bound
to Si. In the last step, Cbz group was pulled off by using catalytic hydrogenation and
free amine function was obtained. Aromatic phenyl ring at 7ppm and disappearance
of -CH, signals (at 3-4ppm) were proved this reaction.

APTES molecule was existed in all of the amino acid conjugated self assembled
molecules besides its role in type II collagen modification. Therefore, to investigate
the success of chemical modifications of cell substrates, contact angle measurements
and XPS analysis were done and compared with APTES modified and bare PDMS
substrates. Before any modification, contact angle results of PDMS were relatively
high (104.1° £ 5.1). Then, to activate PDMS surfaces, plasma oxygen treatment was
done resulting the formation of hydroxyl groups on the surface. Hydroxyl groups make
PDMS highly hydrophilic and also ready for any reactions [39]. After APTES modifi-
cation, contact angle measurements of substrates were found to be 61.98° 4+ 5.5 which
proved APTES was bound to the surface and its contact angle was also similar to
literature [38].

In order to find the optimum concentration and dipping time for the amino acid
conjugated SAMs, PDMS substrates were modified with a range of His-SAM concen-
trations (1-20mM, 2h) and dipping time (1h-24h). For both of them, it was shown that,
contact angle values were a function of concentration and dipping time. According to

contact angle measurements, His-SAM modified PDMS substrates were become less
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hydrophobic (around 90°) than bare PDMS (104.1°) which proved the success of mod-
ification and also made substrates more suitable for cell interactions. Contact angle
values of His-SAM modified substrates were decreased in the increasing concentrations
of 1 mM to 20 mM, except 10 mM. This decrease was caused from the functional
imidazole and carboxylic acid groups or the minority of the covered area of the sur-
face. In the modifications of substrates with 10 mM His-SAM, contact angle value
was increased slightly which was resulted from the orientation of the molecules with a
specific angle and the repulsion between imidazole and carboxylic acid groups (polar
groups). As a consequence, hydrophobic alkyl groups of APTES were become apparent
and increased the hydrophobicity of the substrate.

Contact angle values showing the effect of His-SAM dipping time were increased
with time except for 4h. The increase in the angles with dipping time was caused from
the orientation of the molecule as discussed before.

To achieve more reliable results, XPS (XPS, Thermo Scientific K-, Germany)
analysis of bare, APTES, His-SAM, Leu-SAM, Trp-SAM and type II collagen modified
substrates were performed with Al Ka X-radiation. From the obtained XPS spectra,
characteristic Si2p, Cls, N1s and Ols signals’ areas were investigated and with these
values, atomic percentages were calculated. Only for bare PDMS, there was no Nls
signal, as there are no N atoms in this polymer. In all other modifications, N1s signals
were shown, proving the success of surface alterations. In the XPS data of APTES
modified PDMS, all specific bonds were shown, as Si-O, Si-C, C-C and C-N. How-
ever, theoretical and measured atomic percentages were not exactly the same. As the
specific atom was N in APTES modified PDMS with regard to bare PDMS, determi-
nation of surface coverage could be done according to the amount of N. From these
values (theoretical 5.9% whereas measured to be 1.65%), it could be said that 28%
of the surface was covered with APTES which was a quite proper percentage as one
APTES molecule requires three hydroxyl (-OH) groups to bind on PDMS surface and
this situation blocks full coverage for all molecules (His-SAM, Leu-SAM, Trp-SAM and
type II collagen) binding on PDMS with APTES side.

From the area under the XPS spectra of PDMS substrates modified with dif-
ferent concentrations of His-SAM (1-20 mM, 2 h), maximum atomic percentage of N

was calculated to be 3.41% for 10 mM His-SAM, as it was 14.81% theoretically. This
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means, maximum coverage of His-SAM was achieved with 10 mM of His-SAM. For
the dipping time investigation, hydroxylated PDMS substrates were dipped in 10 mM
His-SAM solution for 1h-24h. The maximum coverage (max N atomic percentage) was
calculated for the dipping time of 24h which was 4.69%. However for timesaving rea-
son, the optimum concentration was selected to be 2h in which N concentration was
3.41%.

Surface modifications of substrates with Leu-SAM and Trp-SAM, concentration
and dipping time were fixed to 10mM and 2h after optimization by using His-SAM.
In the XPS analysis of Leu-SAM (10 mM, 2h) modified PDMS substrates, in Si2p,
Cls, Ols and Nils core levels, all specific Si-C and Si-O bonds (101.9 and 103.0 eV),
C-Si, C-C, C=0 and C-N bonds (285.2, 284.4, 286.3 and 288.2 eV) and Si-O, C=0
bonds (532.1 and 532.9 eV) and C-N (400.0 eV) bonds were found which means the
surface modification was proved [41, 42, 43, 44, 46, 45]. Also atomic percentage of N
was calculated to be 3.36% as it was 8.33% theoretically. Thus, 40% of the substrate
surface was covered with Leu-SAM.

For the XPS characterization of Trp-SAM modified substrates, all specific bonds
of the molecule were found from their specific binding energies as Si-C and Si-O (102,1
and 103,8 eV.), to C-Si, C-C, C=0 and C-N (286.2, 284.6, 285.2 and 288,6 ¢V.), Si-O,
C=0 (532.6 and 533.3 ¢V) and C-N bond (400.0 V) [42, 43, 44, 46, 45, 49]. Surface
coverage of Trp-SAM was approximately 20%. This coverage percentage was quite
proper, as tail groups of Trp-SAM are larger and when they are close to each other
there would be repulsive forces between their indole groups. Also, Trp-SAM was bound
to PDMS substrate from its APTES side. As discussed before, one APTES molecule
requires three AOH groups to bind on PDMS surface and this situation decreases the
percentage of coverage.

Type II collagen is found predominantly (approximately 90% of total collagen)
in the extracellular matrix of cartilage [1|. Thus modification of substrate with type
IT collagen enables a more extracellular matrix-like environment for cell cultures. Col-
lagen is a protein composed of many amino acids and consequently it includes many
atoms. The most common tripeptide in collagen is composed of glycine (Gly), proline
(Pro) and hydroxyproline (Hyp)[48]. This tripeptide includes C, O, N and H. To show

the collagen type II modification, XPS analysis was done and from its spectrum, Si2p
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(from PDMS), Cls, Ols and N1s peaks were obtained. Also as seen from Figure 4.21,
all specific binds of Collagen type IT were shown on the XPS spectra as C-C, C=0 and
C-N.

In conclusion, characterization results showed that, stiffness adjustments, sur-
face chemistry and surface topography were obtained successfully and these modified
substrates with cartilage like stiffness, chemistry and topography are possible cell sub-

strates for cartilage tissue engineering.

5.4 Future Work

The idea of preparing cell substrates with cartilage like stiffness, chemistry and
topography was supported with the characterization results of this study. Thus, inves-
tigation of the interactions between these modified cell substrates and primary chon-

drocytes or stem cells would be a promising work for cartilage tissue engineering.
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