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ABSTRACT

INFLUENCE OF MICROENVIRONMENT ON TISSUE ENGINEERING
APPLICATIONS

Sayin, Esen
Ph.D., Department of Biotechnology
Supervisor: Prof. Dr. Vasif Hasirci
Co-Supervisor: Assoc. Prof. Dr. Erkan Tiirker Baran

September 2017, 156 pages

Cues of microenvironment that guide both mature and stem cells determine the
success of tissue engineered constructs. To prove and emphasize this expectation,
various parameters such as surface topography, scaffold (cell carrier, scaffold)
chemistry, 2D vs 3D microenvironments and mechanical stimulation were included into
the microenvironment. Surfaces with two distinct physical cues pillar and groove-ridge
type micropatterns were transferred to the surfaces of the films by casting the collagen
type I and silk fibroin biopolymers on poly(dimethylsiloxane) (PDMS) templates which
were replicated from photolithographically produced micropatterns on silicon wafers.
Bombyx mori silk fibroin a structural biopolymer, was blended with collagen type I
protein, to obtain high mechanical properties and biodegradability. Adipose derived
stem cells (ADSCs) were cultured on collagen—silk fibroin films with microchannel and
micropillar patterns to investigate the effects of cell morphology changes on osteogenic
differentiation. While higher ADSC proliferation profiles were obtained on micropillar
patterned film, microchannel patterned films, however, caused twice higher aspect ratio
and effective orientation of cells. Alkaline phosphatase activity of ADSCs was several
times higher on microchannel surface when the measured activities were normalized to
cell number. Effective deposition of collagen type I and mineral after cell culture was

observed for patterned and unpatterned films and these extracellular matrix (ECM)



components were oriented along the axis of the microchannels. The use of collagen—
fibroin blend film with microchannel topography increased the aspect ratio and
alignment of cells significantly, and it was also effective in the differentiation of ADSCs
into osteogenic lineage.

As an additional biochemical cue of microenvironment defining element, elastin-
like recombinamer (ELR) with a hydroxyapatite depositing amino acid sequence was
incorporated into films of collagen-silk fibroin blend carrying microchannel patterns to
stimulate anisotropic cell growth and osteogenesis. The Young's modulus and the
ultimate tensile strength (UTS) of unseeded films were 0.58 = 0.13 MPa and 0.18 £ 0.05
MPa, respectively. After 28 days of cell culture, ADSC seeded films had a Young's
modulus of 1.21 + 0.42 MPa and UTS of 0.32 + 0.15 MPa which were about 3 fold
higher than human osteoblast (HOB) seeded films. The difference in Young's modulus
was statistically significant (p = 0.02). ADSCs attached, proliferated and produced
calcium phosphate mineral on films better than the HOBs. In the light of these results,
ADSCs served as a better cell source than HOBs for bone tissue engineering of
collagen-fibroin-ELR based constructs used in this study.

In vitro systems generally rely on 2D test media whereas in vivo can best be
mimicked if a 3D test medium is used. This is important because the maturation of a
tissue engineered product should be different than on a 2D surface due to the kind of
interactions and the accumulation of molecular signals in 2D and 3D systems are
expected to be different. 3D scaffolds were created by folding long strips of engineered
films on a rod to investigate the contributions of 3D microenvironment over
mesenchymal stem / multipotent stromal cells (MSCs) by comparing with 2D films.
Additionally, the contribution of hypoxia and arterial oxygen pressure was studied
further to look into the concept of oxygen limited microenvironments of the native
MSCs and osteoblast niche. Hypoxia maintained the stemness of the MSCs on TCPS
and 2D scaffold. Interestingly, MSCs had elevated VEGFA level and osteogenic
differentiation on 3D construct while preserving their stemness at normoxic conditions.

Strikingly, osteogenic and angiogenic marker expressions were 13200 and 266 fold
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higher, respectively on 3D construct than 2D scaffold at 21% oxygen. At all of the
oxygen tensions that were tested, UTS was found to be similar with the unseeded
scaffolds at less preferable 2D scaffolds by MSCs. Distinctively, during the transition
from hypoxia to normoxia, Young’s modulus and UTS of the MSC seeded 3D scaffolds
were enhanced from 1.13 + 0.33 MPa to 2.16 + 0.81 MPa and 0.51 £ 0.12 MPa to 1.82 +
0.27 MPa, respectively, owing to the contribution of cells by secreting their ECM onto
the surface of 3D scaffold surface.

MSC proliferation was dependent both on oxygen tension and cyclic strain
exposure (10%) on collagen hydrogel embedded scaffolds. On the other hand, strain was
able to alter MSC shape by elongating them on the force direction and inhibit angiogenic
activity both at hypoxia and normoxia.

In summary, this study showed that mimicking the bone ECM was possible
through the use of microchannel patterns especially in 3D microenvironments that
overcome the limitations of 2D substrates. The transition from 2D to 3D
microenvironment enhanced the osteogenic and angiogenic activity of MSCs and along
with the tensile properties both at normoxia and oxygen limited physiological

environments.

Keywords: Microenvironment, Tissue Engineering, 2D vs 3D, Oxygen, Stem Cells.
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Hem olgun hem de kok hiicreleri yonlendiren mikrogevre kaynakli isaretler,
doku miihendisligi yapilarinin basarisint belirlemektedir. Bu beklentiyi ispatlamak ve
vurgulamak igin, yiizey topografyasi, iskele (hiicre tasiyici, scaffold) kimyasi, 2 boyuta
kars1 3 boyutlu mikrogevreler ve mekanik uyarim gibi ¢esitli parametreler mikrogevreye
dahil edilmistir. Fotolitografik olarak iiretilen mikro desenlere sahip silikon ¢iplerden
kopyalanan poli(dimetilsiloksan) (PDMS) kaliplar1 kullanilarak siitun ve kanalli iki adet
farkl fiziksel isaret iceren yiizeyler ¢oziicli ugurma yontemi ile kollajen tip I ve ipek
fibroini biyopolimerlerinden {iretilmistir. Bombyx mori ipek fibroini ve kollajen tip I
proteini ile optimum mekanik 6zellikler ve biyobozunma elde etmek i¢in karigtirilmastir.
Adip6z kaynakli kok hiicreleri (ADSCs) mikrokanal ve mikrosiitun desenli kollajen-ipek
fibroini filmlerinin {istiinde hiicre morfolojisindeki degisimlerin osteojenik farklilasmaya
olan etkisini aragtirmak i¢in kiiltiir edilmistir. Yiiksek mikrosiitun desenli film iistiinde
yliksek ADSC c¢ogalma profili elde edilirken, ancak mikrokanal desenli filmler iki kat
daha yiiksek en-boy oranma ve hiicrelerin etkili yonlendirilmesine neden olmustur.
ADSC'lerin alkalin fosfataz aktivitesi Olcililen aktiviteler hiicre sayisina gore normalize
edildiginde, mikrokanal ylizeyinde siitunlara oranla birka¢ kat daha yiiksek oldugunu
gostermistir. Desenli ve desensiz filmlerle kiiltiir sonrasinda verimli bir etkili kollajen tip
I ve mineral birikimi gézlemlenmis ve bu ekstraseliiler matriks (ECM) bilesenlerinin

mikrokanallarin ~ ekseni boyunca yoOnlendirilmesini  saglanmigtir.  Mikrokanal
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topografyayla birlikte kollajen-fibroin karisim filmi kullanimi, en-boy oranini ve hiicre
hizalamasint  6nemli  Ol¢lide  arttirmis  ve  ADSC'lerin  osteojenik  kdkene
farklilastirilmasinda da etkili olmustur.

Mikrogevreyi tanimlayan unsurlara ek bir biyokimyasal isaret olarak, anizotropik
hiicre biiyiimesi ve kemik olusumunu uyarmak i¢in mikrokanal desenleri tasityan
kollajen-ipek fibroin karigimi filmlerine hidroksiapatit biriktiren amino asit dizisine
sahip elastin benzeri rekombinant proteini (ELR) dahil edilmistir. Hiicresiz filmlerin
Elastik Modiilii ve maksimum gerilme mukavemeti (UTS) sirasiyla 0.58 + 0.13 MPa ve
0.18 = 0.05 MPa olclilmiistiir. 28 giinliik hiicre kiiltiiriinden sonra ADSC ekilmis
filmlerin Elastik Modiili 1.21 + 0.42 MPa ve UTS’i 0.32 + 0.15 MPa olup ve bu
degerler insan osteoblast (HOB) ekilmis filmlerden yaklasik 3 kat fazladir. Elastik
Modiiliindeki fark istatistiksel olarak anlamli bulunmustur (p = 0.02). ADSC'ler, filmler
tizerine HOB'lardan daha iyi tutunmus ve ¢ogalmis ve daha ¢ok kalsiyum fosfat minerali
tretmistir. Bu sonuclarin 1s13inda ADSC'ler bu calismada kullanilan kollajen-fibroin-
ELR tabanli yapilarin kemik dokusu miihendisligi i¢in HOB'lardan daha iyi bir hiicre
kaynagi olarak gorev yapmustir.

In vitro sistemler genel olarak 2 boyutlu test ortamina dayanirken in vivo ortam
en iyi 3 boyutlu test ortamu ile taklit edilebilmektedir. Bu durum onemlidir ¢iinkii doku
mithendisligi ile iiretilmis olan {iriiniin olgunlasmast 2 boyutlu ylizeyin {izerinde
etkilesimlerin tipi nedeniyle farkli olmalidir ve 2 boyutlu ve 3 boyutlu sistemlerde
molekiiler sinyallerin birikiminin farkli olmasi beklenmektedir. 3 boyutlu iskeleler uzun
film seritlerini bir ¢ubuk iizerinde spiral olusturmak {izere yuvarlayarak yapilmis ve 2
boyutlu, spiral olmayan, filmlerle karsilagtirilarak mezenkimal kok / multipotent stroma
hiicrelere (MSC'ler) 3 boyutlu mikrogevrenin katkilarini arastirmak igin tasarlanmistir.
Ek olarak, hipoksiya ve artere ait oksijen basincinin katkisi, MSC'lerin ve osteoblast
nisinin oksijen agisindan smirli mikrogevre kavrami c¢ercevesinde calisilmistir.
Hipoksiya, MSC'lerin TCPS ve 2D iskele iizerinde iken kok hiicre 6zelligini korumasini
saglamistir. {lging olan bir nokta ise MSC'ler 3 boyutlu yapida normoksik kosullarda

kok hiicre 6zelligini korurken VEGFA ve osteojenik farklilasma diizeyini ytlikseltmistir.



Dikkat cekici bir sekilde, normoksiya kosulunda osteojenik ve anjiyojenik gen ifadeleri,
3 boyutlu yapida 2 boyutlu iskeleye kiyasla sirasiyla 13200 ve 266 kat daha fazla
Ol¢lilmiistlir. Test edilen biitiin oksijen seviyelerinde MSC’ler tarafindan daha az tercih
edilen 2 boyutlu iskelelerde UTS hiicresiz 6rneklere yakin bulunmustur. Bundan farkl
olarak, hipoksiyadan normoksiyaya gegis esnasinda, MSC’lerin ECM’lerini 3 boyutlu
iskele yiizeyine salgilamalari ile yaptiklari katki sayesinde 3 boyutlu iskelelerinin Elastik
Modiilii ve UTS'si sirasiyla 1.13 + 0.33 MPa'dan 2.16 = 0.81 MPa'ya ve 0.51 + 0.12
MPa'dan 1.82 + 0.27 MPa'ya yiikselmistir.

MSC c¢ogalmast kollajen hidrojel icinde olan iskeleler {izerinde hem oksijen
seviyesi hem de dinamik olarak, tekrarli gerilime (% 10) bagimli oldugu gosterilmistir.
Diger bir taraftan, gerilim MSC’lerin seklini uygulanan kuvvet yoniinde uzatmis ve ayni
zamanda hipoksiya ve normoksiyada anjiyojenik aktiviteyi engellemistir.

Ozet olarak, bu calisma, kemik ECM'sini taklit etmenin, mikrokanall1 desenlerin
ozellikle 2 boyutlu substratlarin sinirlamalarin1 agsan 3 boyutlu mikrogevreler icinde
kullanilmasi yoluyla ile miimkiin oldugunu gostermistir. Normoksik ve oksijeni sinirlt
fizyolojik ortamlarin ikisinde de, 2 boyuttan 3 boyutlu mikrogevreye gecis MSC’lerin

osteojenik ve anjiyojenik aktivitelerini ve gerilim mekanik 6zelliklerini arttirmistir.

Anahtar Kelimeler: Mikrocevre, Doku Miihendisligi, 2 Boyuta Kars1 3 Boyut, Oksijen,
Kok Hiicre.
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CHAPTER 1

INTRODUCTION

1.1 Cell Microenvironment

Spatial and temporal cues in the cell microenvironment operate to drive tissue
morphogenesis and differentiation. It is the environment in which cell resides and there
is a need in regulating the factors such as cell-cell contacts, cell-matrix interactions,
levels of soluble factors and specific physiochemical cues. All of these conditions are
tightly controlled in the surroundings of the cell and these control the cell behavior. The
dynamic environment is not limited to these microenvironmental cues because the cells
are changing and modifying their environment, therefore, the knowledge about the in
vivo cell microenvironment is crucial for controlling the cell behavior. The conditions
cell microenvironment need to mimic in vitro are crucial parameters needed to advance
tissue engineering applications. Well controlled microenvironments are also required in

cancer research, drug screening, and immunological studies.

1.1.1 Components of Cell Microenvironment

Cell microenvironment can be maintained or modified with factors that act
directly or indirectly on the cell behavior by using biophysical, biochemical, or other
routes (Barthes et al., 2014). Multifactorial effects that compose the in vivo

microenvironment of a single cell are:
e composition of the extracellular matrix (ECM),
* neighbor cells that can be either homotypic or heterotypic,
* cytokines, hormones and the rest of the bioactive agents found at juxtaposition of

cells owing to autocrine, endocrine, and paracrine secretions,



* physical cues of the ECM and adjuvant cells at nano/microscale,

e and mechanical forces exerted due to the movement of the body or the
physiological fluids such as blood (Fig. 1.1).
These factors can be detailed further and presented in four subsections: cell-cell

contacts, cell-matrix interactions, soluble agents and specific physiochemical factors.
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Figure 1.1: The schematic illustration of the complex factors that define the cell
microenvironment include: surface topography and chemistry, matrix stiffness,
mechanical stress, the molecular composition of the physiological fluids,
physiochemical parameters that can be in the form of gradient or on/off like manner

(https://patricwallin.wordpress.com/science/cell-microenvironment/).



1.1.1.1 Cell - Cell Interactions

Cells are found indirect contact with other cells in vivo through cell junctions.
This type of interaction is called juxtacrine signaling. A widely known example of these
junctions are cadherins that are dependent on calcium to adhere. They are in the form of
transmembrane proteins and the type of the cadherin that is expressed specifically
dependent on the cell type and location of the cell. For example, endothelial cells
connect dominantly via VE-cadherins but use N-cadherins to attach themselves to the
underlying layer of pericytes. Tight junctions can also be mentioned as a type of junction
that brings the cells very close to each other, separated by an almost impermeable
barrier. Specifically, for stem cell fate and differentiation, the notch signaling pathway
has a particular importance (Artavanis-Tsakonas et al., 1999). It is partially responsible
for the position of the heart which is on the left hand side of the body during the
embryogenesis. A different phenomenon for the bone marrow hematopoietic stem cells
is that if they lose contact with the osteoblasts that they are found in close proximity,

they start to differentiate (Calvi et al., 2003).

1.1.1.2 Cell - Matrix Interactions

Cells interact with and attach to the ECM in the native tissue. Apart from
attachment, they also grow on the ECM which is essential for the formation of tissue.
The ECM serves as a specific topography and provides a chemical composition to
regulate cellular fate. The ECM consists of many proteins such as collagen, elastin,
laminin along with various glycosaminoglycans like hyaluronic acid and heparin sulfate.
Every component has different physical properties such as stiffness, elasticity, and
tensile and compressive strength because the composition and ratios of these
macromolecules are specific for each tissue (Fig. 1.2). Studies showed that these
physical properties are enough to alter stem cell commitment (Chaudhuri et al., 2015;

Das et al., 2015a).
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Figure 1.2: Elasticity of solid tissues have a range of elastic moduli (E) (Engler et al.,

20006).

Cell adhesion onto a substrate is achieved via integrin family. Integrins are
transmembrane proteins that connect the outside of the cell with the cytoplasmic
components, mainly the actin filaments. Several molecules are in charge of cell binding

and regulating cell spreading, migration, and stress fiber formation (Ermis et al., 2014).
1.1.1.2.1 Importance of the ECM Dimension

Mimicking the complexity of the cell microenvironment in a tissue is not
possible through conventional 2D culture systems simply because the contribution of the
third dimension includes signal accumulation originating from microenvironmental
processes (Yamada and Cukierman, 2007) (Fig. 1.3). Introduction of an additional
dimension alters cell function (Green and Yamada, 2007; Lund et al., 2009; Lee et al.,
2013b; Sung et al., 2013), mechanotransduction (Kraning-Rush et al., 2011), diffusion
trend of the oxygen and glucose, and additionally, it enables the formation of tissue like
gradients of growth factors and enzymes by binding to them (Griffith and Swartz, 2006).
A study showed the reversion of the malignant phenotype of human breast cancer cells
in 3D culture by using integrin blocking antibodies (Weaver et al., 1997). However, the
unclarity about the underlying mechanisms that are associated with the contribution of
the third dimension on cell adhesion, migration, proliferation, and differentiation still
persists. This question also addresses the 3D constructs that are widely used in tissue
engineering applications, especially those implemented on the bone, which has an

intricate developmental process.
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Figure 1.3: 3D microenvironment mimics better the in vivo niches. A) Cells on a
smooth surface organize focal adhesions and actin stress fibers at the basal side of the
cells and transmit the contractile forces to their surface and the rest of the cell. Cells can
attach to ECM via the basal side and interact with the secreted factors in the medium via
the apical side. B) The curvature and softness of the 3D microenvironment decreases the
formation of actin stress fibers. Mechanical stress is exerted to the cells both in

directions planar and perpendicular to the cell basal surface (Gattazzo et al., 2014).



1.1.1.3 Soluble Factors

Cells can communicate with each other over long distances through molecules.
There are three types of communication: autocrine, paracrine and endocrine. Autocrine
signaling is achieved by the cell secretions. The cell is both the source and the target,
and in turn, the molecule binds to a receptor found on the outside of the same cell’s
membrane. Paracrine signaling is limited to the neighborhood of the cell. The source and
the target cell can be of the same type or different. The distance that the signal can be
transmitted depends on the half-life of the molecule, composition of the ECM
surrounding the cells and, size and composition of the molecule. On the other hand,
endocrine signaling helps cells to communicate over longer distances by using the
bloodstream. Source cell inside the gland secretes the molecule which can travel the
whole body to be received by the target cell. The duration of the travel through the

circulation slows the response.

1.1.1.4 Physiochemical Factors

Temperature and pH are kept in a rigid regimen in the body (37 °C, 7.35 - 7.45).
Several buffering systems help for the preservation of pH. One specific example is the
bicarbonate in the blood. The amount of the bicarbonate depends on the CO,
concentration. CO, and H»O react to form HCOs™ and H', therefore, CO, that is exhaled
with respiration keeps the chemical equilibrium. In contrast to stable pH and
temperature, oxygen level differs between the arterial and venous blood vessels. Partial
oxygen level is higher at the arteries due to the oxygenation of the blood. Depending on
the distance between the blood vessel and the cell, the partial oxygen level that the cell is
exposed to varies and affect the cell behavior. In vitro systems does not take this

difference in the partial oxygen level seen in vivo into account.



1.1.1.4.1 Oxygen as a Microenvironmental Factor

Recent studies showed the importance of the oxygen in defining and regulating
the cell microenvironment in the maintenance of the tissue function. For example, as a
progenitor of the skeleton, bone marrow mesenchymal stem cells (BMSCs) can
transform into osteoblasts depending on the signals gathered during the fetal
development. The resulting bone tissue has vasculature for arterial blood that keeps the
oxygen level around 12% (Marenzana and Arnett, 2013). On the other hand, BMSCs
still reside in the sinusoidal cavity of bone marrow, where the oxygen level is in the
range of 1-6% which can be considered as hypoxia (Eliasson and Jonsson, 2010). The
fact that “low oxygen tension is a characteristic of stem cell microenvironment” is now
widely accepted for several other stem cell types such as embryonic, hematopoietic and
neural stem cells (Mohyeldin et al., 2010) (Fig. 1.4). As a microenvironmental cue,
hypoxia helps to preserve the stem cell phenotype by keeping the cells in an
undifferentiated state and maintaining the self-renewal capacity. In contrast to the stem
cells, it is important for osteoblasts to receive enough oxygen from arteries since their
functions such as proliferation, differentiation, and collagen production are inhibited
under hypoxic condition (Marenzana and Arnett, 2013). Impairment in the oxygen
transport heavily delays bone healing and slows down bone turnover (Wang et al.,
2007). Overall, approximately 12% oxygen tension should be maintained in the bone for

the continuum of the bone tissue formation (Fig. 1.5).
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Figure 1.4: Various types of stem cell are located at environments measured to have low
oxygen tension (dark grey colored areas). Scheme shows the currently available data
obtained by direct measurements or mathematical modeling carried out for niches of
mesenchymal, hematopoietic, and neural stem cells (in red color) that are found in

adipose tissue, bone marrow and the subventricular zone, respectively (Mohyeldin et al.,
2010).
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Figure 1.5: The scheme summarizes the influence of oxygen on the functions of the
bone cell. The physiological normoxia is accepted to be 12% oxygen for the osteoblasts
to maintain the osteoblast activity. Hypoxia inhibits the proliferation, differentiation and
collagen production while it stimulates the formation of osteoclasts and so bone
resorption. Acidosis along with the hypoxia lead to more severe bone resorption by
preventing matrix mineralization and inducing osteoclasts for resorption (Marenzana and

Arnett, 2013).

1.2 Tissue Engineering

The need for organs and tissues is ever increasing because of the aging of the
population, diseases, accidents and the limited availability of donors for transplantation.
Tissue engineering and regenerative medicine seek to construct substitutes to revitalize
compromised tissues and improve organ functionality. Tissue engineering idea is based

on harnessing in vitro cell culture methods and bioactive agents with the goal of



replacing or supporting the function of defective or injured body parts (Atala, 2012)
(Fig. 1.6). In the biological tissues, cells reside on and interact with the ECM which is
composed of glycosaminoglycans and a fibrillar network of collagen and elastin. ECM
not only provides a structural integrity to tissues but it also interacts with the progenitor
cells at the cell membrane level to induce proliferation and differentiation in the process
of tissue regeneration (Beachley and Wen, 2010). Polymeric scaffolds carry great
importance in tissue engineering as they protect the cells against dynamic forces exerted
by the body and provide appropriate surfaces for cell adhesion, proliferation and they

guide tissue formation with their inherent biochemical and topographical cues.
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Figure 1.6: Tissue engineering principles and a summary for the advances in the field

(Khademhosseini and Langer, 2016).
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1.2.1 Cell Sources

The sources used in tissue engineering are autologous, allogeneic and
xenogeneic, and they are from the same individual, another person or different species,
respectively. Except for autologous cells, however, they are prone to risks such as
infections and immunological responses that are associated with allogeneic and
xenogeneic isolates. For this reason, autologous adult cells and stem cells (mesenchymal
stem / multipotent stromal cells (MSC), embryonic stem cells (ESC)) have become an

increasingly preferred source to use with tissue engineered substitutes. MSCs can be

isolated from bone marrow and dental pulp and differentiate into several osteogenic,
chondrogenic and neurogenic lineage (Fig. 1.7).
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Figure 1.7: Mesenchymal stem / multipotent stromal cells in the sinusoidal cavity of

bone marrow can self-renew or differentiate into mesodermal lineage in vivo. They are
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also reported to differentiate into endoderm and ectoderm lineages in vitro (Uccelli et

al., 2008).

Adipose derived stem cells (ADSCs) have surface markers and differentiation
capacity which are similar to bone marrow stem cells (BMSCs) (Zuk et al., 2002; Kern
et al., 2006). ADSC is an advantageous cell source due to lower invasiveness of tissue
harvesting procedure, and reduced pain (Chai and Leong, 2007). Due to increasing
obesity liposuction procedure become widespread and the material is generally being
discarded as bio-waste which can be useful cell source. The capacity of ADSC to
differentiate into osteogenic, chondrogenic and adipogenic cell lines is well known.
Besides, ADSCs can differentiate into cell types other than those of mesenchymal
lineages such as endothelial cells (Planat-Benard et al., 2004), hepatocytes (Banas et al.,
2007) and neurons (Ashjian and Elbarbary, 2003) (Fig. 1.8). In addition, newly
discovered cell types such as induced pluripotent stem cells (iPSCs) are also started to
be used. There are, however, ethical issues and concern over cancerogenesis with the use
of embryonic stem cells and the induced stem cells achieved by gene transfer rise
respectively, thereby adult stem cells become increasingly preferred cell source for cell

therapy.

12



Adipose Tissue

Stem Cell
Bone
[ N——
@
—
. w
Cardiac Cartilage Central Nervous System
Hepatic
Myocyte (smooth)
a -
i\
Others

Figure 1.8: Multilineage differentiation possibilities for ADSCs to be utilized in tissue

engineering and regenerative medicine (Bunnell et al., 2008).

1.2.2 Materials Used in Tissue Engineering

1.2.2.1 Synthetic Polymers

In contrast to natural materials, mechanical and chemical properties of synthetic
polymers can be customized according to the properties of the targeted implant site in
the body. Synthetic polymers are more abundant and cost effective when compared to
natural tissue substitutes and polymers. These materials should degrade through the time
and provide physical support as the new tissue is regenerated in order to apply tissue
engineering principle. Biocompatible but not biodegradable poly(ethylene glycol)
(PEG), poly(vinyl alcohol) (PVA), poly(acrylic acid) (PAA), poly(2-hydroxyethyl
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methacrylate) (PHEMA) and biodegradable poly (lactic acid) (PLA), poly(glycolic acid)
(PGA), poly(e-caprolactone) (PCL) and poly(propylene fumarate) (PPF) are the most
commonly utilized synthetic polymers which have been used for tissue engineering
(Place et al., 2009). PLA, PGA, PCL and their homo and copolymers have been used in
the production of degradable medical devices such as sutures, stents, wound dressings
that were approved by FDA. The most synthetic polymers have no cell adhesion
property and usually require bulk or surface modification with biological moieties, such
as immobilization of cell attachment peptide (arginine-glycine-aspartic acid, RGD) onto

surfaces.

1.2.2.2 Natural Polymers

Since biopolymers constitute the native ECM of tissues, they are preferred
materials for tissue engineering as they bear significant bioactive properties. They have
intrinsic biological roles in maintenance of cell adhesion and differentiation, along with
controlled degradation by enzymes. However, in a biotechnological sense, their
production efficiency varies between batches, their mechanical properties can not be
tuned like the synthetic polymers and they are prone to degradation at high temperatures
and pressures during processing (Malafaya et al., 2007). Although, natural polymers
have these disadvantages, they are widely used for tissue engineering applications due to
their high performances. Collagen, silk fibroin, gelatin, fibrin, elastin and other
structural proteins and polysaccharides like chitosan, alginate, starch, hyaluronan and

chondroitin sulfate are widely employed as scaffold materials.

1.2.2.2.1 Collagen

Collagen is a structural protein that is found abundantly in bone, tendon,
ligament, and skin. It has high tensile strength, adhesiveness and cohesiveness

properties. Collagen is composed of three left handed helices twisted to form a right
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handed triple helix (Fig. 1.9). Gly-X-Y repeats are found in the fibrous structure where
one of X and Y is generally proline or hydroxyproline (Nair and Laurencin, 2007). It
carries cell adhesion sequences such as the arginine-glycine-aspartic acid (RGD).
Collagen isolated from xenogenic tissues can trigger very low levels of antigenic
responses (Pati et al.,, 2012). Recently, commercial recombinant human collagen has

come into use in tissue engineering applications (Merrett et al., 2009).

1.2.2.2.2 Silk Fibroin

Silk has been employed in the production of sutures, membranes, scaffolds,
controlled release systems and substrates for cell growth due to its low inflammatory and
antithrombotic nature. Crystalline B-sheets formed by self-assembly are the reason for its
superior mechanical properties (Fig. 1.10). Silk is a fibrous protein and has high strength
and toughness with limited extensibility. It is obtained from insects and spiders. Silk has
a high molecular weight but this value significantly changes depending on the source.
The major source of silk is the silkworm Bombyx mori and is made up of two
components, namely sericin, and fibroin. Sericin is a glycoprotein and keeps the two
fibroin fibers attached to each other in the natural silk structure. Removal of sericin is
required since it can elicit adverse immune reactions (Teuschl et al., 2014), therefore,
elimination of the sericin with hot detergent treatment increases its biocompatibility

when used as films, porous matrices and hydrogels (Mieszawska et al., 2010).
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Figure 1.9: The structure of the collagen type I (http://www.iupui.edu/~bbml/boneintro.
html).

1.2.2.2.3 Elastin

Elastin can be isolated from animal skin and also can be produced by
recombinant DNA technology. It has a great importance in terms of bringing in elasticity
to vascular tissues, skin, and cartilage. From the mechanical point of view, this adds an
extension and elastic recoil features to tissues and durability against cyclic loading. In its
formation, soluble tropoelastin molecules covalently bind to each other and crosslink

elastin.
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Figure 1.10: The antiparallel B-sheet structure at regions comprised mostly of glycine
and alanine (red: oxygen; blue: nitrogen; dark gray: carbon; light gray: hydrogen). The
spacing between the B-sheets depends on the side chains (Sayin et al., 2014).

1.2.2.3 Recombinant Polymers

The use of recombinant DNA technology in tailoring physical and biological
attributes of proteins is a significant development in biomaterials science. In this
approach gene sequences of different proteins from various organisms can be combined
in a single synthetic DNA and subsequently, it is expressed in high yield when it is
transferred into a suitable vector. In designing high strength protein scaffolds, the
desired properties of certain proteins, such as the strength, elasticity and active cell
adhesion, can be mimicked on a chimera protein. Researchers have produced elastin-like

recombinamers (ELRs) (Costa et al., 2011), silk-like proteins (SLPs) (Teulé et al.,

17



2009), collagen-like proteins (CLPs) (Yoshizumi et al., 2009), gelatin-like proteins
(GLKSs) (Werten et al., 2009) and resilin-like proteins (RLPs) (Li et al., 2011) and they
all have sequences repeated in their primary structure which introduce them various
capabilities. For example, chimeric proteins combine different functions when used in
the design of synthetic ECMs and these can help us control cell migration,
differentiation and adhesion (Gomes et al., 2012). Additionally, many alternative fusion
proteins have been designed such as resilin-elastin-collagen like polypeptide that has
sequences from each of these proteins (Bracalello et al., 2011) or vitronectin-insulin like
growth factor fusion protein that promotes cell growth and migration (Van Lonkhuyzen
et al.,, 2007). Similarly, other ECM protein fused variants that enhance cell survival,
proliferation, spreading and adhesion are avaliable by using the sequences of MAP
integrated fibronectin, laminin, type IV collagen derived peptides (Choi et al., 2010) as
well as cell adhesion sequence RGD (Bini et al., 2006).

1.2.2.3.1 Elastin Like Recombinamer (ELR)

Elastin-like recombinamers (ELRs) are recombinant proteins coded in a synthetic
DNA and expressed via the use of high yield vectors. VPGXG repeating sequences,
where X is a natural or modified amino acid except L-proline originates from elastin
which is an ECM protein found in many tissues including bone and is responsible for
their elasticity. The amino acid sequences are combined in repeating fashion to form the
backbone of ELRs (Trabbic-Carlson et al., 2003). Most ELRs are thermoresponsive
materials and aggregate at temperatures higher than their inverse transition temperature
(Ty). This feature aids purification of ELRs via insolubilization-precipitation (Rodriguez-
Cabello et al., 2011). ELRs have earlier been used in bone tissue engineering and shown
to be biocompatible (Amruthwar and Janorkar, 2013). Use of ELRs with special
sequences in bone tissue engineering were reported to increase cell adhesion (Ozturk et
al., 2009), to form an antifouling coat on titanium implants (Salvagni et al., 2014) or to

enhance nucleation of HAP on the implant surfaces.
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1.2.3 Processing, Modification and Characterization of Scaffolds

Scaffolds are biodegradable and biocompatible biomaterial structures in which
cells proliferate and tissue forms. They are produced in fiber mesh, porous foam,
membrane and rapid prototyped/additive forms depending on the type of engineered
tissue.

Various techniques are being employed for production of scaffolds for tissue
engineering. Wet spinning (Fig. 1.11A) and electrospinning (Fig. 1.11B, C) techniques
were used in the production of micro/nanofibers and designed natural micro-
architectures to enable cell ingrowth and effective cellularization of the scaffold.
Spinning has been the most effectively used method to produce fiber form of
biomaterials. In this method, a polymer melt or a viscous solution is ejected through an
orifice to form the fiber structures. Electrospinning generates micro or nano scaled fibers
and meshes that have high surface area to volume ratio. Additionally, these meshes have
high void space interconnectivity which facilitates mass transfer in culture media. With
these properties, nutrient and waste transport throughout the scaffold, an interior
organization at cell level and drug delivery can be achieved. During electrospinning,
polymer solution is ejected from a syringe via high voltage application to a metal
capillary tube. As the electric field ejects the solution at a constant rate, the liquid
component evaporates leaving dry fibers in air before they reach to a collector or
surface. The fiber morphology is an important parameter that depends on several factors
such as applied potential, injector-collector distance, ejection rate and solution properties
such as polymer concentration, solvent volatility and solution conductivity (McManus et
al., 2007; Sill and von Recum, 2008). Also, the orientation of the fibers has a significant
influence on cellular responses, and especially on their alignment. Fibers can be used to
obtain a woven or knitted scaffold manufactured from biocompatible fibers and present
unique mechanical properties and improved mechanical strength by providing effective
interconnecting voids for tissue ingrowth. Nonwoven fiber scaffolds, especially when

prepared using random nanofibers, mimic the ECM proteins (50-500 nm diameter
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fibers) and can create in vivo like condition by enabling cells a three dimensional
orientation (Barnes et al., 2007).

Freeze drying is a widely used technique due to the resultant high porosity and
mechanical strength features that are desirable for load bearing scaffolds (Fig. 1.11D).
Moreover, freeze drying can provide a controllable average pore diameter within the
scaffold structure. Solutions of water soluble polymers can be directly poured into a
mold and freeze dried in contrast to the preparation of hydrophobic polymers which
require an organic solvent. For the latter type of polymer solutions, aqueous solution
should be mixed with them in order to obtain a homogeneous emulsion that can provide
even pore distribution. Finally, application of vacuum and sublimation of water results
in high porosity structures.

Solvent casting and particulate leaching is a convenient method to obtain
controlled sized pores within the scaffold. In order to introduce this porosity to the
scaffold, porogen particles are added into the polymer solution and the polymer solution
is cast into a mold. After drying by evaporation of the solvent, the porogen is dissolved
out by a suitable solvent to expose the pores. Residual organic solvents can cause
cytotoxicity and loss of bioactivity of agents such as growth factors incorporated into the
scaffold (Mooney et al., 1996). Dimensions and the quantity of the porogen particles
determine the size and the porosity respectively.

Scaffold design is a crucial part of tissue engineering process. The micro-
architecture of the constructs is important in the tissue formation as the physical and
biochemical cues guide cell commitment and correct tissue morphology. With the
advances in the additive techniques or rapid prototyping technology, it is possible to
make scaffolds with precise geometries and finely controlled physical properties (Fig.
1.11E) which can be customized according to the needs of a patient (Melchels et al.,
2012). By using rapid prototyping, horizontal layers are added on top of each other to
build up a scaffold by a computer-controlled mechanical process. Usually, 3D models
that are derived from imaging data is the source for the design of 2D layers (Billiet et al.,

2012). Projection stereolithography (PSL) based on computer aided design (CAD) is
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another type of additive technology used to engineer 3D scaffolds that mimic the micro-
architecture of tissues. The PSL system has been used successfully in the fabrication of
3D scaffolds from photocrosslinkable gelatin methacrylate (GeIMA) (Gauvin et al.,
2012). Multilayered tissue engineering principle was applicable to the construction of
human skin by mimicking skin layers. For this purpose, three dimensional free form
fabrication with direct cell dispensing was applied for collagen hydrogel incorporating
fibroblasts and keratinocytes (Lee et al., 2009).

Micropatterning can help cellular organizations needed to achieve complex tissue
formation in the micron to nanoscale level. Especially, the soft lithography, at which
biomaterials are patterned by a poly(dimethylsiloxane) (PDMS) mold, has become a
convenient microfabrication tool for biomaterials (Fig. 1.11F). In this technique, a wafer
is processed by photolithography on which PDMS is formed to obtain the replicate of
pattern. Subsequently, PDMS mold is used for the production of patterned collagen
films (Vrana et al., 2007).

Figure 1.11: Different forms of tissue engineered scaffolds produced by various

processing methods. (A) SEM image of wet spun poly(3-hydroxybutyrate-co-3-
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hydroxyvalerate), magnification x100, side view. (B) SEM image of electrospun
collagen fibers crosslinked with dehydrothermal treatment, magnification x3000. (C)
SEM image of electrospun silk fibroin fibers, magnification x500. (D) SEM image of
collagen sponge produced via lyophilization, magnification x250. (E) SEM image of 3D
PCL construct made with rapid prototyping, magnification x50. (F) SEM images of
micropatterned silk film stabilized with methanol showing groove and ridge patterns,

magnification x700 (Sayin et al., 2014).

1.2.3.1 The Importance of the Cell Guidance

Even though the natural microenvironment of most cells in the tissues involve a
3D organization including fibers, hydrogels and meshes (Flemming et al., 1999), a large
number of studies employ 2D surfaces to create a more controlled environment to study
the influence of certain parameters such as surface decorations (Wojciak-Stothard et al.,
1995; den Braber et al., 1998). In recent studies, it has been shown that topography of
cell microenvironment plays an important stimulatory role in human MSC
differentiation, especially when the area and aspect ratio of the cells are controlled
(Kolind et al., 2014; Lee et al., 2013a).

Cells interact with substrates via focal contact points constituted of cytoskeletal
and membrane components, which make the contact with the ECM components such as
fibronectin and all these interactions are at the nano scale. Physical cues play a role in
mimicking ECM even when no biomolecules are present. Since in in vivo, cells have no
smooth surface around themselves due to pits, pores, protrusions, striations, particulates,
and fibers (Kim et al., 2013), they are being sent extracellular signals. Cells adapt their
orientation by the participation of actin filaments and microtubules (Chen et al., 2014)
and align and migrate on these topographies. Also localization of focal adhesion proteins
may have an influence on alignment (Natale et al., 2014). It was shown that the guidance
of the cell alignment with the use of nanopatterns much lower in size than that of the

cells (332.5 and 650 nm) was possible and these topographies helped to improve the
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mechanical properties of cell seeded films (Zorlutuna et al., 2009b) and human
microvascular endothelial cell adhesion under shear stress (Zorlutuna et al., 2009a).
Patterned surfaces at micro and nano level affect cell adhesion, morphology,
proliferation and differentiation (Lim and Donahue, 2007; Thian et al., 2008).
Furthermore, patterns can affect protein adsorption (Huang et al., 2010) and it is known
that presence of specific protein sites can alter cell functionality (Tran et al., 2004).
Macromolecules such as collagen that form the extracellular matrix (ECM) show
particular orientation to create a tissue microarchitecture and to carry out tissue
functions. Corneal stroma and bone have highly aligned collagen fibers which are
responsible from tensile and compressive strength (Skedros et al., 2006; Ruberti and
Zieske, 2008), and circumferential alignment of collagen fibers at media layer of artery
gives resistance to high loads in the same direction (Gasser et al., 2000).

Various methods are being employed for cellular organization and alignment in
2D and 3D such as photolithography (Ross and Lahann, 2013) and electrospinning
(Yang et al., 2005). Along with topographical control of tissue regeneration, chemical
patterning with ECM components can also restrict the localization of desired cell types
to a specific location (Thickett et al., 2012). Peptides and ECM components such as
fibronectin and collagen that contain arginine-glycine-aspartate (RGD) cell adhesion
sequences have been examined for their suitability in controlled confinement of cells
(Kenar et al., 2008; Chen et al., 2014). Microcontact printing (LCP) (McBeath et al.,
2004) and dip-pen lithography (Wilson et al., 2001) are micro and nano scale
biomolecule deposition techniques to achieve chemical patterning. However, chemical
patterns on biodegradable surfaces may be not stable as material erosion may wash away
the chemical cues. Instead, topographical patterning over cytocompatible surfaces by
soft lithography can be used to form durable patterns that may withstand cell culture and

in vivo conditions (Nikkhah et al., 2012).
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1.3 Structure and Function of Bone Tissue

Cortical (compact) and trabecular (cancellous or spongy) bone make up the bone
by forming the outer and the inner structure of bone, respectively (Fig. 1.12). Cortical
bone consists the 80% of the total bone mass (Murugan and Ramakrishna, 2005). It is
highly dense due to low porosity (20%) and it provides high mechanical strength (130-
190 MPa). Trabecular bone (20%) that forms the rest of the bone, has a higher porosity
(50-90%) and enables space for vasculature. Its mechanical strength is the one tenth of
the cortical bone. Osteon is the functional unit of compact bone that is formed as
concentric layers of mineralized matrix. At the center of the osteon, haversian canals
enable the access of nerves and blood vessels (Nguyen et al., 2012).

Bone is a dynamic tissue and undergoes continuous remodeling of organic
collagen fibers and inorganic hydroxyapatite. Collagen provides flexibility and
resistance to cracking and hydroxyapatite (Ca;o(PO4)s(OH),) introduces stiffness.
Additionally, elastin is found in bone in minute quantities (Table 1.1). The mechanical
properties and densities of different type bone vary according to collagen and nano

hydroxyapatite composition.
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Figure 1.12: Anatomical structure of the bone (Nguyen et al., 2012).

Bone is a mineralized connective tissue that houses nerves, blood vessels, and
specialized cells: osteoblasts (bone forming cells), osteocytes (fully differentiated bone
cells) and osteoclasts (bone resorbing cells). Osteoblasts synthesize collagen type I and
other matrix proteins (osteopontin, osteocalcin, bone sialoprotein) during the ossification
process. Osteoblasts deposit the calcium phosphate, which is amorphous at the
beginning, transforms into more crystalline forms in time. As the osteoblasts secrete
denser matrix around themselves, they are entrapped within the matrix and turn into
osteocytes. Osteoprogenitor cells that can differentiate to bone cells reside in the
periosteum and the marrow. Bone not only functions as a mechanical support for body
and protect organs from outer damages but also house growth factors, cytokines and
hematopoietic stem cells for formation of blood cellular components, mineral

homeostasis, and acid-base balance (Clarke, 2008).
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Table 1.1: Constituents of the bone (Murugan and Ramakrishna, 2005).

Inorganic phase w/w % Organic phase wiw %
Hydroxyapatite ~60 Collagen ~20
Carbonate ~4 Water ~9
Citrate ~0.9 Non-collagenous proteins ~3
(osteocalcin, osteonectin,
osteopontin, thrombospondin,
morphogenetic proteins,
sialoprotein, serum proteins)
Sodium ~0.7
Magnesium ~0.5

Other trace elements: CI', F', K,

2+ 2+ 2+ 2+ 2+
Sr™,Pb”,Zn"", Cu"', Fe

Other trace elements:
Polysaccharides, lipids,

cytokines

Primary bone cells:
Osteoblasts, osteocytes,

osteoclasts

Bone assembles into distinct levels of hierarchical units from macro to micro and

micro to nano scales in order to fulfill its functions (Fig. 1.13). In bone, collagen fibrils

are reinforced by plate-shaped HAP like nanocrystals 10-20 nm in length and 2-3 nm

width (Kane and Ma, 2013) and also grow along the long axis of the collagen fibrils

(Dorozhkin, 2010).
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Figure 1.13: Sketches for the hierarchical levels of cortical bone (Dorozhkin, 2010).

1.4 Approaches and Materials Used in Bone Tissue Engineering

Tissue engineering (TE) can still be an appropriate alternative for small and
medium sized bone defects because TE can introduce properties like osteoconduction,
osteoinduction, and osteointegration to the scaffolds. The main constituents of bone
tissue engineering are porous scaffolds with biocompatible and biodegradable properties
and autologous cells to be seeded into the scaffolds to obtain biologically and

mechanically adequate tissue substitutes (Rajzer et al., 2014).
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For bone tissue constructs various stem cell sources are used alternatively such as
BMSCs, adipose tissue-derived stem cells (ADSCs), umbilical cord blood-derived
mesenchymal stem cells (UCB-MSCs), muscle-derived stem cells (MDSCs), dental pulp
stem cells (DPSCs) and embryonic stem cells (ESCs) (Seong et al., 2010). Besides,
several growth factors such as transforming growth factor beta 1 (TGF f1),
bone morphogenetic protein 2 (BMP-2) and BMP-7 are used in vitro to induce bone
forming cell lineage.

Synthetic polymers utilized for the bone tissue engineering release their
degradation products in time. Unfortunately, degradation products of polyesters such as
poly(lactic acid) (PLA) (Badami et al., 2006), poly(glycolic acid) (PGA) (Boland et al.,
2001) and their copolymers were shown to create an acidic environment. In addition, the
synthetic polymers do not possess cell signaling sequences that are naturally present in
the structure of biological polymers such as fibronectin, collagen, vitronectin, and
fibrinogen. Recently, protein based scaffolds gained importance in load bearing sites in
the body such as bone, cartilage, tendon, meniscus, vessels, skin, bladder and cornea
(Sayin et al., 2014), but since they lacked the required mechanical strength, additional
materials were needed to be added to improve their mechanical strength (Table 1.2).
Generally, for bone tissue engineering ceramics such as hydroxyapatite (HAP) (Arafat et
al., 2011) are used together with the protein to give the scaffolds the fundamental
features of the native bone. Composites in a foam form were used, for example, by
adding sintered and non-sintered HAP into the gelatin and chitosan foams to increase
their mechanical strength and make the composition similar to the bone (Isikli et al.,
2012).

Collagen is widely used as scaffold material due to its higher biocompatibility,
however, its mechanical properties are not high enough and it is degraded rapidly to use
in hard tissue engineering. Reconstituted collagen has a much lower mechanical strength
than the bone to be substituted (Burg et al., 2000). The reason for this is partly the lack
of fibrillar arrangement due to hydrolysis during reconstitution. Additionally, collagen

denatures during sterilization and this decreases its resistance to enzymes and
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mechanical strength (Parenteau-Bareil et al., 2010). Several strategies have been tried to

remedy this situation, such as incorporation of interdigitated collagen and
polycaprolactone struts (Ahn et al., 2012) into collagen matrix (Rodrigues et al., 2003;
Pallela et al., 2011; Hoyer et al., 2012). Alternatively, silk fibroin has been proposed as
protein biomaterial for load bearing tissue engineering applications due to its unique
mechanical properties. Self assembled Bombyx mori fibroin molecules have a crystalline
B-sheet structure which gives its high tensile strength and toughness and, the remaining
amorphous region provides the needed elasticity (Agrawal et al., 2013). However,
handling of pure silk fibroin scaffolds is an issue and therefore, it is advantageous to
blend it with more flexible materials such as collagen, to achieve optimum mechanical

strength and ease of use.

Table 1.2: Processing methods and mechanical properties of different protein scaffolds

designed for bone tissue engineering.

Material Scaffold Processing method | References
morphology

Spider silk/bone Film Solvent casting (Gomes et al.,

sialoprotein fusion 2011)

protein

Collagen with Sponge Lyophilization (Pallela et al.,

chitosan and HAP 2011)

Silk with nano Fiber Electrospinning (Li et al., 2006)

HAP or/and BMP-

2

Gelatin with Sponge Lyophilization (Isikli et al., 2012)

chitosan and

sintered HAP

Silk fibroin— Hydrogel 3D bioprinting (Das et al., 2015b)

gelatin
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Besides the choice of polymers to produce scaffolds, mechanobiology can be
utilized as an approach to facilitate the in vitro development of a bone tissue engineered
construct by exposing MSCs to mechanical stimuli (Sumanasinghe et al., 2006). Low to
moderate tensile strains and low hydrostatic stresses were shown to promote the
intramembranous bone formation (Carter et al., 1998; Claes and Heigele, 1999; Lacroix
and Prendergast, 2012). 10-12% tensile strain stimulated intramembraneous bone
formation in a rat model (Loboa et al., 2004, 2005). Additionally, the utility of the

tensile strain was observed for the bone tissue engineering as summarized in Table 1.3.
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Table 1.3: Cyclic tensile strain contributed to osteogenic differentiation of MSCs and

the experimental parameters used in the literature were summarized.

Material | Scaffold | Strain Strain — Osteogenic | References
morphology | level culture medium
duration
Collagen | Hydrogel | 10% - | 4 h/day - 7 days + (Sumanasinghe
type | 1 Hz et al., 2006)
Collagen Strip 2.5% - | Continuous - 6 - (Kearney et al.,
type | 0.17 days 2010)
coated Hz
silicone
Plastic Strip 2000 | 40 min -0, 0.5, - (Qietal.,
ue - 1,2,6,12 and 2008)
0.5 Hz 24 h after
mechanical
loading
Plastic Smooth 2400 A 15-sec rest + (Yeetal.,
surface nE -1 | after every 5- 2012)
Hz sec working
duration for a
total of 2 h/day
— 4 days

1.5 Approach and Novelty of the Study

Influence of the microenvironmental factors on bone tissue engineering was

studied in many ways by employing specific physical and chemical cues, comparing 2D
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and 3D matrices along with the physiologically relevant oxygen tensions and exerting
tensional force at hypoxic and normoxic conditions.

In order to study microenvironmental factors firstly, ADSCs were tested on 2D
composite films for their potential to obtain engineered bone tissue. Various collagen
type I and fibroin compositions were tested for high stability that is required during in
vitro studies by performing degradation test. Additionally, films were examined for their
capacity to be rolled for further 3D experiments. Because of its low degradation level
and ease of rolling (elasticity), 33% (w/w) fibroin was used for in vitro experiments.
Channel and pillar type micropatterns, which can affect cell morphology and orientation
differently, were evaluated to determine the effect of topographical cues on ADSC
proliferation and differentiation. ADSC viability, short term cell proliferation profile (3
days), cell alignment, morphology were investigated as the preliminary study. ADSCs
were cultured in osteogenic medium to investigate the effect of the micropatterns on
differentiation to bone tissue. For detection of osteogenesis ALP activity (as an
osteogenic marker), immunostaining for collagen type I and calcium deposition by
alizarin red were performed. The microchannel patterned blend films were more
successful in driving the ADSCs to osteogenic differentiation and so at the rest of the
study, this micropattern type was employed.

Involving the chemical cues in as an additional microenvironment defining an
element, ELR was added to the blend composition to alter the surface chemistry and the
suitability of the stem cells and primary osteoblasts were compared for bone tissue
engineering. In this study, an ELR with [(VPGIG), (VPGKG) (VPGIG),]»
DDDEEKFLRRIGRFG [(VPGIG), (VPGKG) (VPGIG),], repeats was used. The
DDDEEKFLRRIGRFG region is responsible for nucleation of hydroxyapatite. The aim
was to maintain an anisotropic cell growth with a motive to mimic the osteon
organization. Microchannel pattern decorated films were seeded with human osteoblasts
(HOBs) and human adipose-derived stem cells (ADSCs) to align the cells and expected

them to secrete ECM in a parallel fashion as in cortical bone. Mature and stem cells
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were compared with respect to their proliferation potential and influence on the
mechanical strength of the scaffold.

After testing the ADSCs and HOBs on 2D scaffolds, the advantage of the 3D
matrix was examined by using the same material composition and topographical cue.
Microchannel patterned 2D and 3D blend matrices made of collagen and fibroin were
tested with a motive to support the osteogenic differentiation by guiding the MSCs and
so forming aligned extra cellular matrix. In order to examine the functionality of a 2D
substrate and a novel 3D bone microenvironment, the MSC responses such as osteogenic
differentiation, stemness, and angiogenic factor expression were compared with a widely
used in vitro test surface, TCPS. In summary, a 3D substrate that can overcome the
limitations of flat surfaces and 2D materials was examined. Furthermore, given the
variability of oxygen tensions that are physiologically associated with the phenotypes of
MSCs (5%) and osteoblasts (12%), MSC behavior on 2D/3D microenvironments was
examined at these oxygen tensions with a comparison to in vitro test ambient (21%).
Oxygen level inside the 3D construct was also monitored at the 5% and 21% oxygen
levels. The preference of MSCs to 3D microenvironment and 21% oxygen was
identified with regard to enhanced stemness, osteogenic differentiation, angiogenic
marker expression and tensile properties. Additionally, if the 3D construct is used as an
implant, it can be utilized as a support by rolling the long film strip on a screwed broken
bone.

In the final stage, as an approach to promote osteogenic differentiation of MSCs,
cyclic tensile strain application in an osteogenic medium was carried out. 5% and 21%
oxygen were compared for their capacity to stimulate osteogenic differentiation and
angiogenic factor expression under 10% cyclic tensile strain by using a 3D

microenvironment capable of guiding the cells.
The novelty of the study: This is the first study in the literature that compares mature

and stem cells with respect to their proliferation potential and influence on the

mechanical strength of the scaffold for their potential use in bone tissue engineering. In
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addition, the advantage of 3D matrices over 2D scaffolds was explored at the oxygen
tensions of MSC and bone niches and, in vitro test environment. These two aspects were
used as microenvironmental cues that were not explored thoroughly in the tissue

engineering applications.

34



CHAPTER 2

MATERIALS and METHODS

2.1 Materials

Spraque-Dawley rat tails were kindly received from Tayfun ide, (DVM), GATA
Animal Experiments Laboratory (Turkey). Bombyx mori silk threads were gift from
Prof. Esra Karaca, Uludag University Textile Engineering Department (Turkey). ELR
([(VPGIG), (VPGKG) (VPGIG),]. DDDEEKFLRRIGRFG [(VPGIG), (VPGKGQG)
(VPGIG);]») carrying an HAP nucleating sequence was sent kindly and characterized by
Prof. José Carlos Rodriguez-Cabello (Universidad de Valladolid, Spain) (Fig. 1.2). The
theoretical mass of the ELR was calculated according to recombinamer design and
found as 31,877 Da (Barbosa et al., 2009). Briefly, E. coli system was used for the
oligopeptide synthesis. Cells were lysed by ultrasonication and protein was purified by
applying a series of cold and warm centrifugation steps and dialysis. Purification was
carried out by using aggregation of the recombinamer with a lower critical solution
temperature (LCST) above its transition temperature. ITT was found to be 32 °C at pH =
7.36 as determined by size measurement between 20 °C and 40 °C by using Nano-ZS
(Malvern, UK). Molecular weight and purity of protein were confirmed by matrix-
assisted laser desorption/ionization time-of-flight (MALDI-TOF) with a sharp peak at
31,857.21 Da and sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) with a distinctive band around 30 kDa that was close to the theoretical mass.

Poly(dimethylsiloxane) (PDMS) prepolymers and curing agent were purchased
from Dow Corning (Sylgard 184 Elastomer Kit, USA). 1-ethyl-3-[3-
dimethylaminopropyl]carbodiimide hydrochloride (EDC) was supplied by Pierce
(USA). N-hydroxysulfosuccinimide (NHS), DMEM high glucose, 10X MEM,
amphotericin B, bovine serum albumin (BSA), sodium cacodylate trihydrate,

glutaraldehyde (25%), 4’,6-diamine2-phenylindole dihydrochloride (DAPI), FITC-
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conjugated phalloidin, acrylamide/bisacrylamide, paraformaldehyde (37%), trypsin-
EDTA (0.25%), sodium azide, B-glycerophosphate, L-ascorbic acid, dexamethasone, o-
cresol phthalein complexone, 8-hydroxyquinone, 2-amino-2-methyl-1,3 propanediol and
5(6)-carboxyfluorescein were obtained from Sigma-Aldrich (USA). Bicoll separating
solution and Dulbecco’s Modified Eagle Medium (DMEM) low glucose were purchased
from Biochrom (Germany). Recombinant human epidermal growth factor (EGF) 100
pm and 40 um cell strainers were bought from BD Biosciences (USA). Basic fibroblast
growth factor (bFGF), fetal bovine serum (FBS), fetal calf serum (FCS) and penicillin-
streptomycin were purchased from HyClone (USA). Coomassie brilliant blue was
obtained from Fisher Scientific (USA). HEPES, and collagenase type I and II were
supplied from Gibco Invitrogen Co. (USA). NucleoCassette was purchased from
ChemoMetec (Denmark). Alamar blue solution, Quant-iT PicoGreen Assay and Hoechst
33342 were purchased from Invitrogen Inc. (USA). Calcein AM and ethidium
homodimer-1 were supplied from Molecular Probes (USA). Triton X-100 and dimethyl
sulfoxide (DMSO) were obtained from AppliChem (USA). Tween 20 and acetic acid
were bought from Merck KGaA (Germany). SnakeSkin dialysis tubing (CO 10000) and
Fermentas Spectra multicolor broad range protein ladder were obtained from Thermo
Scientific (USA). All primary and monoclonal isotype antibodies were purchased from
Abcam (UK). Anti-CD44, anti-CD-90, anti-collagen type I, anti-a-Tubulin and anti-
RUNX2 were monoclonal. Anti-CD45, anti-CD105 and anti-osteopontin were
polyclonal. Phalloidin-Alexa Fluor 532 and secondary antibodies were bought from
Invitrogen (USA). Alexa Fluor 488 conjugated anti-CD34, Alexa Fluor 488 conjugated
anti-CD45, Alexa Fluor 647 conjugated anti-CD90 and Alexa Fluor 488 conjugated
Mouse IgGl x Isotype Control (FC) were purchased from BioLegend (USA).
SensoLyte pNPP Alkaline Phosphatase Assay Kit was obtained from AnaSpec Inc.
(USA). McCoy’s 5A medium was purchased from (Switzerland). Colorless high glucose
DMEM was bought from HyClone (USA). Trizol was purchased from Life
Technologies (USA). Direct-zol RNA Miniprep was bought from Zymo Research
(USA). High-Capacity cDNA Reverse Transcription Kit (without RNase inhibitor) was
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purchased from Applied Biosystems (USA). iTaq™ Universal SYBR® Green
Supermix, and real-time RT-PCR primers for HPRT1 (qHsaCID0016375), RUNX2
(qHsaCID0006726), BST1 (qHsaCID0013947) and VEGFA (qHsaCED0043454) were
bought from Biorad (USA). Primers for 18S rRNA (QT00199367), Osterix
(QT00213514) and CD90 (QT00023569) were purchased from Qiagen (Germany). Rest
of the chemicals were analytical grade and used as received. Sterile rat tail collagen type

I was bought from First Link (UK).

CATITIAE TR
[(VPGIG)2-(VPGKG)-(VPGIG)2)-DDDEEKFLRRIGRFGH[(VPGIG)2-(VPGKG)-(VPGIG)2):2

Hydroxyapatite specific
amino acid sequence

Figure 2.1: Monomeric structure of the ELR with an amino acid sequence that has

affinity to calcium and phosphate ions (Barbosa et al., 2009).

2.2 Methods

2.2.1 Scaffold Preparation

2.2.1.1 Isolation of Collagen

Collagen type I was isolated from tendons of the Sprague—Dawley rat tails. Tail
skins were removed and tendons pulled away and dissolved in cold acetic acid (0.5 M).
After 3 days, solution was filtered with glass wool to remove any insoluble material and
then solution was dialyzed against phosphate buffer (12.5 mM sodium phosphate
dibasic, 11.5 mM sodium phosphate monobasic, pH 7.2, 4 °C) for 6 days. The solution
was centrifuged at 12200 rpm for 10 min at 4 °C and the pellet was dissolved in acetic

acid (0.15 M, 4 °C). Protein was precipitated by adding NaCl (5%) and the next day it
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was centrifuged. Pellets were dissolved in acetic acid (0.15 M, 4 °C) and dialyzed for 7
days. After centrifugation, pellets were sterilized in 70% ethanol (4 °C) for 2 days.
Solution was centrifuged and pellets were lyophilized at -80 °C (Labconco Freezone 6,

USA). Collagen purity was studied with sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE).

2.2.1.1.1 SDS-PAGE Analysis of Isolated Collagen

Collagen purity was checked with sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE). Collagen was dissolved in acetic acid (0.15 M) and
denatured in mercaptoethanol at 95 °C for 5 min. Separating and stacking gel
concentrations were 10% and 4% acrylamide/bisacrylamide, respectively. Solution was
loaded and gel was run at 30 mA for 2.5 h and stained with Coomassie Brilliant Blue

(0.1% w/v) and destained with water:methanol:acetic acid (4:5:1).
2.2.1.2 Isolation of Silk Fibroin

Fibroin is isolated from silk by washing out the sericin part. Bombxy mori silk
threads were cut into small pieces and 12.5 g silk was weighted. It was washed in boiled
plenty of Na,CO3 (0.02 M) for 30 min. Threads were dried overnight at 37 °C and dry
threads were weighted (approximately 9 g). Silk was dissolved at 60 °C in preheated
LiBr solution (9.3 M, 112 mL). Solution was filtered with filter paper and dialyzed
against water and lyophilized at -80 °C.

2.2.1.3 Preparation of Templates for Patterned Substrate Surfaces

Microchannel and micropillar patterned silicon templates with 1 ¢cm® designed
area were developed by using reactive-ion etching (RIE) method. Smooth silicon
templates were used for the production of the unpatterned film. PDMS negative replicas

were prepared by slow mixing of prepolymer and curing agent (Sylgard 184 Elastomer
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Kit, Dow Corning, USA) in 10:1 ratio. After degassing of the mixture in vacuum to
remove air bubbles it was poured on the patterned silicon template carefully. The
prepolymer mixture was cured at 70 °C for 3 h and PDMS mold was peeled carefully
from silicon template. Five PDMS pieces were joined for 3D scaffold production by
attaching the parts onto glass slide surface. To connect the pieces, glass slide was stuck
by a double sided tape onto glass petri plate and melted paraffin wax was poured into
petri dish to stabilize molds. When the wax was solidified PDMS:curing agent mix was

poured into the petri dish and PDMS was left to polymerize at room temperature.
2.2.1.4 Preparation of Scaffolds
2.2.1.4.1 Micropatterned Films

Films of pure collagen, fibroin and their blends were produced via solvent
casting (Fig. 2.2). In order to prepare blend films different ratios of collagen and fibroin
were mixed in the collagen:fibroin ratios of 4:1, 2:1, 1:1 and 1:9 (w/w) (Table 2.1).
Films were prepared by solvent casting the protein solution (250 uL/cm?, in 0.5 M acetic
acid) on PDMS replicas. After drying, films were carefully peeled off. For stabilizing
fibroin films they were incubated in 90% methanol for 1 h. Afterwards, the films
containing collagen were crosslinked in EDC (12.5 mM) and NHS (5.2 mM) solution
(90% methanol) at room temperature overnight. Usage of EDC and NHS provided the
crosslinking between the amino and carboxyl groups of collagen and fibroin by forming
amide bonds between collagen-collagen, fibroin-fibroin and collagen-fibroin. They were
then washed with distilled water and air dried. Crosslinked films were stored in a

desiccator until use.
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Figure 2.2: Scheme for the explanation of film preparation. Same steps were applied for

smooth, microchannel and micropillar patterned films.
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Table 2.1: Predetermined fibroin and collagen quantities for composite film preparation.

Collagen:fibroin Collagen Collagen Fibroin Fibroin
(w/w) (mg/mL) (wiw %) (mg/mL) (wiw %)
1:0 16 100 0 0
4:1 20 80 5 20
2:1 16 66.7 8 333
1:1 12 50 12 50
1:9 24 10 21.6 90
0:1 0 0 80 100

2.2.1.4.2 ELR Bearing Films

In order to use for in vitro studies, 2.6% (w/v) collagen-fibroin-ELR blend films
were produced in a ratio of collagen:fibroin:ELR 6:3:1. Materials were dissolved in 0.5
M acetic acid and microchannel patterned films were produced and crosslinked as

explained in the section 2.2.1.4.1.
2.2.1.4.3 2D and 3D Scaffolds

Microchannel patterned 2D and 3D scaffolds were prepared (Fig 2.3) on the
PDMS replicates by using solvent casting technique. A solution (250 pL/cm®) of
collagen type I (1.6% (w/v)) and fibroin (0.8% (w/v)) in HFIP was used on PDMS
templates. The solution was dried at room temperature to let the formation of film layer
on the PDMS. Dried films were then stabilized for 1 h in methanol (90% (v/v)) by
inducing the formation of (-sheet structure in the fibroin part. After stabilization, films
were crosslinked with EDC (12.5 mM) and NHS (5.2 mM) in methanol solution (90%

(v/v)) for overnight. Films were washed with distilled water and dried at room
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temperature. To create 3D microenvironment, a long strip of microchannel patterned
film was rolled around a teflon rod that has 2 mm diameter. In order to stick the end of

the roll, cyanoacrylate glue was used.

Collagen from \ | )

rat tail

Collagen - fibroin blend
(in HFIP)

Silk fibroin from
Bombxy mori

PDMS for 2D scaffold PDMS for 3D scaffold

1. Airdry
1 2. Stabilize in methanol
3. Crosslink with EDC/NHS

2D scaffold Long film strip

/
L

Long film strip

3D scaffold
Roll the strip onto

the teflon rod

Figure 2.3: The production scheme for 2D/3D collagen-fibroin blend scaffolds was

presented.
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2.2.1.5 Characterization of Scaffolds

2.2.1.5.1 Films with Different Compositions of Collagen and Fibroin

2.2.1.5.1.1 In Vitro Degradation Test

Stability of microchannel and micropillar patterned films were tested against
collagenase type II as was previously described (Vrana et al., 2007). Briefly, films were
incubated in 0.1 mg/m collagenase type II in PBS at 37 °C for 3 h, washed with distilled
water and freeze dried for gravimetric measurement.

Degradation test was carried out by leaving the micropatterned films in the
phosphate buffered saline (10 mM, pH 7.4, 0.02% (w/v) sodium azide) at 37 °C. Films
were weighed after 1, 2 and 4 weeks and weight loss was calculated by dividing the
weight loss with the initial weight. The blend 2:1 (collagen:fibroin) was selected upon
degradation test due to its mid level degradation and relative softness of the film which

was important for the rolling the long pieces of strips with the same composition.

2.2.1.5.1.2 Atomic Force Microscopy (AFM)

In order to determine pattern fidelity of microchannel and micropillar patterned
films, surface of the uncrosslinked blend films were characterized with Atomic Force

Microscopy (AFM, Ambios Technology Inc., U.S.A.) by using noncontact mode.
2.2.1.5.1.3 Scanning Electron Microscopy (SEM)

Microchannel and micropillar patterned films were also observed with SEM to
confirm the pattern uniformity before crosslinking. Additionally, the effect of 28 days of

degradation in PBS was observed for the crosslinked films. Samples were sputter coated

with Au and examined with SEM (Bruker, USA).
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2.2.1.5.1.4 FTIR-ATR Spectra

FTIR-ATR spectra (Perkin Elmer, USA) of collagen, fibroin, methanol treated
fibroin and methanol treated collagen:fibroin 2:1 films were studied for p-sheet

formation. Films were scanned in the range of 1000-4000 cm™ with the interval of 4 cm®
1

2.2.1.5.1.5 Swelling Test

The swelling degrees of pure collagen, pure fibroin and collagen-fibroin blend
films were determined via gravimetric method. Pre-weighed, crosslinked films were
incubated in 10 mM PBS for 24 h at 37 °C, rinsed with distilled water and blotted

lightly. Swelling was calculated as follows:

. Wg — Wp
Swelling (%) = — x 100
Wp

where ws is the swollen weight and wp is the dry weight.
2.2.1.5.1.6 Differential Scanning Calorimetry

Glass transition temperatures of crosslinked collagen, fibroin and collagen-
fibroin blend films were determined by differential scanning calorimetry (DSC) (Perkin
Elmer Diamond, USA). Samples were heated under nitrogen gas at a rate of 10 °C/min

in the range 0-250 °C.
2.2.1.5.2 ELR Bearing Film

After the crosslinking procedure, pattern dimensions (without and with ELR
films) were measured with a profilometer (NewView™ 73003D Optical Surface

Profiler, Zygo, USA) and compared.
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2.2.1.5.3 2D and 3D Scaffolds

2.2.1.5.3.1 Stereo Microscopy

The overall morphology of the crosslinked 2D/3D scaffolds was imaged with
stereomicroscope. Scaffolds were wetted with the distilled water before imaging in order

to observe the swollen structure during the in vitro testing.

2.2.1.5.3.2 Fluorescence Microscopy, CLSM and SEM

Cross section of the 3D scaffold was observed after conjugation of the 5(6)-
carboxyfluorescein with collagen — fibroin blend with the help of EDC/NHS that
crosslinks between the carboxyl and amine groups. The concentration of the fluorophore
was 6.4 mM in the collagen — fibroin solution. After addition of the 5(6)-
carboxyfluorescein, production, stabilization and crosslinking were carried out as
explained in section 2.2.1.4.3. Before the imaging, the scaffold was wetted with distilled
water. The roll was cut in half with scissors and examined with fluorescence microscopy
(Zeiss, Jena, Germany) and CLSM (Leica DM2500, Germany). 2D/3D scaffolds were
sputter coated with Au-Pd (3 nm) and visualized with QUANTA 400F field emission
SEM (Netherland). The dimension of the resulting micropatterns was calculated with

Image] software (NIH).
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2.2.2 In Vitro Studies

2.2.2.1 Osteogenic Differentiation of Human Adipose Derived Stem Cells (ADSCs)

on Collagen - Fibroin Blend Films

2.2.2.1.1 Isolation of ADSCs

Lipoaspirate fat sample was a kind gift of Prof. Muharrem Demirogullari (Cag
Hospital, Ankara Turkey). Human ADSCs were isolated by using the procedure by
Francis et al. (Francis et al., 2010) with the consent of the patient and approval of
Middle East Technical University Human Ethics Committee (Appendix A). Briefly,
after washing, the fat was digested with 150 pg/mL collagenase type I for 1 h at 37 °C
(Fig. 2.4) and Bicoll separating solution was used to separate the cell layer. After
centrifugation, cell suspension was filtered through 100 pm and 40 pm cell strainers and
cultured in DMEM supplemented with 40% FBS, 1% penicillin-streptomycin, 250
ng/mL amphotericin B and 10 ng/mL epidermal growth factor (EGF) for 1 day to
enhance cell adhesion. The freezing medium for the cells was used as 10 % DMSO in

standard medium.

Figure 2.4: Collagenase type I digested fat tissue.
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2.2.2.1.2 Culture of Cells

ADSCs were cultured in DMEM supplemented with 10% FBS, 1% penicillin-
streptomycin, 250 ng/mL amphotericin B and 10 ng/mL EGF. Flasks were placed in in a
carbon dioxide incubator (5 % CO,, MCO-17AIC, Sanyo Electric Co. Ltd., Japan)
operated at 37 °C. The cells were passaged using 0.25% trypsin-EDTA solution at

subconfluency. All in vitro tests were carried out with ADSCs at passages between 2 and

5.

2.2.2.1.3 Characterization of ADSCs

2.2.2.1.3.1 Fluorescence Microscopy

Cells were detached and suspended with 0.25% trypsin. Standard medium was
added for enzyme inactivation and cells were centrifuged at 3000 rpm for 5 min. Cells
were counted by using NucleoCounter (ChemoMetec A/S, Denmark). 30000 cells were
seeded on coverslips. ADSCs were immunostained against CD105 marker and their
nuclei were stained with DAPI. Coverslips were washed with PBS and fixed with 4%
(w/v) paraformaldehyde for 30 min at room temperature. Then, cells were washed twice
and permeabilized with 1% (v/v) Triton X-100 for 12 min at room temperature. After
washing twice, samples were incubated at 37 °C for 30 min in blocking solution (1%
BSA, 0.1% Tween 20, 0.1% FCS, 0.1% sodium azide in PBS) and consequently
incubated with human anti CD105 solution (final antibody concentration 10 pg/mL in
PBS with 0.1% BSA) for 2 h at 37 °C. Then cells were washed with PBS twice and they
were incubated with secondary anti rabbit antibody (final antibody concentration 20
pg/mL in PBS with 0.1% BSA) for 1 h at 37 °C. Cells were washed with PBS twice and
cell nuclei were stained with DAPI. Finally, samples were washed twice and visualized

under fluorescence microscope (Zeiss, Germany).
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2.2.2.1.3.2 Flow Cytometry

For characterization of ADSCs, cells were trypsinized at passage 2 and 4 and
flow cytometry measurements were taken through determination of surface antigens
(CD44, CD45 and CD105) of cell suspensions. Initially, suspended cells were washed
with PBS (with 1% BSA, 0.1% (w/v) sodium azide) and fixed with 4% (w/v)
paraformaldehyde for 15 min at room temperature. Then, cells were washed with PBS
and resuspended in PBS (with 1% BSA, 0.1% sodium azide). Primary antibodies were
added to cell suspensions and incubated for 30 min at room temperature. After washing
steps with PBS, cells were resuspended in PBS with 1% BSA and 0.1% sodium azide.
Secondary antibodies and isotype controls were mixed with cell suspensions in
eppendorf tubes and incubated for 30 min at room temperature. Finally, cells were
washed with PBS at least three times and signals were measured with flow cytometry

(BD Accuri C6, USA).

2.2.2.1.4 Studies with Undifferentiated ADSCs on Films

Crosslinked films were sterilized in 70% (v/v) ethanol for 2 h and washed with
PBS. For preparation of cell suspension cells near confluence in T-flasks were detached
with trypsin. Consequently, standard medium was added for enzyme inactivation and
cells were centrifuged at 3000 rpm for 5 min. Cell number was determined with
NucleoCounter and 30000 cells were seeded to each surface. Suspended ADSCs were
seeded onto each type of film in a 24-well plate and tissue cultured plate (TCPS) was
used as positive control. 2 mL of growth medium was added to samples and changed
three times in a week. After 1 day of incubation, films with adhered cells were

transferred to new culture plate wells.
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2.2.2.1.4.1 Cell Proliferation

Alamar Blue assay measures cell number with respective to cell redox activity of
metabolically active cells (Appendix B). Before the measurement, films were washed
with colorless DMEM twice. At day 1 and 3, triplicate samples were incubated with
Alamar Blue® solution (10% in colorless DMEM) for 1 h at 37 °C. Absorbance values
were measured at 570 and 595 nm by using Multi-Well Plate Reader (Molecular
Devices, USA). From percent reduction values and calibration curve, cell number

conversion was performed (Appendix C).

2.2.2.1.4.2 ADSC Viability

Cell viability was examined by live-dead cell staining. Films which were
cultured for 3 days were washed with PBS twice. For visualizing live and dead cells on
films, cells were double stained with calcein AM (4 uM in PBS) and ethidium
homodimer-1 (10 uM in PBS) and washed with PBS. The stained ADSCs were then

visualized under fluorescence microscope (Olympus [X70, Japan).

2.2.2.1.4.3 Microscopy (Fluorescence, CLSM, SEM)

In order to observe cell alignment on patterned films, cell nucleus and
cytoskeleton were stained with DAPI and FITC-phalloidin, respectively. Films were
treated the same pre-staining steps as described in immunostaining procedure. After PBS
washing, cells were incubated in FITC labeled phalloidin solution (1 png/mL, prepared in
PBS with 0.1% BSA) for 1 h at 37 °C. Finally, after washing with PBS, cells were
counterstained with DAPI for and washed with PBS. Stained cells were then visualized
under fluorescence microscope (Zeiss, Germany).

For 3D scanning of cell orientations, cells were immunostained with a-Tubulin

by carrying out the same experimental procedure with CD105 immunostaining. Final
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primary and secondary antibody concentrations were 50 pg/mL and 20 pg/mL in
blocking solution. Images were taken with Confocal Laser Scanning Microscopy
(CLSM, Leica DM2500, Germany).

Films were washed with PBS and cacodylate buffer (0.1 M, pH: 7.4) and cells
were fixed with glutaraldehyde solution (2.5%, in cacodylate buffer) for 2 h at room
temperature. Films were washed twice with cacodylate buffer and freeze dried (Sanyo
MDF-U53865, Japan) for 2.5 h at -80 °C. Films on metal stubs were coated with gold
thin layer for 3 min (MCM-100 SEC). Unseeded and seeded films were examined at day
3 with SEM (Bruker, USA).

2.2.2.1.4.4 Quantification of Cell Morphology

Micrographs that were taken for the calcein staining of ADSCs were used for cell
alignment, cell area, Feret’s diameter and aspect ratio measurements. Quantitative image
analysis was performed with the ImageJ Java software (National Institute of Health,

USA) after acquiring random area with stained cells.

2.2.2.1.5 Osteogenic Differentiation of ADSCs

Films were immersed into 70% ethanol (v/v) for 2 h and then washed with sterile
PBS twice. Films were then dried inside of a laminar flow cabinet. 10000 cells were
seeded to each type of film and positive TCPS controls. Standard medium (high glucose
DMEM, 10% FBS, 1% penicillin-streptomycin and 250 ng/mL amphotericin B) was
used for 7 days of cell culture. After 1 week of incubation with growth medium, it was
switched to osteogenic medium (standard medium containing 100 nM dexamethasone,
10 mM B-glycerophosphate, 50 uM L-ascorbic acid) and cells were cultured for an
additional 21 days in osteogenic medium. 2 mL of osteogenic medium was added to

samples (in 12-well plate) and changed three times in a week.
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2.2.2.1.5.1 Cell Proliferation of Differentiated ADSCs

Cell proliferation was determined at days 1, 7, 14, 21 and 28. Alamar blue assay

was performed as explained at section 2.2.2.1.4.1.

2.2.2.1.5.2 Alkaline Phosphatase (ALP) Activity

SensoLyte pNPP Alkaline Phosphatase Assay Kit was used for the test done at
days 7, 14, 21 and 28. In principle, p-Nitrophenyl phosphate (pNPP) is a chromogenic
substrate and after dephosphorylation absorption maximum is 405 nm. Kit manual was
used for ALP assay. Briefly, films were washed with colorless DMEM and component
B. Films were cut with lancet and 400 pL lysis buffer. Samples were frozen and thawed
three times at -80 °C and 37 °C, respectively. Contents were centrifuged at 2000 rpm for
10 min. Supernatant was transferred to new eppendorf and 50 uL supernatant was added
to 96-well plates. 50 pL ALP dilution buffer and Component A were added to each well.
Samples were incubated for 1 h at 37 °C and 50 pL stop solution was transferred to each
well and absorbance was measured at 405 nm by using Shimadzu 2100-S UV-Vis
Spectrophotometer (Japan). ALP concentration was calculated by employing the
calibration curve formula (Appendix D). ALP levels per cell were found by dividing cell

number that were measured with Alamar blue assay.

2.2.2.1.5.3 Microscopy (Phase Contrast, CLSM, SEM)

After osteogenic induction, films were stained for calcium deposition. At day 28
cells were washed with colorless medium and PBS. Cells were fixed with neutral
formaldehyde (10%, pH 6.8) for 30 min at room temperature. Samples were washed
with distilled water. Alizarin red S (2%, pH 4.2) was added and films were kept at dark

for 45 min at room temperature. Films were washed with distilled water at least four
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times and PBS was added to wells. Red colored calcium deposits were imaged at phase
contrast microscopy (Zeiss, Germany).

At day 28 cells were immunostained for detection of collagen type I secretion
which an indication of osteogenic differentiation of ADSCs. Additionally, cells were
counterstained with phalloidin-Alexa Fluor 532 for cytoskeleton imaging. Cells were
washed with PBS and fixed with 4% paraformaldehyde for 15 min at room temperature.
Samples were washed with PBS and cells were permeabilized with 1% Triton X-100 for
12 min at room temperature. After PBS washing step, cells were incubated with
blocking solution (10% BSA, 0.1% Tween 20, 0.1% FCS, 0.1% sodium azide in PBS)
for 30 min at 37 °C. Cells were incubated with anti collagen type I antibody (50 pg/mL
in blocking solution) for 2 h at 37 °C. Cells were washed with PBS and incubated with
blocking solution (5% normal goat serum, 1% Tween 20, 0.1% sodium azide in PBS) for
30 min at 37 °C. Secondary antibody (20 pg/mL in blocking solution) was added and
cells were incubated for 1 h at 37 °C. Cells were washed with PBS and cells were
incubated with blocking solution (1 pg/mL, prepared in PBS with 0.1% BSA) for 30 min
at 37 °C. Cells were incubated with Alexa Fluor labeled phalloidin (59 pg/mL in
blocking solution) for 1 h at 37 °C. Samples were washed with PBS and cells were
examined with fluorescence microscope (Zeiss, Germany).

Micropatterned film surface and cell morphologies were analyzed with SEM.
Cultured films were washed with PBS and cacodylate buffer (0.1 M, pH: 7.4) and cells
were fixed with 2.5% gluteraldehyde solution (in cacodylate buffer) for 2 h at room
temperature. Films were washed twice with cacodylate buffer and cells were fixed
further 1% osmium tetroxide (in cacodylate buffer) for 1 h. Films were washed and
dehydration was carried out in a series of 10 min 50%, 70%, 80%, 95% (twice) and 15
min 100% ethanol treatment. Samples were dried with lyophilizator and examined with
SEM and its EDX component (FEI, Quanta 400F, Eindhoven, Netherlands). Samples

were mounted on aluminum stubs and sputter-coated with Au-Pd prior to analysis.
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2.2.2.2 Human ADSCs and Human Osteoblasts (HOBs) on Collagen - Fibroin -
ELR Blend Films

2.2.2.2.1 Isolation of HOB

Bone samples were obtained from the Gulhane Medical Military Academy
(GATA) (Ankara, Turkey) with their and the Middle East Technical University Ethical
Committee’s approval and with patient consent (Appendix A). Bone pieces received
from elective joint replacement surgery were transferred to sterile transport medium
(DMEM high glucose supplemented with 2% penicillin-streptomycin, 500 ng/mL
amphotericin B). Fragments were washed with PBS and broken into 2-3 mm pieces.
Pieces were placed in T175 flasks and medium (DMEM high glucose supplemented
with 10% FBS, 1% penicillin-streptomycin, 250 ng/mL amphotericin B) was added (Fig.
2.5A). Flasks were not moved for 1 week and after that the medium was renewed twice
a week. Cells migrated out of the explants and at the end of 34 days cells reached 90%
confluency and were trypsinized with 0.25% trypsin—-EDTA for 2 min at 37 °C. Some of
the flasks were used for cryopreservation for future use and others were used for

immunostaining for phenotype characterization.

2.2.2.2.2 Culture of Cells

Proliferation medium was used as McCoy’s 5A containing 10% FBS, 1%
penicillin-streptomycin, 0.5% L-glutamine, 250 ng/mL amphotericin B and 24 pg/mL L-
ascorbic acid because it was reported to have a positive effect on osteoblast proliferation

(Pradel et al., 2008). HOBs with passage numbers up to 5 were used.
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2.2.2.2.3 Characterization of HOB

For HOB characterization, the isolated cells were immunostained with anti-
collagen type I and anti-osteopontin antibodies and their nuclei were stained with DAPI.
HOBs were fixed with 4% (w/v) paraformaldehyde for 30 min at room temperature.
Cells were washed twice and permeabilized with 1% (v/v) Triton X-100 for 12 min at
room temperature. After washing, samples were incubated at 37 °C for 30 min in the
blocking solution (1% BSA, 0.1% Tween 20, 0.1% FCS, 0.1% sodium azide in PBS)
and samples were incubated with anti-collagen type I and anti-osteopontin antibody
solutions (final antibody concentration 10 pg/mL in 0.1% BSA in PBS) for 2 h at 37 °C.
Then, cells were incubated with Alexa Fluor 488-conjugated goat anti-mouse IgG and
Alexa Fluor 488-conjugated goat anti-rabbit IgG as secondary antibody (final antibody
concentration 20 pg/mL in 0.1% BSA in PBS) for 1 h at 37 °C to complete the
immunostaining of collagen type I and osteopontin markers, respectively. Cell nuclei
were stained with DAPIL. Samples were visualized with fluorescence microscopy (Zeiss,

Germany). HOBs with passage numbers up to 5 were used in in vitro studies.

Figure 2.5: HOB isolation from human bone. A) Bone samples in T175 flasks. B)
HOBs migrated away from the explants. Phase contrast microscopy on Day 33 (scale

bar: 200 pm).

54



For the confirmation of the absence of contaminating MSCs, cells (Passage 7)
were immunostained for CD34 (#343518), CD45 (#304017) and CD90 (#328116) along
with isotype control (#400129). After blocking step, cells were incubated with
conjugated primary antibodies for 1 h at 37 °C. Nucleus was stained with DRAQS5 (50
uM) and propidium iodide (50 ug/mL) for 1 h and 10 min, respectively.

2.2.2.2.4 Studies with ADSCs and HOBs

Films were sterilized in 70% (v/v) ethanol for 2 h and then air dried inside the
laminar flow hood. 10000 cells were seeded on the films and after one day in growth
medium, films were placed into new wells. ADSCs were cultured in the growth medium
for 1 week and then the medium was changed with osteogenic medium in which ADSCs
were cultured for the next 3 weeks. Since HOBs are originally bone cells no osteogenic

medium was used.

2.2.2.2.4.1 Cell Proliferation

Proliferation of ADSCs and HOBs were measured with Alamar Blue assay on
Days 1, 7, 14, 21 and 28 as explained at section 2.2.2.1.4.1. Separate calibration curves
for ADSCs and HOBs were prepared and cell numbers were determined from the

individual calibration curves (Appendix C).

2.2.2.2.4.2 Microscopy (CLSM, SEM)

On Day 28, cell seeded samples were stained with Phalloidin Alexa Fluor 532.
Cells were fixed and permeabilized as explained earlier, incubated in blocking solution
(1% BSA in PBS) at 37 °C for 30 min and in Phalloidin solution (118 pg/mL final
concentration prepared in PBS with 0.1% BSA) at 37 °C for 1 h. Images were obtained
with Confocal Laser Scanning Microscopy (Leica DM2500, Germany).
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Morphologies of ADSCs and HOBs on film surfaces were examined with SEM
on Day 28. Additionally, surfaces of unseeded films were examined on Days 1 and 28.

SEM and EDX analysis were carried out as detailed in section 2.2.2.1.5.3.

2.2.2.2.4.3 Quantification of Mineralization

Quantity of calcium in samples was measured with a colorimetric assay based on
o-cresol phthalein complexone that forms a violet colored complex with calcium. Films
of Day 28 were washed with PBS and calcium was extracted from them by immersing in
0.6 N HCI overnight at 4 °C. Supernatant (10 pL) was added to a solution (190 pL)
containing equal volumes of calcium binding reagent (0.024% o-cresol phthalein
complexone and 0.25% 8-hydroxyquinone in water) and calcium buffer (500 mmol/L 2-
amino-2-methyl-1,3 propanediol in water). Absorbance was measured at 570 nm with a
multiwell plate reader. The amount of calcium in each sample was determined with a
standard curve (Appendix E). Normalized calcium calculations were performed by
subtracting the background calcium reading, unseeded film of Day 28, from each value

and then dividing with the cell numbers measured with Alamar Blue assay.

2.2.2.2.4.4 Mechanical Test

ADSC and HOB seeded collagen-fibroin-ELR blend films were tested after 28
days of culture to investigate the effect of ECM secretion of cells on the tensile behavior
of blend films. None of the samples were fixed. Films (n=3-5) were cut into 4 mm x 10
mm strips and tested at room temperature by Instron 3366 Uniaxial Testing Machine
(Instron, Norwood, MA) with a 10 N load cell. Films were placed in a longitudinal
direction parallel to the microchannel axis with custom made clamps in a Perspex
chamber, which was filled with PBS. Preload (0.01 N) was applied in uniaxial tension

mode to prevent loose layout of films between clamps. Preload rate was 0.4 mm/min and

56



no data was recorded during preload. After preload, uniaxial tension was applied up to a
maximum load of 10 N at an elongation rate of 0.04 mm/min which corresponded to

1.0%/min strain rate. Testing was continued until failure.

2.2.2.3 Human Bone Marrow Mesenchymal Stem Cells (MSCs) on 2D and 3D
Collagen — Fibroin Blend Scaffolds

2.2.2.3.1 Culturing MSCs

Human MSCs were isolated by Michelle Korda and colleagues from the iliac
crest of the patients that undergone total hip replacement surgery (Royal National
Orthopaedic Hospital, Stanmore, UK) (Reissis et al., 2013). Written and signed patient
consent and ethical committee approval from NHS Health Research Authority (National
Research Ethical Committee, London) were obtained. Characterization of the cells were
also carried out by showing the capacity of the MSCs to differentiate into osteogenic and
adipogenic cell lines by Reissis et al. Cells between the passages of 2 and 5 were used
for the experiments. MSCs were cultured in high glucose DMEM supplemented with
10% FBS, 1% penicillin-streptomycin and 5 ng/mL bFGF (basic fibroblast growth

factor).

2.2.2.3.2 Studies with MSCs

Films were sterilized in ethanol (70% (v/v)) for 2 h and washed with PBS twice.
Cells were detached with 0.1% trypsin and counted with a hemocytometer. 50000 cells
were seeded to tissue culture polystyrene (TCPS) and normal sized films (2D). For the
longer films, which were used in the preparation of 3D scaffolds, 250000 cells were
seeded to maintain the same cell density as the 2D films. During cell seeding to the 3D
scaffold, 50000 cells were seeded to each 5 parts of the long film strip. TCPS was used
as a control surface to include the conditions that are employed at most of the in vitro

test environment. 3D microenvironment was set by rolling the long film after cell
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seeding. 3 mL of osteogenic medium (high glucose DMEM medium containing 10%
FBS, 1% penicillin-streptomycin, 100 nM dexamethasone, 10 mM B-glycerophosphate,
50 pg/mL ascorbate 2-phosphate) was added to samples (in 12-well plate) and changed
every other day. MSCs were cultured for 3 days in a CO, incubator (Sanyo, Japan) that
was adjustable to 5%, 12% and 21% oxygen tensions for each set of experiments. This
incubator could be set for any oxygen tension by displacing the oxygen through taking

nitrogen in.

2.2.2.3.2.1 Cell Proliferation

The total DNA content on TCPS and 2D/3D scaffolds were determined with
Quant-iT PicoGreen® Assay on Days 1 and 3. Samples were washed with colorless
DMEM to remove phenol red. The cellular DNA was released with 1 mL lysis buffer
(10 mM Tris pH 8, | mM EDTA and 0.2 % (v/v) Triton X-100) and samples were stored
in -80 °C. After thawing, scaffolds were cut into smaller pieces with scalpel blade (#20).
Lysis buffer was mixed thoroughly and 10 uL of sample solution was added to 190 uL
of assay reagent (1:200 diluted PicoGreen in 1 x TE buffer) in 96-well plate.
Fluorescence was measured with multiplate reader (Tecan, Switzerland) by applying the
settings of 480 nm as excitation wavelength and 533 nm as emission wavelength with an
emission cut off at 515 nm. Fluorescence intensity was converted to total DNA content
according to manufacturer’s protocol by using the known concentrations of lambda

DNA for the standard curve (Appendix F).
2.2.2.3.2.2 SEM

After 3 days of incubation, samples were fixed with 2.5% glutaraldehyde for 2 h
at room temperature. Cells were stained with 1% osmium tetroxide (in cacodylate

buffer) for 1 h and dehydrated with a series of ethanol. Micrographs were taken with
high resolution Field Emission SEM (Jeol, USA).
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2.2.2.3.2.3 Real-Time RT-PCR

In order to obtain required RNA levels for real-time RT-PCR, the number of
seeded cells was increased. Cell number was 2 x 10° for TCPS and 2D scaffolds, and 1 x
10° for 3D scaffolds. On Day 3, 120 pL, 200 pL and 300 uL Trizol was added to TCPS,
2D and 3D scaffolds, respectively. Control and scaffolds were kept in -80 °C. After
thawing the samples, an equal volume of ethanol was added to the suspension. For RNA
extraction Direct-zol RNA Miniprep® was used and manufacturer’s protocol was
carried out. Total RNA of each sample was reverse transcribed to complementary DNA
(cDNA) with High-Capacity cDNA Reverse Transcription Kit. cDNA levels (n=3) were
quantified by using the iTaq™ Universal SYBR® Green Supermix. HPRT1 and 18S
rRNA were employed as housekeeping genes. Osterix, RUNX2, BST1, CD90, and
VEGFA were the primers studied with real-time RT-PCR. Real-time RT-PCR
conditions were 2 min at 50 °C, 10 min at 95 °C, and then 50 cycles at 95 °C for 15 s,
and 1 min at 60 °C and it was performed with CFX96 Real Time System (Biorad, USA).
Results were normalized to housekeeping genes with regard to the same primer brand by
employing the AAcr method. The level of housekeeping gene expression of the TCPS
sample that was incubated at 21% oxygen for 3 days, was assigned as 1 and the rest of

the calculations for gene expression levels were performed accordingly.

2.2.2.3.2.4 Fluorescence Microscopy

Samples were fixed with 4% paraformaldehyde for 30 min at room temperature.
MSCs were immunostained for an osteogenic marker, RUNX2. Cells were washed twice
and permeabilized with 1% (v/v) Triton X-100 for 1 h at room temperature. After
washing, samples were incubated at 37 °C for 30 min in the blocking solution (1% BSA,
0.1% Tween 20, 0.1% FCS, 0.1% sodium azide in PBS) and then incubated with anti
RUNX2 antibody solution (final antibody concentration was 10 pg/mL in 0.1%
BSA/PBS) for 2 h at 37 °C. Scaffolds were washed with PBS and incubated with
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secondary antibody (final antibody concentration was 20 pg/mL in 0.1% BSA/PBS) for
1 h at 37 °C. Cell nuclei were stained with Hoechst 33342 and they were imaged with

epifluorescence microscope (Zeiss, Germany).

2.2.2.3.2.5 Oxygen Diffusivity of 2D and 3D Scaffolds

Fiber-optic oxygen probes (Oxford Optronix, Oxford, UK) were placed between
the layers (termed as interlaminar) of MSC seeded 3D scaffolds at 5% and 21% oxygen
tensions on Day 0. Partial pressure of oxygen was measured for at least 9 h at a rate of
1000 sampling/min. No difference in the oxygen level was determined at the core of the
seeded 3D scaffolds in ambient oxygen tension on Day 0 (data not shown.). The same
procedure was carried out for the 5% oxygen tension. Measurements were recorded
according to the same procedure with Cheema et al. (Cheema et al., 2012). Since oxygen
diffusivity and solubility are sensitive to temperature fluctuations, all of the equipment
and 3D constructs in the medium were kept at 37 °C before oxygen monitoring in order

to equilibrate the environment.

2.2.2.3.2.6 Mechanical Properties

The tensile properties of the unseeded and MSC seeded 2D/3D collagen-fibroin
blend scaffolds were examined after 35 days of cell culture. This time point was chosen
to observe the effect of 5% oxygen and 2D/3D microenvironment on the tensile behavior
of blend scaffolds and also to give time to osteogenically-induced MSCs for the extra
cellular matrix secretion that can strengthen the scaffold structure. 2D/3D scaffolds that
were exposed to 5% and 21% oxygen conditions were preferred for the test since MSCs
expressed osteogenic markers higher at these oxygen tensions than 12% oxygen in
general. Same number of cells with the real-time RT-PCR was seeded and none of the
samples were fixed chemically before the test. 3D scaffolds were unrolled for the

measurement and sections from the outer regions were removed and then sections (n=3-
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5) were cut into 4 mm x 10 mm strips. Tensile testing was performed by using Instron
3366 Uniaxial Testing Machine (Instron, Norwood, MA) with a 10 N load cell at room
temperature. The film ends were placed between the two clamps and then put in a
Perspex chamber, which was filled with PBS. Samples were placed in a longitudinal
direction parallel to the microchannel axis. In order to maintain flat layout of films
between the clamps, preload (0.01 N, 1 mm/min) was carried out in uniaxial tension
mode and no data was recorded during the process. Lastly, uniaxial tension was exerted
with a maximum load of 10 N and elongation rate of 0.04 mm/min (which was equal to
1.0%/min strain rate). Testing was stopped at the point of failure. The measurements of
applied force (F), cross-sectional area (A), initial length (I) and length of displacement
(Al) were used for the calculation of the stress (o = F/A), strain (¢ = Al/l), ultimate

tensile strength (maximum o) and, Young’s modulus (o/¢).

2.2.2.4 Human MSCs Subjected to Cyclic Tensile Force in 3D Collagen - Fibroin

Based Microenvironments

Human MSCs were seeded as explained in section 2.2.2.3.2. 200000 cells were
seeded on 2D scaffolds. After 2 h of incubation, films (2D) were entrapped in collagen
hydrogels. Collagen hydrogels were produced by adding 10X MEM to collagen type I
(rat tail) according to RAFT™ Kit Protocol. In order to neutralize collagen solution 1 M
HEPES and 10 M NaOH were mixed in 5.048:1 ratio and added to the mixture. The
hydrogel was casted in a teflon mold after placing 2 floatation bars to both ends (Fig.
2.6). After hydrogel solidification, MSCs were cultured in osteogenic medium for 2 days
in a CO; incubator (Sanyo, Japan) that was adjusted to 5% and 21% oxygen tensions for

each set of experiments.
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2.2.2.4.1 Cyclic Tensile Force Test System

After 1 day of incubation, for tension application, half of the samples were
connected to culture force monitor (CFM). In order to connect floatation bars were
found in the teflon molds, the wires within the floatation bars were hooked to custom
made platform. The tensile strain was applied by a motor (Parker, UK) that run at 1 Hz

to generate 10% strain. Coding was executed via EASI-V software.

Floatation
A B bars
Force / Force
( Q-
{ (/
Osteogenic
medium
Collagen
Teflon__| 2 hydrogel
mold }
MsSC 2D microchannel
patterned scaffold

Figure 2.6: The experimental setup. Collagen hydrogel was cast inside a teflon mold.
Film was immersed within the hydrogel to enable the force transmission to MSCs.
Floatation bars were placed at both ends to hook the bars to culture force monitor

(CFM). A) Top view. B) Scheme for the explanation of the setup.

2.2.2.4.2 Cell Proliferation

On Day 2 cell numbers on films were determined with Quant-iT PicoGreen®

Assay as explained in section 2.2.2.3.2.1.

2.2.2.4.3 Cell Viability

After 2 days of incubation at 5% oxygen tension Live-Dead staining was carried

out for unstrained and strained samples. Calcein AM and ethidium homodimer-1
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staining was performed as detailed in section 2.2.2.1.4.2. and cells were imaged with

epifluorescence microscope (Zeiss, Germany).

2.2.2.4.4 Microscopy (Fluorescence, SEM)

On Day 2 cells were fixed with 2.5% glutaraldehyde for 2 h at room temperature.
Samples were processed as in section 2.2.2.1.5.3. and examined with SEM (FEI, Quanta
400F, Eindhoven, Netherlands). Some of the samples were fixed with 4%
paraformaldehyde for 30 min at room temperature. hMSCs were immunostained for an
osteogenic marker, RUNX2 and cell nuclei was stained with Hoechst 33342. They were

imaged with epifluorescence microscope (Zeiss, Germany).

2.2.2.4.5 Real-Time RT-PCR

On Day 2, the expression of RUNX2 and VEGFA were determined as in section
2.2.2.3.2.3. by using a real-time RT-PCR. HPRT1 was employed as housekeeping gene.
Results were analyzed with regard to 0% tension sample that was incubated in 21%

oxygen tension.

2.2.3 Statistical Analysis

All data were obtained at least in triplicate and expressed as mean value =+
standard deviation. The significance of differences between smooth, micropillar and
microchannel patterned surfaces were analyzed using one-way ANOVA with Tukey
Test. In this analysis, p values which were equal or smaller than 0.05 were considered as
statistically significant. The analysis was performed for cell area, Feret’s diameter,
aspect ratio and ALP assay. Origin software from OriginLab (USA) was used for the
statistical analysis and significant differences were denoted with *p < 0.05, **p < 0.01

and ***p < 0.001.
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Rest of the data was analyzed with Graphpad Prism 6 software from Graphpad
Software Inc. (USA) for the statistical analysis. p<0.05 was taken as statistically
significant. Statistical differences were presented as *p < 0.05, **p < 0.01, ***p < 0.001,
and ****p < 0.0001. Student’s 7-test was employed for the statistical analysis of the
normalized mineralization assay results. Two-way ANOVA was performed for the cell
proliferation results of the ELR part, comparison of tensile properties between 2D and
3D scaffolds and comparison of unstrained and strained 3D microenvironments at
hypoxic and normoxic conditions. After the two-way ANOVA, Tukey’s post hoc test
was performed. Significant differences between the groups belong to the rest of the data

were examined with one-way ANOVA followed by Tukey’s post hoc test.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 SDS-PAGE of Isolated Collagen Type I

The purity of the isolated collagen type I was assessed with SDS-PAGE. Lanel
had protein markers that corresponded to bands at 260 kDa, 140 kDa, 100 kDa and 70
kDa (Fig. 3.1). The commercial (lane 2) and isolated collagen (lane 3 and 4) had
doublets at molecular weights of 115 and 130 kDa, and at 215 and 235 kDa,
respectively. These bands were the characteristic pattern of type I collagen. There were

no additional bands other than these which pointed out to the purity of isolated type I

collagen.
Commercial Isolated
Ladder C (0.1%) 1(0.1%) 1 (0.2%)
260 kDa P A\ T
140 kDa
100 kDa
70 kDa

Figure 3.1: SDS-PAGE of type I collagen isolated from rat tail. Lane 1: the protein
markers (ladder); lane 2: commercial type I collagen (1 mg/mL); lanes 3 and 4: isolated

collagen type I at 1 mg/mL and 2 mg/mL concentrations, respectively.
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3.2 Characterization of Scaffolds

3.2.1 Characterization of Films with Different Compositions of Collagen and

Fibroin

3.2.1.1 Degradation

Different compositions of collagen and fibroin were assessed for their suitability
to use in in vitro tests. Low degrees of swelling and high degradation resistance are
essential properties of a substrate to preserve topographical cues created on it in
micrometer scale. Rifas et al. showed that human osteoblasts secrete collagenase that
breaks down the ECM (Rifas et al., 1989). In this study degradation of protein based
films in collagenase type II solution in 3 h was decreased by increasing the fibroin
content of the collagen-fibroin films (Table 3.1). With the absence of the fibroin, films
degraded fully. The increased fibroin content of the films mostly prevented weight loss
if it were 50% or higher. For films with lower fibroin contents more than 30% of the
weight was lost after 3 h of enzyme activity. Table 3.1 shows that as the fibroin fraction
in the film increases the resistance to collagenase type II activity is improved. This is
important especially for when the material is implanted and is exposed to the hydrolytic
activity of local enzymes. Degradation of the composite films was also studied in PBS.
The uncrosslinked films disintegrated in 1 h. The data presented in Table 3.2 shows that
crosslinked films retain their integrity for at least 4 weeks. With the exception of the
pure fibroin film, all the other films showed a high level of degradation during the first
week. The blend film with 33% (w/w) fibroin composition was selected for further use
in cell culture because of its observed stability against degradation and ease of rolling to
be used for 3D microenvironment testing. Pure fibroin film was stabilized by self
assembly in methanol and was not preferred as a material in this study because of its
stiffness. Pattern variation did not cause any difference in degradation level that could be

seen from SEM images (Fig. 3.2.A-B). Surface erosion of films was confirmed by
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measuring the features of degraded films with NIH-ImageJ software. Ridge and groove
widths were 4 pm and 13 pm, respectively. Pillar area was 6 x 6 pm’, and interpillar

distance was 4.5 um.

Table 3.1: Weight loss of crosslinked micropatterned films with different collagen-

fibroin ratios, incubated in collagenase type II for 3h at 37 °C (n=3).

Film Cumulative Weight Loss (%)
Composition
Col:Fib Ratio Microchannel | Micropillar
1:0 100 100
4:1 30.00 + 4.24 19.00 £ 6.93
2:1 23.40+4.39 18.75+£5.19
1:1 12.33 £2.52 12.75 £2.63
1:9 8.17 £2.04 7.00+2.19
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Table 3.2: Weight loss in PBS was determined during 4 weeks for crosslinked collagen,

fibroin and blend films with microchannel and micropillar patterns (37 °C, n=3).

Film Cumulative Weight Loss (%)
Composition Microchannel Micropillar
Col:Fib Ratio | Week 1 Week2 | Week4 | Week1 | Week2 | Week 4
15.33 + 14.33 + 16.33 + 17.67+ | 20.00+ | 24.50=+
to 2.31 2.89 3.78 4.04 2.00 3.54
13.67 + 14.67 + 19.00 + 13.00 + 17.00 + 17.33 +
*l 0.58 1.15 3.00 3.00 1.41 0.58
17.67 + 1933+ | 20.33+ 19.33 + 1733+ | 21.33+
= 0.58 0.58 1.53 1.53 2.89 0.58
11.67 + 11.50 + 17.33 + 13.50 + 16.00 + 18.00 +
H 4.04 0.71 4.04 3.53 2.83 2.83
833+ 10.33 + 10.67 £+ 9.33 + 14.67 + 12.00 +
o 0.58 1.53 2.08 0.58 2.89 1.41
1.50 + 6.67 + 15.00 + 1.00 £ 3.00 £ 8.50 +
Ot 0.71 1.53 0 1.00 1.73 2.12
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Figure 3.2: SEM micrographs of 2:1 collagen/fibroin (w/w) patterned films in A)
microchannel, and B) micropillar form after 4 weeks of in situ degradation in PBS (37

°C).
3.2.1.2 Microscopic Characterization

Parallel channels and isotropically distributed pillars were studied for their effect
on cell morphology and cell orientation. For this purpose, initially, collagen-fibroin
blend film was formulated to obtain biocompatible and mechanically stable scaffolds
that can present micropatterns over prolonged culture conditions for continuous cell
guidance. SEM imaging confirmed that patterns had sharp contours before crosslinking
of films (Fig. 3.3A-B). The surface of uncrosslinked blend films with 33% (w/w) fibroin
composition were studied with AFM to obtain more precise knowledge about pattern
dimensions as well as depths. Ridge and groove widths, and depth were 4.8 um, 10.8
um and 4 pm, respectively (Fig. 3.3C) and pillar area was 7.8 x 7.8 um” with 4 um
height and 2 pm spacing (Fig. 3.3D).
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Figure 3.3: SEM images of film (2:1 collagen/fibroin (w/w) patterned films) surfaces
were shown for A) microchannel, B) micropillar patterned blend films before
crosslinking. Atomic force microscopy images of C) uncrosslinked microchannel and D)

micropillar patterned blend films.
3.2.1.3 FTIR-ATR Analysis

FTIR-ATR spectroscopy indicated that collagen had the characteristic band
patterns of amide A (N-H stretching, 3280.6 cm™), amide B (C=O stretching, 2928.3 cm’
", amide I (N-H stretching, 1632.5 cm™), amide II (C-N stretching, 1534 c¢m™) and
amide III (N-H stretching, 1203.9 cm™) (Fig. 3.4). Absorbance at 1621.8 cm™, is due to
the absorption by the beta sheet conformation (Zhang et al., 2012), and it was 1.6 fold
higher with the collagen-fibroin films crosslinked with EDC-NHS than the untreated
film.

Collagen and fibroin based films were crosslinked with carbodiimide (EDC) and
NHS in a mixture of methanol and water to limit swelling, prevent loss of pattern

sharpness and decrease degradation rate. EDC/NHS was also shown as a method for
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crosslinking the scaffold without any impairment in the biocompatibility (Vrana et al.,
2008; Zorlutuna et al., 2010). Stabilization in methanol solution induced beta-sheet

formation for the fibroin part of blend film as it was seen at FTIR-ATR spectra.

—&— Collagen

—— Fibroin

—o— Fibroin methanol treatment

—¥— Collagen-fibroin methanol treatment

1621.8

Absorbance (a.u.)

T v T v T J T v T J T v T
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm'1)

Figure 3.4: FTIR-ATR spectra of collagen, fibroin, methanol treated fibroin and

methanol treated collagen-fibroin films. B-sheet band is shown with the arrow.

3.2.1.4 Swelling Test

ECM is known for its ability to carry water needed for the metabolism (Cooper,
2000) and therefore, scaffolds also need to contain a comparable amount of water to
create an appropriate microenvironment for the cells. Swelling ratio (water uptake
capacity of the films) was determined for crosslinked collagen, fibroin and collagen-
fibroin blend films. Collagen film gained significantly more water than fibroin film

(163% vs 47%) (Fig. 3.5A, C). It is known that the amorphous regions of the scaffold
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swell more than the crystalline regions due to fewer contact points between the
polymeric chains allowing liquid influx (Sakurada, 1985). The blend (2:1
collagen/fibroin (w/w)) swelled less than the pure collagen film because of the fibroin in
the composition of the blend. The presence of collagen twice as much as fibroin led to a

significantly higher swelling capacity (139%) than pure fibroin (47%).

3.2.1.5 Thermal Analysis

Glass transition temperature (Ty) provides information about the organization of
a material. The thermal properties of the collagen and fibroin reported by several studies.
Lu et al. found higher T, value with the increase in the B-sheet structure of the fibroin
after stabilization by the use of water annealing process (Lu et al., 2011). Additionally,
formation of crystalline structure was stimulated by the application of EDC crosslinking
to collagen-fibroin blend hydrogels which in turn elevated the T, of the blend material
(Lv et al., 2008). DSC revealed that T, of pure collagen (55.5 °C) was significantly
lower than that of pure fibroin (81.5 °C) (Fig. 3.5B, C) due to the B-sheet rich content of
fibroin (Das et al., 2015b). The T, of the blend (58.8 °C) on the other hand is closer to
the collagen due to the high collagen content in the blend and much more smaller than
fibroin because the crystallinity of fibroin is decreased due to the more amorphous
collagen (Shoulders and Raines, 2009). In the rest of the study, collagen-fibroin-elastin
like recombinamer (ELR) blend was employed since collagen-fibroin blend has superior
properties such as optimum water uptake due to collagen and enhanced mechanical
strength owing to presence of fibroin. Additionally, ELR has an HAP nucleation

sequence that can help the formation of mineralized tissue at in vitro conditions.
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Figure 3.5: Characterization of pure and blend (2:1 collagen/fibroin (w/w)) films. A)

Degree of swelling of collagen, fibroin and collagen-fibroin films (n=3). Statistically

significant differences were determined between collagen film and other groups (p

values: *) and also between fibroin and collagen-fibroin blend films (p values: #). B)

DSC spectra of films. T, values for each sample are marked with arrows on the DSC
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spectra. C) Swelling ratios (%) and T, of unseeded films. Pattern dimensions of D)
collagen-fibroin, and E) collagen-fibroin-ELR blend films with microchannel patterns

were studied with a profilometer (x20).

3.2.2 ELR Bearing Film

The depth and width of the grooves and ridges of the microchannels were
determined as 4.3+0.1 pm, 10.0+0.3 pm and 7.44+0.3 pm, respectively for the collagen-
fibroin blend film by using a profilometer (Fig. 3.5D). For the ELR-added films,
dimensions were 4.6+0.2 pym, 10.3+0.4 pm and 6.84+0.3 pm (Fig. 3.5E) showing that the
presence of ELR does not lead to a distinct change in the dimensions and the topography

of micropatterns.

3.2.3 2D and 3D Scaffolds

The 2D and rolled 3D scaffolds were easy to handle in the wet state due to
swelling of the collagen — fibroin blend. As a gross observation during the optimization
of the collagen and fibroin blend, fibroin only films were decided to be stiff in rolling
the film. On the contrary, blending collagen with fibroin enabled less stiff structure that
was desirable to obtain closer layers. Crosslinking with EDC/NHS was useful for the
production of 3D constructs from long film strips since they were easy to be rolled into
3D construct when wetted. The size of the 2D rectangular scaffold in the wet state was
1.5 cm in width and 1.7 cm in length (Fig. 3.6A). The unrolled long strip used to prepare
the 3D scaffold was in the same width as the 2D scaffold and 5.7 cm in length. When the
rolling was applied along the strip to form the 3D scaffold, the diameter and the width
was 0.5 cm and 1.5 cm, respectively.

Constructs were conjugated with fluorescein (green) to observe the
microchannels within the 3D scaffold structure showed the number of the layers. Rolled
3D scaffold had fully completed 5 layers and the swelling of the 3D scaffold in liquid

led to decrease in the distance between the layers (Fig. 3.6B). The close proximity of the
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layers was suitable to form a 3D microenvironment to test the MSC behavior. The
microchannel patterns were also evenly distributed into the 3D scaffold and that could
help to maintain the MSC alignment throughout the construct.

Also, microchannels on the 2D/3D scaffolds were examined with SEM. Despite
of some irregularities on both 2D and 3D, patterns were satisfactory to continue with the
in vitro cell culture tests (Fig. 3.6C). The gaps between the fixated PDMS molds were
cast as smooth surfaces as SEM micrographs of the flat long films showed. When the
long films were rolled to form a 3D matrix, the gaps were still visible yet the vast
majority of the surface belonged to patterned regions. The sizes of the topographical
cues were measured with ImageJ software as 2 wm, 2 wm, and 10 um respectively for

the width and height of the ridges and the width of grooves.

A Stereo Micrograph C SEM

3D, gap between
the patterned pieces

B Fluorescence Micrograph
& CLSM Image

Cross-section of 3D Rolled 3D, layers
=i g

200 | ||

Figure 3.6: Characterization of the 2D/3D collagen-fibroin blend scaffolds. A) Stereo

Pattern size

microscopy images of the 2D and 3D scaffolds in wet state (scale bar: 5 mm), B)

Fluorescence microscopy (scale bar: 2 mm) and CLSM (scale bar: 200 wm) of the cross-
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section of the 3D scaffold. The 3D layered construct was suitable to examine the MSC
behavior due to the swelling of the layers which created a close packing of tissue
engineered matrix C) SEM of the 2D and 3D scaffolds showing the uniformity of the
microchannel patterns (scale bar: 20 um). The gaps between the PDMS pieces were
transferred to long film strip as smooth surfaces (red dashed line). Cross-section image
of the 3D scaffold (scale bar: 200 um) and the marks showing the dimension of the

micropatterns (scale bar: 20 um).

3.3 Osteogenic Differentiation of Human ADSCs on Micropatterned Collagen -
Fibroin Blend Films

3.3.1 Characterization of ADSCs

A lipoaspirate was used as the MSC source since its extraction is less invasive
and has similar differentiation capacities with the cells from the bone marrow. After
isolation, cells were studied for known surface markers of ADSCs CD44, CD45 and
CD105 with flow cytometry. Endoglin (CD105) is one of the best known mesenchymal
stem cell (MSC) markers and it is commonly used in the identification of ADSCs.
Expression of CD105 marker was increased as the passage number increased from 2 to 4
(Fig. 3.7, Table 3.3) which is in agreement with Mitchell et al. (Mitchell et al., 2006).
The amounts of negative markers CD44 and CD45 were low. Low CD44 expression was
reported by another study that employed ADSCs and silk based scaffolds for bone tissue
engineering (Correia et al., 2012). In order to confirm characterization and preservation
of CDI105 in the Passages 3 to 5, ADSCs were immunostained for this antigen (Fig.
3.8A-C). There were no passages with only DAPI stain, indicating that there was no
dedifferentiation of ADSC. Additionally, staining for positive marker CD90 (Fig. 3.8D)
and absence of nonspecific primary antibody binding via negative isotype staining (Fig.

3.9) confirmed ADSC phenotype. Fig 3.8 proved that ADSCs did not have specific sites
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for goat IgG. These results, therefore, proved the successful isolation and expansion of

ADSC:s up to Passage 5.
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Figure 3.7: Flow cytometry readings of passages 2 and 4 for ADSC phenotype

characterization.
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Table 3.3: Expression of surface markers of two different passages of ADSC phenotype

(flow cytometry).
Expression of Surface Markers (%)
Passage
CD44 CD45 CD105
2 0.8 5.6 41.7
4 3.7 7.8 70.2

Figure 3.8: Fluorescence microscopy images of ADSCs after immunostaining for
CD105 (green) (A-C) and CD90 (green) (D) a positive marker for ADSCs and DAPI
(blue) for cell nuclei. Passages A) 3, B) 4 and C) 5. D) Cells immunostained for CD90
(green) another positive ADSC marker, and DAPI for nuclei at Passage 5.



Figure 3.9: Isotype and DAPI staining of ADSCs at passage 5 (scale bar: 100 um).

3.3.2 Live-Dead Assay for Viability and Alamar Blue Test for Proliferation of

ADSCs on Micropatterned Films

The viability of ADSCs on collagen-fibroin film was studied on patterned
surfaces and the unpatterned control. Calcein AM stained cells, which indicates
viability, were high in number while there was no ethidium homodimer-1 stained dead
cells on the films and the control surface (coverslip) on Day 3 (Figures 3.10A-D). These
results indicated that EDC/NHS-crosslinked collagen-silk blend films with or without
micropatterns did not have a negative effect on the viability of ADSC. Literature also
indicates that collagen and silk fibroin are biocompatible materials as shown by high cell
viability of human microvascular endothelial cells on EDC/NHS crosslinked collagen
films (Zorlutuna et al., 2009a) and feline fibroblasts (90% viability on Day 3) on
biospun Antheraea mylitta silk fibers (Mandal and Kundu, 2010).

Alamar Blue assay was carried out for upto 14 days to study the cell proliferation
on the films in EGF supplemented medium. EGF was used in medium to shorten the
doubling time of the ADSCs without affecting the differentiation capacity (Francis et al.,
2010). As Day 1 results indicate initial cell attachment was slightly higher on
micropatterned films (Figure 3.11). ADSC numbers were similar to that of TCPS

indicating successful attachment of the cells. The micropillar surfaces showed
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significantly high cell proliferation like the cells on TCPS and proliferation rate
increased at later time points. Unpatterned and microchannel patterned surfaces,
however, showed relatively lower proliferation rates and their numbers did not increase
during the whole duration. In the literature, it was reported that ADSC proliferation on
microchannel patterned poly(butylene succinate) film was constant for three days
(Coutinho et al., 2012). Higher cell number on micropillar blend films was a result of
increased adherence of cells on narrow pillars. This preference was also reported by a
recent study which showed adherence of Saos-2 cells onto micropillars mostly by
avoiding pillar-free smooth surfaces (Ozgelik et al., 2014). Results in the Figure 3.10
shows that collagen and fibroin blend at 2:1 ratio is a cytocompatible scaffold material

by sustaining cell viability.

Figure 3.10: Calcein AM (green) and ethidium homodimer-1 (red) double stained
ADSCs (initial seeding density of 3 x 10*) on Day 3, on: A) coverslip, B) unpatterned

film, C) microchannel patterned film, D) micropillar patterned film.
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Figure 3.11: ADSC proliferation on films and TCPS control (Alamar Blue assay) (n=3,
initial seeding density of 3 x 10%).

3.3.3 Morphology Changes of ADSCs on Micropatterned Films

Orientation of bone forming cells is especially important as the natural bone
tissue is composed of hierarchically organized, anisotropic extracellular matrix and
attached nano-sized hydroxyapatite crystals. Figure 3.12 shows that cell alignment and
morphology were different with each micropattern as shown by fluorescence and
confocal laser scanning microscopy (CLSM). While on the unpatterned film the cells
had no orientation (Fig. 3.12A). Majority of the cells on the microchannels were aligned
with the channel axis. While cell nuclei and cytoplasm were localized mainly in the
grooves of microchannels, with the micropillars, the cells were localized within
interspace of the micropillars; their cytoskeleton was stretched. Staining of the
microtubule also indicated that ADSCs were in the grooves of the microchannels (Fig.

3.12B) while cells were extended within the gaps of the micropillars. Orientation on
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micropillar surfaces is probably the result of the organization of micropillars in x and y
directions. That, in turn, may have diverted cell extension from a single direction.
Previously, guidance of ADSCs was demonstrated on electrospun thermoresponsive
polymer fibers (Rifas et al., 1989). Likewise, other recent studies have also indicated
that ADSC could align on physical cues (Tandon et al., 2009; Choi et al., 2012). SEM
micrographs supported the observations made by fluorescence microscopy. It is clearly
visible that cells were well aligned on (and in) the grooves of microchannels and

micropillars (Fig. 3.12C).

Unpatterned Channel Pillar

Figure 3.12: Fluorescence and SEM micrographs of ADSCs on unpatterned,

microchannel and micropillar patterned films on Day 3. A) Fluorescence microscopy
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images of ADSCs stained for actin filaments and nuclei with FITC-phalloidin (green)
and DAPI (blue for nucleus), respectively. B) CLSM images of anti o-Tubulin
immunostaining showed cell microtubule arrangement on unpatterned, channel and
pillar micropatterned films (white dashed lines indicate the layers that signals were
acquired from and reflected to their parallel 3D side views, scale bar: 250 pm). C) SEM

micrographs of the same surfaces.

Quantitative image analysis was used to clarify and compare the morphology
changes of ADSCs on microchannel and micropillar patterned blend films. While
microchannels oriented 90% of the ADSCs (orientation within £10 ° respect to
micropattern axis), unpatterned and micropillar surfaces oriented only 13% and 20% of
cells, respectively (Fig. 3.13A). Micropatterns led to significantly longer and smaller
cells when compared to those on the unpatterned film (Fig. 3.13B-C). While cell area on
unpatterned surfaces was about 300 um” this was about 200 um?® for microchannels and
micropillars. This indicates that due to the unobstructed surface, the cells were able to
spread better on the unpatterned surfaces. Foldberg et al. also showed decreased ADSC
area on nanopatterned polylactic acid films (Foldberg et al., 2012). Aspect ratio of
ADSCs was calculated to assess adaptation of cells on these micropatterns by
morphology change. Higher cell length, in turn, meant higher aspect ratio on
microchannels (Fig. 3.13D). Aspect ratio on microchannels was two times higher than
that on micropillar and on unpatterned films. Similarly, rat (Wilson et al., 2001) and
canine MSCs (Wood et al., 2012) showed increased alignment and higher aspect ratio on
channel patterned surfaces. Human BMSCs have been also tested on channels (pitch
length 1.4-4 um) (Watari et al., 2012). Similar to the present results, cell length and
alignment increased significantly on channels but the cell areas did not change

significantly.
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Figure 3.13: Quantification of cell morphologies on unpatterned, microchannel and

micropillar patterned films (minimum number of cells counted = 35). A) alignment, B)

length, C) area, and D) aspect ratio. Statistical differences were determined between

unpatterned and other groups and between channeled and pillar results.
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3.3.4 Osteogenic Differentiation of ADSCs on Micropatterned Films

Osteogenic activity of ADSCs on micropatterned films was tested in osteogenic
medium. Cell proliferation results showed that unpatterned and micropillar films
supported cell adhesion and proliferation at a higher rate than the microchannel
patterned film (Fig. 3.14A). ADSCs were mainly localized in the grooves of the
microchannel surface which might have led to restricted spreading which lowered the
proliferation rates. High ALP activity on microchannel patterned films indicated that the
microchannel topography promoted osteogenic differentiation of ADSCs. The low cell
density but high ALP activity might be due to the crowding effect. The low cell density
on microchannels might have increased the extension and elongation of ADSC. Similar
to our results, McBeath et al. reported human MSCs plated at low densities adopted well
spread morphologies which led to differentiation into bone cells, while at high densities,
cells adopted round morphology and adipogenic phenotype (Yang et al., 2005). Also,
cell spreading has been shown to increase the differentiation of preosteoblastic
progenitors into osteoblasts as shown by increased osteopontin and osteocalcin
expression (Thomas et al., 2002). After Day 14, cell proliferation rates decreased for all
samples due to osteogenic differentiation as mineralized ECM was produced. This was
also shown with BMSCs by Coelho et al (Coelho and Fernandes, 2000).

ALP, which is an important marker of early osteogenic activity, was increased
for all type of films after 3 weeks of osteogenic medium exposure (Fig. 3.14B). ALP
activity of TCPS control, on the other hand, started in the second week and showed an
increase until the 4™ week. ALP level of ADSCs was found to be higher on
microchannel patterned blend film than other type of films at the end of 4 weeks.
Notably, when the ALP level was normalized to cell number microchannel patterned
film appeared to be the template inducing the highest osteogenic differentiation on the
third and fourth weeks. As seen in Fig. 3.14C, specific ALP activity on microchannel
patterned film was several times higher than those on other films and the positive control

(p<0.001). We can conclude that the high aspect ratio of the cells might have induced by
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microchannels increased the osteogenic differentiation of ADSCs. In the literature, there
is also one study that reported the induction of osteogenic differentiation of stem cells by
high aspect ratio (Banas et al., 2007). Similar to our results, this study showed that the
high aspect ratio of MSCs, which were achieved chemically by creating long, cell
adhesive microislands over a cell repellent surface (polyethylene), led to higher
osteogenic markers in contrast to low aspect ratio surfaces which induced adipogenesis.
As a consequence, physical micropatterning of a cytocompatible material is a durable
surface modification method to control stem cell aspect ratio. Conveniently, the rate of
differentiation of cells can be increased without immobilization of cell adhesion factors
by using methods such as micro contact printing, which might be not durable on
biodegradable surfaces.

The pattern stability during osteogenic activity is an important parameter since
these physical cues should be maintained during experiment timeline for effective cell
guidance. In this study the micropillars and microchannels preserved their morphology
and dimensions even after 28 days in the cell culture medium (Fig. 3.15A). On the
unpatterned film ADSCs were spread without any orientation (Fig. 3.15B).
Microchannel patterned films on the other hand could not provide adhesion points for
pseudopodia as they have a smoother surface than micropillar patterned film. SEM
micrographs revealed that cells were confined into microchannel grooves by avoiding
the narrower ridges, which may explain the lower proliferation rate on microchannel
surfaces. Cells were seen to be localized in certain areas instead of spreading on the
whole micropillar surface as detected after 28 days. Presence of a comparatively better
cell adhesion environment created by the micropillars was also shown by the SEM
micrographs where extensive cell stretching over a number of micropillars

simultaneously by the pseudopodia can be seen.
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Figure 3.14: The initial seeding amount of ADSCs was 10”. Proliferation and ALP
activity were monitored on Days 1, 7, 14, 21 and 28. Seeded TCPS control, unpatterned,
microchannel and micropillar patterned films were first cultured in the growth medium
and then, on Day 7, introduced to osteogenic medium (n=3). Red arrow indicates the
beginning of osteogenic induction with osteogenic medium after obtaining Day 7 cell
proliferation data. A) ADSC numbers were determined with Alamar Blue assay. B)
Cumulative ALP levels were measured for all type of surfaces (n=3), and C) it is
normalized to cell number (n=3). Statistical differences between TCPS and other groups

were analyzed by one-way ANOVA (*: TCPS vs unpatterned, microchannel and
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micropillar; #: unpatterned vs microchannel and micropillar; +: microchannel vs

micropillar).

Osteogenic differentiation of ADSCs on micropatterned collagen-fibroin blend
films was further investigated by immunostaining of deposited collagen type I and
minerals, which are important markers of osteogenic activity of osteoblastic cells.
Collagen type I secretion is an early indicator of osteogenic differentiation since
osteoblasts stack their collagen in the extracellular matrix (ECM) space where they are
entrapped and become mature bone cells. Our results indicate that cells deposited
collagen type I effectively on unpatterned and micropatterned collagen-fibroin films
(Fig. 3.15C). For micropillar patterned film collagen type I deposition and actin
filaments were determined mainly between pillars. Clearly, microchannel surfaces
induced effective collagen type I synthesis and orientation which is an indication of
anisotropic ECM formation. In the case of unpatterned film, however, random
orientation was evident for both deposited collagen I and actin labeled cells. In addition,
when collagen type I fluorescence was visualized without actin fluorescence emission it
is much clear that deposited collagen type I was in microchannels and localized between
micropillar space, indicating the pattern guidance on ECM deposition (Fig. 3.15D).

Hydroxyapatite (HAP) mineral deposition was analyzed to determine late
osteogenic activity of cells following collagen deposition and ALP activity. For this
purpose unpatterned and micropatterned blend films were stained with Alizarin red S
which is specific to calcium compounds. It is apparent that all surfaces showed staining
independent of topography (Fig. 3.15E). In contrast to unpatterned and micropillar
surfaces, which showed even staining, mineral staining was localized into the grooves of
the microchannels which indicated anisotropy of ECM deposition by the aligned cells.
This is an important feature of functional bone tissue because this tissue is composed of
collagen fibers and hydroxyapatite nano crystals which are organized anisotropically for

superb mechanical performance (Skedros et al., 2006).
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CLSM images of collagen type I immunostaining (green) of cells. D) overlay CLSM
image of the collagen type I staining and cytoskeleton staining (red) E) Phase contrast

microscopy images of Alizarin red S stained films (scale bar 100 um).

Furthermore, SEM at high magnification revealed deposited crystals on each
type of film surface (Fig. 3.16A). Characteristically, micropillar surface presented rather
smaller but numerous crystal agglomerates which were homogenously dispersed.
However, on unpatterned and microchannel patterned surfaces relatively larger minerals
were deposited. As it happens in the natural bone, hydroxyapatite crystals must be
formed on pre-deposited collagen matrix which was oriented by cells aligned on
topographies. Parallel to SEM analysis these crystals were also analyzed with Energy
Dispersive X-Ray Spectroscopy (EDAX) for elemental analysis of deposited minerals
(Fig. 3.16B). According to this analysis Ca/P ratios were determined as 1.34, 1.42 and
1.36 for the unpatterned, microchannel and micropillar film surfaces, respectively. Thus,
for all surfaces the Ca/P ratio was close to 1.33 of the in vivo hydroxyapatite precursor
octacalcium phosphate (OCP) (Suzuki et al., 1991) and 1.5 of the natural hydroxyapatite
component tricalcium phosphate. As a summary, these results show that bone formation
on collagen-fibroin blend films was guided efficiently by the micropatterns on the
engineered surface through orientation of deposited extracellular matrix and bone

minerals.
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Figure 3.16: Mineral analysis of unpatterned, microchannel and micropillar patterned
blend films’ surfaces on Day 28 A) SEM micrographs and b) EDAX area analysis of the
SEM field marked with green box for P and Ca elements.
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3.4 Comparison of Human ADSCs and HOBs on Collagen — Fibroin — ELR
Blend Films

3.4.1 Characterization of HOBs

Human osteoblasts (HOBs) were isolated from the tissues of patients who
underwent joint replacement surgery with consent of the patients. HOBs were smaller in
size in comparison to ADSCs as the phase contrast microscopy images show (Fig.
3.17A, B). According to literature, HOBs can be half the size of ADSCs but a definite
comparison is not possible due to the heterogeneity of the size of ADSCs (Ryu et al.,
2013; Wheeless et al., 2016). Additionally, HOB phenotype was confirmed by
immunostaining for common human osteoblast markers secreted by HOB: anti-collagen
type I for collagen type I and anti-osteopontin for osteopontin (Aubin et al., 1995; EI-
Amin et al., 2006). These proteins constitute different components of the extracellular
matrix in bone. The isolation of HOBs in this study is considered successful because no
cells were observed with DAPI-only staining; this indicates that contaminating cells like
fibroblasts originating from the isolation step are not present (Fig. 3.17C, D).
Immunostaining also indicated that HOBs preserved their phenotype during passaging
up to 5 which was the highest number of passage used in this study.

During the HOB isolation periosteum skinned from the bone fragments before
cutting them into small pieces. In order to confirm the absence of the MSCs that might
be left from the periosteum, cells were immunostained for positive (CD90) and negative
(CD34 and CD45) MSC markers. Nucleus was stained with DRAQS and propidium
iodide depending on the choice of the fluorophore conjugated antibody and the available
lasers. There were no stained cells with any of the antibodies including the isotype

control (Fig. 3.18). This result showed the absence of MSCs among the isolated HOBs.
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Figure 3.17: Cell micrographs. Phase contrast images of A) HOBs and B) ADSCs in
tissue culture flask. Individual cells were framed with green boxes. Fluorescence
micrographs of HOBs isolated on coverslips. C) Anti-collagen immunostaining (green).
D) Anti-osteopontin immunostaining (green) (scale bar: 100 pm) (Passage 5). Nuclei

were stained with DAPI (blue).
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Figure 3.18: Immunostaining of HOBs for negative and positive MSC markers was

carried out (Passage 7). Cells were seeded on coverslip and stained for nucleus (green)
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with DRAQS and propidium iodide (green). Isotype, anti-CD34, anti-CD45 and anti-

CD90 immunostaining (green) were presented at the second row (Scale bar: 100 wm).
3.4.2 Proliferation of ADSCs and HOBs

Alamar Blue assay was performed to study cell proliferation for 28 days. The
osteogenic differentiation of the ADSCs was induced with the introduction in a
differentiation medium. The attachment and proliferation rate of the ADSCs and HOBs
were compared for their potential to form an engineered bone tissue on biodegradable
films. Collagen-fibroin-ELR blend films supported ADSC adhesion and growth (Fig.
3.19). Application of osteogenic medium on Day 7 slowed down the increase in the
ADSC proliferation rate and ended in a plateau (on Days 14 and 21) on both TCPS and
collagen-fibroin-ELR blend surfaces. No osteogenic medium was used for HOBs since
they already possessed osteoblast phenotype (Fig. 3.17C, D) and they showed a
proliferation trend as the ADSCs on film. HOBs tested on the same surfaces showed 2-
fold lower adhesion on both surfaces than ADSCs (Day 1). Cell numbers of both HOBs
and ADSCs were higher on TCPS (3.9 cm?) than on film (2.55 cm?) surfaces.
Interestingly, number of ADSC on films was approximately 2-fold higher than that of
the HOB at each time point. For this reason, it can be stated that ADSCs were more
potent to proliferate on collagen-fibroin-ELR blend films, despite the low rate due to
differentiation. Previously, HOBs were shown to proliferate more on silk fibroin coated
PCL - biphasic calcium phosphate (BCP) scaffolds than uncoated ones (Roohani-
Esfahani et al., 2012). Additionally, Gronthos et al. showed that HOBs adhered on the
collagen type I surface as well as the surfaces coated with other ECM components
(collagen types 1V, V, fibronectin, laminin, and vitronectin) (Gronthos et al., 1997).
According to these studies HOBs have a preference for both collagen and fibroin
materials which is an advantage of the blend film that was discussed in this paper.
Similarly, another study pointed out that while ADSCs attached on collagen scaffolds
slightly at a higher rate than silk fibroin scaffolds, bone marrow stem cells (BMSCs)
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attached on both scaffolds without any particular preference for either surface (Mauney

etal., 2007).
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Figure 3.19: HOB and ADSC proliferation on collagen-fibroin-ELR blend films and
TCPS control (Alamar Blue assay) (n=3). On Day 7, an osteogenic medium was added
for ADSCs. Statistical differences were indicated with color codes: black (HOB seeded
to TCPS vs film), blue (ADSC seeded to TCPS vs film) and green (HOB seeded vs
ADSC seeded TCPS).

3.4.3 Surface Characterization and Cell Morphology

Collagen-fibroin-ELR blend films patterned with microchannels were produced
with predetermined groove and ridge topographies as SEM micrographs showed (Fig.

3.120A). Additionally, features were mainly preserved as a result of crosslinking with
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EDC/NHS in methanol and blend films could withstand 27 days of cell culture
conditions (Fig. 3.20B). However, some holes in the films could be seen due to film
degradation during cell culture in the medium.

HOBs were lower in number than ADSCs and both cells (Fig. 3.20C, D) were
found to be guided on the film surfaces. Energy Dispersive X-Ray Spectrometry (EDX)
showed no Ca and P atoms on the unseeded (Days 1 and 28) and HOB seeded (Day 28)
films. ADSCs, on the other hand, deposited calcium and phosphorus containing
compounds on the collagen-fibroin-ELR blend films with a Ca/P ratio of 0.47. This
value is lower than that of HAP (1.67) and; its in vivo precursor octacalcium phosphate
(OCP) (1.33) (Causa et al., 2006) and also tricalcium phosphate (1.5). The reason for the
0.47 needs to be further investigated.

A) unseeded, day 1 B) unseeded, day 28 C) HOB, day 28 D) ADSC, day 28

Figure 3.20: SEM micrographs of unseeded collagen-fibroin-ELR blend films on Days
A) 1, B) 28 and C) HOB and D) ADSC seeded collagen-fibroin-ELR blend films on Day
28. Magnification: x5,000; x25,000 (inset).

3.4.4 Cell Alignment

Guidance of bone cells is important because it helps an anisotropic ECM
deposition by aligned cells. On Day 28, actin filament staining of seeded ADSCs and
HOBs showed that cytoskeletons of these cells were aligned along the microchannel
direction on patterned collagen-fibroin films (Fig. 3.21A, B). It can be reported that

ADSCs and HOBs were aligned on ridges and grooves smaller than the cells as seen in
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different types of cells and surfaces (Kenar et al., 2006; Vrana et al., 2007; Zorlutuna et
al., 2007). BMSCs were also a supporting example for cell alignment on a similar sized
microchannels composed of thermoresponsive poly(N-isopropylacrylamide) films with
ELR adsorbed on the surface (Ozturk et al., 2009). Additionally, the guidance of HOBs
was reported by Biggs et al. with the best alignment on microchannels of
poly(methylmethacrylate) (PMMA) that were in 10 um size amongst the ones that had
25 and 100 um pattern width (Biggs et al., 2008). Previously, ADSCs were also reported
to get aligned on graphene oxide (ridge: 30 um, groove: 15 um) and collagen-fibroin
(ridge: 7.4 pum, groove: 10 pm) microchannels with a tendency to differentiate into

osteogenic cell line (Kim et al., 2015; Sayin et al., 2015).

3.4.5 Quantification of Mineralization

Minerals deposited by the HOB and ADSC on collagen-fibroin-ELR blend films
were quantified with o-cresol phthalein assay on Day 28 in order to get a chemical and
more sensitive measurement than EDX. Unseeded collagen-fibroin-ELR blend film,
incubated for 28 days, was the control. Calcium was extracted from the film structure by
HCI treatment. There was no significant difference between unseeded on Day 28 (14 pg)
and HOB seeded films (24 pg) (Fig. 3.21C). The low levels of calcium were also
supported by EDX analysis. The calcium content on ADSC seeded ELR blend films on
Day 28 (274 ng) was significantly higher than on similar films seeded with HOB.
Calcium amount was normalized to cell number and ADSCs deposited significantly
higher mineral than HOBs (Fig. 3.21D). This result indicated that ADSCs during the

osteogenic differentiation produced more minerals than HOBs.

3.4.6 Mechanical Testing

Films that were used in this study were designed to mimic bone lamellae and
were tested along the microchannel direction to investigate the contribution of ECM

synthesized by the seeded cells to the tensile properties. Tensile properties of scaffolds
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that were applied in bone tissue engineering were reported in the literature. Amruthwar
et al. studied the effect of ELR addition to collagen hydrogels for bone tissue
engineering. Improvement in the UTS and E were observed in ELR-collagen (25:8
mg/mL) hydrogels from 0.34 MPa to 0.99 MPa and 4.06 MPa to 11.41 MPa,
respectively (Amruthwar and Janorkar, 2013). These values are higher than the UTS and
E values measured in this study. The reason could be due to the use of concentrated
protein solutions by Amruthwar et al. Causa et al. reported that addition of 13% (v/v)
HAP to PCL scaffolds enhanced the UTS from 0.93 MPa to 2.19 MPa (Causa et al.,
2006). For that reason, as far as we know the mechanical properties of bone tissue
engineered scaffolds has been enhanced by concentrated solutions of synthetic polymer
or with the addition of ceramics. These results in our study showed the importance of
seeded cell type on the mechanical strength of bone tissue engineered scaffolds for the
first time.

Tensile properties of unseeded collagen-fibroin-ELR blend films on Days 1 and
28 and ADSC and HOB seeded collagen-fibroin-ELR blend films on Day 28 were
determined. UTS, E (Fig. 3.21E) and EB were also calculated and the average values
were presented in Fig. 3.21F. There was no significant difference for UTS and EB for all
groups. On Day 28, unseeded collagen-fibroin-ELR blend film had a higher UTS and E
than unseeded film on Day 1. This result could be the stiffening of the film structure due
to glycation of collagen in medium as suggested also by Girton et al. (Girton et al.,
1999). In this relevant study, 30 mM glucose was present in the medium that resulted in
increase in Young’s modulus at the end of 10" week. Hu et al. employed films
formulated with recombinant human like collagen and fibroin for hepatic tissue
engineering purpose. This study showed the elevated EB from 28.7% to 30.9% with the
increase of fibroin content by 10% (w/w) in films (Hu, 2006). In our work, on Day 1, E
was 0.58 + 0.13 MPa for unseeded collagen-fibroin-ELR blend film. This value is higher
than the literature value of 502+575 kPa which was measured from crosslinked and
microchannel patterned HAP nucleated ELR membrane after 7 days of incubation in

simulated body fluid (Tejeda-Montes et al., 2014). By taking this result into account, it
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can be suggested that collagen and fibroin promoted the mechanical strength of the film,
even though, no CaP nucleation in simulated body fluid was performed.

ADSC seeding showed no negative effect on the UTS and E however, HOB
seeding decreased these properties substantially and led to highest EB. Significantly
enhanced E in ADSC seeded film (1.21 MPa) when compared to HOB seeded film (0.41
MPa) could be explained by matrix metalloproteinase-2 (MMP-2) secretion by HOBs in
vitro as Rifas et al reported (Rifas et al., 1989). A relevant work also showed that MMP-
2 is downregulated during osteogenic differentiation of ADSCs (Egusa et al., 2007).
Consequently, degradation by MMP-2 might have lowered E significantly for HOB
seeded film and helped protein chains to stretch by loosening them. In return, this effect
could lead to increase in the EB up to 2-fold (71.32%) when compared to other films.
Additionally, Ascenzi et al. applied tensile test in longitudinal direction for wet human
fully calcified osteon and measured EB as 6.84% (Ascenzi and Bonucci, 1967) which is
fivefold lower than of Day 28 film that ADSCs seeded on (35.53 £ 19.18%).
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Figure 3.21: Fluorescence micrographs of actin filament staining with Phalloidin
(green) on Day 28 indicated the cell alignment along the microchannel direction (white
arrow). A) HOB and B) ADSC on collagen-fibroin-ELR blend films (scale bar: 250
pm). C) Calcium amounts of unseeded collagen-fibroin-ELR blend films, HOB and
ADSC seeded collagen-fibroin-ELR blend films on were quantified by o-cresol

100



phthalein complexone method on Day 28. Statistical differences were determined and
differences between each groups were analyzed (*: unseeded film on Day 1 vs other
groups, ”: unseeded film on Day 28 vs HOB and ADSC seeded films on Day 28, ": HOB
vs ADSC seeded films on Day 28). D) Calcium amounts of HOB and ADSC seeded
films were normalized to cell number. E) Young’s modulus of the unseeded and seeded
films were presented with the statistical analysis. F) The average ultimate tensile
strength (UTS), Young’s modulus (E) and elongation at break (EB) values of unseeded
and seeded collagen-fibroin-ELR blend films (n=3-5).

3.5 Human MSCs on 2D and 3D Collagen — Fibroin Blend Scaffolds Under

Different Oxygen Tensions

3.5.1 Cell Proliferation

Human MSC content of TCPS, 2D and 3D scaffolds was determined on Days 1
and 3 by using PicoGreen® staining and the results are presented as DNA amount. For
samples that were incubated under 5% and 12% oxygen tensions a special incubator was
employed. The DNA amount on TCPS was higher than it is on 2D scaffold surface
because of the smaller area and dissimilar chemistry of the scaffold (Fig. 3.22, Table
3.4). Cell proliferation on 2D and 3D scaffolds under 12% oxygen concentration was
similar to that on TCPS. When the overall results were evaluated, application of the
osteogenic medium from the beginning of the cell culture slowed down the cell
proliferation in 3D scaffold at a higher extent at 5% and 21% oxygen tensions between

Day 1 and 3.
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Figure 3.22: The proliferation of the MSCs at 5%, 12% and 21% oxygen tensions was

studied on different time points. For the proliferation dsDNA content was quantified by

PicoGreen® staining.

Table 3.4: Mean and standard deviation values of the Fig. 3.20 (n=3).

Time
5% O, 12% O, 21% O, Samples
(Days)
1 283.28 + 36.63 326.66 = 36.43 275.47 + 39.47
TCPS
3 341.56 £ 29.35 356.58 + 61.87 269.26 + 53.32
1 60.24 +9.79 176.61 = 24.02 87.33 + 38.45 )
D
3 88.80 = 21.98 187.67 + 53.51 191.03 + 71.98
1 442.68 +5.42 266.69 + 31.63 488.59 + 86.87
3D
3 248.72 + 63.53 358.78 +20.99 355.71 £ 26.19

3.5.2 Gene Expression

Relative expression of the RUNX?2, osterix, BST1, CD90, and VEGFA were

quantified with real-time RT-PCR. The results were reported for each marker according

to up or down regulation of gene expression relative to its TCPS control under 21%

oxygen tension on Day 3. We employed RUNX2 and osterix as the osteogenic markers
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in this study. Osteoblast differentiation requires the activation of a molecular switch:
RUNX2 (Karsenty et al., 2009) and osterix is regulated at the downstream of the
RUNX2 to enhance collagen type I production (Ortufio et al., 2013). MSCs on TCPS
and 2D scaffold showed a similar level of expression of the osteogenic markers at all
oxygen tensions except for 12% oxygen on TCPS sample which showed a significant
increase in RUNX2 (Fig. 3.23). On the other hand, osterix expression on 3D constructs
under 21% oxygen was 8 - 9 fold higher than the other oxygen tensions. Additionally, at
the 21% oxygen, MSCs expressed osterix 13200 fold higher in 3D construct than on 2D
scaffold. The increment in the latter marker, osterix, at 3D showed that MSCs in the 3D
construct was ahead in osteogenic differentiation than those on the 2D scaffold for all of

the oxygen tensions.

Osteogenic Transcript Levels
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Figure 3.23: Gene expression levels of the MSCs (passage number 2) that were seeded
on TCPS and 2D scaffold and in 3D construct were determined with real-time RT-PCR
to detect the transcripts of osteogenic differentiation with early markers, RUNX2 and
osterix (OSX) (n=3). Cells were cultured for 3 days at the oxygen tensions of 5%, 12%
and 21%.

The natural bone marrow niche is a hypoxic environment that was reported to

induce self-renewal of mesenchymal stem cells by upregulating telomerase and Oct4
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activity (Mohyeldin et al., 2010). In our study CD90, a well known MSC marker, and
BST1, bone marrow stromal cell antigen 1, were used as indicators of MSC stemness. In
the literature, BST1 was found to preserve the self-renewal potential and stem cell
marker expression of the MSCs, and it is downregulated as the MSCs proceed in
osteogenic differentiation (Aomatsu et al., 2014) as same as the CD90 (Granchi et al.,
2010). However, BST1 is preferred more for the interpretation of the MSC multipotency
(Kolf et al., 2007; Lv et al., 2014). Owing to being the native MSC marker in vivo unlike
the CD90 which is an in vitro MSC marker (Deschaseaux et al., 2010), BST1 gives a
better insight for the stemness of MSCs at in vivo condition. Additionally, the
knowledge of the complex formation between the receptor of the BST1 and 1 integrin
suggested the existence of a correlation between BST1 activity and signal transduction
in ECM recognition (Docheva et al., 2007). In our study, as the BST1 and CD90
markers were looked into, hypoxia driven stemness was prominent for TCPS and 2D
scaffold (Fig. 3.24). MSCs differentiated more in 3D construct than on 2D scaffold due
to the significantly lower expression of stemness markers in 3D. To be more specific,
the expression of CD90 at 5% and 12% oxygen tensions and the expression of BST1 at
5% oxygen tension decreased significantly in 3D constructs at all oxygen tensions.
Keeping in mind the effect of BST1 on integrin mediated signaling pathways (Aomatsu
et al., 2014), here we can see the effect of 3D construct on signal transduction in MSCs.
At this point, the influence and importance of cell-matrix and cell-cell interactions on
MSC stemness were pointed out by using a 3D construct made of concentric layers.
Furthermore, MSCs in 3D construct strongly expressed CD90 under 21% not the 5%
oxygen tension. This behavior was quite the opposite that was seen on TCPS and 2D
scaffold therefore, MSCs were indeed exposed to lower oxygen tensions due to the
limitation of oxygen diffusion throughout the 3D construct by leading higher expression

of stemness markers at 21% oxygen.
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Figure 3.24: Gene expression levels of the MSCs (passage number 2) that were seeded
on TCPS and 2D scaffold and in 3D construct were determined with real-time RT-PCR
to detect the transcripts of stemness with BST1 and CD90 (n=3). Cells were cultured for

3 days at the oxygen tensions of 5%, 12% and 21%.

Low oxygen tension activates hypoxia-inducible factor (HIF) (Semenza, 2000) as
a key transcriptional regulator of neovessel formation (Pugh and Ratcliffe, 2003). Potier
et al. showed that temporary exposure to 1% oxygen induced the VEGF expression at
BMSCs (Potier et al., 2007). In our study, mRNA level of VEGFA increased with the
5% oxygen on TCPS control and 2D scaffold in a similar fashion with the literature (Fig.
3.25). We also showed the positive effect of 3D over the 2D regarding significantly
higher VEGFA expression on 3D constructs than 2D scaffolds up to 6 — 266 fold at
every oxygen tension. Interestingly, 21% oxygen significantly promoted the VEGFA
level in 3D, and yet the 5% pO; resulted with a statistically higher VEGFA expression
than 12% pO..
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Figure 3.25: Gene expression levels of the MSCs (passage number 2) that were seeded
on TCPS and 2D scaffold and in 3D construct were determined with real-time RT-PCR
to detect the transcripts of angiogenic factor with VEGFA (n=3). Cells were cultured for
3 days at the oxygen tensions of 5%, 12% and 21%.

In summary, the contribution of 3D construct on MSC signaling was shown with
the enhancement in the osteogenic differentiation and VEGFA expression when
compared to TCPS and 2D scaffold at all oxygen tensions. The ECM dimension also
altered the MSC behavior between the 2D scaffold and 3D construct at a given oxygen
tension. At 21% oxygen, markers of osteogenic differentiation, stemness, and
angiogenic differentiation were expressed strongly, whereas, on TCPS and 2D scaffold,
5% oxygen was more effective than the 21% oxygen. Although, the expression of
stemness markers are downregulated at 3D construct with the upregulation of osteogenic
markers when compared to the 2D scaffold, at 21% oxygen the case was not the same
for 3D construct. The elevated expression of stemness and osteogenic differentiation
markers at the same time suggested the existence of heterogeneous MSC populations
within the 3D construct at 21% oxygen. The most possible answer here the oxygen
gradients within the 3D construct can create a phenotype variety among the MSCs by

leaving some of them more differentiated while the others not. It can be concluded that
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the dimension of the scaffold and oxygen tension can simultaneously regulate the

stemness, osteogenic differentiation and VEGFA expression capacity of MSCs.

3.5.3 Microscopy (Fluorescence, SEM)

MSCs were seeded on 2D scaffolds and also coverslips instead of TCPS control
since TCPS has autofluorescence which makes it unsuitable for fluorescence microscopy
imaging. On Day 3, cells were immunostained for RUNX2 which is an early osteogenic
marker. The brighter signal intensity of coverslip control that was subjected to 12%
oxygen indicated a higher RUNX2 level (Fig. 3.26). On the other hand, on 2D films, the
RUNX2 intensity was observed to be higher at 5% and 12% oxygen tensions which
indicated the importance of the surface chemistry and topography on osteogenic
differentiation of MSC. These results were also supported by the real-time RT-PCR
data.

After 3 days of cell culture, SEM was carried out to show the MSCs on the 2D
and the core of the 3D scaffolds. On 2D scaffolds, MSCs formed a layer of cells both on
ridges and in the grooves of microchannels at all oxygen tensions (Fig. 3.27). When 3D
scaffolds were unrolled after 3 days of incubation, it was observed that 21% O, led to
cell proliferation at the most inner part of the 3D scaffold which was not the case for the
5% and 12% oxygen tensions. The absence of MSCs in the core of 3D scaffolds at
hypoxia and arterial blood oxygen pressure indicated the oxygen diffusion was not

sufficient to fulfill oxygen demand of the cells at the inner region.
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Figure 3.26: Epifluorescence microscope images of MSCs on a coverslip and 2D
scaffolds were taken to observe the intensity profile of RUNX2 (red). Nuclei (blue) were
stained with Hoechst (scale bar: 100 pm). Coverslip was used as a substitute of TCPS
since TCPS has autofluorescence that can lead to misinterpretation for the fluorescence
intensity and also lower the quality of images. MSCs were elongated on the
microchannels. Depending on the surface chemistry and topography, the RUNX2

intensity was the highest at 12% oxygen on coverslip and 5% oxygen on 2D scaffold.
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Figure 3.27: SEM micrographs on Day 3 showed the presence of MSCs on 2D scaffold
at all oxygen tensions. However, except the 21% oxygen, cells were missing at the inner
part of the 3D scaffolds at 5 and 12% oxygen tensions despite the homogenous cell
seeding to the long film strip. This result showed the importance of the oxygen diffusion

within a 3D scaffold at oxygen limited niches.
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3.5.4 Oxygen Monitoring

Availability of oxygen inside a 3D construct should be monitored since the
oxygen in the medium is not at the same level with the air due to its limited solubility.
Oxygen probes were inserted into the core and between the layers of the rolled 3D
constructs to measure the oxygen levels. The oxygen level in the core of the 3D
construct under 21% oxygen remained the same (data not shown). The region between
the layers was also monitored (Fig. 3.28) and readings were obtained between the 124-
127 mm Hg which corresponds to 16.3-16.7%. As suggested, these levels were smaller
than the ambient oxygen level. On the other hand, at hypoxia, the pO, concentration at
the core and between the layers decreased continuously and reached an equilibrium
around 4%. This behavior was typical thanks to restriction of the oxygen solubility that

made the oxygen level even lower than 5%.
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Figure 3.28: Partial oxygen measurements of the MSC seeded 3D constructs. Oxygen

monitoring was started on Day 0 until there was no change.

110



3.5.5 Mechanical Testing

Given the complexity of the microenvironmental cues that have an effect on the
osteogenic differentiation of stem cells, the quality of the secreted extracellular matrix
was evaluated for 2D/3D scaffolds. 5% and 21% oxygen tensions were selected to test
the mechanical strength since MSCs exhibited enhanced osteogenic differentiation at
these oxygen tensions on 3D construct. MSCs were kept in osteogenic medium for 35
days to permit extracellular matrix production by cells that can alter the mechanical
strength of the scaffolds. Testing the scaffolds on Day 35 was also important if the 2D
and 3D constructs were implanted as bone grafts and so this time frame was giving the
time to MSCs that was needed for osteogenic differentiation. Samples were tested along
the microchannel direction to investigate the contribution of the aligned extra cellular
matrix to the tensile properties. In order to represent the 3D scaffolds, the outer section
was tested for each oxygen conditions. The reason for this preference was the presence
of the MSCs at this region when exposed to both oxygen tensions, unlike the inner
sections at 5% oxygen. Cells were missing at the inner section of the 3D scaffold at 5%
oxygen condition as observed with the SEM micrographs (Fig. 3.29). After 35 days of
hypoxic treatment, both ultimate tensile strength (UTS) (0.46 + 0.23 MPa) and Young’s
modulus (E) (0.99 + 0.19 MPa) of unseeded 2D scaffold was lower than 21% oxygen
treated unseeded 2D scaffold (1.89 + 0.17 MPa and 1.00 = 0.24 MPa) (Fig. 3.26). The
decrease in the UTS and E at 5% oxygen tension pointed out the elevated hydrolysis of
the blend material with the decreased oxygen availability. On the other hand, there was
no negative effect of 5% oxygen on the UTS and E of the unseeded 3D scaffold which
pointed out the preservation of the mechanical properties in the case of rolled 3D
scaffold due to hindrance against medium hydrolysis. When the seeded scaffolds were
compared with the unseeded ones, 21% oxygen led to an improvement in the E for 2D
and 3D scaffolds, unlike the 5% oxygen where the mechanical properties remained as
same with the unseeded scaffolds. In the case of the comparison between the MSC

seeded 3D scaffolds at 21% oxygen, there was a significant increase in UTS and E with
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regard to unseeded scaffolds from 0.59 £ 0.15 MPa to 1.82 + 0.27 MPa and 1.06 + 0.22
MPa to 2.16 = 0.81 MPa. This enhancement in the mechanical properties of the 3D
scaffold is also another indication of the contribution of 3D microenvironments over the
maturation of the bone tissue engineered scaffolds. Our study clearly demonstrates the
utility of 3D scaffolds to serve a dynamic environment for MSCs to deposit their extra

cellular matrix.
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Figure 3.29: Ultimate tensile strength (UTS) and Young’s modulus (E) of unseeded and
MSC seeded 2D/3D scaffolds were determined on the 35™ day at 5% and 21% oxygen
tensions. Unlike the 2D scaffolds exposed to any of the oxygen tension, 3D

microenvironment and the 21% oxygen simultaneously helped MSCs to contribute to

UTS and E significantly when compared to the unseeded counterpart.
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3.6 Behavior of Human MSCs in 3D Microenvironment Exposed to Cyclic

Tensile Force and 5% Oxygen

3.6.1 Cell Proliferation

Mechanical stimulus was applied to MSCs at 1 Hz by stretching the samples
10% in order to drive the cell to osteogenic lineage. The cyclic strain exposure was
started for the strained samples on the last day of MSC culture. Cell number on the
scaffolds was determined on Day 2 (Fig. 3.30). According to Picogreen staining, the
DNA amount was approximately 2-fold higher at 21% oxygen when no tension was
applied. Similar result was also observed on Day 3 for 2D scaffolds were not entrapped
in collagen hydrogels and 3D collagen-fibroin blend construct (Fig. 3.22). As expected,
10% strain led to significantly lower MSCs under 21% oxygen. This result was also
supported by Kearney et al observed the decrease in MSC number on Day 2 after
applying 2.5% tensile cyclic strain on collagen coated silicone substrate (Kearney et al.,
2010). On the other hand, the trend was the reverse at 5% oxygen. Hypoxia led to a 2-

fold higher cell amount than 21% oxygen after exposure to 10% cyclic strain.
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Figure 3.30: PicoGreen® assay was used to determine the dsDNA amount on 2D

scaffolds after ensile strain application on the second day of 5% or 21% oxygen.
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3.6.2 Viability of MSCs

Calcein AM and ethidium homodimer-1 staining showed that 5% oxygen (Fig.
3.31A) and 24 h of 10% tensile strain application (Fig. 3.31B) had no negative effect on
cell viability inside the collagen gel as the low cell number stained with ethidium

homodimer-1 was observed.

Figure 3.31: MSCs exposed to 5% oxygen during a) No and b) 10% tensile strain
application (scale bar: 100 pm).

3.6.3 Gene Expression

The expression of the osteogenic marker, RUNX2 and angiogenic marker,
VEGFA were studied with real-time RT-PCR on Day 2. RUNX2 expression was similar
for all conditions which could be a result of the short (48 h) cell culture duration (Fig.
3.32). According to literature, the culture time can be prolonged by decreasing the
duration of cyclic tension exposure (Sumanasinghe et al., 2006; Kearney et al., 2010).
Cyclic tensile strain however, decreased the angiogenic factor expression significantly
both at 5% and 21% oxygen. Wilson et al. showed that the formation of endothelial
network by microvascular endothelial cells was inhibited under a series of tensile strain

exposure (24 h) including 10% (Wilson et al., 2009).
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Figure 3.32: RUNX2 and VEGFA expression levels after exposure to 24 h of uniaxial

cyclic strain at 5% and 21% oxygen.

3.6.4 Microscopy (Fluorescence, SEM)

The extent of the osteogenic differentiation of MSCs was demonstrated by
RUNX2 immunostaining on Day 2. RUNX2 immunostaining showed no difference
between the osteogenic activity of the scaffolds dynamically compressed under hypoxic
and 21% oxygen conditions (Fig. 3.33) which was also supported by real-time RT-PCR
results.

Application of tensile strain which was exerted uniaxially with the microchannel
direction changed the morphology of the MSCs (Fig. 3.34). Cells were stretched in the
direction of mechanical stimulation due to the force make them to grip microchannels.
On the other hand, unstrained MSCs were more circular in shape due to absence of

uniaxial tension.
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Figure 3.33: RUNX2 immunostaining (red) and nuclei staining (blue) of MSCs on 2D

scaffolds after 0% or 10% tensile strain application at 5% or 21% oxygen (scale bar: 100

pum).
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Figure 3.34: SEM micrographs on the 2™ day of osteogenic medium treatment showing

that MSCs adhered on the microchannel patterned film (scale bar: 20 um).
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CHAPTER 4

CONCLUSION

Engineering of microenvironmental cues within scaffolds is an advanced
approach in tissue engineering field and a key strategy for a guided tissue formation to
meet the requirements of natural bone tissue formation. The contributions of 3D
microenvironment on bone tissue regeneration were investigated by testing various
biochemical and physical factors and comparing the 3D scaffolds with 2D scaffolds.
Initially, 2D scaffolds were tested for their efficiency in the formation of bone tissue.
Microchannel patterned collagen-fibroin surfaces were more potent surfaces to induce or
augment the differentiation of ADSCs into osteogenic lineage by increasing the aspect
ratio of the cells. Elastin-like recombinamer (ELR) protein carrying a hydroxyapatite
nucleation sequence was used as an additional biochemical cue and ADSCs served as a
better cell source on the films than HOBs. Next, the physiological oxygen tensions of
bone microenvironment were modeled and assessed on MSCs by testing the 3D scaffold
as well as 2D scaffold. The stimulation of osteogenesis, angiogenesis and mechanical
properties by 3D microenvironment in comparison to 2D was significant for all of the
oxygen tensions that were tested. Although, cyclic tensile strain (10%) did not affect the
osteogenic activity on collagen hydrogel embedded films, exposure to strain elongated
cell morphology and lowered angiogenic factor expression independent of oxygen level.

As a conclusion, microenvironmental factors that were covered in this study
affected the functionality of the bone tissue engineered constructs. Transition from 2D to
3D microenvironment was an instructive cue for bone progenitor cells towards bone
tissue. Although the in vitro test results proved the utility of the use of micropatterned
3D constructs that could better mimic the in vivo for the bone tissue engineering, the

functionality of the 3D microenvironments can further be studied in in vivo settings.
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Figure A.1: Ethical committee approval from METU Human Ethics Committee for
human ADSC isolation
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APPENDIX B

EQUATION FOR ALAMAR BLUE CALCULATIONS

((60)2, XA, ) -((Ex) 1 XAL,)

, —x100
((rea) it XA ) - ((Erea) 2 XA

Percent reduction of the dye =

A= 570 nm 2 =595 nm
(eox)2=117.216 (&rea)n1 = 155.677
(&ox)11 = 80.586 (&red)i2 = 14.652

Aj1= Observed absorbance reading for test well
Ajo= Observed absorbance reading for test well
A’ 1= Observed absorbance reading for negative control well (blank)

A’;2= Observed absorbance reading for negative control well
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APPENDIX C

CALIBRATION CURVES FOR ALAMAR BLUE ASSAY
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Figure C.1: Calibration curve of ADSCs for Alamar Blue Assay.
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Figure C.2: Calibration curve of HOBs for Alamar Blue Assay.
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APPENDIX D

CALIBRATION CURVE FOR ALP ASSAY
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Figure D.1. Calibration curve for ALP assay
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APPENDIX E

CALIBRATION CURVE FOR CALCIUM QUANTIFICATION
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Figure E.1: Calibration curve for mineralization assay
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APPENDIX F

CALIBRATION CURVE FOR DNA QUANTIFICATION
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Figure F.1: Calibration curve for PicoGreen® Assay.
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