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ABSTRACT

BIOCHEMICAL AND MECHANICAL CUES FOR OSTEOGENIC
INDUCTION OF STEM CELLS ON PAPER BASED SCAFFOLDS

Tissue engineering aims to produce functional constructs with living cells that can
fully integrate with the tissue when inserted into the body. Design of the scaffold and the
choice of cell type that will be used for production of the tissue engineering construct are
very important for the success of the application. For bone tissue engineering,
incorporation of substances with antimicrobial properties can supply additional benefits.
This dissertation seeks answers for two discrete questions in different chapters: Do
carnosol and carnosic acid, phenolic antimicrobial compounds extracted from plants have
cytotoxic effect on bone tissue derived cells and do the culture conditions (monolayer or
3D) effect the response of cells (Chapter 2); and how do application of a single type of
mechanical force (vibration) and a combination of two forces (vibration plus fluid shear)
affect the osteogenesis of tissue engineering constructs (Chapters 3 and 4)? The results of
this research demonstrated that carnosol and carnosic acid had bacteriostatic effect at 60
ug/mL but this concentration value was highly cytotoxic for bone tissue derived cells.
Nevertheless, when the same cells were incubated under 3D culture conditions their
cytotoxic tolerance was higher. The supportive role of mechanical forces on osteogenic
differentiation of stem cells on 3D scaffolds prepared by using filter paper, on the other
hand, was demonstrated with the increase in osteoblastic gene expression,
immunocytochemical staining and detection of mineralization by Alizarin red S staining
and quantification. In conclusion this research showed the importance of biochemical and

biomechanical cues on osteogenesis.



OZET

KAGIT TABANLI DOKU ISKELELERINDE KOK HUCRELERIN
OSTEOJENIK FARKLILASMASI ICIN BIYOKIMYASAL VE
MEKANIK ISARETLER

Doku miihendisligi canli hiicrelerden olusan, doku islevini yerine getirebilen ve
viicuda yerlestirildigi zaman dokunun bir parcasiymis gibi goérev yapabilen parcalari
laboratuvar ortaminda iiretmeyi hedefler. Bu amagla kullanilacak doku iskelesi ve hiicre
tiiriiniin se¢cimi uygulamanin basarili olabilmesi i¢in biiyiik onem arz etmektedir. Kemik
doku miihendisligi i¢in bu yapiya antimikrobiyal 6zellik tasiyan bilesenlerin ilave
edilmesi tiretilen doku parcasinin islevselligini arttiracaktir. Bu tez calismasi iki dnemli
soruya cevap arayan farkli boélimlerden olugmaktadir: Tezin 2. boliimiinde
antimikrobiyal 6zellikleri bulunan ve bitkilerden izole edilen karnosol ve karnosik asit
fenollerinin kemik doku kaynakli hiicreler iizerindeki toksik etkileri ve hiicre kiiltiirti
yonteminin (dogrudan kiiltiir kabinda ya da 3 boyutlu ortamda) hiicrelerin toksik etkiye
verecekleri yanitt nasil degistirecegi arastirilirken 3. ve 4. bdoliimlerde disaridan
uygulanan titresim ve kayma gerilimi fiziksel kuvvetlerinin, filtre kagidindan yapilan
doku iskeleleri lizerine ekilmis kok hiicrelerin kemik hiicrelerine farklilagsmasindaki rolii
incelenmistir. Elde edilen sonuglara gore fenolik bilesiklerin 60 ug/mL konsantrasyonda
Gram negatif bakteriler {izerinde biiyiimeyi durdurucu etkisi bulundugu fakat bu
konsantrasyonun kemik kaynakli hiicreler i¢in fazla toksik oldugu sonucuna varilirken,
hiicreler 3 boyutlu ortamda kiiltiire alindiginda kiiltiir kabina kiyasla daha ytiksek fenol
konsantrasyonlarinda canliliklarini siirdiirebildikleri gozlenmistir. Diger boliimlerde ise
doku iskeleleri tizerindeki kok hiicrelere uygulanan mekanik kuvvetlerin osteojenik
farklilasma tizerindeki olumlu etkisi gen ekspresyonu, immiino boyama teknikleri ve
mineral olusumunun saptanmasiyla belirlenmistir. Ozet olarak bu calismayla

biyokimyasal ve biyomekanik etkenlerin kemik olusumu iizerindeki 6nemi gosterilmistir.
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CHAPTER 1

BACKGROUND AND SIGNIFICANCE

1.1. Structure and Function of Bone

Bone is a dynamic living tissue which is renewed throughout life. Bone has
various functions such as providing structural support to the body for posture and
movement, protecting the vital organs from trauma, housing bone marrow as a stem cell
pool and transmission of sound waves for hearing. In addition to these it is a reservoir for
calcium, phosphate, bicarbonate and amino acids and it also has metabolic functions such
as regulation of energy and mineral metabolism [1].

Bone tissue can be categorized into five groups according to the shape of the bones
in the human body. These are long, short, flat, irregular and sesamoid bones [2]. The
length of long bones is more than their width and they are cylindrical shaped. They move
with muscle contraction. Short bones are only found in the wrists and ankles. They have
almost equal dimensions in length, width and thickness and they provide support with a
limited movement capability. Flat bones are usually thin bones and they are found in the
skull, ribs and shoulders. Their primary role is to protect internal organs. Irregular bones
have shapes that are not easily defined such as the facial bones forming sinuses and the
vertebrae that protects the spinal cords from compression. Finally, sesamoid bones are
only found in patellae and have a shape like a sesame seed. Their function is to protect
tendons from compressional forces.

Bone is comprised of a dense layer, which is called as cortical (or compact) bone
and a porous layer, cancellous (or trabecular or spongy) bone at the macroscopic level.
Cortical bone has a more ordered structure than trabecular bone and it is the dense layer
which covers all bones and surrounds the bone marrow. Cortical bone is composed of
osteons, which are concentric cylindrical structures with the hollow Haversian canals in
the center. Blood vessels and nerve fibers are situated in the Haversian canals. These

canals are surrounded by compact mineral matrices called lamellae. Osteocytes reside in



the lamellae and their dendritic structures are connected through canaliculi for transport
of blood and biochemical signals (Figure 1.1).
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Figure 1.1. Structure of cortical and trabecular bone [3]

Trabecular bone has a higher surface area per volume ratio, so it responds to
mechanical loads faster than the cortical bone with a higher metabolic activity [4]. Since
the trabecular bone directly contacts with the bone marrow and blood flow with a larger
surface area, bone turnover is higher than cortical bone [5].

Periosteum, which is the membranous outermost layer of all bones, except joints
of long bones is a bilayer structure with a fibrous outer layer and a cambium layer. Fibrous
layer provides the structural integrity whereas cambium layer is responsible for
osteogenic capacity. Outer layer consists of blood vessels and the inner layer contains
mesenchymal stem cells, progenitor cells, osteoblasts and fibroblasts within a collagenous
matrix. Periosteum and its precursor perichondrium have two main functions;

appositional growth of long bones during development and fracture healing [6].



Bone has a hierarchically organized composite structure. At nanometer level it is
composed of organic collagen fibers and inorganic carbonated apatite nanocrystals. The
inorganic component of bone constitutes 60-65% of its weight and 20-25% of it is
composed of organic molecules, mainly collagen type I. Bone also contains small
amounts of hydrogen phosphate, sodium, magnesium, citrate, potassium and carbonate
ions in the mineral structure [7, 8]. Collagen gives tensile strength and hydroxyapatite
crystals provide stiffness to compression. Organic components of bone also contain type
Il and type V collagen and non-collagenous proteins such as proteoglycans and
glycoproteins, osteocalcin and osteonectin. Among these, osteonectin (SPARC)
osteocalcin and osteopontin (bone sialoprotein 1, BSP 1) and BSP 2 are responsible for
cell attachment and calcium and apatite binding. Osteocalcin is also chemotactic for
monocytes and regulates bone formation. The remaining is composed of water that is
bound to the collagen fibers or unbound water that moves within canalicular channels.
The content of calcium is lower but water is higher in trabecular bone compared to cortical
bone (Figure 1.2).
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Figure 1.2. Organization of molecular components in bone tissue [9].



Bone tissue is composed of different cell types with distinct functions. Osteoblasts
are single-nucleated cells that are derived from MSCs. They are responsible for the
formation of new bone by directly playing a role in ECM synthesis and mineralization
and indirectly in bone resorption by their paracrine effects on osteoclasts. The
proliferation and differentiation of osteoblast progenitors are regulated by hormones,
cytokines and growth factors and by hedgehog and WNT signaling pathways [10].
Osteoblasts are cuboid in shape and they are secretory cells with well-developed rough
endoplasmic reticulum and large Golgi complexes. Osteoblasts secrete a mixture of
matrix proteins which are not yet mineralized called as “osteoid” [11]. Organic and
inorganic phosphate sources together are needed for further mineralization of osteoid
[12]. Fate of osteoblasts are determined according to the needs of the tissue. Osteoblasts
may die as a result of apoptosis after completion of their lifespan or they can turn into
quiescent bone lining cells or lose most of their organelles and are trapped into
mineralized matrix and become osteocytes [13]. Bone lining cells are the flat cells that
cover the bone surface with osteoblastic lineage and they have osteogenic capacity [13,
14]. They are connected to each other via gap junctions and they also have important roles
in maintenance of mineral homeostasis by adjusting ion flux [14].

Osteocytes are derived from osteoblasts and they are the most abundant cells in
bone [15]. Some osteoblasts are buried inside the osteoid and before mineralization of the
osteoid they have a transition in their shapes from cuboid to dendritic processes [16].
They connect with neighboring osteocytes and the lining cells on the surface and
osteoblasts through these processes. After mineralization they get stuck in the matrix and
reside there until the end of their lifespan. When osteoblasts terminally differentiate into
osteocytes, they lose most of their organelles and their ability to produce ECM and their
nucleus to cytoplasm ratio increases [17]. They are the main sensors of mechanical stimuli
in bone and they have important roles in bone modeling and remodeling through
communication with osteoblasts and osteoclasts [16].

Mononuclear osteoclasts are terminally differentiated and derived from the same
precursors as macrophages and they form multinuclear osteoclasts by fusion [18]. After
formation of multinucleated cells they resorb the calcified matrices in coordination with
osteoblasts [19]. They degrade bone by adhering to bone matrix and secreting acidic and

Iytic enzymes [20]. They have other functions than bone resorption such as participating



In immune responses, secretion of cytokines and regulation of osteoblastic cell functions
and migration of hematopoietic stem cells from bone marrow to blood stream [19].

Each bone cell type is responsible from the maintenance of bone tissue by anabolic
and catabolic reactions and as a result of these reactions bone alters throughout life and
adapts to the environmental conditions which will be discussed more thoroughly in the

following section.

1.2. Bone Modeling and Remodeling

Bone modeling usually occurs in children and it is less evident in adults except
fracture healing, and the aim is to reshape the bone or increase bone mass [21]. First,
precursor cells are recruited and activated for differentiation upon osteoblasts for bone
formation or osteoclasts for bone resorption to normalize local bone strain by increasing
or decreasing bone mass. Osteoblasts and osteoclasts do not work simultaneously; they
work separately on different bone surfaces. Modeling always takes place on preexisting
bone tissue [21]. Modeling and remodeling processes are different from each other. Bone
remodeling, on the other hand, is a sequential formation and resorption process occur at
the same site of the bone by osteoblasts and osteoclasts. The aim of remodeling is to
replace the old bone and form the new tissue for the maintenance or a slight decrease in
bone mass [21]. Remodeling of bone can be divided into two types, physiological
remodeling and adaptive remodeling. Physiological remodeling is the resorption and
formation processes without altering the shape of bone for the maintenance of the skeletal
tissue. Adaptive remodeling occurs as a result of mechanical loading and changes the
shape, strength and density of the bone [4]. Remodeling cycle consists of a series of events
in which osteoblasts and osteoclasts communicate with each other. The combination of
osteoblasts, osteoclasts and blood capillaries that work together for the renewal of bone
is called as “basic multicellular unit (BMU)” [22]. The remodeling of bone is a five step
process. It starts with the activation phase in which osteoclast precursors in the blood
stream are recruited and activated. In the second phase, which is resorption, osteoclasts
adhere to bone surface and form a ruffled membrane to increase their secretory surface

and degrade bone matrix via proteases and matrix metalloproteinases and an increase in
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local acidity [23]. This step ends with the programmed cell death of osteoclasts to prevent
excess degradation. The next step is reversal, in which osteoclasts stop resorbing bone
and formation of new bone starts by osteoblasts. The mechanism underlying this step is
not well understood yet [21, 24]. The next step, formation, is divided into two phases. In
the first phase of this step non-mineralized protein mixture osteoid is secreted by
osteoblasts and in the second phase the osteoid is mineralized by the coordination of
calcium and phosphate concentrations and mineralization inhibitor proteins such as
osteopontin [24]. In the final step, termination, after completion of mineralization
osteoblasts whether die as a result of apoptosis, or they become lining cells or osteocytes
(Figure 1.3).
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Figure 1.3. Bone remodeling phases (Figure was drawn using Biorender software) [25].

If the remodeling is targeted, it occurs at a specific site to repair a damaged or old
bone and this process is directed by osteocytes. However, if the remodeling is non-
targeted it occurs as a result of systemic changes such as the alteration of hormone

concentrations and it is not site-specific [24].



1.3. Bone Tissue Engineering

Bone can recover the minor defects by remodeling throughout the life of an
individual. However, some cases such as accidents, tumor resection surgeries,
osteoporotic fractures or tissue loss due to osteonecrosis may lead to fractures that cannot
be repaired by the tissue itself. These are defined as the ‘critical sized defects’ [26]. In
clinic, for the treatment of these types of defects usually bone grafts or implants made up
of various metallic or polymeric materials are used. Even though these systems have
successful outcomes for the treatment of bone defects they also have some drawbacks.
Autografts (patient’s own tissue taken from a healthy part of the body) might cause donor
side morbidity or allografts (tissue transplanted from another person) and xenografts
(tissue transplanted from another species) might be rejected by the patient’s immune
system [27]. Metallic implants are widely used for joint replacement, but they cause stress
shielding since their stiffness values are generally much higher compared to the bone
[28]. Polymeric grafts, on the other hand, have some advantages such as tunable
mechanical properties, scaffold architecture and degradation time, but at the same time
they might release residues that can cause immune reactions as a result of biodegradation.
These drawbacks of the traditional treatment methods yield a need for developing new
technologies.

Tissue engineering is an emerging field of science that has been developing
especially for the last decades. The main principle of tissue engineering depends on
formation of functional tissues in vitro. To achieve this goal, three main constituents are
needed; scaffolds, cells and biochemical or physical signals (Figure 1.4).

An ideal bone tissue engineering construct should match the mechanical strength
of the bone, integrate with the healthy tissue and allow vascularization. Each component
of the construct should be selected meticulously for the success of the application to meet
ideal design criteria. Detailed information about the types of each component is given in

the following sections.
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Figure 1.4. Main constituents of tissue eh_gineered constructs (Figure was drawn using
Biorender software) [25].

1.3.1. Cell Sources for Bone Tissue Engineering

Osteoblasts and osteocytes are the main regulatory cells for bone deposition, so
osteoblasts and precursor cells are considered as the primary cell sources for bone repair
studies. Stem cells, on the other hand, can proliferate for a long time in vitro and are
mostly preferred because of their differentiation potential into different lineages upon
stimulation. Bone marrow mesenchymal stem cells (BM-MSCs) are the most preferred
stem cell source because of their high osteogenic potential [29]. It was reported lately that
periosteum also contains skeletal stem cells with higher regenerative potential than BM-
MSCs [30, 31]. Adipose tissue derived stem cells are also used very commonly as an
alternative to BM-MSCs because of the ease in isolation and their survival capacity in
low oxygen and glucose conditions which is a problem often encountered when growing
cells in 3D scaffolds in vitro [29]. Stem cells isolated from discarded tissues as a result of
surgical operations such as oral cavity derived stem cells have gained importance lately
[32]. Skin is another important stem cell source by being easily accessible and the non-
invasive isolation procedures of the cells. In addition, these cells do not cause oncogenesis
after transplantation [33]. Another non-invasive stem cell source that is obtained from a
discarded tissue is the umbilical cord. Especially, the connective tissue of the umbilical
cord, called as Wharton’s jelly, is a potential cell source for bone tissue engineering

applications [34]. Menstrual blood derived endometrial stem cells are also a non-invasive
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cell source with osteogenic differentiation potential which was discovered almost a
decade ago [34-36]. In addition to adult stem cells, embryonic stem cells are also used for
tissue engineering. However, because of difficulty in expansion of these cells in vitro and
some ethical issues regarding their use adult stem cells are more intensely used for tissue
engineering applications [37, 38].

Other than primary cells isolated from tissues, cell lines that are transformed by
viruses to make them immortal or non-transformed cell lines are also commonly used for
bone tissue engineering applications. Depending on the needs of the research various cell
lines at different differentiation stages and isolated from different species such as mouse,
rat or human can be used. Among these cells, most widely used ones are osteosarcoma
derived cell lines with osteoblastic phenotype ROS 17/2.8 and UMR 106 (rat), MG-63
and Sa0S-2 (human) or non-transformed cell lines MC3T3-E1 (newborn mouse calvaria)
and UMR 201 (neonatal rat calvaria) [39]. MLO-Y4 cell line derived from murine long
bone is another commonly used cell line with osteocytic characteristics [39]. D1 ORL
UVA cell line, which was used in all experimental designs throughout this research, is
derived from mouse bone marrow stromal cells and can differentiate into osteogenic
lineage rapidly [40]. This cell type is capable of expression of osteoblastic genes, as well
as alkaline phosphatase production and in vitro mineralization [41]. Another cell line used
in this thesis, HS-5, is a transformed cell line and derived from human bone marrow
stroma. HS-5 cells have the functional marrow characteristics and represent the bone

marrow microenvironment [42].

1.3.2. Scaffolds

A scaffold in tissue engineering is the mechanical support that holds the cells
together. There are plenty of different scaffold designs in the literature and especially
with the developments in 3D printing and bioprinting technologies it is even possible to
produce organs outside the body [43]. In order to encounter the needs of the specific
tissues, scaffolds should have some properties. Primarily a scaffold must be
biocompatible; the material itself and its degradation products should not evoke immune

response in the body [44]. The surface chemistry and topography of the scaffold are very
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important for cell attachment and differentiation [45, 46]. Porosity and pore size
distribution, shape and interconnectivity of the pores are also very important for the
nourishment of the cells through infiltration and for vascularization [47].
Biodegradability is another important parameter. If the degradation rate of the scaffold is
correlated with the formation of new tissue, the mechanical forces acting on the scaffold
can be transferred to the newly formed tissue in time due to deposition of the new tissue.
If a scaffold material can be digested by the enzymes of the body or via through simple
hydrolysis upon implantation, this prevents the need for a second surgery for the removal
of the implant [48].

A plethora of different materials, synthetic or natural, have been used for the
design of bone tissue engineering scaffolds up to now. Polyesters such as polylactic acid
(PLA), polyglycolic acid (PGA), their copolymer polylactide-co-glycolide (PLGA) and
poly(e-caprolactone) (PCL) are the most widely preferred synthetic polymers because of
their biocompatibility and tunable properties [48, 49]. Ceramics are another class of
materials used for scaffold production in bone tissue engineering. The inorganic
component of bone, hydroxyapatite (HAP), is also a ceramic. Tricalcium phosphate
(TCP), bioactive ceramics like calcium phosphates, glass ceramics and low silica glasses
are commonly used because of their ability to bond with bone [50, 51].

Natural biomaterials, on the other hand, are very commonly used in scaffold
production because of their biocompatibility. There are also some drawbacks of using
natural materials such as the difficulty in modification of the physicochemical and
mechanical properties, the difference in chemistry or purity of the material from batch to
batch or source to source and the risk of viral contamination [52]. Collagen, gelatin, ECM
components such as proteoglycans, chitosan, silk fibroin and poly(hydroxyalkanoate)s
are the most widely used natural scaffold materials for bone research. Another important
natural material is cellulose, because of its abundance, low cost, tunability of mechanical
properties and surface chemistry. It is the most abundant biopolymer in the world and it
can be obtained from various species from plants to bacteria [53]. Paper is a product of
cellulose and in this research filter paper (Whatman no 114) was used as a scaffold
material. A detailed information about filter paper and its applications are given in the

next section.
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1.3.2.1. Filter Paper as a Scaffold Material

Since its invention paper has been used for various applications. Together with
the advancements in technology many types of papers with different physical and
mechanical properties have been produced. Filter paper (Whatman) contains only
cellulose without any additional binders in its structure [54]. In biotechnology field, paper
has been used as disposable high throughput analytical test systems, biosensors,
electronic devices and recently cell and tissue culture platforms because of its
biocompatibility, ease of modifications, low cost and being commercially available [55].

In one of the studies, paper was used for screening the cytotoxic effect of chemical
compounds on human breast cancer cells via high throughput testing [56]. Researchers
formed cell seeding spots on the paper by separating these regions with hydrophobic
borders like a 96-well plate, and stacked these patterned papers to form layered structures.
This allowed the researchers to study the cytotoxic effect of the chemical compounds at
different depths of the culture by peeling the layers and observing the layers like 2D gel
layers.

In another study a very similar system to the one described above was used to
study cardiac ischemia [57]. They seeded cardiomyocytes and cardiac fibroblasts on
separate layers of patterned papers and stacked them, and a limited access of nutrients
and oxygen was provided unidirectionally. This system allowed the researchers to study
how nutrient and oxygen deficiency affect cardiomyocytes and how the migration of
fibroblasts is dependent on release of cytokines from ischemic cardiomyocytes. A very
similar coculture system was also used for investigation of interactions between human
lung tumors and fibroblasts [58].

It was also demonstrated that paper is a very promising scaffold material for bone
tissue engineering applications, especially for centimeter size defects. The researchers
seeded MLO-AGS osteoblasts in collagen | to paper scaffolds folded into different shapes
inspired of origami based folding techniques and incubated cells in osteogenic
differentiation medium for 21 days. They reported that osteoblasts mineralized in vitro
and expressed bone specific marker osteocalcin [54].

In another research, paper based origami inspired scaffolds were used for trachea

tissue engineering [59]. The researchers chemically modified the paper surfaces and
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coated the papers with PLL. The cells were seeded in alginate hydrogel and the paper
scaffolds were folded in different shapes. The paper scaffolds with cell and hydrogel
mixtures were implanted in rabbits with trachea defects and it was reported that after 4
weeks engineered tissues replaced the native ones without stenosis.

In our research filter paper (Whatman 114) was used for detection of cytotoxic
effect of two natural phenolic compounds carnosol and carnosic acid in 3D cell culture
on D1 ORL UVA, HS-5 and SaOs-2 cell lines (Chapter 2) [60]; as a cell seeding platform
for determination of osteogenic differentiation of D1 ORL UVA stem cells upon
mechanical stimulation through application of vibration in 3D cell culture (Chapter 3);
and as a scaffold for determination of osteogenic differentiation of D1 ORL UVA stem
cells in a perfusion/vibration bioreactor (Chapter 4).

Two of the main components of a tissue engineered construct, scaffold and cell
types were discussed in this chapter. A deeper information about the last component

biochemical and biomechanical cues will be given in chapters 2 and 3, respectively.
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CHAPTER 2

CYTOTOXIC TOLERANCE OF HEALTHY AND
CANCEROUS BONE CELLS TO ANTI-MICROBIAL
PHENOLIC COMPOUNDS DEPEND ON CULTURE

CONDITIONS

2.1. Biochemical Cues

The last component of a tissue engineered construct in addition to cells and
scaffolds is the signaling cues that are biochemical (soluble factors such as growth factors,
cytokines, enzymes, small molecules, etc.) or biophysical (mechanical, electrical,
thermal, magnetic, acoustic, etc.) in nature. Growth factors are organic molecules that
stimulate the growth, proliferation and differentiation of cells [61]. Biomolecules that
regulate the cellular events such as growth factors, cytokines and morphogenes bind to
cell surface receptors and initiate molecular signals that lead to cellular responses such as
proliferation, differentiation, migration and apoptosis. Regulation of cellular events by
biomolecules is concentration dependent and pico or nanomolar concentrations of these
molecules are sufficient enough to evoke cellular activities [62]. Naturally, ECM binds
and release these biomolecules to orchestrate the cell and tissue function at the right
spatial and temporal conditions [63]. In order to mimic this behavior of ECM,
biomolecules are usually delivered within controlled release systems for in vitro tissue
engineering applications.

Some of the most commonly used growth factors in bone tissue engineering are
bone morphogenetic proteins (BMPs), transforming growth factor  (TGF-f), fibroblast
growth factor (FGF), vascular endothelial growth factor (VEGF), insulin-like growth
factor (IGF), and platelet-derived growth factor (PDGF) [64].

TGF-B superfamily proteins have important roles in growth, differentiation and
ECM production in bone. BMPs are a subgroup of TGF-B family. BMP-2, BMP-4 and
BMP-7 are the most frequently used proteins among this group for bone tissue
engineering applications. Induction of osteogenic differentiation by BMPs has a species
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specific effect. When they are introduced in vitro they induce osteoblast differentiation in
rodents, however this is not the case for human bone formation [65, 66]. In addition to
that BMPs might cause tumorigenesis [66].

FGFs and PDGF are responsible for the proliferation of mesenchymal cells [67].
FGFs and VEGFs also have important roles in angiogenesis. In addition to blood vessel
formation VEGFs also take place in endochondral and intramembraneous ossificiation
and bone remodeling [68].

IGFs are important in the maintenance of skeletal mass and collagen type |
production, and has significant roles in bone remodeling and age-related osteoporosis [62,
67]. They are also responsible for maintenance, proliferation, differentiation and ECM
production of in vitro cultured osteoblasts [69]. Production and responsiveness of IGF-1
are increased upon mechanical loading of osteoblasts and osteocytes [70].

For in vitro bone tissue engineering applications, some bioactive agents other than
growth factors are also used to trigger the differentiation of MSCs into osteoblastic
lineage. Among these agents, dexamethasone, [3-glycerophosphate and ascorbic acid are
the most commonly used differentiation agents.

Dexamethasone, which is a synthetic glucocorticoid, is very commonly added to
osteogenic induction media. However, while inducing osteoblastic differentiation
glucocorticoids inhibit the proliferation of osteoblastic cells [71]. Nevertheless, if used
within the physiological range (10 nM) the inhibitory effect is prevented and when
combined with ascorbic acid its adverse effect on collagen synthesis of cells is also
reverted back [65].

Another component of a standard osteogenic induction medium is ascorbic acid.
Ascorbic acid has a role in the hydroxylation of proline and lysine amino acids in collagen
as a cofactor [72, 73]. Ascorbic acid induces MSC proliferation and ECM secretion in
vitro while stimulating mineralization and ALP activity induction [74, 75]. Ascorbic acid
2-phosphate, which is the more stable derivative of ascorbic acid is commonly preferred
for osteogenic medium preparation [72].

B-glycerophosphate is another component utilized as in vitro inorganic phosphate
source that is hydrolyzed by ALP enzyme [65]. The mineralization of osteoblastic cells
is stimulated by the released phosphate ions by ALP enzyme [75].

Even though glucocorticoids are commonly used for induction of osteogenesis,
their cytotoxic effect on MSCs is also reported [76]. Previous studies performed by our
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group also verified that D1 ORL UVA mouse bone marrow MSCs can undergo
osteoblastic differentiation in the absence of dexamethasone [77, 78]. Because of this,
osteogenic media used throughout this research were supplemented with ascorbic acid

and B-glycerophosphate without dexamethasone.

2.1.1. Bone Infections and Commonly Used Antibiotics for Treatment

Bone infection, which is also known as osteomyelitis, is a rare disease caused by
certain bacteria strains, mycobacteria and fungi. Osteomyelitis can arise from surgical
operations for implants, as a result of blood circulation from another infected part of the
body or vascular insufficiency resulting from diseases such as diabetes, and the most
common cause of osteomyelitis is Staphylococcus aureus type of bacteria [79]. The main
treatment method for osteomyelitis is the removal of infected tissue via surgical
operations and delivery of antibiotics parenterally or a combination of parenteral and oral
administration at high doses due to poor vascularization of the bone tissue which might
cause systemic toxicity [79, 80]. Fluoroquinolones, which are a class of antibiotics
effective both on Gram positive and Gram negative bacteria, are the most widely used
drugs for the treatment of osteomyelitis [81]. Ciprofloxacin, vancomycin, levofloxacin,
clindamycin, rifampicin and amoxicillin are most commonly administered antibiotics of
the fluoroquinolone classes in clinic [82]. Other than quinolones, beta-lactam agents such
as penicillin are also very commonly preferred for the treatment [82]. Treatment of bone
infections via antibiotics usually results with successful outcomes, but sometimes
administration of the antibiotics with high doses might cause especially renal toxicity, or
some patients might have allergic reactions to some antibiotics such as penicillin
derivatives [83]. Because of these reasons, new antimicrobial agents with less toxic

effects are under investigation by the researchers.
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2.1.2. Natural Phenolic Compounds as Antimicrobial Agents

It is known that administration of antibiotics for different types of infectious
diseases caused the formation of resistant bacterial strains against many antibiotics. To
increase the efficiency of antibiotics and diminish their side effects, various synthetic and
natural molecules have been tested in combination with antibiotics or alone, until now.
The compounds that plants have evolved for multidrug resistance mechanisms of
microorganisms can be utilized for production of new antibiotics [84]. Phenolic
compounds, which are secondary metabolites isolated from several plants, are one of the
most commonly studied of these groups. They are composed of aromatic rings which
contain one or more hydroxyl or methoxyl groups in their chemical structures.

Phenolic compounds are usually found in herbs and plants and their consumption
as a part of the human diet is recommended because of their antioxidant, anticarcinogenic,
anti-hypertensive, anti-allergic and antimicrobial properties [85, 86]. For example,
cranberry and bearberry contain antibacterial compounds which are effective on several
pathogens such as Escherichia coli, Bacillus subtilis and Staphylococcus aureus in the
treatment of urinary tract infections and garlic has antimicrobial and antiseptic effect on
respiratory tract infections [84].

Flavonoids, another group of polyphenols which are mostly extracted from edible
plants, are also free radical scavengers and antioxidants with antimicrobial,
antihypertensive, antiallergic and anti-inflammatory properties [87]. Their intake as a part
of diet has also preventive effect on various chronic diseases such as cardiovascular
diseases [87].

Phenolic compounds from grape pomace are also reported to have synergistic
effects on S.aureus and E.coli strains when used together with antibiotics via reducing
the minimal inhibitory concentration (MIC), which is defined as “the lowest
concentration of a compound which inhibits the visible growth of bacteria”, of several
antibiotics such as B-lactam, quinolone, fluoroquinolone, tetracycline and amphenicol
from 4 to 75 times [88].
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2.1.2.1. Carnosol

Carnosol is a polyphenolic compound found in rosemary (Rosmarinus officinalis)
and sage (Salvia officinalis) with anti-oxidant, anti-inflammatory, antimicrobial and
anticarcinogenic properties [89-92] (Figure 2.1). It is reported that carnosol has anti-
cancer and preventive properties in prostate, breast, skin, ovarian, colon and intestinal
cancers and leukemia [90, 92]. The inhibitory effect of carnosol on angiogenesis is also
studied [93]. Anti-metastatic properties of carnosol is also demonstrated and the efficacy
on cancer cell growth inhibition is reported to be higher when the cells are grown in
suspension rather than monolayer [92].

OH
HO.

Figure 2.1. Structure of carnosol [90]

Anticarcinogenic properties of carnosol have been studied with various cancer
and normal cell types and a wide range of different effective concentration values were
reported. 1Cso values of carnosol, which is defined as the concentration at which the cell
viability decreased to the half of the population when compared to the control group, for
MCEF7 breast cancer cells in one study is reported as 25.6 uM [94], while in another study
it was reported as 82 uM [90].

The 1Csp value of carnosol was also studied for various cancer and normal cells
and it was reported that low concentrations of carnosol is enough for reducing the cancer
cell viability, but much higher concentrations are needed for normal cell viability

reduction. In one of these studies ICsg value of carnosol was reported as 50 uM and 35.2
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uM for BAEC and HUVEC epithelial cells, respectively, while these values were reported
as 5.3 uM and 6.6 uM for HL60 (leukemia) and HT 1080 (fibrosarcoma) cancer cells [93].
In another study, the effect of carnosol was studied on breast, ovarian and colon cancer
models and it was reported that at concentrations lower than 25 uM, it had no effect on
cell viability, while at concentrations higher than 50 uM the effect was dose and time
dependent for cancer cells, but for normal cells, cell viability reduction was only observed
at concentrations higher than 200 uM [92]. It is also stated that carnosol has an anti-
proliferative effect by increasing intracellular cyclin B1 protein, which regulates the
progression from G2 to M phase after promethaphase of mitosis by using adenocarcinoma
cell line [95].

2.1.2.2. Carnosic Acid

Carnosic acid is also a polyphenolic compound found in rosemary and sage which

has a similar chemical structure with carnosol (Figure 2.2).

Figure 2.2. Structure of carnosic acid [96]

It has chemopreventive, antioxidant, antimicrobial, antiobesity, antiplatelet and
antitumor activities [93, 96]. Carnosic acid may undergo an oxidative degradation and
rearrangement cascade, which ends with the generation of other rosemary antioxidant
compounds such as carnosol, rosmanol, galdosol and rosmariquinone [93].

Carnosic acid that is extracted especially from rosemary is reported to have anti-

proliferative effects on various cancer cell lines such as HL-60 (myeloid leukemia), M14
18



and A375 (human melanoma), CaCo-2 (human colon carcinoma), HepG2 (hepatoma) and
HCT-116 (colon cancer) and estrogen receptor negative human breast cancer cells by
induction of G1 cell cycle arrest [97-99]. It was found that in RINm5F rat beta cells,
carnosic acid is responsible for cell viability decrease due to apoptosis mediated by nitric
oxide [99] and in human neuroblastoma IMR-32 cells, formation of these reactive oxygen
species caused mytochondria dysfunction [100].

Research on antimicrobial properties of carnosic acid demonstrates that it is not
effective on E.coli and K. pneumoniae, and minimal inhibitory concentration (MIC)
values reported for S. aureus (ATCC 25923) and S. epidermidis (DSM 1798) were 64
ng/mL for both microorganisms [101].

2.1.3. Phenolic Compound Delivery in Tissue Engineering Applications

Delivery of drugs at a specific region in the body is very important to decrease the
side effects of the drugs for the healthy cells and keeping their concentration at an elevated
level. Many different controlled release systems have been designed in this regard to meet
the desired criteria.

Tissue engineering scaffolds are also utilized as delivery vehicles, especially for
antibiotics. Various polyphenolic compounds such as epigallocatechin-3-gallate (EGCG),
quercitrin, extracts of green tea and red grape have reported to be inductive on osteoblast
proliferation and mineralization, so recently delivery of polyphenols as implant coating
or via tissue engineering scaffolds have started to be studied by different research groups
[102].

In one of the studies, cryogels and electrospun fibers of silk fibroin were produced
and Manuka honey, which is special to New Zealand and known for its antibacterial
properties was loaded to these scaffolds and the antibacterial effect of honey on E. coli
and S. aureus together with the cytotoxicity of the scaffolds on human dermal fibroblasts
were studied and it was observed that the release of honey had partial or complete
clearance of bacteria with no significant cytotoxic effect on fibroblasts [103].

In another research, poly (I-lactide-co-glycolide) (PLGA) nanofibrous scaffolds
that carry quercetin flavonoid were produced and their cytocompatibility with KB

epithelial cells and antimicrobial properties on S.aureus and K. pneumoniae were studied.
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It was reported that scaffolds with 1wt% quercetin had good cytocompability [104].
Another phytochemical, icariin, which has angiogenic and osteogenic properties was
loaded to tricalcium phosphate scaffolds to treat the osteonecrosis of the femur head of
rabbits and it was reported that icariin can be used for the treatment of bone defects and
prevention of femur head collapse [105].

In another research, naringin, a citrus flavonoid, was incorporated into poly(e-
caprolactone) (PCL) and poly(ethylene glycol)-block-poly(e-caprolactone) (PEG-b-PCL)
electrospun scaffolds to determine the differentiation and mineralization characteristics
of MC3T3-E1 osteoblasts and it was observed that naringin release from scaffolds
suppressed osteoclast formation and induced osteoblast proliferation and mineralization
[106].

2.1.4. The Approach of the Study

Even dose studies for carnosol on various cancer cell types are studied, there is
not much information on its effect for osteosarcoma in the literature. Osteosarcoma is a
type of cancer that develops in bone tissue, most commonly in the metaphyseal regions
of long bones especially during childhood and adolescence, but it may occur at any age.
It is relatively rarely studied amongst other cancer types.

The current treatment of osteosarcoma involves a combination of surgery and
chemotherapy, but scientists are still under investigation of new therapeutic molecules
which will be effective on primary and metastatic tumor cells with least damage to normal
cells [107].

In this research, the antimicrobial effect of phenolic compounds carnosol and
carnosic acid were studied on commonly observed Gram positive and Gram negative
bacteria types in bone infections, together with their cytotoxic effect on mesenchymal
stem cells, bone fibroblasts and osteosarcoma cell lines. Since the behavior of cells in 2D
and 3D are different, determination of the cytotoxic effect was tested in tissue culture
plates and on Whatman paper scaffolds.
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2.2. Methods

2.2.1. Determination of Antimicrobial Properties

The antimicrobial properties of carnosol and carnosic acid against Escherichia
coli (ATCC® 25922™), Staphylococcus aureus (RSKK 1009; Refik Saydam National
Type Culture Collection, Turkey), Klebsialla pneumoniae (FOR, DHA-2) and
Staphylococcus epidermidis (NRRL B-4268) were determined by antimicrobial activity
test. Briefly, all the bacteria were streaked on both nutrient agar (NA) and tryptic soy agar
(TSA) plates. After 24h incubation at 37 °C, it was observed that for all types of bacteria
used in this experiment, growth and colony formation on TSA were more efficient than
on NA. One of the middle sized colonies from all bacteria types mentioned above were
chosen and suspension culture was started by transferring each colony to tryptic soy broth.
Suspension cultures were incubated at 37 °C for 24h, and the bacteria that were
proliferated from single colonies were streaked on TSA plates once more. All bacteria
types were diluted 10° times and colony forming units (cfu) per milliliter were calculated
by spreading 100 puL suspension on TSA plates. 24h later colonies from 10° diluted
samples were counted and cfu/mL results were as given in Table 2.1.

Table 2.1. Colony forming units (cfu)/mL results for E.coli, S.aureus, K. pneumoniae and

S. epidermidis.
Bacteria Colony Number cfu/mL
E.coli 26 2.6 x 10’
S. aureus 67 6.7 x 107
K. pneumoniae 20 2 x 107
S. epidermidis 30 3x 107
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Antimicrobial activity was determined by choosing three different carnosol or
carnosic acid concentrations (18, 30 and 60 pg/mL) depending on the cell viability results.
In order to obtain these concentrations, three carnosol and carnosic acid stock solutions
were prepared from the main 5 mg/mL stock that was dissolved in DMSO, with 120, 60
and 36 ng/mL concentrations by diluting the main stock with broth. A multiple well plate
with 96 wells was used as the test platform and 10° cfu/mL bacteria for each bacteria type
were used.

One colony from each bacteria was chosen and transferred into Pepton water to
adjust the turbidity to 0.5 McFarland. In order to standardize antimicrobial tests 0.5
McFarland is accepted as the average turbidity of 150x10° cells/mL bacterial
concentration independent of bacteria type. The total volumes in each well of the plate
were consisting of 80 puL broth, 100 uL of each carnosol or carnosic acid concentration
and 20 pL of bacteria. Positive and negative controls were bacteria grown in tryptic soy
broth and Pen/Strep (100 IU/ml Penicillin and 100 pg/ml Streptomycin), respectively.
Since carnosol and carnosic acid are dissolved in DMSO, to see if DMSO has any toxic
effect on the growth of bacteria, broth containing the same amount of DMSO as the
highest carnosol or carnosic acid solution was also tested. The assay plate was incubated
at 37 °C and 120 rpm for 24h, by measuring the absorbance (Thermo Scientific,
VarioSkan, USA) at 600 nm with 2h intervals.

2.2.2. Cell Culture

D1 ORL UVA mouse bone marrow stem cells, SaOs-2 human osteosarcoma cells
and HS-5 human bone marrow stroma cells were used for in vitro cell culture studies. For
culture of cells, Dulbecco’s Modified Eagle Medium (DMEM) with 4.5 g/L. D-glucose,
L-glutamine and sodium pyruvate (Gibco, USA) supplemented with 10% FBS
(Biological Industries, USA) and 1% Penicillin/Streptomycin (Pen/Strep) (Biological
Industries, USA) (DMEM high glucose complete medium) was used as the growth
medium. All of the cells were incubated in a humidified incubator with 5% CO at 37 °C.
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2.2.3. Determination of Effective Carnosol and Carnosic Acid
Concentration

The concentration dependent effect of carnosol and carnosic acid on different
bone tissue derived cell lines was determined by MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide) assay. Stock solutions of carnosol (Sigma-Aldrich,
Germany) and carnosic acid (Sigma-Aldrich, Germany) with 5 mg/mL concentration
were prepared by solubilizing the lyophilized powders with DMSO, and dilutions were
made from these stock solutions by the addition of culture medium. DMSO volume was
kept equal in each concentration. Cells were seeded at a density of 10* cells/well in 96
well plates. The next day after cell seeding, media of the cells were replaced with the
media containing varying carnosol or carnosic acid concentrations (0, 6, 18, 30, 42 and
60 ug/mL). The viability of cells was determined by MTT (Amresco, USA) assay after
24, 48 and 72 h treatment with carnosol or carnosic acid. In this method, water soluble
MTT is converted into insoluble formazan by the metabolically active cells and the
amount of formazan produced is directly proportional to the number of living cells. For
cell viability assay, the media of cells in 96 well plates were replaced with 100 pL growth
media that contains 10% (v/v) MTT in final volume and the cells were incubated for 4 h
at 37 °C and 5% CO>. The media were discarded and formazan crystals formed by the
living cells were solubilized with 100 pL DMSO. Absorbance of the samples were
measured at 570 and 650 nm wavelengths with a spectrophotometer (Thermo Fisher
Scientific, Multiscan Spectrum, USA).

MTT test was also applied for the same cell types after one week osteogenic
induction. Cells were seeded at a density of 10° cells/well for osteogenic induction. After
24 h, growth media of cells were replaced with osteogenic induction media (10 mM -
glycerophosphate (Sigma-Aldrich, Germany), 50 pg/mL ascorbic acid (Sigma-Aldrich,
Germany) and DMEM high glucose complete medium) and the cells were incubated with
this medium for one week. Then MTT test was applied according to the procedure above.

Calculation of 1C50 values were done assuming the viability of control groups as
100%, and considering the concentrations of phenolic compounds that yield 50% cell

survival depending on the MTT absorbance values [93, 108].
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2.2.4. Carnosol and Carnosic Acid Treatment for Cells on Filter Paper
Scaffolds

Whatman filter paper (Grade 114, Merck, Germany) was used as the support for
3D cell culture. Before cell seeding papers were cut according to the bottom surface area
of the wells of a 96-well plate with a puncher. Then sterilization of papers were done by
immersing them in 90% ethanol for 30 min, removing the ethanol and leaving them in the
laminar flow hood overnight for drying [54]. Collagen type | was diluted to 2.5 mg/mL
from 3.7 mg/mL stock solution [54]. Briefly, for preparing 1 mL solution, 800 uL
collagen type I with 3.7 mg/mL concentration was diluted with 100 uL DMEM (1X) and
100 pL DMEM (10X) and 200 pL NaOH (with an initial concentration of 100 mM) was
added. For cytotoxicity analysis cells were seeded within collagen, at a concentration of
10* cells/paper in 2 puL volume for 96 well plates and MTT assay was performed
according to the procedure above. Cell carrying paper scaffolds were transferred to a new
plate before MTT assay to eliminate the false signals that might arise from the cells
infiltrated to the plate surface. Collagen solution absorbed papers without any cells that
were incubated under same conditions with the cell carrying samples were used as blank
for MTT test.

2.2.5. Statistical Analyses

All the experiments were repeated in triplicates, and all results are displayed as
the mean + standard deviation. Statistical analyses for comparison between the groups
were performed using ANOVA. In order to detect significant difference in growth, or to
demonstrate the differences between cell types ANOVA followed by Tukey post hoc test
was done. For viability change upon carnosol and carnosic acid applications, ANOVA
followed by Dunnett’s multiple comparison post hoc tests was applied and the dose is
compared to negative controls. Levels of significance were reported for 5%, 1%, and
0.1%.
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2.3. Results

2.3.1. Determination of Antimicrobial Properties

Antimicrobial effect of carnosol and carnosic acid was determined by treating S.
aureus (Gram-positive), S. epidermidis (Gram-positive), E. coli (Gram-negative) and K.
pneumoniae (Gram-negative) with different concentrations (18, 30 and 60 pg/ml) of these
components for 24h. The growth of S. aureus was inhibited upon carnosol and carnosic
acid treatment, and the growth of S. epidermidis was also suppressed to a limited extend
(Figure 2.3). A stationary phase was observed for S. aureus and S. epidermidis, but only
for S. aureus, the expected concentration dependent decline in the growth curve was
observed (Figure 2.3). The growth curves obtained from the carnosol or carnosic acid
treated bacteria samples demonstrated that Pen/Strep stopped the growth of all types of
bacteria. Upon 24h treatment of S. aureus with carnosic acid, a stationary phase was
observed for the control group; however, for 18 and 30 pg/mL carnosic acid treatment
instead of a stationary phase, a prolonged lag phase was observed (Figure 2.3). When the
concentration increased to 60 ug/mL, it was observed that the decrease in the growth was
the same with Pen/Strep treated samples. This shows that, both phenolic compounds had

a bacteriostatic effect on the Gram (+) bacteria used in this research.

2.3.2. Determination of Effective Carnosol and Carnosic Acid
Concentration

Determination of cell viability for all bone tissue derived stem, normal and cancer
cells showed that during 72h of incubation, there was a significant increase in cell number
for 2D cultures compared to the first day. This increase was 162%, 65% and 47% for D1
ORL UVA, Sa0s-2 and HS-5 cells, respectively (all p<0.001) (Figure 2.4a). At the end
of 72h, the viable D1 ORL UVA cells were 58% and 79% higher than SaOs-2 (p<0.01)
and HS-5 (p<0.001) cells, respectively. Upon application of osteogenic induction, the
growth pattern of cells changed (Figure 2.4b). HS-5 cell number increased 31% (p=0.02)
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and SaOs-2 cell number decreased 63% (p<0.001). The viability of D1 ORL UVA cells
was similar to non-osteogenic conditions. Incubation of cells in 3D environment
increased viable cell number for D1 ORL UVA (73%, p=0.02) and HS-5 (88%, p=0.02)

cells, where cell growth was similar between cell types (Figure 2.4c).
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Figure 2.3. Anti-microbial activity of carnosol and carnosic acid on S. aureus, S.
epidermidis, E. coli, and K. pneumoniae. Increasing concentrations of both
carnosol and carnosic acid decreased the growth of S. aureus. Both phenolic
compounds decreased the growth of S. epidermidis. Growth inhibition of S.
epidermidis was not concentration dependent for carnosol, but carnosic acid
effected the same organism in a concentration dependent manner. Both
carnosol and carnosic acid did not have any inhibitory effect on growth of E.

coli and K. pneu

moniae.
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Figure 2.4. Changes in cell viability of D1 ORL UV A bone marrow stem cells, HS-5 bone
marrow cells, and Saos-2 osteosarcoma cells in a) monolayer culture for 3
days, b) monolayer culture for 3 days with 7 days prior conditioning in
osteogenic medium, and c) culture for 3 days in 3D paper based scaffold. *p
< 0.05 for viability at 72 h compared to 24 h calculated by ANOVA followed
by Tukey’s post hoc test. 1,2: differences in viability of cell type at 72 h
calculated by ANOVA followed by Tukey’s post hoc test.

According to the cytotoxicity determination results, the increasing concentration
of carnosol caused a gradual decrease in D1 ORL UVA cell viability after 24h treatment.
This decrease was 16%, 57%, 73% and 97% (all p<0.05) for 18, 30, 42 and 60 pg/mL
concentrations, respectively (Figure 2.5a). Extended to 72h of exposure, the viability of
D1 ORL UVA cells was 42%, 67%, 91%, 97% and 97% lower (all p<0.001) then negative
controls for 6, 18, 30, 42 and 60 pg/mL concentrations, respectively. For HS-5 cells, a
similar decrease in cell viability was observed after 24h treatment with carnosol. The
decrease was 31%, 62%, 65% and 89% (all p<0.05) for 18, 30, 42 and 60 pg/mL carnosol
concentrations, respectively (Figure 2.5b). When the treatment duration was extended to
72h, HS-5 viability was 19%, 68%, 92% and 96% lower (all p<0.05) than negative control
group for 18, 30, 42 and 60 pg/mL concentrations, respectively. The effect of carnosol
was more destructive for SaOs-2 cells after 24h treatment. The cell growth was 17%,
63%, 96%, 99% and 99% lower (all p<0.001) than the control group (Figure 2.5c). It was
observed that 30 pg/mL carnosol concentration was extremely toxic for osteosarcoma
cells. Carnosic acid treatment caused a concentration dependent decrease of viability for
all cell types (Figure 2.5d-f). Cell viability trend of carnosic acid treated D1 ORL UVA

cells was similar to carnosol treatment, but for HS-5 cells higher concentrations of
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carnosic acid decreased cell viability more than carnosol. SaOs-2 cells, on the other hand,
tolerated carnosic acid better until the highest concentration applied.

To induce osteogenic character of cells, before carnosol and carnosic acid
treatment, all cell types were incubated in osteogenic induction medium for one week.
Carnosol treatment for 24h under 2D cell culture conditions after osteogenic induction
decreased viability of D1 ORL UVA cells 22%, 28%, 33% and 73% (all p<0.05) for 18,
30, 42 and 60 ug/mL concentrations, respectively (Figure 2.6a). At the end of 72h
treatment after osteogenic induction, D1 ORL UVA cell number was 9% higher than the
control group for 6 pg/mL concentration; however, 18, 30, 42 and 60 pg/mL carnosol
concentrations decreased viability of these cells 42%, 67%, 91% and 97% (all p<0.001).
Under the same conditions, carnosol treatment decreased HS-5 cell viability 30%, 41%,
and 77% (all p<0.001) for 30, 42 and 60 pg/mL concentrations, respectively at 24h
(Figure 2.6b). When the treatment duration was extended to 72h, the decrease in HS-5
cell viability was 20%, 51%, 70%, and 97% lower (all p<0.001) than non-treated group
for 18, 30, 42 and 60 ug/mL concentrations, respectively. Similar to non-osteogenic
conditions, carnosol had a more detrimental effect on SaO-2 cells at 72h. Cell viability
decrease for these cells was 74%, 76%, 95%, 86% and 98% lower (all p<0.001) than the
control group for 6, 18, 30, 42 and 60 pg/mL carnosol concentrations, respectively
(Figure 2.6¢). Carnosic acid treatment, on the other hand, caused significant cytotoxicity
for all cell types. The cytotoxic effect of carnosic acid was seen at concentrations higher
than 30 ug/mL for D1 ORL UVA and 18 pg/mL for HS-5 and SaOs-2 cells (Figure 2.6d-

).

2.3.3. Carnosol and Carnosic Acid Treatment for Cells on Filter Paper
Scaffolds

Tolerance of D1 ORL UVA bone marrow stem cells to cytotoxic effect of carnosol
was higher when these cells were cultured on 3D scaffolds (Figure 2.7a). HS-5 cell
viability under 3D cell culture conditions was also higher than 2D culture at low
concentrations, but 74%, 87% and 93% decrease (all p<0.001) was observed for 30, 42

and 60 pg/mL carnosol concentrations after 72h treatment, respectively (Figure 2.7b).
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Sensitivity of SaOs-2 cells upon carnosol treatment on 3D scaffolds was higher; 18%,
35%, 88%, 96% and 86% decrease in viability (all p<0.001) for 6, 18, 30, 42 and 60
ug/mL concentrations was observed at 72h, respectively (Figure 2.7¢). As for carnosol
treatment, D1 ORL UVA cells had a higher tolerance upon carnosic acid treatment under
3D cell culture conditions (Figure 2.7d). Carnosic acid was found to be toxic at
concentrations higher than 30 pg/mL for HS-5 and SaOs-2 cells (Figure 2.7¢,f).
Different than the other cell types, D1 ORL UVA cell number increased upon
treatment with 6 pg/mL (271%, p<0.05) and 18 pg/mL (230%, p<0.05) carnosol for 48h,

and for the same carnosic acid concentrations at 72h (186% for 6 pg/mL and 171% for
18 pg/mL, p<0.05).
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Figure 2.5. Effect of carnosol treatment on monolayer cultured cell viability for 24, 48
and 72 h for a) D1 ORL UVA, b) HS-5, and c) Saos-2 cells. Effect of carnosic
acid treatment on monolayer cultured cell viability for 24, 48, and 72 h for d)
D1 ORL UVA, e) HS-5, and f) Saos-2 cells. p < 0.05; ip <0.01; *p <0.001

for each time point compared to negative control calculated by ANOVA
followed by Dunnett’s post hoc test.
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Figure 2.6. Effect of carnosol treatment on osteogenic conditioned monolayer cultured
cell viability for 24, 48, and 72 h for a) D1 ORL UVA, b) HS-5, and c) Saos-
2 cells. Effect of carnosic acid treatment on osteogenic conditioned
monolayer cultured cell viability for 24, 48, and 72 h for d) D1 ORL UVA,
e) HS-5, and f) Saos-2 cells. fp < 0.05; ip < 0.01; *p < 0.001 for each time
point compared to negative control calculated by ANOVA followed by

Dunnett’s post hoc test.

2.4. Discussion

Plant extracts are commonly used in drug and food industry as anti-cancer and

anti-microbial agents and nutritional supplements. Carnosol and carnosic acid are natural

phenolic compounds isolated from several plants and very frequently used as anti-

oxidants (E392) in food industry with the approval of European Union, Japan and China

[96, 109]. In this research, we studied the anti-microbial properties and cytotoxic effect

of both compounds on various bone tissue derived cell lines for bone tissue engineering

applications. According to our results, despite the similarities in their chemical structures

of both compounds, carnosol was found to be less cytotoxic and had more efficient anti-

microbial

effect than carnosic acid.
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Figure 2.7. Effect of carnosol treatment on 3D cultured cell viability for 24, 48, and 72 h
for a) D1 ORL UVA, b) HS-5, and c) Saos-2 cells. Effect of carnosic acid
treatment on 3D cultured cell viability for 24, 48, and 72 h for d) D1 ORL
UVA, e) HS-5, and f) Saos-2 cells. fp < 0.05; £p <0.01; *p <0.001 for each
time point compared to negative control calculated by ANOVA followed by
Dunnett’s post hoc test.

Because of their anti-microbial properties and benefits as dietary supplements,
phenolic diterpenes carnosol and carnosic acid can be used alone or in combination with
commercial antibiotics [110]. It was previously reported that the minimal inhibitory
concentration (MIC) of carnosic acid for both S. aureus (ATCC 25923) and S.
epidermidis (DSM 1798) as 64 ng/mL, and it is not effective on E.coli and K. pneumonia,
which was consistent with our results [101]. In vivo studies also supported the inhibitory
effect of carnosic acid on S. aureus which was internalized by macrophages without any
harm to macrophages [111]. These phenolic compounds have the potential to be used for
the treatment of infections that occur at the bone defect sites due to their anti-microbial
properties. In addition to their anti-microbial properties, the toxicity of these phenolic
compounds on normal and cancer cells were also studied and carnosol treatment

apparently decreased the viability of osteosarcoma cells more than marrow stromal and
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bone marrow stem cells. The response of the same cells to carnosic acid was similar for
the same conditions, with slightly higher cytotoxicity of carnosic acid on normal cells.
The cytotoxicity of both phenolic compounds for the same concentrations was less than
2D for stem cells but remained similar for normal and cancer cells in 3D culture.

The 1C50 values, which is defined as the concentration at which the cell viability
decreased to the half of the population compared to the control group, obtained in this
study for different cell types and culture conditions were comparable to previous studies
(Table 2.2). IC50 values of carnosol for MCF7 breast cancer cells were reported as 25.6
uM [94] and 82 uM [90]. For normal cells, the IC50 values of carnosol were reported as
50 uM and 35.2 uM for BAEC and HUVEC cells, respectively, while these values were
reported as 5.3 uM and 6.6 uM for HL60 (leukemia) and HT1080 (fibrosarcoma) cancer
cell lines [93].

Table 2.2. IC50 values (pg/ml) of carnosol and carnosic acid calculated after 72h
treatment of D1 ORL UVA, HS-5 and Saos-2 cells for different culture
conditions. The wvalues in parenthesis are puM equivalents of the
concentrations.

Carnosol Carnosic acid

D1 ORL UVA (monolayer) 12 (36.4) 40 (120.7)
HS-5 (monolayer) 25(78.9) 18 (54.6)
Saos-2 (monolayer) 18 (54.6) 18 (54.6)

D1 ORL UVA (osteo) 23 (69.8) 22 (60.3)
HS-5 (osteo) 64 (291.2) 6 (18.1)
Saos-2 (osteo) 24 (72.8) 9 (27.15)

D1 ORLUVA (3D) 64 (291.2) 35 (105.6)
HS-5 (3D) 25 (75.8) 23 (69.4)

Saos-2 (3D) 20 (60.7) 64 (193.1)

In another study, carnosol was reported to have no effect on breast, ovarian and

colon cancer models at concentrations lower than 25 uM and had dose- and time-
32



dependent inhibitory effects for concentrations higher than 50 uM, while for healthy cells,
viability reduction was only observed at concentrations higher than 200 uM [112].

Inhibitory effect of carnosol on the proliferation of adenocarcinomas was shown
to be mediated by increasing intracellular cyclin B1, which regulates the progression from
G2 to M phase [95]. Carnosic acid that is extracted especially from rosemary, on the other
hand, is reported to have anti-proliferative effects on various cancer cell lines such as HL-
60 (myeloid leukemia), M14 and A375 (human melanoma), CaCo-2 (human colon
carcinoma), HepG2 (hepatoma) and HCT-116 (colon cancer) and estrogen receptor
negative human breast cancer cells by induction of Gy cell cycle arrest [97-99]. Also,
carnosic acid was reported to decrease the cell viability through apoptosis in RINmM5F rat
beta cells [99] and in human neuroblastoma IMR-32 cells [100]. In this research, we
studied the response of normal and cancer cells that are derived from bone tissue to
carnosol and carnosic acid treatment in 2D and 3D cell cultures. According to our results,
the behavior of normal and cancer cells is different and concentration and time dependent
upon treatment. We also observed that the response of the same cell type to the same
concentration of carnosol or carnosic acid differs in 2D and in 3D. Exposure to carnosol
in 3D cell culture conditions affected osteosarcoma cells in lower concentrations while
normal cells appeared to tolerate the compound in concentrations closer to antimicrobial
levels. Furthermore, carnosol and carnosic acid acted as proliferative agents for stem cells
when applied in low doses for 3D culture, a trend that was not previously reported in
related studies [113]. We believe that improved biomimicry in 3D culture may facilitate
information on previously unknown molecular functions of phenolic compounds in
osteogenesis.

In addition to their anti-microbial, anti-carcinogenic and anti-inflammatory
properties, herbal extracts can also be utilized as osteogenic inducers for in vitro
differentiation of stem cells in cell culture and in tissue engineering applications [114].
Phenolic diterpenes found in herbs are gaining much interest because of their anti-
inflammatory, anti-microbial, anti-cancer and anti-oxidant properties. In addition to
carnosol and carnosic acid, rosemary plants contain other phenolic diterpenes such as
rosmanol and its isomers epi-rosmanol and epi-isorosmanol [115]. Rosmanol and epi-
rosmanol were also reported to have anti-tumor effects especially on neuroblastoma cells
[112]. Carnosic acid and carnosol are reported to be the most abundant and biologically
most active components of rosemary plant [116], but the anti-oxidant effect of rosmanol
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IS much higher than carnosol [117]. Because of this, in order to combine both anti-
microbial, anti-carcinogenic and anti-oxidant activities together at the highest level, the
total extract of the plant or a mixture of all these phenolic compounds could be used
simultaneously.

Encapsulation of the molecules is an alternative method to prevent the toxicity of
the compound and to obtain a controlled and prolonged release system. It was previously
reported that when Calendula officinalis extract was released from polymeric
microspheres in collagen scaffolds, the toxicity of the extract on L929 fibroblasts was
largely decreased and an extended release of the compound was achieved [118]. Another
study showed that chlorophene loaded nanospheres decreased the toxic effect of
chlorophene on human red blood cells, while keeping its anti-microbial activity on S.
aureus and C. albicans [119]. Previous studies also showed that molecules with varying
molecular weights were entrapped within polymeric films, and by changing the
crosslinking degree of the films the release kinetics of the compounds were changed with
no significant decrease in the anti-microbial properties [120]. In our study the most
effective carnosol and carnosic acid concentration which has the only anti-microbial
effect was highly toxic on normal bone cells; so the release properties of these phenolic
compounds might be improved and the toxic effect might be decreased by incorporation
of a controlled release system.

Bone infections are very difficult to treat. Especially implant-related infections
increase the duration and the cost of treatment and sometimes may result in morbidity or
mortality [121]. It is crucial to prevent the adhesion of bacteria to implant surface in order
to prohibit the biofilm formation which complicates the recognition of the bacteria by the
immune system and the antibiotics [122]. If the implant or the scaffold is aimed to be
used after tumor resection surgeries, incorporation of an anti-carcinogenic compound that
does not damage the normal tissues as much as chemotherapeutic agents will have
advantages over the commercial products. It is reported previously that such a scaffold
was produced by doping of hydroxyapatite nanoparticles with selenium that can be used
after tumor resection [123]. Similarly, the phenolic compounds carnosol and carnosic acid
used in this study could be incorporated in a tissue engineering scaffold with a more
complex release system and be utilized as an internal fixation system after tumor resection

operations.
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In conclusion, our study showed that phenolic diterpenes carnosol and carnosic
acid both have an anti-microbial effect on S. aureus, which is the most commonly
observed microorganisms in bone infections. The concentration that inhibits the growth
of this bacteria was cytotoxic for monolayer cultures in this study, but in more accurate
3D conditions normal cells were able to better tolerate higher carnosol concentrations
which are close to concentrations that have anti-microbial activity. We also suggest that
carnosol could be encapsulated in controlled release systems to engineer its capabilities
for bone tissue engineering in the future. Together with their anti-microbial and
chemopreventive properties, these phenolic diterpenes are promising compounds for use
in the treatment of bone defects especially formed after tumor resections.

35



CHAPTER 3

LOW INTENSITY MECHANICAL VIBRATIONS
ENHANCE OSTEOGENESIS OF MESENCHYMAL STEM
CELLS ON PAPER BASED SCAFFOLDS

3.1. Biomechanical Cues

3.1.1. Effect of Mechanical Forces on Bone at Tissue Level

All the tissues in human body are subjected to different mechanical loads; such as
the compression on bone and cartilage, tension on muscles and tendons, fluid shear in
blood vessels and hydrodynamic pressure in the heart valves [124]. Bone adapts
structurally and functionally to the mechanical demand it withstands. Julius Wolff, who
was a German surgeon proposed a mathematical model to explain this functional
adaptation process in 1892. According to his theory (later on called as Wolff’s Law),
mechanical loading triggers bone formation and an increase in the rigidity of bone.
Conversely, unloading of bone such as experienced during prolonged bed rest, sedentary
life style or weightlessness as a consequence of space flights, induces bone loss because
of high resorption rate [125] and reduction in the bone volumetric formation [126].
Mechanical loading on bone tissue, similar to any given solid material, can be described
with dimensionless stress and strain parameters [127]. Strain reflects the relative
deformation of a material under applied mechanical load. Under normal circumstances,
the strain caused by deformation during physical activities in bone is in the range of 0.1%
to 0.35% (100-350 microstrain - pe) [128]. Harold Frost, later in 1987 hypothesized the
“mechanostat” theory that adaptation of bone tissue to mechanical loads depends on
several thresholds [129]. According to this, bone modeling and remodeling are in
homeostasis within a threshold range of mechanical loads; below a threshold value bone
is resorbed and above another value excess bone mass is formed. It is usually suggested

that the formation and resorption of bone are in equilibrium when the strain is between
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200 and 2500 pe [130]. The region between lower and upper threshold values is called as
“lazy zone” and there is no net increase in bone mass or strength within this region [131].
In fact, there is not only one universal mechanostat [132], and skeletal adaptations to
mechanical loads are heavily influenced with sex [133], race [134], age [135-137] and
genetic disposition [138, 139].

In addition to biological factors, the physical properties of the mechanical loads
also determine how the skeleton adapts to applied forces. The anabolic effect of the
mechanical forces is dependent on the magnitude [140], frequency [140-143], rate, cycle
number [144] and distribution of the mechanical loads [145]. The in vivo bone formation
is promoted by dynamic loading with physiological frequencies rather than static loading
[146]. The mechanical forces exerted on the whole body and at the cellular or tissue level
are very different from each other in terms of scales. The magnitude of forces perceived
at the cellular level are 10° to 102 times smaller than the ones used in classical
biomechanics [124]. Because of this the experimental setups and the devices for applying

mechanical stimuli to whole body or to the cultured cells have different designs.

3.1.2. Effect of Mechanical Forces on Bone at Cellular Level

Cells are subjected to both intrinsic and extrinsic forces in the body and they sense
and respond to these varying forces by changes in cellular biochemical signaling
cascades, which is known as mechanotransduction [147]. The molecular response of the
cells does not only depend on the externally applied forces. The geometry, topography
and stiffness of the substrate that the cells adhere also regulate the molecular events such
as growth, proliferation, differentiation, gene expression and apoptosis [148-150].

The main steps in cellular response formation to mechanical forces are i)
mechanocoupling, ii) biochemical coupling, iii) signal transmission and iv) response of
effector cells [151]. In the first step external mechanical load causes interstitial fluid flow
within the lacunae and this fluid flow results with deformation of bone cells. In
biochemical coupling the mechanical force is transformed to a biochemical signal through
a pathway involving ECM, membrane and intracellular proteins and cytoskeletal

elements. In signal transmission several molecules are transported from sensor cells such
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as osteocytes and bone lining cells to effector cells such as osteoblasts and osteoclasts
which results with the effector cell response as formation or removal of bone [151, 152].

Osteocytes are the cells that are primarily responsible from the transmission of
mechanical stimuli within bone tissue and they are more sensitive to mechanical stimuli
than pre-osteoblasts and osteoblasts [128, 153]. Osteocytes are situated in “lacunae”,
which are fluid filled spaces, inside the bone matrix. They interact with each other and
with osteoblasts found at bone surface via their cellular processes through channels
known as “canaliculi”. It is still controversial how the mechanical forces act on cellular
responses [146].

Osteocytes have cellular processes which are rigid because of the highly
crosslinked actin fibers. These rigid structures facilitate the sensing of the mechanical
stimuli and very small strains between the contact points of these processes and the bony
wall is amplified to very high strain values which results with calcium influx and initiation
of biological signaling [16]. Osteocytes have transverse tethering elements in the
pericellular matrix which anchor them to the canalicular wall and the fluid flow causes a
tensional force on them which is transmitted to cytoskeletal elements with a higher level
strain than tissue level [154-156]. In vitro studies demonstrate that the strains that are
needed to evoke a significant cellular response for osteocytes are around 10 000 pe which
is much higher than in vivo strains needed [157]. Osteocytes have other stiff protrusions
that are made up of microtubules, originate from the cell body and extend to the ECM
that are called as “primary cilia”. Other researchers suggest that primary cilia are the main
mechanosensors in the bone [158]. The length of primary cilia changes from 2 um to 30
um in different cell types and shorter cilia lengths cause higher rigidity which makes it
harder to deflect under fluid flow. Because of this it is still contradictory whether these

structures are the primary mechanosensing units or not [16].

3.1.3. Signal Transduction Pathways in Mechanotransduction

There are different hypotheses about force transmission and the response of the
cells which are still under investigation. There is not only one explanatory pathway, but

there are some common proteins that take place in the force transmission process. Focal
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adhesions are the contact points of cells with the ECM. Integrins are heterodimeric
transmembrane proteins that are connected to the ligands from one end in the ECM to
actin filaments through protein complexes in the intracellular space [159]. They are
composed of two non-covalently associated glycoproteins, a and B subunits. A common
pathway for mechanotransduction is the coupling of integrins with ECM proteins
fibronectin or vitronectin to initiate the mechanotransduction events. On the intracellular
side different proteins are suggested to link to o or B subunits of integrin or to both
subunits simultaneously, such as focal adhesion kinase (FAK), paxillin and caveolin that
bind to other proteins which have actin binding sites [159, 160]. There are also other
proteins that have both integrin and actin binding sites such as tensin, filamin and talin
[160]. Many intracellular proteins (e.g. fimbrin, a-actinin and ERM (ezrin, radixin,
moesin)) have more than one actin binging sites, so they take place in the crosslinking of
actin fibers so that transmitting the force away from the focal adhesion points and regulate
cytoskeletal strain (Figure 3.1).

Osteocytes are the main regulators of mechanotransduction in bone tissue. They
release prostaglandin E> (PGE2), which is a hormone-like molecule that controls
contraction and relaxation of smooth muscle, regulation of inflammatory response and
controls blood pressure. PGE: is needed for anabolic response of the bone [161]. There
are several PGE2 receptors that can activate Akt, which is a protein kinase B and prevents
cells from apoptosis and promotes cell replication and proliferation in MSCs [161]. Akt
takes place in the activation of WNT signaling. WNT is a family of secreted glycoproteins
and function as growth factors. WNT/B-catenin pathway controls stem cell proliferation
and differentiation and is required for bone formation. B-catenin is a protein that is
responsible for regulation and coordination of cell-cell adhesion [162]. In the presence of
WNT signals -catenin is transferred to the nucleus and initiate transcription of osteoblast
specific genes [162, 163]. WNT/B-catenin pathway has an important role in the
expression of Runt-related transcription factor 2 (Runx 2) gene, which is essential for
osteoblast differentiation [164]. Expression of several osteoblast specific genes such as
osteocalcin, Collal, BSP and osteopontin is dependent on binding of Runx 2 to their

promotor regions [165] (Figure 3.2).

39



vitronectin
fibronectin
integrin ﬂ
tensin

NN FAK
actin ERM
caveolin binding
protein
actin
actin
4 actin
paxillin

7\

Figure 3.1. Transmission of the mechanical loads from ECM to intracellular space (The
figure was drawn using Bio render software [25])
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Figure 3.2. WNT/B-catenin pathway in MSC differentiation (The figure was drawn using
Bio render software [25])

The molecules and their interaction in the signal transduction and osteoblastic
differentiation are not limited to the ones that were described above. WNT/B-catenin is

the most widely studied pathway in embryonic development, MSC differentiation and

40



drug design for bone diseases. The interaction of other molecules that have roles in

mechanotransduction are still under investigation.

3.1.4. Mechanical Loading of Cells in Vitro

In order to understand how bone cells sense and respond to the specific
mechanical loads, cellular deformations up to some extend should be formed in a system
isolated from other environmental factors. In vitro mechanical loading models are used
for studying the effects of forces within physiological or pathophysiological range at the
cellular level within a controlled microenvironment. These models allow studying the
effect of individual forces on individual cells at different differentiation states [166].

Researchers have long been studying the mechanical stimulation and
mechanotransduction events by using pseudo physiological stimulation such as fluid
shear, cellular membrane deformation by micropipette aspiration and hydrostatic
pressure, but recently mechanical vibrations are also being used as a tool to study
mechanotransduction pathways [167]. These systems can be designed for 2D cell cultures
or 3D tissue engineered constructs. The most common models for fluid shear application
in 2D cell cultures are parallel plate flow chambers. Most systems are derived from a
chamber designed to provide a controlled fluid flow by hydrostatic pressure for cells
grown on a glass slide and surrounded by a polycarbonate chamber that is sealed with a
rubber gasket [168]. Fluid flow can be unidirectional, pulsatile or oscillatory [169]. These
systems allow the application of very high shear rates, but the main drawback of them is
the unsuitability of the system for long term cultivation and air bubble formation within
the channels that alter the flow regime [169]. An alternative system for creating fluid
shear is rocking “see-saw” setup for cells cultured in multiple well plates. These systems
also have some drawbacks such as the generation of only low level of fluid shear stresses
and the non-homogenity of the forces applied on cells depending on the location of cells
and the amount of liquid in the wells of the plate [169].

In order to study the direct effect of matrix strain in vitro for 2D systems usually

two models are used; stretching the substrate that cells are attached and four point bending
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models to apply tension. These devices can be commercially purchased or produced
home-made.

Since 2D systems have some drawbacks explained above, 3D in vitro models that
mimic physiological conditions better are developed. As for monolayer cultures,
mechanical loading can also be studied for 3D systems in specifically designed
bioreactors to apply compression, tension or vibration [166].

In our research the mechanical forces were applied through vibration and fluid
shear in a perfusion bioreactor, thus in vitro vibration and perfusion systems are discussed

in more detail in the following sections.

3.1.5. Low Magnitude High Frequency Vibration

Low magnitude loads with high frequencies are commonly referred as
“vibrations” [170]. It is known that instead of high magnitude forces, low magnitude
forces with high frequencies are also anabolic for bone tissue [143]. High magnitude of
loading can damage the bone and cause formation of cracks. Dynamic loading triggers
anabolic reactions whereas static loading cause bone reduction [171]. Bone is subjected
to high magnitude loading as a result of physical exercise or daily activities but in addition
to that there is always a continuous low magnitude high frequency loading on bones
because of muscle contraction [171]. The main idea behind application of vibration is to
simulate the forces acting on bone tissue as a result of muscle action in the resting state
[172].

Frequency, magnitude of the peak acceleration and total displacement are the
parameters that are used to define a sinusoidal vibration. Frequency is the number of
oscillations applied to the system per second and depicted with the unit Hertz (Hz).
Acceleration is expressed as g, where 1 g=9.81 m/s? is the gravitational pull and total
displacement is the peak to peak distance of the oscillating system expressed in um, mm
or cm [170]. Generally vibrations with smaller acceleration than 1g and frequency
between 20 and 90 Hz are considered as low magnitude high frequency vibrations
(LMHFV) and there are a lot of in vitro and in vivo studies regarding their supportive

effects on musculoskeletal system in the literature [173].
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As an example, in a previous study performed by our research group, it was
observed that mouse bone marrow stem cells alter their cytoskeletal organization upon
application of mechanical vibrations which is also a determinant of osteogenic
differentiation [77]. LMHFVs with 0.15g magnitude and 90 Hz frequency for 15 min/day
during 7 days, in the presence and absence of chemical inducers of in vitro osteogenesis,
increased total actin content, actin fiber thickness, Runx 2 mRNA expression and
cytoplasmic membrane roughness.

Another study by our group demonstrated that application of LMHFVs at the same
magnitude, frequency and duration values with the previous study reverted back the
effects of adipogenic induction of D1 ORL UVA cells in terms of cellular morphology
and reduction in the expression of adipogenic genes [78].

In another research where diabetic rat models with type 2 diabetes were used it
was observed that LMHFV accelerated the open foot wound healing by stimulating blood
microcirculation and glucose uptake in muscles [174]. In another in vivo research it was
reported that LMHFV with 35 Hz, 0.3g accelerated callus formation, mineralization and
fracture healing in rats with closed femoral shaft fracture [175]. Another study showed
that application of whole body vibrations to ovariectomized osteoporitic rats with bone
implants enhanced osseointegration of the implant [176].

LMHFVs are also clinically applied for prevention of bone loss related to
osteoporosis and improving muscle strength. In a study which LMHFVs were applied to
post-menopausal women with 0.2 g acceleration and 30 Hz frequency for less than 20
min, it was shown that these vibrations inhibited bone loss in the femur and spine,
especially for individuals with lower body mass [177]. In another extensive clinical trial
LMHFVs (0.3 g, 35 Hz) were applied for 20 min, 5days/week for 18 months for elderly
and it was reported that this alternative therapy reduced fall and fracture risks by
improving muscle strength and balancing ability [178].

Since LMHFVs have stimulatory effects in prevention of bone loss and the
application is rather easy compared to other mechanical loading systems, in this research
vibrational loading has chosen for physical stimulation of stem cells together with fluid

shear for induction of osteogenesis.
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3.2. Methods

3.2.1. Generation of Stable Cell Lines Through Viral Infection

D1 ORL UVA (mouse bone marrow) cell line was infected with EGFP (enhanced

green fluorescent protein) carrying retroviruses in order to produce fluorescently labelled

stable cell lines for further imaging analysis of tissue engineering experiments. EGFP
gene was transferred by pMIG viral vector (Addgene #9044, USA) (Figure 3.3).
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Viruses were kindly provided by Assoc. Prof. Dr. Ozden YALCIN OZUYSAL
and kept as frozen suspension in the freezer. For infection D1 ORL UVA cells were first
seeded in 6 well plates at a density of 3x10° cells/well. Frozen virus suspensions were
thawed.

Growth media of the cells in 6 well plates were discarded on the next day after
cell seeding. For each 1 mL of virus suspension 1 uL of Polybrene, a polymer used for
increasing the transduction efficiency of viruses, was added to prepare infection medium.
Normal growth medium with Polybrene and without the virus was added to cells as a
negative control (mock). This infection medium was added on cells instead of discarded
growth medium and cells were incubated at 37 °C and 5% CO..

The next day, infection medium was discarded and normal growth medium was
added. Cells were incubated in this medium for 2 days. Since the viral vectors contain
Puromycin resistance genes, the successfully infected cells will be resistant to Puromycin
antibiotic. For this purpose, selection medium with Puromycin (2 pg/mL) was prepared.
Cells in 6 well plates were splitted in 10 cm Petri plates and incubated in the selection
medium until all of the mock cells die.

After stable cells line that carry EGFP gene was produced, the media of cells were
replaced with normal growth media. Green fluorescent labelled D1 ORL UVA cell stocks

were prepared by freezing the cells.

3.2.2. Cell Culture and Osteogenic Induction

EGFP carrying D1 ORL UVA cells were seeded in directly 12 well plates, or on
circular Whatman paper constructs at a density of 102 and 10* cells in 20 uL medium,
respectively and 700 pL growth medium was added.

For osteogenic induction, on the next day of cell seeding the regular growth
medium of cells was replaced with osteogenic induction medium (10 mM f-

glycerophosphate, 50 ng/mL ascorbic acid and DMEM high glucose complete medium).
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3.2.3. Application of Low Magnitude Mechanical Signals (LMMS)

D1 ORL UVA cells (with EGFP) seeded in 12 well plates and on Whatman paper
scaffolds were exposed to LMMS daily at 90 Hz and 0.1 g (1 g = Earth’s gravitational
pull), for 15 min/day, 5 days/week at ambient conditions for 21 days. Control samples
were hold outside the incubator for the same duration. LMMS was generated and

delivered to cells by a custom-made platform in vertical direction (Figure 3.4).

Figure 3.4. Vibration platform and the computer system

3.2.4. Determination of Cell Viability on Whatman Paper

The effect of LMMS on the viability of cells seeded in tissue culture plates and
on Whatman paper scaffolds were determined by MTT assay. MTT test was applied to
the cells on days 1, 3, 7 and 10 after seeding. On the indicated time points, regular growth
media of the samples were replaced by 10% MTT solution containing medium, incubated
for 4 h at 37 °C and 5% CO.. Tetrazolium salts were solubilized with DMSO and
absorbance was measured at 570 and 650 nm wavelengths with a spectrophotometer
(Thermo Fisher Scientific, Multiscan Spectrum, USA). Non-cell seeded Whatman paper
that was incubated with the same amount of MTT containing medium for the same

duration was used as the blank.
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3.2.5. Total RNA Isolation from Paper Scaffolds and RT-PCR

For total RNA isolation from cells on Whatman paper scaffolds D1 ORL UVA
cells (passage no<20) were seeded on scaffolds at a density of 10° cells/paper. RNA
isolation was done on 14" day of incubation. PureLink RNA Mini Kit (Invitrogen, USA)
was used for RNA isolation.

Paper samples were washed with PBS once and then transferred into separate
microcentrifuge tubes. The whole purification procedure was conducted on ice. Lysis
buffer was prepared by adding 5 uL -mercaptoethanol to each 500 uL lysis buffer of the
commercial kit. The samples were homogenized with a tissue grinder (Isolab, Germany)
by immersing the microcentrifuge tubes in ice to prevent the heating of the samples and
denaturation of RNA. Samples were homogenized for a total of 1 min, with a break after
30 sec.

The cells were suspended by passing the suspension through insulin needles
several times. After suspension 400 uL 70% ethanol was added to each sample and RNA
purification was done according to the manufacturer’s instructions. Isolated RNAs were
kept at -80 °C. The concentration and purity of isolated RNAs were measured by
Nanodrop spectrophotometer (NanoDrop 1000 Spectrophotometer, Thermo Scientific,
USA).

Reverse transcription was done by using RevertAid First Strand cDNA Synthesis
Kit (ThermoFisher Scientific, USA), according to the manufacturer’s instructions with
220 ng template RNA. cDNAs were kept at -20 °C. For RT-PCR 55ng cDNA was used
with the primers listed below. PCR was conducted at 95 °C for 30s, 60 °C for 30s and 72
°C for 30s for 45cycles. The annealing temperatures are given in (Table 3.1). Quantitative
RT-PCR was done by Light Cycler 96 thermal cycler (Roche, Switzerland) with FastStart
Essential DNA Green Master Kit (Roche, Switzerland).

The relative expression levels of the target genes were calculated by threshold
cycle (AACt) method with GAPDH as reference gene and reported as 222, as relative

folding changes to samples under static and growth medium conditions.
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Table 3.1. Sequences of forward and reverse primers used for RT-gPCR reactions.

. . Annealing
Gene Forward primer Reverse primer
Temperature (°C)
OCN CTG ACA AAG CCT TCATGT CCA AGCG CCG GAG TCT GTT CAC TA 55.9
ALP TTT AGT ACT GGC CATCGG CA  ATT GCC CTG AGT GGT GTT GCA 57.9
GAPDH GAC ATG CCG CCT GGAGAAAC AGCCCAGGATGCCCTTTAGT 58

3.2.6. Determination of Mineralization on Whatman Paper

Cell seeded Whatman paper constructs and tissue culture plates were washed with
10 mM PBS three times and fixed with 4% paraformaldehyde (PFA) (Sigma-Aldrich,
USA) for 20 min at room temperature. Then PFA was discarded and samples were rinsed
with distilled water twice.

Alizarin red S dye solution (2% wi/v) was prepared by dissolving the dye in
distilled water and the pH of dye solution was adjusted between 4.1 and 4.3. Dark brown
solution was filtered. Samples were stained with Alizarin red S dye, by incubating them
at 37 °C for 30 min. Then the samples in tissue culture plates were washed with distilled
water three times.

For the samples with Whatman paper, a blank non-cell seeded paper was used as
a reference to understand whether the non-specifically bound dye was removed or not.
Additional rinsing was done by adding PBS and leaving the samples on a shaker
overnight. The following day samples were washed with distilled water by leaving them
in water for a total of 3h on the shaker and renewing the water at every hour. After
aspiration of the water, the samples were stored at -20 °C before extraction of the dye
with CPC [179].
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3.2.7. Quantification of Alizarin Red S Staining Through
Cetylpyridinium Chloride (CPC) Extraction

CPC solution with 10% (w/v) concentration was prepared by dissolving CPC in
10 mM sodium phosphate (pH 7.0). Alizarin red S stained samples were incubated in 0.5
mL CPC solution in a 24 well plate for 1 h at room temperature on a shaker. 100 pL
aliquots from each sample was transferred as triplicate to a 96-well plate and the
absorbance was measured at 550 nm. Alizarin red concentration per sample was

calculated and the values were normalized to total protein amount.

3.2.8. Total Protein Isolation and Determination of the Amount from
Cells on Paper Scaffolds

Lysis buffer (10 mM Tris-HCI pH=7.5, 1 mM EDTA, 0.1% Triton X) was
prepared. Protease inhibitor (1% v/v) and dithiothreitol (DTT, 0.1 % v/v) were added to
this solution to prepare the complete lysis buffer. Paper scaffolds were washed with PBS
and transferred to 1.5 mL microcentrifuge tubes which were placed in ice. Complete lysis
buffer (250 uL) was added to each sample and the samples were vortexed 10 s with 5 min
intervals during a total of 30 min. Lysates were centrifuged at 15000 rpm for 3 min and
supernatants were transferred to fresh tubes.

Total protein contents were measured by Bradford assay. Bradford reagent (20 %,
v/v) was diluted with distilled water (80 %, v/v). Diluted Bradford reagent was aliquoted
in separate microcentrifuge tubes and 10 % (v/v) isolated protein was added to tubes, and
100 pL from each sample was transferred to a 96-well plate as triplicate and the

absorbance was read at 595 nm.

3.2.9. FTIR Analyses for Detection of Mineralization

The composition of organic and inorganic components of ECM was detected by
Fourier-transform infrared spectroscopy (FTIR) (Perkin Elmer Spectrum Version 10.4.3,
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USA). The samples were fixed with 4% PFA and washed with distilled water several
times. Then they were dried in the vacuum oven to remove the water. FTIR spectrometer
with ATR attachment was used and the spectra was recorded in the range of 4000-400
cm* wavenumber with 4 cm™ resolution. Water has a strong infrared absorbance [180],
thus samples were dried in the vacuum oven to remove water prior to FTIR analysis. FTIR
spectra of the samples were compared with empty paper that was treated with the same
procedures for cell fixation and washing steps. Since the fingerprint peaks of bone
originating from collagen and hydroxyapatite are within 400-1700 cm™ region of the
spectrum, the comparison between spectra of different samples was done by narrowing
the wavenumber interval. Analyses were done by using Spectragryph 1.2 spectroscopy

software.

3.2.10. Statistical Analyses

All the experiments were repeated in triplicates, and all results are displayed as
the mean + standard deviation. Statistical analyses for comparison between the groups
were performed using ANOVA. In order to detect significant difference in growth
Student’s t-test was performed for each cell seeding density, between control and
vibration groups of each condition. To demonstrate the differences between groups for
gene expression and quantification of mineralization ANOVA followed by S-N-K post
hoc test was done. Levels of significance were reported for 5%, 1%, and 0.1%.

3.3. Results

3.3.1. Generation of Stable Cell Lines Through Viral Infection

D1 ORL UVA cells were infected with EGFP gene carrying PMIG retroviral
vector to be able to visualize the cells on the paper without any further staining.

Fluorescent microscope images of infected D1 ORL UVA cells showed that a stable cell
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line which produce EGFP protein was successfully obtained (Figure 3.5). These infected
cells were used for cell viability, mineralization and gene expression analyses throughout

the study.

Figure 3.5. D1 ORL UVA cells that were infected with EGFP carrying PMIG retroviral
vector. Left: phase contrast, right: fluorescent microscope images. Scale bar:
100 pm

3.3.2. Determination of Cell Viability

The viability of D1 ORL UVA stem cells that were seeded on filter paper scaffolds
and incubated in standard growth medium or in osteogenic induction medium with or
without exposure to vibration was determined via MTT cell viability test. It was observed
that for each cell seeding density (103, 10* and 10° cells/paper) the cell number increased
during 10 days for both standard growth and osteogenic induction conditions on paper
scaffolds (Figure 3.6). According to cell viability test results, it was seen that the filter
paper was biocompatible and an appropriate scaffold material for long term incubation of
the cells. This data was also supported with fluorescent microscopic observation during
21 days of incubation (Figure 3.7). Together with biocompatibility assessment the aim of

this test was also determination of the optimum cell seeding density.

o1



a Growth Condition

Absorbance (a.u.)
o = = =Y =
0w kMR o ®
T T T T T \
—
—

o
(23]
T
e
—_—
—

o
I~
T
—

EEES %

e
)
T
4
|,
1

.
I || n . -

Control Vibration ‘ Control Vibration

o
4

Control Vibration

1K Cells 10K cells 100K cells

mDayl Day 3 Day 7 Day 10

b Osteogenic Condition
25

=
tn
T

[
T

Absorbance (a.u.)

05
= : -—'
0 :

Control Vibration

Control Vibration Control Vibration

1K Cells 10K cells 100K cells

mDayl Day3 mDay7 mDayl0

Figure 3.6. The viability of D1 ORL UVA cells on filter paper scaffolds was determined
via MTT test. Cell viability under a) normal growth and b) ostogenic
induction conditions during 10 days. *p < 0.05; **p < 0.01; ***p < 0.001 for
each cell density and each time point compared to control calculated by
Student’s t-test.

According to the graph, it was seen that the trend in cell number increase was

similar for each seeding density, but 10° cells/paper scaffold was not enough for further
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gene expression and mineralization detection analyses. It was also seen that there was not
an important difference between 10* and 10° cells/scaffold seeding densities in terms of
cell viability and proliferation. For this reason, 10* cells/paper scaffold was used as the

seeding density for the entire experiments.

-

Figure 3.7. Fluorescent microscope images of D1 ORL UVA-EGFP cells showing
proliferation of cells on filter paper scaffolds; a) day 1, b) day 7, ¢) day 14
and d) day 21after cell seeding. Magnification, 4X.

3.3.3. Determination of Osteogenic Differentiation

The osteogenic differentiation of stem cells was determined by gene expression
at molecular level by RT-gPCR and by evaluation of mineralization through Alizarin red

S staining and FT-IR spectroscopy.

3.3.3.1. Determination of Osteogenic Gene Expression

The expression levels of osteogenic genes alkaline phosphatase (ALP) and

osteocalcin (OCN) from static and vibration applied D1 ORL UVA cells which were
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incubated in osteogenic induction medium on paper scaffolds were compared to static
samples grown in normal growth medium.

The gene expression analysis was done after 14 days of incubation. In order to
determine the effect of the vibrational forces on the osteogenic differentiation, the change
in MRNA expression levels of osteoblastic marker genes ALP and OCN were assessed
by comparison to the mRNA expression level of the housekeeping gene GAPDH. Four
experimental groups were tested; growth control (GC), osteogenic control (OC), growth
vibration (GV) and osteogenic vibration (OV). The mRNA expression levels of all
osteogenic markers for each group were normalized to the expression of the related gene
of growth control group.It was observed that ALP and OCN expression profiles had
different trends (Figure 3.8). The OCN expression level of OV was 2.8 fold higher than
GC, whereas GV was almost 15% lower. Chemical osteogenic induction without
vibration, on the other hand, increased the expression of OCN gene 1.8 fold. Induction of
osteogenesis, whether chemical or mechanical, caused a decrease in ALP expression for

all groups compared to GC at 14™ day of osteogenic induction.

b I I I b,c
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Figure 3.8. Gene expression levels of D1 ORL UVA stem cells that were either induced
with application of vibration or with osteogenic induction medium treatment
after 14 days. OCN expression was found to be higher for OC and OV groups,
whereas ALP expression was lower for all groups compared to GC group. a,
b, c: differences in gene expression level between groups calculated by

ANOVA followed by S-N-K post hoc test. p<0.05. GC: growth control, OC:
osteogenic control, GV: growth vibration, OV: osteogenic vibration
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3.3.3.2. Determination of Mineralization

Alizarinred S (ARS) staining, which evaluates calcium deposits in cells, was done
on days 14 (for both plate and paper scaffold samples) and 21 (only for paper samples)
of osteogenic induction. The experimental groups consist of cells seeded in directly to
tissue culture plates and on Whatman paper scaffolds. Half of the samples within each
group were incubated in regular growth medium and the remaining were incubated in
osteogenic induction medium. These samples were subjected to LMMS, and each group
also had static controls. According to the results obtained, mineralization was not
observed for the cells grown in regular medium, but the cells that were treated with
osteogenic supplements were stained densely on 14™ day of incubation (Figure 3.9a).
When the ARS dye that bound to calcium deposits formed by the cells grown in culture
plate was dissolved with CPC for quantification, the highest mineral deposition was
observed in OV group (Figure 3.9b).

It was observed that, on both 14 and 21 days, only the cells which were treated
with osteogenic induction medium on paper scaffolds deposited calcium (Figure 3.10a).
The density of red color which is the indicator of mineralization was higher on day 21
compared to day 14 within both OC and OV groups (Figure 3.10b). Similar to 2D culture
results, mineral calcium deposition was denser for OV group compared to OC group for
both time points.

3.3.3.3. Detection of Extracellular Matrix Components by FTIR

The organic and inorganic components of bone give intense and separate peaks
when analyzed with FTIR. Various important data such as mineral to matrix ratio, the
mineral and collagen maturity and crystallinity can be obtained and calculated from FTIR
spectra [181]. The typical FTIR spectra of the bone has specific peaks around 900-1200
cm? arising from symmetric (vi) and asymmetric (vs) stretch phosphate regions of
hydroxyapatite and 900-910 cm™ out-of-phase bending (v2) carbonate regions,
respectively [182]. The maturity of the collagen crosslinks in the ECM can also be
detected by the changes in the secondary structure of the protein which is visible as bands
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around 1650 (Amide 1) and 1550 (Amide 1) wavenumbers (cm™) [181]. Therefore, the
spectra of paper constructs were obtained (Figure 3.11a) and the spectrum of empty paper
(EP) was subtracted from each sample spectra (Figure 3.11b) to analyze the ECM
composition for each condition on 14" and 21% days of osteogenic induction. It was
observed that the samples which were stimulated by vibrational forces during 21 days,
whether incubated in osteogenic induction medium or not, had peaks in Amide | and
Amide 11 regions, as well as peaks in vs phosphate region. For the 14" day, only the
samples that were incubated in osteogenic induction medium with vibration had both
amide and phosphate peaks, but vibration applied samples in normal growth media had
not. Non-vibrated but osteogenically induced group for 21 days, on the other hand, had
peaks only in Amide | and Il regions without a phosphate peak. For both time points, days
14 and 21, chemical osteogenic induction resulted with protein deposition as can be seen
from the peaks in the amide regions, but application of vibration together with osteogenic

induction caused mineral deposition in addition to protein.

3.4. Discussion

Expression of osteoblast specific genes is an important determinant of osteogenic
differentiation. At the early phase of differentiation, after an initial increase in cell
proliferation, ALP and Collagen | gene expressions are upregulated, and this is followed
by ECM deposition.

At later stages, expression of bone markers and mineralization related genes such
as osteocalcin (OCN), osteopontin (OPN), osteonectin and bone sialoprotein (BSP) start
to increase [183].

During cell proliferation phase, OCN secretion might not be detected in the
medium, but its level start to increase with nodule formation and reaches the peak value
when these nodules start to mineralize [184]. However, the time that these specific genes
are expressed might differ according to cell type, culture conditions and physical factors
[185]. Among the osteogenic marker genes, OCN is expressed only in osteoblasts [186].
There are contradictory evidences about the role of OCN in mineralization; proposing

that OCN is responsible for the initiation of HAP crystal formation, and it also functions
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as a mineralization inhibitor [187]. According to our results, OCN expression was highest
for OV group, suggesting that vibrational forces together with chemical induction
promoted the osteogenic differentiation of MSCs on filter paper scaffolds more than
incubation of cells with osteogenic medium under static conditions. In addition to that,
the mechanical forces applied for 14 days were not enough solely to induce osteogenic
differentiation. In a previous research that was performed in our laboratory, it was
demonstrated that the vibration did not have a significant effect on the expression of OCN
in a 2D cell culture system [77]. Contrarily, in our research, when the same D1 ORL UVA
bone marrow stem cells were subjected to the vibrational forces with the same magnitude
and frequency on 3D paper scaffolds, the expression of OCN gene was found to be
significantly (p<0.01) increased compared to the cells incubated in osteogenic medium
under static conditions. The expression of ALP gene, on the other hand, was
downregulated upon treatment with osteogenic induction medium on 14" day. ALP is an
early marker of osteogenesis and its expression start to decrease in the mineral nodule
formation phase [188]. In consistence with the ARS staining results, for OC and OV
samples which were stained positively for ARS, a decrease in ALP expression was
observed. This shows that osteogenically induced cells differentiated into mineral
forming osteoblasts on paper scaffolds.

Mineralization process starts with the binding of calcium and phosphate ions to
charged amino acid residues of collagen matrix [189-191]. During HAP formation, the
composition of mineral phase changes and several different forms of calcium phosphate
crystals such as amorphous calcium phosphate, octacalcium phosphate, B-tricalcium
phosphate and dicalcium phosphate dehydrate can also be found in the medium [190, 192-
194]. Calcium and all types of calcium phosphates are stained with ARS dye [195, 196].
ARS dye binds approximately 2 moles of Ca?* per mole of dye in solution [197].
According to staining results, static samples that were incubated with osteogenic media
(OC) stained positively for calcium, but no phosphate peak was observed for these
samples when they were analyzed with FTIR. This can be explained with the initiation of
amorphous calcium phosphate precipitates before mature HAP formation upon chemical
osteogenic induction that can be detected with ARS staining, but cannot be determined
through phosphate stretching in HAP region through FTIR. Additionally, osteocalcin is a
calcium binding protein and it takes a role in the nucleation and propagation of HAP
crystal formation [198]. It was previously shown that knockdown of OCN gene causes a
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delay in the maturation of HAP crystals [190]. Our gene expression results together with
mineralization studies also show that, OCN expression level was higher for OV samples
and a denser staining of the minerals formed by these samples and the FTIR peak in
phosphate region also prove that vibration had a positive effect on formation of more
mature mineral crystals.

Bone is a composite material and its infrared spectrum contains a combination of
bands from both native hydroxyapatite (at 500-700 cm™ and 900-1200 cm™) and collagen
(at 1200-1700 cm™) [199]. It also contains a band around 870 cm™ which arises from
carbonate and is a characteristic of type B apatite [199]. Data obtained from infrared
spectroscopy provide valuable information about the localization of ions with asymmetric
vibrations, and the mineral phase obtained from homogenized in vitro cultures [200]. In
a research about the potential use of Runx 2 expressing dermal fibroblast cells for bone
tissue engineering applications, FTIR was used for chemical characterization of the
deposited mineral phase. Amide /11 bands at 1655 and 1550 cm™, together with an
enhanced phosphate peak at 1100 cm™ were reported for the cells with osteogenic
capacity [201]. In another research, FTIR was used to determine the chemical
composition of bone nodules formed by BMSCs on chitosan/PMMA scaffolds and it was
reported that the spectra of the deposited material were almost identical to the spectra
obtained from murine calvariae [202]. Another research for the characterization of ECM
mineralization of MC3T3-EL1 cells in vitro demonstrated that these cells had absorption
bands at 1200-900 cm™ range arising from phosphate group of the mineral in the ECM
and amide I/11/111 bands at 1650-1635 cm™, 1550-1535 cm™ and 1240 cm, respectively
[203]. In our research, chemical characterization of the ECM with FTIR demonstrated
that application of vibration for a longer period (21 days), caused the formation of
phosphate peak from mineral phase and amide I/l peaks from the organic component
collagen even in the absence of chemical induction. But for shorter duration (14 days)
vibration alone was not enough for the formation of mineral phase denoted with a
phosphate peak. Amide and phosphate bands observed together only for vibration applied
samples with chemical induction through osteogenic medium. This might suggest that
application of vibrational forces together with chemical osteogenic induction improved
the mineral deposition of the cells. The lack of carbonate bands in our samples might be
the result of shorter incubation durations and due to this less mature hydroxyapatite

formation compared to similar studies in the literature [201].
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Figure 3.9. a) Phase contrast micrographs of D1 ORL UVA cells in tissue culture plates,
stained with Alizarin red on day 14 (Magnification 10X). Red color indicates
calcium deposits. b) Quantification of Alizarin red S (ARS) staining by CPC
extraction. a, b, c: differences in dissolved ARS dye concentration between
groups calculated by ANOVA followed by S-N-K post hoc test. GC: Growth
control, GV: Growth vibration, OC: Osteogenic control, OV: Osteogenic

vibration
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Figure 3.10. a) Stereomicroscope images of D1 ORL UVA cells seeded on paper
scaffolds, incubated in regular growth medium or osteogenic induction
medium and stained with Alizarin red on days 14 and 21. Red color indicates
calcium deposits. b) Quantification of Alizarin red S (ARS) staining by CPC
extraction. a, b, c: differences in dissolved ARS dye concentration between
groups calculated by ANOVA followed by S-N-K post hoc test. GC:
Growth control, GV: Growth vibration, OC: Osteogenic control, OV:
Osteogenic vibration
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Figure 3.11. FTIR spectra of filter paper samples with D1 ORL UVA stem cells that were
incubated in regular growth media or osteogenic media for 14 and 21 days
with vibration or under static conditions. a) Spectra of each sample and the
empty paper without cells, b) spectra of samples after the spectrum of empty
paper was subtracted from each. GC: Growth control, GV: Growth vibration,
OC: Osteogenic control, OV: Osteogenic vibration
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CHAPTER 4

BIOREACTOR BASED CONTINUOUS APPLICATION OF
MECHANICAL SIGNALS TO MESENCHYMAL STEM
CELLS ON PAPER BASED SCAFFOLDS ENHANCE
MINERALIZATION

4.1. Bioreactors in Bone Tissue Engineering

Bioreactors have been extensively used in many processes from production of
biomass to waste water treatment and they are also adapted for tissue engineering
applications [204]. Two dimensional culture conditions are not suitable for the production
of centimeter scale bone tissue constructs for implantation because of diffusional
limitations of oxygen and nutrients together with insufficient surface area to grow high
number of cells. Under static cell culture conditions nutrients can only be transported
through diffusion and because of mass transfer limitations in the center the cells tend to
move to the periphery of the scaffold. [148]. Besides, bone progenitor cells need
mechanical stimulation in addition to biochemical inducers to differentiate and form a
functional tissue [148].

Use of bioreactors facilitate the mass transfer of nutrients and oxygen and removal
of metabolic wastes, provide homogenous distribution of cells and expose cells to
mechanical stimuli and ease the monitoring and controlling of the process [204, 205]. In
bone tissue engineering field, the most widely used bioreactors are compression,
perfusion, parallel plate, spinner flasks, magnetic force and rotating wall vessel
bioreactors [148, 204, 205]. Different designs with combination of more than one type of
physical stimulus are also used for tissue engineering purposes [148]. In this study a
perfusion/vibration bioreactor was used for the incubation and mechanical stimulation of
bone marrow MSCs. For this reason, a detailed information about perfusion bioreactors

IS given in the next section.
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4.1.1. Perfusion Bioreactors

Perfusion bioreactors are designed to provide a controlled flow within the system
[205]. These systems are used to overcome the limitations of spinner flask and rotating
wall vessel bioreactors via providing a better controlled mixing and stimulating the cells
with mechanical forces [206]. Perfusion bioreactors are composed of a media reservoir,
a pump, a closed circuit of tubings and a chamber where the tissue engineered constructs
are placed. They are divided into two types according to path of the flow as direct and
indirect perfusion bioreactors. In direct perfusion, the media flow through the core of the
scaffold and in indirect perfusion the scaffold is loosely placed into the chamber and
media flow around it [148]. Optimal flow rate for stimulation of osteogenic differentiation
and ECM mineralization depend on the fluid flow characteristics, scaffold and bioreactor
design and it is usually optimized by trial and error for each bioreactor system [207].

Bone remodeling is related with the strain and strain is dependent on the
interstitial fluid velocity [146]. The shear stress formed as a result of fluid flow in
perfusion bioreactors depends on the scaffold geometry and architecture such as the
porosity and interconnectivity of pores and this stress can be adjusted by changing the
flow rate [208]. A perfusion bioreactor should provide sufficient flow through each
scaffold, must be consistent, repeatable and controllable. In addition, all components
pertaining to the bioreactor should withstand sterilization procedures that prevent
contamination [209].

It is very challenging to measure the effects of fluid shear on cells for 3D scaffold
systems. Perfusion of fluid decreases mass transfer limitations in the system, improves
nutrient and oxygen transfer and removal of metabolic wastes which make it very difficult
to distinguish the beneficial effect of fluid shear directly on cells. It is also challenging
the calculation of shear force applied on cells because of the complex force distribution
within the scaffold geometry [128]. Despite these challenges there is a wide range of
studies in the literature demonstrating the positive effects of perfusion bioreactors on the
production of tissue engineered bone constructs [210].

For example, in a study researchers applied computational fluid dynamics in
combination with mechano-regulation theory for the optimization of various scaffold

geometries such as pore size and porosity and fluid flow rates to obtain the optimum shear
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stress for the maximized mineralization. It was reported that the optimal flow rate is
dependent on the scaffold geometry, nevertheless the values are between 0.5 and 5
mL/min for various geometries [207]. In another study, the researchers used a flow
perfusion bioreactor for 6 mm thick polyurethane scaffolds seeded with pre-osteoblasts
and showed that after 8 days of incubation cell density was 76+3% at the core of scaffolds
incubated in perfusion bioreactors, while cell density was 0.3+0.3% for the static control
group claiming that flow perfusion can be used for production of large scale constructs
by maintaining cell viability [211]. In a similar study, goat bone marrow stromal cells
were seeded to calcium phosphate scaffolds which have 10 cc volume and incubated for
19 days in a perfusion bioreactor. They reported that the scaffolds were covered with a
homogenous cell layer with a dense ECM and these scaffolds stimulated bone formation
after 6 weeks when implanted in mice [212]. Another research reported that a perfusion
bioreactor that was used for maintaining a fluid flow through decellularized bone
scaffolds of 0.5 cm with human adipose tissue derived stem cells stimulated the
production of bone matrix components such as collagen, BSP and osteopontin after 5
weeks incubation [213].

In this research we used a custom made vibration/perfusion bioreactor that was
used previously to cultivate trabecular bone explants (Figure 4.1) for the incubation of
mouse bone marrow stem cells that were seeded on filter paper constructs to study the
combinatorial effect of two mechanical forces on the osteogenic differentiation. The
importance of this research is the use of a novel, low-cost, reproducible and commercially
available scaffold material in a complex bioreactor system with the possibility of studying

different mechanical loads at the same time.

Media flow

Media inlet
to chamber

Cell seeded
paper samples

Figure 4.1. Schematic representation of custom made vibration/perfusion bioreactor
[214].
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4.2. Methods

4.2.1. Experimental Design for the Perfusion/Vibration Bioreactor

The perfusion/vibration bioreactor experiments were performed at Biomechanics
and Mechanobiology Laboratory in National University of Ireland, Galway (NUIG),
under supervision of Prof. Dr. Laoise McNamara.

The bioreactor consists of following parts (Figure 4.2):

e Avoice coil linear actuator (an adapted Enduratec bioreactor, Bose
Limited, Gillingham, UK) for vibration

e Polyether ether ketone (PEEK-1000) platens

e Custom made polyetherimide (PEI-1000) chamber (Riteway
Engineering Limited, Galway)

e HelixMark® standard silicone tubing (inner diameter 1.58 mm,
outer diameter 3.18 mm, wall thickness 0.80 mm) (Freudenberg Medical,
Germany)

e [smatec® 2 stop peristaltic pump tubing (inner diameter 1.52 mm)
(Cole-Parmer, Germany)

e Peristaltic pump (Harvard Peristaltic Pump P70, USA)

e Media bottles

e Luer fittings

e Surge protector

e Linear variable differential transformer (LVDT)

D1 ORL UVA cells that were infected with PMIG retrovirus to insert GFP gene
were seeded on 16 Whatman paper scaffolds without collagen at 10° cells in 20 pL/paper
density for bioreactor studies. Cells were seeded on paper constructs in 12 well plates and
the next day after seeding, for osteogenic induction growth media were replaced with
osteogenic media for 8 of the samples. Five days after seeding 4 samples in normal growth
media and 4 samples in osteogenic induction media were transferred into the bioreactor

chamber. For comparison, paper scaffolds with the same cell seeding density were
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incubated both in growth and osteogenic media for the same duration under static

conditions.

Figure 4.2. Parts of perfusion/vibration bioreactor and the controlling unit

Before assembling the bioreactor all the platens, chambers, tubings, media bottles
and luer fittings were washed with 1% virkon, 70% ethanol and distilled water,
respectively. PTFE tape was wrapped around the screws. Tubings were connected to
media bottles. Two of the sample holes on the chamber were serially connected to each
other with tubings; so that they were fed from the same medium bottle (Figure 4.3a). Each
bottle and tubings were prepared as a closed loop system prior to autoclaving. All of the
parts were then autoclaved. After sterilization with the autoclave, all parts were subjected
to UV light in the laminar flow hood for 1h.

The bioreactor was assembled in the laminar flow hood. First the bottom screws
were placed into the chamber holes. Then cell seeded samples were inserted into the holes
in chamber (Figure 4.3c). Two samples were inserted into each hole. Afterwards top

screws were placed and all of the tubings were connected. Then 40 mL media were put
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into the bottles. Syringe filters were placed on top of the bottles (Figure 4.3b). With a
syringe 20 mL medium from each bottle was taken and pumped through the tubings to

check the connections.

Figure 4.3. a) Serial connection of sample holes. White circles show two successive holes
that are connected to each other, and red arrows show the connector tubing.
b) Media bottles. Medium is perfused through the system and returns back to
the same bottle. c) The sample chamber and the screws. The chamber consists
of 4 sample holes.

The shelves of the incubator were removed and the Enduratec bioreactor and the
peristaltic pump were sprayed with 70 % ethanol and inserted into the incubator. Then all
of the media bottles and the chamber were carried into the incubator as well. The chamber
was placed on top of the threaded bar on Enduratec bioreactor for further vibration
application. The tubings were connected to the peristaltic pump. Media were constantly
and continuously perfused through the system at a flow rate of 0.9 mL/min.

Vibration was applied to the system at 0.1g magnitude, 90 Hz frequency and
324000 cycles (1h/day) for 5 days/week. Media were changed twice a week by removing
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half of the media from the bottles and adding same amount of fresh media. Samples were

incubated in the bioreactor for 14 days.

4.2.2. Total RNA Isolation from Bioreactor Samples and RT-PCR

For total RNA isolation from cells on Whatman paper scaffolds RNeasy Mini Kit
(Qiagen, The Netherlands) was used. Paper samples from the bioreactor and static culture
were washed with PBS once, and transferred to wide bottom Eppendorf tubes. Lysis
buffer was prepared by adding 1% (v/v) B-mercaptoethanol and 500 uL lysis buffer was
added to each sample.

Samples were put on ice and homogenized with a mechanical homogenizer at the
highest power for 1 min with an interval after 30 s. 500 pL 70% molecular grade ethanol
was added to each sample. Lysate was passed 10 times through a blunt-end 20-gauge
needle fitted to an RNase-free syringe for each sample and RNA isolation was done
according to the manufacturer’s instructions. Isolated RNAs were kept at -80 °C.

Reverse transcription was done by QuantiNova Reverse Transcription Kit
(Qiagen, The Netherlands), according to the manufacturer’s instructions. CONAs were
kept at -20 °C. For reverse transcription reaction 500 ng RNA template was used. For
RT-PCR 50 ng cDNA was used with the primers listed below. The primer specificity was
tested with Primer-BLAST tool. PCR was conducted at 90 °C for 5s, specific annealing
temperatures for each primer pair for 10s and 72 °C for 20s for 40 cycles. The annealing
temperatures are given in Table 4.1.

Quantitative RT-PCR was done by StepOne Plus thermal cycler (Applied
Biosystems, USA) with QuantiNova SYBR Green PCR Kit (Qiagen, The Netherlands).
The relative expression levels of the target genes were calculated by threshold cycle
(AACt) method with GAPDH as reference gene and reported as 222t as relative folding

changes to samples under static and growth medium conditions.
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Table 4.1. Sequences of forward and reverse primers used for RT-gPCR reactions.

Annealing
Gene Forward primer Reverse primer Temperature
(°C)
ALP ATCTTTGGTCTGGCTCCCATG TTTCCCGTTCACCGTCCA 57.2

OPN AGCAAGAAACTCTTCCAAGCAA GTGAGATTCGTCAGATTCATCCG 55.2

Runx2  CGCCCCTCCCTGAACTCT TGCCTGCCTGGGATCTGTA 60

GAPDH AGGTCGGTGTGAACGGATTT GTGATGGGCTTCCCGTTGAT 58

4.2.3. FTIR Analyses for Detection of Mineralization

The composition of organic and inorganic components of ECM was detected by
Fourier-transform infrared spectroscopy (FTIR) (Perkin Elmer Spectrum Version 10.4.3,
USA). The samples were fixed with 4% PFA and washed with distilled water several
times. Then they were dried in the vacuum oven to remove the water. FTIR spectrometer
with ATR attachment was used and the spectra was recorded in the range of 4000-400
cm* wavenumber with 4 cm™ resolution. Analyses were done by using Spectragryph 1.2

spectroscopy software.

4.2.4. Detection of Scaffold Mineralization with Micro Computed
Tomography (nCT)

Micro CT allows to take stacked images from the inner side of the objects by using
X-rays and reconstructs 3D views. It is a very useful tool for detection of in vivo [215,
216], ex vivo [217] and in vitro [218] bone formation and mineralization. The mineral
formation was assessed using a micro computed tomography device (Scanco Medical

uCT 100). A voxel size of 3.3 um and 70 kVp X-ray source at 114 pA were used. Before
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uCT scanning, the samples were fixed with 4% PFA. Fixation of the specimens in the
uCT sample holder was achieved by placing a multi-layer sponge in the 14 mm holder,
and fixing two specimens separated in between. The sample holder was then filled with
1X PBS, in which the scans were performed. Bone volume (BV, mm?), total volume (TV,
mm?) and bone mineral density distribution (BMDD, mg HA/cm?) were determined from
the scans and histograms of samples were represented by using mg HA/cm?® and % of TV
data obtained from pCT scans. For heterogeneity of the samples, peak mineralization and
mean mineralization values were calculated and full width at half maximum (FWHM)

was measured [219].

4.2.5. Immunostaining for Osteogenic Differentiation Markers

Immunostaining for osteoblastic proteins bone sialoprotein (BSP) and osteopontin
(OPN) was done to detect the differentiation of bone marrow MSCs upon osteogenic
induction and mechanical stimulation. Samples from static culture and bioreactor were
washed with PBS at day 19 (14 days in bioreactor with 5 days in tissue culture plate under
static conditions prior to transferring the samples to the bioreactor) and fixed with 4%
paraformaldehyde (PFA) for 15 min at room temperature and washed with PBS twice
again. Permeabilization solution was prepared by adding 20 uL Triton-X to 10 mL
distilled water and 500 uL of this solution was added on each sample and incubated for 5
min. Samples were washed with PBS once more and 1%BSA was added on each sample
to prevent non-specific binding and incubated for 1h at room temperature. One sample
from each group (St-g, St-o, Br-g and Br-0) were cut into two pieces and half of them
were stained for BSP and DAPI (for the nucleus), and the remaining were stained for
OPN and DAPI. BSP and OPN primary antibodies were produced in mice (Santa Cruz
Biotechnology Inc, USA). BSP and OPN antibodies were diluted 1:100 in 1% BSA and
samples were incubated with the primary antibodies at 4 °C overnight. Then primary
antibodies were removed and the samples were washed with 1%BSA 3 times by
incubating each wash for 10 min at room temperature. For BSP and OPN stainings, goat
anti-mouse secondary antibody that was labelled with 549 nm Alexa Fluor fluorescent

dye was used. The secondary antibody was diluted at a ratio of 1:200 in 1X PBS and the
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samples were incubated with the secondary antibody in dark for 1.5 h at room
temperature. After incubation samples were washed with PBS twice. For DAPI staining,
20 mg/mL DAPI stock solution was diluted to 200 ng/mL and the samples were incubated
with this solution for 5 min at room temperature. Samples were washed with PBS twice
afterwards and kept in PBS at 4 °C in dark until observation with the fluorescent
microscope (Olympus 1X83).

4.2.6. Statistical Analyses

Gene expression studies were repeated in triplicates, stainings and uCT scans
were repeated in duplicates. All results are displayed as the mean =+ standard deviation.
Statistical analyses for comparison between the groups were performed using ANOVA.
In order to detect significant difference between groups for osteoblastic gene expression
levels ANOVA followed by S-N-K post hoc test was done. Levels of significance were

reported for 5%.

4.3. Results

4.3.1. The Effect of Mechanical Stress on the Differentiation of MSCs at
Gene Expression Level

The simultaneous effect of two mechanical forces, vibration and fluid shear, on
the differentiation of mouse bone marrow MSCs on paper scaffolds was determined at
gene expression level by quantitative reverse transcriptase polymerase chain reaction
(RT-gPCR). In order to determine the effect of the mechanical forces on the osteogenic
differentiation, the change in mRNA expression levels of osteoblastic marker genes ALP,
Runx 2 and OPN were assessed by comparison to the mRNA expression level of the
housekeeping gene GAPDH. For the assessment of mMRNA expression levels, four
experimental groups were tested; static growth (St-g), static osteogenic (St-0), bioreactor

71



growth (Br-g) and bioreactor osteogenic (Br-0). The mRNA expression levels of all

osteogenic markers for each group were normalized to the expression of the related gene

of static growth group.

group, but OPN expression had a different trend (Figure 4.4).

It was observed that Runx 2 and ALP expression profiles were similar for each
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Figure 4.4. Gene expression levels of D1 ORL UVA stem cells that were either incubated
in the bioreactor with regular growth medium or osteogenic medium (Br-g
and Br-0), or under static culture conditions (St-g and St-0) after 19 days.
OPN expression was found to be higher whereas Runx 2 and ALP expressions
were lower for Br-o and Br-g compared to St-g group. a, b,: differences in
gene expression levels between groups calculated by ANOVA followed by
S-N-K post hoc test.

The expressions of Runx2 and ALP were lower, whereas OPN expression was
higher for Br-o and Br-g when compared to St-g group. The Runx 2 and ALP expression
levels of the samples incubated in osteogenic medium were less than their counterparts
incubated in regular growth medium for both static and bioreactor samples, but OPN

expression increased upon treatment with osteogenic medium.
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4.3.2. Micro Computed Tomography (uCT) Analyses for Detection of

Mineralization

According to data obtained from pCT scans, the highest degree of mineralization

was observed for Br-o sample (Figure 4.5). Corresponding BV values are reported in

Table 4.2. The quantification depending on BMDD parameters were calculated after the

histograms of the samples were drawn (Figure 4.6). Only the histograms of St-o and Br-

o samples displayed a Gaussian distribution, so BMDD parameters were calculated

for those samples (Table 4.3).

only
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Figure 4.5. uCT images of the scanned paper samples. St-g: Static growth, Br-g:

Bioreactor growth, St-o: Static osteogenic, Br-0: Bioreactor osteogenic
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Table 4.2. Bone volume (BV) values of the samples obtained by uCT scans.

Table 4.3. BMDD parameters calculated from the histograms of the samples

Sample Bone Volume (BV) mm?
St-g 0.0021
Br-g 0.0080
St-o 0.0026
Br-o 0.0988
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Figure 4.6.
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4.3.3. Immunostaining for Osteogenic Differentiation Markers

D1 ORL UVA cells that were seeded on paper scaffolds and incubated in growth
or osteogenic media under static conditions or in vibration/perfusion bioreactor were
stained with antibodies against BSP 2 and OPN proteins to detect osteogenic
differentiation at day 19 (14 days in bioreactor with 5 days static incubation priorly). It
was observed that OPN expression was higher for the samples incubated in the bioreactor
(Figure 4.7). The bioreactor growth group expressed more OPN than static osteogenic
group, which was also consistence with the gene expression results. This shows that
mechanical forces, fluid shear and vibration, acting on cells in the bioreactor triggered

the expression of osteoblast specific genes even in the absence of chemical inducers.

Static Bioreactor

Figure 4.7. Expression of bone specific protein osteopontin (OPN) was detected by
immunocytochemical staining. Samples were stained for OPN (red) on day
19 (14 days in vibration/perfusion bioreactor and 5 days in tissue culture plate
before transferring into bioreactor, or 19 days in tissue culture plate for static
condition) and counterstained with DAPI (blue) for nucleus. More OPN

signal was detected for the samples incubated in the bioreactor compared to
static cultures. Scale bar represents 10 um.

Growth

Osteogenic
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According to another immunostaining result for a different osteogenic marker
BSP 2, it was observed that more signal was detected for the samples in osteogenic
induction group for both static cultures and the samples incubated in the bioreactor
(Figure 4.8). BSP 2 was not observed in static culture for the growth group. However,
BSP 2 in a small quantity was observed for bioreactor growth group, which can be
concluded as like for OPN, mechanical forces caused an increase in the production of
BSP 2.

Static Bioreactor

B - -

Osteogenic

Figure 4.8. Production of bone specific protein bone sialoprotein 2 (BSP 2) was detected
by immunocytochemical staining. Samples were stained for BSP 2 (red) on
day 19 (14 days in vibration/perfusion bioreactor and 5 days in tissue culture
plate before transferring into bioreactor, or 19 days in tissue culture plate for
static condition) and counterstained with DAPI (blue) for nucleus. The signal
for BSP 2 was found higher in osteogenic induction group, whether the
samples were incubated in the bioreactor or under static culture conditions.
Scale bar represents 20 pm for the left column, 50 pm for the right column.
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4.3.4. Alizarin Red S Staining for Detection of Mineralization

The samples that were incubated in the bioreactor and under static culture
conditions in tissue culture plates were stained with Alizarin red S dye to detect
mineralization. Red color on Br-o and St-o groups indicates that calcium deposition
started for these samples (Figure 4.9). However, St-g and Br-g groups were not stained.
It was observed that Br-o sample stained more intensely suggesting that mechanical
loading when used in combination with chemical inducers triggered osteogenic

differentiation and ECM mineralization.

Ep St-g Br-g St-o Br-o

Figure 4.9. Stereomicrographs of Alizarin red S stained samples. Samples incubated in
standard growth medium under static conditions (St-g) and in the bioreactor
(Br-g) were not stained, but the ones incubated in osteogenic induction
medium (Br-o0) and (St-0) stained positively for calcium deposition.

4.3.5. FTIR Analyses for Detection of Mineralization

It was observed that all of the sample groups except Br-o had very similar spectra.
However, Br-o group had peaks at 1237, 1453, 1548 and 1634 cm™ wavelengths which
were not observed in other samples. The peaks at 1237, 1548 and 1634 cm™ originate
from amide 111 band (1200-1300 cm™) [199], amide 11 of collagen moiety [199] and amide
I B sheets [181], respectively. The peak at 1453 cm™, on the other hand, arises from
carbonate substitutions in the HAp crystal lattice [199]. According to our results, the
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bands that originate from the organic component of bone, collagen, was clearly visible
for Br-o sample with a slight mineralization (Figure 4.10).
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Figure 4.10. FTIR spectra of the samples between 450 and 1800 cm-1 wavenumbers. All
of the samples had the same spectra with empty paper (Ep), except Br-o. a)
Spectra of all samples demonstrating the distinct peaks of Br-o sample. b)
Spectra of all samples after the spectrum of empty paper was subtracted.
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4.4. Discussion

Osteoblast culture systems have their unique differentiation profiles [220], so the
expression pattern of genes during each stage of differentiation might vary depending on
cell type. Runx2 and ALP are among the most important early stage markers of osteogenic
differentiation [221]. In the early phase of osteoblastic differentiation of progenitor cells
or in multipotent stem cells, Runx2 expression is required for triggering the expression
of mineralization related genes such as OCN, OPN and BSP in the later stages [222, 223].
During the differentiation of multipotent stem cells into osteoblasts, Runx2 expression
decreases in time and this decrease is required for the maintenance of osteoblast function
[224]. In this research, mMRNA expression levels were measured at 19" day of incubation,
which corresponds to middle or late stage of osteogenic differentiation. According to our
results the expression level of Runx2 gene was highest for St-g group and upon osteogenic
induction a decrease in this level was observed. Previous reports show that Runx2 gene
expression might be upregulated independently from osteoblastic differentiation [225],
as the increase in mMRNA level of St-g group in our study. It was also reported that Runx
2 plays a role in the early response of osteoblastic cells to mechanical induction [226].

ALP expression starts to decline after an initial peak [227] in a similar way to
Runx2 expression [228]. However, there are two peaks of OPN expression at different
time points during osteogenic differentiation; once at cell proliferation stage and again in
later stages [221]. The expression of OPN gene also depends on the mechanical signals
received by the cells [229, 230] and this results with the upregulation of OPN upon
mechanical stimulation [231].

Our RT-PCR results might suggest that the decreased levels of Runx2 and ALP
expressions together with an induction in OPN expression is the result of differentiation
of D1 ORL UVA MSCs into immature osteoblasts upon osteogenic induction. In addition
to that, the lowest expression levels of Runx2 and ALP genes, with the highest OPN
expression that was observed for the bioreactor group suggest that a combination of
mechanical vibrations and fluid shear forces induced the osteoblastic differentiation of
cells most.

For the detection of osteogenic differentiation of bone morrow stem cells used in

this research, in addition to gene expression analysis immunocytochemical stainings were
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also performed. BSP 2 and OPN are non-collagenous extracellular matrix proteins which
belong to SIBLING (small integrin binding ligand N-glycosylated) family and by
interacting with hydroxyapatite (HAP) they take part in the mineralization of bone [232].
BSP has an important role in the nucleation of HAP in the bone matrix. It binds to HAP
by polyglutamic acid residues and to cell surface integrins with arginine-glycine-aspartate
(RGD) sequence [233, 234]. Similar to OPN, BSP is also an osteoblastic marker gene that
is commonly used for studying MSC differentiation and its expression increases upon
mechanical stimulation [235]. Previous studies about the localization of these proteins
showed that BSP is found in mineralized regions of bone, whereas OPN accumulation
was observed in both mineralized and non-mineralized tissue and stromal cells [236]. For
the determination of mineral formation ARS staining was done and our results were
similar to the previous reports. OPN expression was observed for non-mineralized
samples that were incubated in the bioreactor without chemical induction. However,
expression of BSP was only detected for the samples that were stained positively for
calcium deposition. In a very recent research, it was reported that the ex vivo stretching
of rat calvarial bones altered the osteoblastic gene expression pattern depending on the
mechanical loading [237]. The expression sequence of non-collagenous proteins was
BSP, OPN and OCN from the earliest time point to the later stages, respectively; whereas
for some osteoblasts OCN expression was prior then OPN expression upon mechanical
induction. Briefly, mechanical stimulation and the magnitude of the load applied might
alter the gene expression patterns during osteoblastic differentiation process.

Detection of mineralization is an important tool for the determination of
osteogenic differentiation and it occurs under several defined conditions. A matrix is
required for the specific orientation of ions that will take part in the mineral crystal
formation under physiological conditions [238]. When anchored to the matrix BSP and
OPN are involved in the crystal nucleation [238]. The mineralization of bone is still under
investigation and different hypothesis exist about the formation and maturation of the
inorganic phase. According to matrix vesicle formation hypothesis, for the initiation of
mineralization, calcium and inorganic phosphate nucleate within the matrix vesicles first
and then they are transported to ECM. In the following steps this process continues with
the formation of HAP crystals and association of the inorganic phase with collagen fibers
[239]. Mechanical loads are also very important for the differentiation of stem cells into
osteoblasts. In a previous research, it was reported that higher matrix protein production

80



and calcium release levels were observed for PLLA scaffolds which were carrying Bay
K8644, a voltage operated calcium channel agonist, and mechanically induced via a
compression/perfusion bioreactor compared to static controls [240]. According to our
results, for the initiation of calcium deposition application of mechanical forces via the
bioreactor was not sufficient, but upon loading with chemical induction the highest
mineral formation was observed. ARS staining results showed that induction with
osteogenic medium under static conditions also resulted with the formation of the
mineralized matrix. However, for the samples that were not subjected to mechanical
loading the FTIR peaks that arise from the inorganic component of bone was not
observed. This might be due to formation of immature mineral crystals by the cells. ARS
dye binds calcium ions and forms a complex. St-o samples were stained with ARS, but
no peak was observed in the phosphate region of the FTIR data for those samples. The
mineral phase of the St-o sample might not be mature enough for detection with FTIR,;
calcium accumulation might have started but HAP formation has not been completed yet.
Briefly, this can be explained with the faster differentiation of MSCs upon application of
mechanical loading. Incubation of the samples in regular growth medium without any
osteogenic supplements but with mechanical loading did not result with mineral
formation which was demonstrated both with ARS staining and FTIR analysis, suggesting
that mechanical loading without chemical induction was also not enough to stimulate

crystal formation.
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CHAPTER 5

CONCLUSION

This research thesis can be mainly divided into two parts: The first part was
designed to understand the cytotoxic effects of two potential phenolic compounds for
prevention of carcinogenesis and more importantly the effect of culture conditions,
monolayer or 3D, on the cytotoxic response of mesenchymal stem cells (MSCs) upon
administration of these compounds. The second part was designed for understanding the
effects of single and simultaneous mechanical forces on the osteogenic differentiation of
MSCs. The entire research concerns about the improvement of cell and scaffold systems
for bone tissue engineering applications.

As indicated in Chapter 2, phenolic diterpenes carnosol and carnosic acid had
antimicrobial properties on Gram positive bacteria, but the concentrations to cease the
bacterial activity was cytotoxic when bone derived cells were incubated in monolayer
cultures. However, when the cells were subjected to these phenols in 3D culture systems,
they were able to tolerate the cytotoxicity better, which shows the importance of
mimicking the real 3D tissue organizations through tissue engineering principles.

In Chapter 3, single type of mechanical force was applied as vibration and its
effect on osteogenic differentiation was determined at molecular level as gene expression
and mineralization. Although the application of mechanical forces induced a faster
osteoblastic differentiation, without addition of osteogenic supplements into the culture
media these forces were not sufficient to trigger osteogenesis. In this research, single
acceleration, frequency and duration value was tested depending on the results of
previous researches in the literature. For a further prospect, a range of different values
might be tested to optimize the osteoblastic differentiation and maturation of MSCs.

In order to approach more reliable in vitro conditions, it is very crucial to simulate
in vivo parameters as close as possible. Our bones are subjected to more than one type of
mechanical force in real life. For this reason, in Chapter 4, the effects of simultaneously
applied fluid shear and vibration forces on osteogenesis were studied. However, this part

of the research was conducted in a limited duration, since it was a short term research
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project, the incubation time of the constructs could not exceed 14 days in the bioreactor.
Longer incubation duration might better mimic the in vivo conditions. Besides, as a
further prospect, paper scaffolds might be constructed from multiple layers to mimic the
3D structure of bone more closely and subjected to mechanical forces.

The entire research demonstrated how important the environmental stimuli for
osteogenic differentiation and how important to use a 3D system rather than monolayer
culture in terms of cellular behavior. Additionally, it was also demonstrated that filter
paper is a good candidate for construction of bone tissue engineering scaffolds even
without any further modifications.

For a future projection, the filter paper scaffold systems in this research can be
used for studying the effects of vibrational forces on the differentiation of stem cells on
3D scaffold systems by preparing a mathematical model. Varying acceleration and
frequency values can be essayed experimentally to understand whether the mathematical
model fits real conditions or not. Additionally, paper based scaffolds can be implanted in
vivo and local vibrations or whole body vibration can be applied externally for the
stimulation of osteogenesis. For the bioreactor studies, shear forces acting on the samples
can be modeled and calculated for varying flow rates of the culture medium and
experimentally tested when the shear force is applied vertically or horizontally to the

samples.
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