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ABSTRACT

SIMVASTATIN LOADED POROUS HYDROXYAPATITE BASED
MICROCARRIERS FOR BONE TISSUE ENGINEERING

Giildiken, Merve
M.S., Department of Biotechnology
Supervisor: Assoc. Prof. Dr. Aysen Tezcaner

Co-Supervisor: Prof. Dr. Caner Durucan

December 2014, 85 pages

Bone tissue engineering provides a new medical therapy as an alternative to
conventional bone replacement grafts. Carriers designed for bone tissue engineering
applications should be biocompatible, bioactive, and porous and should also meet
certain minimal requirements to obtain functional engineered tissues. Polymers,
ceramic materials and their composites are widely used for developing such carriers.
The objective of this study was to develop and characterize a simvastatin (SIM)
loaded porous hydroxyapatite microcarrier system by water in oil emulsion method
for bone tissue engineering applications. In order to obtain spherical and structurally
stable microcarriers, powder size should be submicron with a narrow size range. For
this purpose, firstly, HAp powders (~10-17 um) were synthesized using co-
precipitation and sol-gel methods. It was found that powder characteristics
synthesized by both methods were not suitable to form porous microcarriers.
Therefore, the microcarriers were then prepared using Nano-HAp powders

(<200nm). Spherical shaped and structurally stable microcarriers were obtained with



Nano-HAp powders. The average size of microcarriers prepared by Nano-HAp was

determined to be 426 um.

The fabricated microcarriers were loaded with SIM and also coated with human
decellularized adipose tissue (DAT). DAT coated and SIM loaded microcarriers were
used for enhancing attachment, proliferation and osteoblastic differentiation of cells
as well as for controlling SIM release. Drug loadings results were 59%, 61% and
32%, for different concentrations of SIM (1, 0.5 and 0.1 mg/ml), respectively.
Release kinetics of drug loaded microcarriers could not be determined because of
poor water solubility of SIM (13 pg/ml in dH,0). In vitro cell viability of SIM
loaded and DAT coated microcarriers were conducted by using PrestoBlue assay
with two different cell types, Saos-2 and human adipose derived stem cells (hnASCs)
for 10 days. The results showed that although the loaded SIM amounts were higher
than the toxic dose, microcarriers were not cytotoxic on both cell types. A higher cell
attachment on DAT coated microcarriers was observed compared to un-coated
microcarriers. A time dependent increase in cell number was observed on both
coated and DAT un-coated microcarriers. Therefore, it can be concluded that both
DAT coated and uncoated SIM loaded HA microcarriers have a potential in treating

bone defects with tissue engineering applications.

Keywords: Bone Tissue Engineering, microcarriers, hydroxyapatite, simvastatin
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KEMIK DOKU MUHENDISLIGI UYGULAMALARINA YONELIK
SIMVASTATIN YUKLU GOZENEKLIi HIDROKSIAPATIT TEMELLI
MIiKROTASIYICILAR

Giildiken, Merve
Yiiksek Lisans, Biyoteknoloji Boliimii
Tez Yoneticisi: Dog. Dr. Aysen Tezcaner

Ortak Tez Yoneticisi: Prof. Dr. Caner Durucan

Aralik 2014, 85 Sayfa

Kemik doku miihendisligi giiniimiizde uygulanmakta olan transplantasyon tedavi
tekniklerine yeni bir alternatif saglamaktadir. Biyouyumluluk, biyoaktivite,
gozeneklilik ve dnemli mekanik ve fiziksel gereklilikler kemik doku miihendisligi
i¢cin tasarlanmis olan tasiyicilarin fonksiyonel olabilmesi i¢in sahip olmasi gereken
onemli ozelliklerdir. Bu 6zellikler polimer, biyoseramik ve kompozit materyallerin
kullanilmasi ile saglanabilir. Bu gerekliliklerden yola ¢ikarak, bu ¢aligmadan
simvastatin yiiklii, hidroksiapatit temelli gézenekli mikrotasiyicilarin yag icinde su
emiilsiyon yontemi ile iiretimi ve kemik doku miihendisligi alaninda kullanimi igin
amaglamistir. HAp tozlarindan iiretilen bu tasiyicilar i¢in tozlarin pargacik boyutu
oldukca onemlidir. Mikrotasiyicilarin hazirlanmasinda, stabilitesini koruyan kiire
seklinde bir yap1 elde edebilmek i¢in tozlarin parcacik boyutunun mikrondan diisiik
ve homojen olmasi gerekmektedir. Bu amacgla yola c¢ikarak ilk olarak ko-
presipitasyon ve sol-jel adi1 verilen 2 farkli yontem ile HAp tozlar1 elde edilmistir.
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Ancak iiretilen tozlarin boyutlart gézenekli ve kiiresel bir mikrotasiyici iiretmek i¢in
uygun olmadig goriilmiistiir. Bu nedenle, mikrotasiyicilarin tiretiminde Nano-HAp
tozlar1 kullanilmistir. Elde edilen tasiyicilarin boyutlar1 426 um olarak 6l¢lilmiistiir.
Uretilen tastyicilara simvastatin yiiklenmesinin ardindan, yiiklenen ilacin hizl
salimin1 engellemek, kemik doniisiimiinii indiiklemek ve hiicrelere ekstraselliiler
matris ortami saglayabilmek amaci ile deselliilerize adipoz doku ile kaplanmuistir.
Sonuglara bakildiginda kiiresel sekile sahip, yapisal olarak daha dayanikli
mikrotasiyicilar Nano-HAp kullanilarak elde edilmistir. Tasiyicilara ilag yiiklenmesi,
1, 0.5 ve 0.1 mg/mL olmak iizere ii¢ farkli ilag konsantrasyonlarinda denenmistir ve
sirastyla ilag yiikleme verimlilikleri %59, %61 ve %32 olarak bulunmustur. Ilag
yikklenmis mikrotasiyicilarin - salim  kinetikleri simvastatinin su  igerisinde
¢ozlinirligiiniin disiik olmasi nedeniyle belirlenememistir. In vitro hiicre canlilik
testi ilag yiiklenmis DAT kapli ve kapli olmayanlar iizerinde prestoBlue analizi
kullanilarak 10 giin siire ile yapilmistir. Bu deney ig¢in Osteosarcoma (Saos-2) hiicre
hatt1 ve adipoz kokenli kok hiicreler kullanilmigtir. Elde edilen sonuglara gore, 10
glinliik inkiibasyon sirasinda mikrokiirelere toksik SIM dozlari yiiklenmis olmasina
ragmen, hiicreler tizerinde bu bu toksik etki gdzlenmemistir. Bu sonucun hazirlanan
tasiyicilarin ilag salimini yavaglatarak daha kontrollii bir salim kinetigi olusturdugu
diistiniilmektedir. Hiicre ekildikten sonra yapilan SEM analizi sonrasinda ise DAT
kapli mikrokiirelerin {izerlerine yapisan hiicre sayisinin daha fazla oldugu
gozlemlenmistir. Zamana bagli hiicre artist hem DAT kapli hem de kapli olmayan
mikrotasiyicilarda gozlenmistir. Sonug olarak DAT kapli ve kaplanmamis olan SIM
yiikklenmis HAp temelli mikrotasiyicilarin doku miihendisligi uygulamalarinda kemik

hasarlarinin tedavi edilmesinde bir potansiyele sahiptir.

Anahtar Kelimeler: Kemik doku mihendisligi, mikrotastyicilar, hidroksiapatit,

simvastatin
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CHAPTER 1

INTRODUCTION

1.1. Bone
1.1.1. Structure and Composition of Bone

Bone is a natural connective tissue that gives internal support to vertebrate body.
Besides providing physical support, bone also plays important roles in protecting
vital internal organs, controlling mineral balance of the body and leading to
movement (Salgado et al., 2004). Bone is a calcified tissue in which bone cells are
embedded such as osteocytes, osteoblasts and osteoclasts (Pritchard, 1972). This
composite structure of bone consists of organic and inorganic phases. In human
body, this composition consists of 30% organic and 70% inorganic. Collagen fibers
(mainly collagen Type 1) are the main elements of the organic phase and the
remaining part contains non-collagenous proteins including osteocalcin, sialoprotein,
phosphoproteins, growth factors and blood proteins (Arnett, 2003; Fisher et al., 2007;
Van et al., 2008). The inorganic phase is mainly composed of carbonated apatite
Cag(HPO,)(PO4)s(OH). It also includes small amounts of magnesium (Mg*"),
carbonate (CO3%) and acid phosphate in mineral structure (Clarke, 2008). Biological
apatites show different characteristics from synthetic carbonated hydroxyapatite
(HAp) nanocrystals like variations in their composition, nanometric crystal sizes,

presence of carbonate groups and structure disorders (Salinas et al., 2013).



1.1.2. Bone Formation and Regeneration

Bone is a dynamic and active tissue that is able to repair itself to a certain extent
which results in production of healthy bone. In healthy adult skeleton, bone tissue
maintains its strength and mineral homeostasis through remodeling process.
Basically, bone remodeling is the action of bone cell populations in order to replace
the existing bone with new bone for preserving the integrity of skeleton (Eriksen,
2010). Two main cell types of bone cells are responsible for bone remodeling:
osteoblasts (synthesize and secrete collagen type | and most of the bone proteins)
and osteoclasts (mediate bone resorption) (Crockett et al.,2011). The remodeling is
initiated by removal of the dead cells from the fracture area by osteoclasts. This stage
is called the inflammatory phase. Following stages are local hypoxia and hematoma
formation. Hematoma provides surface for cell attachment and proliferation
(Damaraju et al., 2014). The formation of hematoma is related to inflammatory
response. Production of cytokines including tumor necrosis factor-a (TNF-a),
interleukin-1 (IL-1), and interleukin-6 (IL-6) from aggregated platelets is the first
step of the inflammatory response. While IL-6 affects parathyroid hormone (PTH)
reaction of bone and regulates differentiation of osteoclasts from hematopoietic
precursors, 1L-1 induces bone resorption and enhances the effect of 1L-6 (Groeneveld
et al.,, 2000). The aggregated platelets have chemotactic activity towards
lymphocytes, monocytes-macrophages and fibroblasts (inflammatory cells), and also
endothelial cells (Kolar et al., 2011; Salinas et al., 2013). Macrophages are also
responsible for the production and secretion of cytokines and various growth factors,
which are platelet derived growth factor (PDGF), fibroblast growth factors (FGF),
insulin-like growth factors (IGF), the transforming growth factor-f (including bone
morphogenetic proteins (BMPs) and vascular endothelial growth factor (VEGF) (Hu
et al., 2011). The effects of the growth factors in regeneration are summarized in
Table 1. Repair phase is followed by initial stabilization with cartilage formation.
The cartilage is replaced with new bone, and remodeling takes place subsequently.
Fracture healing process depends on the oxygen demand of the injured area and
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stability of fracture. This process either fails or takes a long time to be completed. It
should also be emphasized that bone repair process may be inhibited as a result of an
infection, defect size or other causes (Fisher et al., 2007; Hu et al., 2011; Van et al.,
2008).



Table 1. Effects of Growth Factors in Bone Regeneration.

Bone Morphogenic Proteins
(BMPs)

Play an important role in bone
generation and regeneration.
Stimulate differentiation of
Osteoblasts.

(Cheifetz et al., 1996;
Chen et al., 2001;
Reddi, 2001; Wada et
al., 1998; Wozney et
al., 1998; Yeh, et al.,
2013)

Platelet Derived Growth
Factors (PDGF)

Fibroblast Growth Factor
(FGF)

Vascular Endothelial
Growth Factors (VEGF)

Transforming Growth
Factors (TGFs)

Insulin-like Growth Factor
(IGF)

Increase wound repair,
enhance angiogenesis and cell
proliferation in cultures of
osteoblast-like cells isolated
from adult bone.

Regulates mitogenesis,
differentiation, protease
production, receptor
modulation and cell
maintenance.

Induces angiogenesis and bone
formation from
osteoprogenitor cells, as well
as extracellular matrix
synthesis.

Trigger differentiation, growth
and extracellular matrix
synthesis.

Improves osteoblast activity,
production of type I collagen
and VEGF expression from
osteoblasts. Decreases
collagen degradation, inhibits
apoptosis and regulates growth
in various cell types.

(Fisher et al., 2007;
Kakudo et al., 2008)

(Fisher et al., 2007,
Jeong et al., 2010)

(Fisher et al., 2007;
Goad et al., 1996;
Kolar et al., 2011)

(Fisher et al., 2007,
Nikolidakis et al.,
2008)

(Goad et al., 1996;
Meinel et al., 2001; G.
R. Mundy, 2000)




Bone formation process is monitored by several techniques including bone markers
such as alkaline phosphatase (ALP), collagen type I, osteopontin, osteocalcin and
bone sialoprotein. ALP and type | collagen serve as early marker while bone

sialoprotein and osteocalcin are considered as late marker (Fisher et al., 2007).

1.2. Tissue Engineering

Today, millions of people suffer from failure of organs and shortage of organ
donations. Current treatments are based on the use of commercial inert biomaterials,
autografts or allografts (Buchanan et al., 1990; Joon et al., 2007). Autografts are
good sources; however, they have many disadvantages such as the limited mass of
autografted organ and the risk of generation of complications. The use of allografts
bears risks including disease transmission and immune response. Alternatively,
metals, polymers and composites are used as biomaterials in preclinical and clinical
studies (Bohner et al., 2013; Vats et al., 2003). Usually, metals such as stainless steel
and titanium are used for permanent fixation of bone. However, corrosion
susceptibility of metal implants and infection of surrounding tissue limit their uses in
host tissue (Albrektsson et al., 2001). Moreover, mechanical properties of metals are
greater than natural bone tissue, therefore; it leads to resorption of surrounding tissue
causing removal of whole implant (Mistry et al., 2005). Synthetic and natural
polymers are preferred for scaffold preparation for tissue regeneration because of
their resemblance to natural tissues, ease of production and control over physical
structure according to the needs. However; each type of material has some
drawbacks, and none of them can accomplish autografts functionality completely in
current clinical studies (Fisher et al., 2007; Salgado et al., 2004; Van et al., 2008).

In order to achieve complete recovery of the original tissue, tissue engineering is an
alternative approach. Tissue repair/regeneration process requires some important
parameters that need to be provided including appropriate cell types, growth factor-
enhanced biocompatible scaffolds that provide intercellular communications and
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cell-matrix interactions (Nerem, 2007; Salgado et al., 2004). One of the differences
between tissue grafts and biomaterials is that; tissue graft contains living cells and
tissue-inducing substances. At this point, as already discussed, tissue engineering
concept includes all of the graft materials features except its drawbacks. Research
studies are currently in progress to develop cell-containing scaffolds to create
replacement tissues that remain interactive with host tissue after transplantation (Van
et al., 2008).

1.2.1. Bone Tissue Engineering

There are many people in the world suffering from skeletal defects that require bone-
graft procedures. Due to aging of the populations, these demands will increase. As it
is already discussed above in general manner, tissue engineering is a promising
approach for bone tissue repair as an alternative to conventional therapies. There are
two important concepts to achieve bone regeneration by using scaffold guided tissue
engineering: osteoconductivity and osteoinductivity. The osteoconductivity is the
ability of the scaffold to provide surface for cell attachment and growth.
Osteoconductive materials permit bone growth into interconnected pore channels. On
the other hand, osteoinductivity is a specialty of the material that stimulates
undifferentiated and pluripotent cells to differentiate into bone forming cell lineages
(Albrektsson and Johansson, 2001; Dimitriou et al., 2011). In addition to being
osteoconductive and osteoinductive, tissue engineered scaffolds must provide several
important properties to achieve optimal bone healing. Scaffolds must be
biodegradable and the degradation rate of the material must match the rate of tissue
regeneration. Furthermore, the scaffolds must provide interconnected pore channels
to enhance tissue ingrowth, vascularization and nutrient transport for the internally
localized cells. There are several factors that affect the scaffold fabrication and

accessibility, such as cost effectiveness, shelf- life period and manufacturability.



Investigated biomaterials for bone tissue engineering include non-resorbable
materials (i.e., polytetrafluoroethylene (PTFE), polyethylene terephthalate (PET))
(Vats et al., 2003), biodegradable natural and synthetic polymers (i.e., collagen,
polylactides (PLLA, PDLA), polycaprolactone (PCL)) (Gray et al., 1998), bioactive
ceramics (HAp, Bioglasses) and composites (i.e., generally combination of bioactive
ceramics with polymers such as PCL-HAp composite material) (Rizzi et al., 2001,
Tanner, 2010).

Non-resorbable materials are generally used in periodontal inserts and sutures (Vats
et al., 2003). PTFE is mostly used as a non-resorbable scaffold for bone regeneration.
It has been shown that PTFE enhanced bone healing in animal models (Dupoirieux et
al., 2001; Kelloméki et al.,, 2000). Besides being non-resorbable materials,
biodegradable polymers are more preferable for engineering of bone. Especially,
natural polymers have been widely used in tissue engineering applications owing to
their low toxicity and lower possibility of immune rejection than other material
types. However, their low mechanical strength and complex structure limit their uses.
Therefore, improving mechanical strength of natural polymers by using different
chemicals (i.e., crosslinkers) is needed and this strategy also has some drawbacks
(Vats et al., 2003). Synthetic polymers are promising to remedy these problems.
Their structure can be tailored to adjust mechanical properties. However, byproducts
like monomers and catalysts that have used in the synthesis of such polymers may

cause cytotoxic effect in implanted area (Fisher et al., 2007).

One of the appropriate materials for bone tissue is bioceramics. Bioceramics is a
subcategory of ceramics, which include oxides, phosphates, carbonates, nitrides,
carbides, and glasses which closely mimic mineral phase of natural bone. These
compounds are known for strong binding ability with bone tissue (Pattanayak et al.,
2010). HAp is a well-known bioceramic that has showed excellent compatibility with

surrounding tissue (Wei and Ma, 2004).



Composites, combination of two or more different types, are mostly used in bone
tissue regeneration. They show unique properties that are quite different from the
individual materials that make up the composite structure. Therefore, it is more
feasible to adjust desired stiffness and mechanical properties of composites by
varying the composition and morphology of the constituents (Kelloméki et al., 2000).
In bone tissue engineering applications, scaffolds usually contain bioceramics as
inorganic compounds to enhance the osteoconductivity and polymers as the organic

part to increase stiffness and flexibility (Johari et al., 2012; Kelloméki et al., 2000).

1.2.1.1. Bioceramics

In materials science, ceramics are defined as inorganic materials with polycrystalline
structures. Ceramics, formed by metal and nonmetal elements, include metallic
oxides such as aluminum oxide Al,Og, silicates, carbides, sulfides, and selenides
(Joon Park, 2008). Ceramics used in clinical applications are called bioceramics
(Pattanayak et al., 2010). These types of ceramics are widely used in applications of
bone tissue replacement. Bioceramics and their composites with polymers or metals
have been used in the bone tissue engineering including polycrystalline ceramics
(HAp), glass, glass-ceramics (A-W glass ceramics) or as composites like
polycaprolactone (PCL)-HAp. For example, titanium with bioceramic coating and
alumina are used in clinical applications for bone tissue replacement because of their
load bearing characteristics (Joon Park, 2008). Ceramics can exhibit different
characteristics in body. Bioinert ceramics are nontoxic and biologically inactive.
When those types of ceramics are implanted in defect site, the material is covered by
a fibrous tissue of variable thickness. Although bioinert materials are good for
replacement applications, they are not suitable materials for providing bone
regeneration. There is another type of ceramics that can provide bone tissue
regeneration. Those are calcium phosphate ceramics. Calcium phosphates are
bioactive ceramics that are non-toxic and biologically active (osteoconductive)

(Champion, 2013). Once they are implanted, they form interfacial bonding with
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surrounding tissues. Generally, tri-calcium phosphate and HAp are preferred for
regenerative purposes (Rojbani et al., 2011; Zheng et al., 2011). These ceramics have
a brittle polycrystalline structure. Their mechanical properties differ depending on

the particle size, the amount of grain boundaries and porosity (Salinas et al., 2013).

In natural environments, bioceramics can be degraded by (i) solution-mediated, (ii)
cell-mediated mechanisms or (iii) both of the mechanisms. Solution-mediated
mechanism is a physiochemical degradation. Under physiological environment, their
degradation is promoted which eventually causes deterioration of mechanical
properties. Calcium phosphate ceramics undergo dissolution-reprecipitation cycle in
natural aqueous environment before dissolving (Van et al., 2008). In body, cellular
degradation is performed by osteoclasts (Eriksen, 2010).

1.2.1.1.1. Hydroxyapatite (HAp)

HAp is the main component of hard tissue such as bone, dentin and enamel.
Hydroxyapatite [Caio(PO4)s(OH)] is one of the calcium phosphate ceramics widely
used in bone regeneration applications because of its similarity to inorganic
component of bone (Ravaglio and Krajewski, 1992). Bone tissue has biologic
hydroxyapatite that has ratio of Ca/P < 1.67 (Valletregi, 2004). HAp ceramics may
be derived from either natural sources or synthetically. Since it is bioactive,
biocompatible and osteoconductive, HAp can support and provide structural
framework for surrounding during the host bone regeneration. HAp has been widely
used in clinical applications such as bone defects, middle ear prostheses, and
craniofacial repair. Moreover, it has been mentioned that HAp based scaffold
systems also have great potential in delivery of drugs and biomolecules (M.-H. Hong
et al., 2011; Santoni et al., 2007). Recent studies showed that nano sized HAp
crystals with appropriate stoichiometry, size (<100 nm) and purity have great
potential to induce bioactivity to the scaffold (Sadat-Shojai et al., 2013; Valletregi,

2004). Additionally, in biological environment, calcium (Ca*?) release from the nano
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sized HAp based scaffolds is similar to the release observed from natural bone
minerals (L. Wang and Nancollas, 2009). It has been reported that when the size of
HAp crystals is decreased from micron to nano scale, surface reactivity was
enhanced resulting in higher host tissue and scaffold interaction (Cai et al., 2007,
Dorozhkin, 2010). It was also emphasized that the use of nano sized HAp decreases
apoptic cell death (Dorozhkin, 2010; Li et al., 2008). Because of the surface
roughness of nano powders, cell adhesion, proliferation, differentiation and
osteointegration were improved in in vitro studies (Dorozhkin, 2010; Y. Wang et al.,
2010; Webster, 2001). These properties of HAp shorten the regeneration period of
the implanted tissue (Murugan and Ramakrishna, 2005; Sadat-Shojai et al., 2013;
Van et al., 2008).

1.2.1.2. Microcarrier Systems for Bone Tissue Engineering

Microcarrier technology has become vital practically and commercially for
production of biological products such as vaccines, antibodies, enzymes and
hormones. In recent years, the microcarriers have often been used for cell culture
studies in tissue engineering applications. These cell culture studies are termed

suspension culture and provide some important advantages. These are:

(1) Spherical particles provide large surface to volume ratio, therefore the
microcarriers improve cell attachment, migration and proliferation in in
vitro culture systems (Barrias et al., 2005),

(i) Suspension culture requires less cell density and cell culture ingredients
than monolayer cell culture. When compared to monolayer culture, the
yield is increased 100-fold by utilizing microcarriers. The application of
microcarriers has involved expansion of stem cells in many studies (Goh
et al., 2013; Kehoe et al., 2010),
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(ili) ~ Microcarrier culture requires a more simplified preparation procedure
compared to the other types. Medium can be easily removed from cells
and a decrease in the risk of contamination was reported to decrease (Ma
and Zhi-Guo, 2013; Park and Pe, 2013).

Spherical microcarriers are commonly used in tissue engineering applications. The
microcarriers are made of wide range of materials including synthetic and natural
polymers, bioceramics and composites. There are commercially available

microcarriers in the market (Table 2).

It has been reported that microcarriers made from wide range of materials were
shown to have great potential for bone tissue regeneration (Barrias et al., 2005). To
achieve similarity with the microstructure of bone matrix, porous microcarriers are
generally preferred, as cells can penetrate and attach each other at the inner sides of
pores and vascularization can be induced in pore channels (Hong et al., 2009). In
addition to other advantages, interconnected porous ceramic microcarriers preserve
their mechanical strength even after heat treatment at high temperatures (Silva et al.,
2007). For preparation of these solid-state spherical particles, either emulsion or
spray drying method is used. In these methods, bioceramic powders are generally
mixed with a binder such as polyvinyl alcohol (PVA) (Yang et al., 2011), polyvinyl
butyral (PVB) (S-J Hong et al., 2009) and gelatin (Teng and Chen, 2007). Binded
powders are then subjected to high temperature heat treatments for crystallization
(Oliveira and Mano, 2011; Jeong-hui Park, 2013).

Previous studies propose different strategies for tissue regeneration. Most of them
include the use of growth factors or inductive agents that may promote tissue
regeneration (Oliveira and Mano, 2011). Polymeric, composite or ceramic based
microcarriers have been used to deliver these therapeutic factors to the implantation
area (Chou et al., 2013; Lin et al., 2010). Loading of bioactive agent to these delivery
systems is achieved by diffusion or with use of specific interactions between agents
and carrier components (Oliveira and Mano, 2011).
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Table 2. Commercially available microcarriers and their properties.

Company  Particle

/Product Size  Materials Properties Target Cell

References

Name (nm) Type

Anchorage-
Principally dependent'
GE designed for use in cells (require a Y. Yang et
Healthcare 200-280 Cellulose . higher charge '
suspension culture al., 2007

/Cytopore 2 capacity for
optimal cell

growth)

systems.




1.2.1.3. Bioactive Agents Used in Bone Tissue Engineering

In tissue engineering approach, an ideal scaffold should provide suitable
environments to the cells in vitro and in vivo cultures (Hoshiba et al., 2010). Besides
scaffolds and tissue specific cells, bioactive agents are also important for cell
proliferation and differentiation in defect site. In bone tissue engineering (BTE),
bioactive agents which are also called as osteoinductive agents have been used in
bone regeneration. These include growth factors such as BMPs, VEGF, FGF, PDGFs
and also statins (Tezcaner and Keskin, 2011). TGF-, BMPs, PDGF and VEGF are
also widely used bioactive agents in BTE (Dimitriou et al., 2005). In clinical studies,
BMP-2 has been found as the most effective growth factor for regeneration of bone
tissue (Groeneveld and Burger, 2000). It has been reported that BMP-2 containing
scaffolds induce bone tissue growth and integration in the defect site (Partridge et al.,
2002). There are many studies in which bioactive agent loaded carriers were used for
in vivo and in vitro bone regeneration studies (Lieberman et al., 2002; Okuda et al.,
2003). The bioactive agents that have been used to induce new tissue formation are
either isolated or purchased commercially. Natural extracellular matrix (ECM) is
responsible from regulation of signal transduction activated by various bioactive
agents such as growth factors and cytokines. Structural, chemical and mechanical
properties of ECM molecules vary in different tissues and organs. ECMs have
complex structures composed of different types of proteins, proteoglycans growth
factors and cytokines. It is difficult to achieve mimicking the whole natural tissue
through using synthetic ECMs. This led researchers to use decellularized natural
tissue matrix as constructs for tissue regeneration. Through this method, scaffolds
can have tissue specific ECMs including proteins and remaining tissue and cell
specific micro and nano environment (Hoshiba et al., 2010). In previous clinical
studies, biological scaffolds composed of decellularized-ECM of tissues or organs
have been successfully applied on patients. Such scaffolds have been used in skin
(Mason, 2005), urinary bladder (Badylak et al., 2011), trachea (Zang et al., 2012) and
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heart valve replacements and regenerations (Hopkins et al., 2013, Cheng et al.,
2014).

In bone tissue engineering, decellularized bone (DBM) and cartilage matrix are the
most common constructs used. Among those, decellularized bone tissue has shown
great potential. In literature, several in vitro studies have shown that DBM has the
potential to stimulate osteogenesis in human adipose-derived (Shi et al., 2012) and
bone marrow derived mesenchymal stem cells (B.-W. Park et al.,, 2012).
Furthermore, there are clinical studies in which DBM has been used as a tissue
construct in reconstruction of osteochondral defects (Upton and Glowacki, 1992).
Unlike autografts and allografts, the use of decellularized constructs reduce operation
time, donor site morbidity and lack of donor tissue problems (Cheng et al., 2014).

Decellularized adipose tissue (DAT) is among the most widely used tissue construct
for tissue engineering applications. DAT provides a well-preserved 3D structured
extracellular matrix. Such structures may contain fibrous collagen network including
type I, 111, V and VI (Flynn et al., 2006). Moreover, DAT also has other extracellular
matrix components, such as proteoglycan, glycoprotein, glycosaminoglycan, elastin
fibers, fibronectin and laminin (Turner et al., 2012). Similar to bone tissue, it has
fibronectin, glycoprotein and proteoglycans (Benders et al., 2013; Cheng et al.,
2014). In extracellular matrix of bone, fibronectin contributes osteogenic
differentiation and wound healing (Cheng et al., 2014) and proteoglycans are the
reservoirs of several growth factors and glycoproteins that interact with collagen
fibrils to provide mechanical stability to ECMs (Benders et al., 2013). The most
important feature of the DAT structure for engineering bone is that it has collagen
type | proteins (Turner et al., 2012). According to Gibson et al., DAT has great
potential for osteogenic differentiation of human adipose tissue derived stem cells
(ASCs) (Gibson et al., 2014). They tried to produce composite electrospun Poly-¢-
caprolactone (PCL) nano fibers with 10% DAT. According to their results, there are

factors in fat tissue that promote osteogenetic activity such as BMPs, laminin and

14



fibronectin. Alternatively, these decellularized matrices may induce immune

response that triggers differentiation of ASCs (Gibson et al., 2014).

In addition to decellularized matrices, platelet rich plasma (PRP) derived from blood
have been also widely used as natural bioactive agent resource. PRP is a concentrate
of platelets in a small volume of blood plasma. Platelets are capable of inducing stem

cells to differentiate into both osteogenic and angiogenic cells (Cinotti et al., 2013).

Statins are cholesterol lowering drugs. They inhibit 3-hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA) reductase in the mevalonate pathway (Song et al., 2003).
Moreover, their inhibitory effects on tumor growth and metastasis, and promotion of
angiogenesis, and t-lymphocyte suppression have been reported in recent studies (Y.
Zhang et al., 2014). It was shown that bone healing have been enhanced when
sufficient doses of statins which are used for lowering human cholesterol level were
applied to rodents (Mundy, 1999). Statins have different molecular structures such as
fluvastatin, simvastatin and mevastatin (Mundy, 1999). Simvastatin (SIM) is one of
the statins (Figure 1) that has remarkable osteoinductive effect (Song et al., 2003). It
was reported that SIM induces mMRNA expression and synthesis of BMP-2 in bone
healing and regeneration process. It was also indicated that SIM increased mineral
density of bone in postmenopausal women with high blood cholesterol (Lupattelli et
al., 2004). In recent studies, 1 uM of SIM have been found effective for bone healing
with in vivo applications in rodent animal models (Zhou et al., 2010). According to
Stein et al., local application of SIM is more effective than oral administration (Stein
et al., 2006). Compared to systemic application, local delivery of SIM requires fewer
amounts for osteogenesis because if it is delivered in systemically most of SIM
metabolized in liver (Zhao et al., 2014). According to Gutierrez et al., topically
applied or continuously released statins were 50 to 80 times more effective than

systemically applied statins in in vivo studies (Gutierrez et al., 2008).
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Figure 1. Molecule structure of Simvastatin.

1.2.1.4. Adult Stem Cells as Cell Source for Bone Tissue Engineering

Tissue engineered constructs have three important components: scaffolds, bioactive
agents and cells. Among those, cells are the most important components of the
engineered tissue (Bianco and Robey, 2001). Seeding autologous cells onto
engineered bone grafts are required for an ideal tissue regeneration process
(Damaraju and Duncan, 2014). Regeneration is achieved by the suitable cell type and
environment. Stem cells are the most suitable option for tissue engineering due to
their ability to differentiate into functional cells of targeted tissue. Stem cells have
two important properties; self-renewal and differentiation (Bianco and Robey, 2001).
Self-renewability is the ability to make identical copies of the cells, whereas the
differentiation allows the cell to transform into other type of cells in the body (Van et
al., 2008).

Stem cells can be classified as; embryonic and somatic (adult). In biological systems,
embryonic development and growth are carried out by the embryonic stem cells, and
adult stem cells are responsible for growth, tissue maintenance, regeneration and
repair of damaged tissue (Sottile et al., 2003; Van et al., 2008).
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Researches are focused on mesenchymal stem cells (MSCs) due to their therapeutic
effect in tissue regeneration. MSCs are multipotent stem cells, meaning that they
have the potential to differentiate into multiple, but limited cell types such as
osteocytes, chondrocytes and adipocytes. They are found in undifferentiated and they
have the ability of self-renewal (Jaiswal et al., 2000; Pittenger, 1999). They can be
isolated from bone marrow, umbilical cord blood and adipose tissue (Strem et al.,
2005). There are various types multipotent stem cells isolated from different tissue
sources, such as adipose derived stem cells; bone marrow derived stem cells
(BMMSCs) (Im et al., 2005). BMMSCs are important source of multipotent stem
cells (Uter, 2006). They can be isolated from bone marrow however; the procedure is
problematic and inefficient with respect to the isolated cell number. Moreover, aging
is an important parameter for BMMSCs, since differentiation potential and obtained
cell number decrease with aging (Im et al., 2005; Uter, 2006). Instead of BMMSCs,
adipose derived mesenchymal stem cells (ASCs) are currently being used (Uter,
2006). In recent years, with increasing number of obesity patients, there are more
than 400.000 liposuction surgeries made annually. Thus, scientists have focused on
human subcutaneous adipose tissue for isolation of adult and somatic stem cells
(Bunnell et al., 2008). It is reported that these cells are also multipotent and they can
differentiate into adipose, epithelial, muscular, bone, nerve and heart tissue (Im et al.,
2005; Safford et al., 2004; Strem et al., 2005; Zanetti et al., 2013).

In order to differentiate stem cells towards a desired lineage, culture media
supplements and promoter environment are necessary (Fisher et al., 2007,
Yoshimura et al., 2007). It has been reported that MSCs differentiate into bone tissue
in an appropriate microenvironment of a suitable scaffold (Jaiswal et al., 2000). For
osteogenic differentiation dexamethasone, ascorbate, and B-glycerophosphate are
used in induction medium in vitro (Jaiswal et al., 2000; Ogawa et al., 2004).
Differentiation of MSCs into bone phenotypes can be determined by in vitro assays.

When MSCs differentiate into osteogenic lineage, they secrete various bone specific
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proteins (alkaline phospahatase, osteonectin, osteopontin, etc) (Fisher et al., 2007;
Van et al., 2008).

1.3. Aim of the Study

In recent years, microcarriers have gained importance for clinical applications in
order to provide healing critical shaped and sized defect area. Microcarriers can be
prepared in spherical form with interconnected pore structure. The aim of the study
was to develop DAT coated SIM loaded HAp based microcarrier systems as cell
delivery system and to characterize them in vitro. Porous HAp microcarriers were
prepared with HAp powders in different size range by water in oil emulsion method.
The emulsified particles were sintered at 1200°C for removing the organic phase and
increasing the stability and elasticity of HAp spherical granules. In this study, SIM
was used as osteoinductive agents to induce osteogenic differentiation of cells. After
SIM loading to HAp microcarriers, they were coated with human decellularized
adipose tissue (DAT) components for maximizing cell adhesion, proliferation and
osteoblastic differentiation, as well as for controlling release of SIM from
microcarriers. Surface morphology and size of the microcarriers were examined by
scanning electron microscopy (SEM) and dynamic light scattering method.
Interconnectivity of the pores was studied by Micro-CT analysis. Drug loading
studies were performed with both DAT coated and uncoated HAp microcarriers. For
biocompatibility and functionality analyses, in vitro cell culture tests were performed

using adipose derived stem cells (ASCs) and Saos-2 Human osteosarcoma cell line.
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CHAPTER 2

MATERIALS AND METHODS

2.1. Materials
2.1.1. Precursors Used for HAp Synthesis

The precursors used in HAp synthesis, calcium nitrate tetrahydrate (Ca(NO3)2-4H,0)
and di-ammonium hydrogen phosphate ((NH4),HPO,), were obtained from Merck,
Germany. Ammonium hydroxide (NH4OH) and nitric acid (HNO3) that were used
for controlling solution pH during synthesis of HAp powders were the products of
Sigma (USA).

2.1.2. Precursors for the Preparation of Porous HAp Microcarriers

HAp based microcarriers was prepared by water in oil (w/0) emulsion method. The
aqueous component was Type-A gelatin from porcine skin (Sigma, USA) and
Mowiol 4-98 with a molecular weight of 27000 g mol™ (Aldrich, Germany). As a
porogen, camphene was purchased from Aldrich (USA). Tween-20 (Sigma, USA)
and sodium dodecyl sulfate (SDS; Bio-Rad, CA) were used as surfactants. Duramax®
D-3005, ceramic dispersant, was a gift from DOW Chemical company, Turkey.
Triton X-100 was the product of Sigma (USA). Corn oil (Komili, Turkey) was used

as the oil component in emulsion systems.
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2.1.3. Chemicals and Reagents used in Drug Loading and Release Studies

Inertsil ODS-3 C18 column were purchased from GL Sciences, Japan. Simvastatin
(HLPC grade, > 97%, solid) was obtained from Sigma, Canada. Methanol

(Chromasolv®, HPLC grade, > 99.9%), acetonitrile (Chromasolv® Plus, HPLC
grade, > 99.9% were the products of Sigma-Aldrich, Israel.

2.1.4. Chemicals and Reagents used in Cell Culture Studies

Human Osteosarcoma cell line, Saos-2 (HTB-85) was purchased from ATCC (USA).
Dulbecco’s Modified Eagle Medium (DMEM), Fetal Bovine Serum (FBS),
Penicillin/ Streptomycin, Tyripsin-EDTA was purchased from Biochrom (Germany).
CellStar® suspension cell culture plates were the products of Greiner bio-one (USA),
Type IA collagenase was obtained from Sigma (USA), Alkaline Phosphatase (ALP)
Assay Kit was purchased from Abcam, (USA). Bicinchoninic acid (BCA) reagent
was the product of Sigma (Germany). PrestoBlue® cell viability Reagent was
purchased from Life Technologies, Poland. Fluorescent Phalloidin and propidium
iodide were obtained from Invitrogen (USA). Hexamethydisilazane (HMDS), was

purchased from Sigma (USA).

2.2. Experimental Methods
2.2.1. Synthesis of HAp Powders

Two different solution-based synthesis approaches were used to synthesize HAp
powders. The first method was sol-gel based route where proper amounts (in regard
to stoichiometric HAp) of calcium nitrate tetrahydrate (Ca(NOs3),-4H,0), phosphoric
acid (HsPO4) and ammonia solution were first mixed to obtain a parent solution
(Sanosh et. al., 2009). Ammonia was added into phosphoric acid solution to obtain a

highly alkaline solution (pH 10) to favor HAp gel precipitation and 1 M calcium
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nitrate tetrahydrate solution was added into phosphoric acid-ammonia solution. The
mixed solution was then continuously stirred for 1 hour with a magnetic stirrer
during which, the pH of the solution was kept constant by the addition of ammonia.
After 1 hour stirring, the gel-like solution was aged in ambient atmosphere for 24
hours at 2541 °C. The final gel was dried at 65°C for 24 hours in a drying oven
(Niive, Turkey). In order to remove excess NH;" and NOs’, the dried powders were
washed several times with dH,O. After washing, the powders were calcined in an
electrical furnace (Protherm, Turkey) at 900 °C for 30 min with a heating rate of 10
°C/min (Figure 2).
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Figure 2. Flow chart of synthesis of HAp powders by the Sol-Gel method.

In the second method, HAp powders were synthesized by the co-precipitation
method (Simsek, 2002). HAp powders were precipitated directly from an agueous
solution obtained by drop-wise (10 ml/min) addition of 0.1 M (NH,),;HPQO, into
0.167 M Ca(NOs3),-4H,0 solution under constant stirring. The solution pH was kept
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constant at 10, by the addition of NH,OH and HNOg3. The precipitate solution was
further aged at ~60 °C overnight. The precipitates were filtered and washed several
times with dH,O in order to remove nitrate salts. The precipitate solution was
ultrasonically treated for 15 min after it was resuspended in dH,O during each
washing step. The solid powder extracts were then washed with 96% ethanol to
remove the excess water from the surface of the precipitates and to minimize
agglomeration of the fine powders. The filtered precipitate cakes were further dried
at 105 °C overnight in ambient air. The dried powders were calcined in an electrical

furnace at 900 °C for 30 min with a heating rate of 10 °C/min (Figure 3).

0.1M 0.167 M
(NH,),HPO, Ca(NO3)2.4H,0
Mixing

(constant stirring)
overnight

Aging
24hours at 60 °C

Filter Cake

Grinding

&
Calcination (900 °C)

Figure 3. Flow chart of synthesis of HAp powders by the co-precipitation method.
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2.2.2 X-Ray Diffraction (XRD) Analyses

The phase purity and the crystallinity of the as-precipitated and as-synthesized HAp
powders obtained from precipitation and sol-gel routes, respectively, were examined
with a Rigaku DMAX 2200 diffractometer, Japan. XRD spectrum of commercial
Nano-HAp powder (Sigma, USA) was also acquired for comparison. XRD analyses
were performed after calcining the as-synthesized and as-prepared powders in order
to reveal the structural evolution of the prepared powders after heat treatment. The
diffraction tests were performed for diffraction angle (20) range of 20°-60°, at a
scanning rate of 2°/min using Cu-Ka radiation and an operation voltage of 40 kV and

a current of 30 mA.

2.2.3. Preparation and Characterization of Porous HAp Microcarriers
2.2.3.1. Preparation of Porous HAp Microcarriers

The HAp-based microcarriers were prepared by water in oil (w/0) emulsion method
(Yang et al. 2011). In order to elucidate the effect of HAp particle size on
microsphere formation HAp powders of different particle sizes were used, namely;
(i) commercial Nano-HAp (particle size <200 nm, Sigma, USA), (ii) HAp
synthesized by sol-gel method (particle size ~40 um) and (iii) HAp powders (particle
size ~40 um-70 pm) obtained by co-precipitation.

In preparation of microcarriers, camphene was mixed with HAp powders at a HAp to
Camphene ratio of 1:0.9 (wt/wt%) at 60 °C by using a magnetic stirrer. For each
gram of HAp powder, 2 ml 10% porcine skin gelatin in 2% (v/wt%) Mowiol solution
was added into camphene-HAp slurry. In order to achieve an optimal particle
dispersion, three different surfactants (0.3 wt%) were added into gelation solution,
sodium dodecyl sulfate (SDS), Tween-20, and poly-ammonium salt (Duramax® D-
3005) together with 0.2% Triton X-100. After the addition of gelatin solution, the

mixture was then stirred for 30 min and then the whole solution was poured into 250
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ml of corn oil and stirred at 480 rpm overnight. The solution was rapidly solidified in
an ice cooled bath at 4 °C for 5 min. They were then filtered and rinsed with acetone.
Filtered products were stored at -20 °C for 24 hours and camphene was sublimated
by a freeze-drier (Labconco, USA). Dried products were first heated to 500 °C with
3°/min and kept at that temperature for 1 hour. The products were further heated to
1200 °C with 5°/min increase and kept at this temperature for 3 hours (S-J Hong et
al., 2009; Yang et al., 2011).

2.2.3.2. Scanning Electron Microscopy Analyses

The morphology and microstructural characteristics (agglomeration state and particle
size) of calcinated HAp powders were examined by field emission scanning electron
microscope (FESEM) (FEI Quanta 400F, USA). The surface morphology and pore
structures (size, connectivity) of the sintered HAp based microcarriers were also
investigated. The samples were gold sputtered before imaging to minimize the
charging problem.

2.2.3.3. Particle Size Determination

In addition to SEM analyses (Section 2.2.3.2), the particle size of the synthesized
HAp microcarriers was also determined using laser diffraction particle size analyzer
(Malvern, Mastersizer 2000, UK with Hydro 2000S accessory). Microcarriers were

ultrasonically dispersed in DI water prior to analyses.
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2.2.3.4. XRD Analyses

The effect of sintering on the structural characteristics of HAp microcarriers was also
investigated. HAp microcarriers were crushed into powder form for XRD
examination. The diffraction tests were performed for diffraction angle (20) range of
20°-60°, at a scanning rate of 2°/min using Cu-Ka radiation and an operation voltage

of 40 kV and a current of 30 mA.

2.2.3.5 Fourier Transform Infrared Spectroscopy (FTIR)

Chemical and phase composition of materials of the HAp microcarriers were studied
by FTIR analysis using FTIR spectrometer (Bruker IFS 55, Switzerland). Samples
were observed with ATR and pellet technique and the spectra were recorded from
400 to 4000 cm . Additionally, the loading of SIM was also verified with FTIR
analysis. For pellet analysis, 200 mg of potassium bromide was added to each mg
sample and powder mixture was compressed to obtain a 15 mm disc in press (Model-
C, Carver Inc., IN, USA). FTIR analysis were performed both pellet and ATR mode.

2.2.3.6. Microcomputed Tomography (Micro-CT) Analyses

Interconnectivity and pore size distribution of HAp microcarriers were examined by
Micro-CT (Skyscan 1272, Bruker, Belgium) at BIOMATEN, METU. Micro-CT with
a source of 60 kV, a current of 167 nA, and resolution of 26.7 pm was used to

acquire X-Ray Radiographs.
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2.2.3.7. Simvastatin Loading to HAp Microcarriers

Simvastatin (SIM; Sigma, Canada) stock solution was prepared in methanol at a
concentration of 1 mg/ml. The stock solution was diluted to different concentrations
(0.5, 0.1 and 0.01 mg/ml). 10 mg sintered porous HAp microcarriers were immersed
in Simvastatin solutions with four different concentrations (1, 0.5, 0.1 and 0.01
mg/ml) and incubated at 4 °C in refrigerator overnight. After loading, the drug
solution was pooled and the microcarriers were frozen at -80 °C. Microcarriers were
freeze dried with a freeze dryer (Labconco Freezone 6 Plus, USA). Simvastatin
amount in the pooled simvastatin solution was determined by UV-HPLC using
calibration curve of simvastatin in 1-50 pg/ml range (Appendix A). The
encapsulation efficiency and drug loading of the microcarriers were calculated using

the following formulas:

Actual Drug Loading % 100 (1)

Encapsulation Ef ficiency (%) =
p ff y (/0) Theoretical Drug Loading

. Weight of the Drug in Microcarriers
Drug Loading (%) = —2 ! g 2

weight of Microcarriers
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2.2.3.8. DAT Isolation and Coating of HAp Microcarriers

Porous microcarriers have a risk of the initial drug burst so that the microcarriers
were decided to be coated to slow down the release of SIM in this study.
Decellularized adipose tissue (DAT) was chosen for coating because of its fibrillar
and collagenous structure. DAT used was isolated from adipose tissue of human
donors. Ethical approval for the use of human adipose tissue from healthy female
donors was obtained from Human Ethical Committee of Middle East Technical
University (See Appendix A). The whole procedure for DAT isolation is shown in
Figure 4. Lipoaspirates were used with the consent of patients undergoing this
procedure. They were firstly washed with PBS for 2 hours and placed in 1% sodium
dodecyl sulfate (SDS) for decellularization. The tissue was constantly stirred in SDS
solution for 48 hours, washed with dH,0 and strained. Strained tissue was placed in
2.5 mM sodium deoxycholate in 1X PBS supplemented with 500 units of Porcine
lipase and 500 units of porcine colipase (Sigma,USA). After enzymatic digestion for
approximately 48 hours, the tissue became visibly white. Digested tissue was rinsed
with dH,O and finally was frozen at -80 °C overnight. The frozen decellularized
tissue (DAT) was subsequently lyophilized and dried. DAT powder was then was
milled. For solubilization of DAT, firstly 3200 1.U. porcine pepsin (Sigma, USA)
was solubilized in 0.1 M HCI and 1 mg pepsin was added to every 10 mg
decellularized tissue. The mixture was digested for 48 hours at room temperature
under constant stirring. After 48 hours, pH of the mixture was adjusted to 7.4 using 1
M NaOH. Finally, prepared DAT solution was diluted to 15 mg/ml using 10 X PBS
(Young et al., 2011).
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Figure 4. Schematic representation of DAT powder isolation: (A) Human adipose

tissue were collected from human donor, (B) lipoaspirate were washed PBS to
remove blood cells and oil content(C) washed lipoaspirates was enzimatically

digested.

After DAT was solubilized with Pepsin/HCI solution, sintered microcarriers were
firstly loaded with simvastatin and dried at 4 °C. Dried microcarriers were then
immersed into DAT solution at 4 °C and 37 °C, and stored overnight. After removing
the DAT solution the microcarriers were dried at room temperature. Morphology of
microcarriers before and after DAT coating was studied by field emission scanning

electron microscopy (FESEM).

2.2.3.9 In Vitro Simvastatin Release From DAT Coated and Uncoated HAp
Microcarriers

Simvastatin release studies from HAp based coated and uncoated microcarriers were
conducted in 10 ml PBS (0.1 M pH 7.4) at 37 °C in a shaking water bath (Niive,
Turkey). At pre-defined time points, 1 ml of release medium was collected from

release media and replaced with fresh media.
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The amount of released simvastatin was determined at 238 nm by UV-HPLC
(Reservoir Tray-Shimadzu, Japan) with using calibration curve (n=3) (Appendix A).
Inertsil ODS-3 column (250 mm x 4.6 mm L.D. particle size 5 pm) was used at 40 °C
and the sample was eluted with a mobile phase consisting of acetonitrile/20 mM
Potassium phosphate buffer pH 5.6 (65:35, v/v%) at 30 min at a flow rate 1 ml.min™
with 20 ul injection volume. However, SIM amount could not be determined under
those release media conditions. In order to determine SIM release kinetics, ethanol
included PBS (20:80 v/v) release media and Simulated Body Fluid (1X SBF) were
also used.

2.3.4. In Vitro Cell Culture Studies

Human adipose derived stem cells (hASCs) and human Osteosarcoma, Saos-2
(ATCC, USA) cell line, were used for cell culture studies. Cell attachment,
proliferation and osteogenic differentiation of cells on HAp microcarriers were
studied.

2.3.4.1. Isolation of Human Adipose Derived Stem Cells (hASCs)

Human adipose tissue was collected from healthy female donors upon receiving
approval from Human Ethical Committee of Middle East Technical University (see
Appendix A). Lipoaspirates of healthy patients were used with their consents.
Tissues were washed with phosphate buffered saline (PBS) to remove blood cells
and any contaminants. Washed lipoaspirates were enzymatically digested with
0.075% type IA collagenase (Sigma, USA) in PBS at 37 °C for 40 min. The digested
adipose tissue was centrifuged at 1200 g for 5 min. The pellet was then resuspended
and filtered with a 100 um mesh filter to remove residual particles. Isolated cells
were seeded in 25 cm? culture flasks (Orange scientific, Belgium) at a density of 5 x

10° mononuclear cells and cultured in low glucose DMEM, containing 10% FBS and
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Penicillin/Streptomycin. After changing the media two days post seeding the
adherent cell were cultured at 37 °C in a 5% CO; incubator (5215 Shellab, USA)
until confluency (Eom et al., 2011). Then, the cells were tyripsinized and expanded

until 3" passage. The media were changed twice each week.

2.3.4.2. Cell Attachment and Proliferation Studies

For cell attachment and proliferation studies hASCs and Saos-2 cells were seeded
onto sterilized microcarrier groups in 96 well suspension plates at a density of 2 x
10* cells/cm? Cell culture media was refreshed for twice a week. Cells were
incubated 37 °C in a 5% CO; incubator for 14 days. At pre-defined time points, the
media were removed and PrestoBlue™ was added onto fresh media in a ratio of 1:9
(v/v) and incubated at for 2 h in dark. After incubation, the medium was collected
and new media were to each well containing cell seeded microcarriers and incubation
of cell seeded microcarriers was continued. The absorbances of pooled aliquots were
measured at 570-600 nm by microplate reader (uQuant, Biotek, USA). Percent
reduction of the Alamar blue reagent by the cells was calculated according to the
formula below. The molar extinction coefficients in the equations are shown in
Table 3. Abbreviations for the microcarrier groups used in this study are given in
Table 4.
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(02X A1) - (01X A2)
(R1X N2) - (R2 X N1)

Percent Reduction of PrestoBlue™ Reagent = x 100  (3)

Where:

O;=molar extinction coefficient of oxidized PrestoBlue™ reagent at 570 nm
O,=molar extinction coefficient of oxidized PrestoBlue™ reagent at 600 nm
R;= molar extinction coefficient of reduced PrestoBlue™ reagent at 570 nm
R,= molar extinction coefficient of reduced PrestoBlue™ reagent at 600 nm

A =absorbance of test wells at 570 nm

Table 3. Molar Extinction Coefficients of PrestoBlue™ Reagent.

Wavelength Reduced (R) Oxidized (O)
570 nm 155677 80586
600 nm 14652 117216
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Table 4. Experimental Groups and Their Abbreviations.

Experimental Groups Abbreviations
HAp microcarriers HAp
DAT coated HAp microcarriers DAT-HAp
HAp microcarriers loaded with 0.5 HAp-0.5
mg/ml SIM

DAT coated HAp microcarriers DAT-HAp-0.5
loaded with 0.5 mg/ml SIM

HAp microcarriers loaded with 0.1 HAp-0.1
mg/ml SIM

DAT coated HAp microcarriers DAT-HAp-0.1
loaded with 0.1 mg/ml SIM

HAp microcarriers loaded with 0.05 HAp-0.05
mg/ml SIM

DAT coated HAp microcarriers DAT-HAp-0.05
loaded with 0.5 mg/ml SIM

2.3.4.3. In Vitro Differentiation Studies

Osteogenic differentiation of Saos-2 (ATCC, USA) was conducted by Alkaline
phosphatase Activity Assay (Sigma, USA). Cells were seeded onto microcarriers into
96 well suspension plates at a density of 2 x 10* cells mlI™. Cells were incubated in
osteogenic medium (DMEM supplemented with 10% FBS, antibiotic, 50 pg/ml
ascorbic acid, 10 mM pB-Glycerophosphate and 10® Dexamethasone) for 14 days.

Medium of each plate were refreshed twice a week. At days 7 and 14, the cells were
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rinsed with PBS, fixed with 4% formaldehyde, dehydrated with an increasing ethanol

concentration. They were then dried after dipping in hexamethyldisilizane.

2.3.4.4. Microscopical Examinations

The morphology of the cells cells on microcarriers, which were incubated in growth
media or osteogenic differentiation media, was studied by SEM examinations. The
cells were fixed with 4% formaldehyde, dehydrated with an increasing ethanol
concentration and dried after dipping in hexamethyldisilizane. The specimens were
coated with gold in vacuum environment before SEM (FEI Quanta 400F, USA)
analyses usinga sputtering equipment. The proliferation and penetration of cells into
the pores of microcarriers were also investigated with Confocal Laser Scanning
Microscopy (CLSM, Zeiss LSM 510). At different time points, cells were fixed with
4% paraformaldehyde solution in PBS and were permeabilized with Triton X-100.
Cells were stained with Propidium iodide and Phalloidin-FITC for nucleus and
cytoskeleton, respectively and samples were observed by using long distance
objectives, laser and phase contrast methods. For visualization of the migration of
attached cells into pore channels z-stack images were captured by Zeiss LSM 510

confocal laser scanning microscopy.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1. Characterization of HAp Powders
3.1.1. XRD Analyses of HAp Powders

Pure HAp powders were synthesized by both co-precipitation and sol-gel methods
for the preparation of HAp based microcarriers. The details of the synthesis methods
are given in Chapter 2. Figures 5(a) and 5(b) show the XRD patterns of the
amorphous and calcined HAp powders by co-precipitation and sol-gel methods,
respectively. Note that the spectra of as-prepared (denoted as amorphous) samples in
Figure 5 refer to powders prepared by co-precipitation and sol-gel methods,
respectively without a further calcination process. The standard diffraction peaks
from random HAp crystals (Joint committee on Powders Diffraction Standards, card
no 9-0432), are also given for comparison at the bottom of Figure 5(a). Based on the
standard, there were no significant impurities or secondary phases in as-prepared and
calcined powders regardless of the synthesis method. In addition, all samples
exhibited the strongest peaks between 30-35° and the relative ratio of peak intensities
for all samples were in accordance with the standard reflection, hence indicating that
the crystals showed no preferred orientation (randomly oriented polycrystals). The
crystallinity of the co-precipitated powders was significantly higher than sol-gel
processed samples as evidenced from the peak intensities regardless of whether the
sample was in the as-prepared or calcined state. This is expected; since the reaction

kinetics of crystallization and growth during precipitation is probably much higher
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and difficult to control compared to sol-gel method used in this study. During
precipitation, precipitated powders grow in size and agglomerate while newly
nucleated crystals continue to precipitate. On the other hand, crystallization and
particle growth occur more or less simultaneously and homogeneously for sol-gel
prepared powders during calcination step. More importantly, as explained in Section
2.2.1, the solution temperature during precipitation was ~60 °C whereas the solution
in sol-gel method was kept at room temperature. This also clearly suggests that the
reaction kinetics is enhanced for the precipitation process. As a consequence,
although the as-prepared powders had lower crystallinity, peak intensities were still
higher compared to sol-gel prepared powders. Keeping in mind the calcination time
and temperature are identical for both processes, high crystallinity of precipitated
powders in Figure 5 is expected based on the above mentioned discussion. It has
been shown that powders with lower crystallinity exhibit higher in vitro dissolution
rates (Cai et al., 2007), because atomic bonds in a perfect crystal are much stronger
than their amorphous counterparts, which leads to enhanced chemical resistivity and
lower reactivity for crystalline materials. From this point of view, the high
crystallinity of precipitated powders might be advantageous. This is due to the
mechanical stability is increased with high crystallinity (Champion, 2013). The

complementary particle size discussion is provided in the proceeding sections.

36



- a

=

c

>

2

©

b

=

o

[

<

> Calcined HAp
=

[72]

c

2

(= Amorphous HAp

| A |“I Lo [ P J(:P])S.
e B A R mE e

20 30 40 50 60 70 80
20 (Degrees)

Calcined HAp

Intensity (Arbitrary Units)

ﬂ Amorphous HAp

L) 3 L} ¥ )

50 60

20 40
20 (Degrees)

Figure 5. XRD patterns of calcined and as synthesized (amorphous) HAp powders
prepared by (a) co-precipitation and (b) sol-gel methods. Joint committee on
Powders Diffraction Standard (JCPDS) data for HAp crystals are shown for

comparison.
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XRD patterns of commercial Nano-HAp powders and HAp based microcarriers
prepared from these powders are illustrated in Figure 6. It can be seen that the peaks
are slightly more widened for Nano-HAp, which indicate powders with smaller
particle size compared to calcined microcarriers (Pattanayak et al., 2010). Moreover,
there were no additional peaks in the spectrum of the calcined microcarriers

indicating phase purity of powders is maintained.

Calcined microcarrier
NanoHAp

" ' ﬂ Calcined Microcarrier

Intensity (Arbitrary Units)

AAM NanoHAp

20 30 40 50 60 70 80
20 (Degrees)

Figure 6. XRD patterns of Nano-HAp and sintered Nano-HAp based microcarriers.

3.1.2. Scanning Electron Microscopy Analyses

SEM images of amorphous (as-synthesized) sol-gel based and precipitated HAp
powders are shown in Figure 7. It was observed that HAp particles were
agglomerated even after grinding and they had a broad particle size distribution. The
average particle sizes of sol-gel and precipitated powders obtained by measuring
particle sizes from SEM examinations are 10.31 + 12.85 and 12.39 + 16.88um,

respectively. It should be noted that precipitated powders showed a much wider
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particle size distribution compared to sol-gel powders which can also be inferred
from the larger standard deviation of the measurements. This observation is expected
because of the high reaction Kkinetics involved in the precipitation method in this
study and explained previously in Section 3.1.1. Both powders were not suitable for
microcarrier preparation because of their large particle sizes and wide size
distributions. This issue is addressed in the next section and it will be shown that the
use of Nano-HAp powders is actually necessary to form spherical microcarriers in

the desired size range.

Figure 7. SEM images of amorphous HAp powderssynthesized by (a) sol-gel and (b)
co-precipitation methods.
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3.2. Optimization of HAp Based Microcarrier Preparation

In this study, HAp powders were used for the preparation of microcarriers. HAp
powders and hydrophobic camphene oil were mixed for providing a homogenous
porous structure to HAp microcarriers. Camphene, a crystalline plastic at room
temperature, has been used in recent studies as a porogen (Yang et al., 2011; Yoon et
al., 2007). Its melting point is approximately 44-48 °C. It has been reported that
camphene forms dendrites when it solidifies (Araki and Halloran, 2005). After
solidification, the surfactant and ceramic powder mixture provides a barrier to
camphene. Therefore, interconnected pore structure was obtained when it was
sublimated. Gelatin, a natural polymer, was chosen as a binder component for the

microcarrier preparation.

During the optimization studies of microcarrier preparation, the effects of particle
size of the starting HAp powders, the effects of concentration and type of the
surfactant on morphology and pore structure of the carriers were examined. The
choice of surfactants highly affects the final pore morphology of microcarriers
because of their different molecular structures (Francis et al., 2011). Firstly,
microcarriers were prepared with the co-precipitated HAp powders. Two different
surfactants (SDS, Tween-20) were used to prepare the microcarriers in this study and
morphology and pore structures of the obtained microcarriers were compared with

respect to SEM images in Figure 8.

Figure 8 shows the SEM images of microcarriers with and without surfactants. As
seen, surfactants were highly effective for the formation of spherically-shaped
microcarriers and the type of surfactant determines the final morphology of the
carrier. From Figure 8(a) and 8(b), the spherical shape of microcarriers prepared
with SDS and Tween-20 was much better than the carriers prepared without any
surfactant in Figure 8(c). Microcarriers prepared using SDS as dispersant had a more
compact structure without showing any disintegration compared to those prepared
with Tween-20. However, porosity was low and the pore size distribution on the
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surface was wide. However, porous and compact microcarrier structures with load-

bearing capability could not be achieved.

According to SEM images, it can be inferred that the surfactant was not the only
factor that affects porosity. Slurry mixture must also be homogenously mixed to
ensure formation of perfectly spherical carriers with a uniform pore size distribution
on the surface. Viscosity of such mixtures is determined from powder characteristics
including specific surface area, size of the powders and the agglomeration state
which are crucial for the formation of ideal microcarriers with high surface reactivity
(Lee et al, 2007). The effect of dispersants on the morphology of powders was
examined from the SEM images. Microcarriers were frozen at -20 °C and
lyophilized. The frozen camphene formed branched tree structures inside of the
microcarriers after freezing. These dentrical structures served as templates and were

replaced with pore channels after sublimation (Figure 8).
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Figure 8. SEM images of microcarriers prepared with co-precipitated HAp and
different surfactants: (a) SDS, (b) Tween 20, and (c) surfactant free.
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Figure 9 shows the images of microcarriers synthesized using different HAp starting
powders. Among them, the one prepared with Nano-HAp powders in Figure 9(a)
had a perfect spherical structure. In addition, these carriers had lower tendencies to
split up and their condense/compact structures were maintained. However, there
were few open pores on the surface, which make them unsuitable for drug
loading/release and also for cell attachment. Figure 9 clearly shows that the size of
the starting powder is critical to achieve microcarriers suitable for cell and drug
delivery where small spherical powders are essential for forming a compact sphere.
Surface morphology of Nano-HAp based microcarriersis is shown in Figure 9(a).
These microcarriers had a compact surface and a perfect spherical shape. It should be
emphasized that not only the size of the HAp powders, but also the shape of the
powders is crucial to obtain microcarriers with desired properties. For instance,
Figure 9(b) shows that cracks are formed on the surface of the microcarrier prepared
by sol-gel based powder after calcination. Few and uncontrolled open pore structure
can be clearly seen in the SEM images. Additionally, Figure 9(c) demonstrates that
the shapes of the powders were irregular and non-uniform. When they agglomerate
during formation of the microcarriers, it becomes very difficult to form a spherical

shape, as expected in Figure 9(c).
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Figure 9. SEM images of microcarriers prepared with different sized HAp powders
(@) commercial Nano-HAp based (<200 nm), (b) synthesized by sol-gel method and

(c) synthesized by co-precipitation method.

Colloidal dispersion is a common ceramic processing approach for controlling the
microstructure of the product. Dispersants are used for the regulation of pore
structures and introducing interconnectivity in ceramic bodies. In this study, D-3005
was used as a ceramic dispersant for providing interconnected, open-porous
microstructure to Nano-HAp microcarriers. D-3005 disperses ceramic powders in
water slurry (Yang et al., 2011). It is also an appropriate choice for the gelatin binder
due to its solubility in water. The effect of dispersant concentration on the physical
properties of microcarriers such as carrier size, porosity and shape was investigated
using different amounts of Duramax D-3005. Porosity of the microcarriers is
increased with increasing dispersant concentration as seen in Figure 10(b) and
10(d). This is expected because dispersants are used for decreasing the viscosity of

the ceramic/water slurry and stabilize the ceramic in the colloidal dispersion.
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However, the optimum dispersant concentration is important to have uniform shaped
samples (Fadli, Sopyan, Mel, & Ahmad, 2011). The excess amount of dispersant
leads to reagglomeration during emulsion step as seen in Figure 10(a) and 10(b) for
the microcarriers with 0.5% Duramax. Although the spherical shape of the individual
microcarriers was somewhat maintained using 0.4% Duramax, the carriers showed
large degree of agglomeration. It has been reported that the concentration of
polymeric bridging of polyelectrolytes higher than the critical amount leads to an
increase in particle sizes of the ceramic body due to their polymeric bridging (Fazio
et al., 2008). This probably increases the viscosity of the slurry and as a result, the
agglomerated clusters form nonporous and rod-like structures for slurries with the

highest concentration of Duramax as shown in Figure 10(a).

Figure 11 shows that the pore sizes of the carriers significantly increased when
ceramics were prepared with a suitable dispersant concentration. The mean size of
HAp microcarriers prepared by Nano-HAp was determined to be 426 um (Figure
12). Microcarriers that are above 100 um and less than 850 um are generally used as
bone grafts (Bohner et al., 2013). In Figure 13, 3D micro-CT images show that the

microcarriers had interconnected pores with connected through channels.
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Figure 10. SEM images sintered microcarriers prepared with (a) 0.5% (b) 0.4% (c)
0.35% and (d) 0.3% Duramax D-3005 dispersant.
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Figure 11. Nano-HAp based microcarriers prepared with water in oil (w/0) emulsion

method using 0.3% D-3005 as dispersant.
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Figure 12. Particle size distribution histograms of Nano-HAp based microcarriers

prepared by w/o emulsion method.
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Figure 13. 3D imagesof (a) Microcarriers in Eppendorf after Micro-CT scanning and

(b) cross-sectional scanning of single microcarrier.

3.2.1. Characterization of DAT Coated Microcarriers

In this study, the aim was to obtain a delivery system that can provide similar
structure and properties with hard tissue and have a potential for encapsulating drugs
and releasing them in a controlled way. First step was the preparation of porous HAp
based microcarriers. The prepared microcarriers had a highly porous structure with
interconnected channels; however drug loading to a porous structure was a
drawback. Burst release of the drug can cause toxicity related problems. Considering
the hard tissue organic-inorganic matrix structure, for controlling the drug release,
human derived DAT were used. For the coating process, sintered microcarriers were
immersed in DAT tissue solution prepared in 0.1 M pepsin/HCI with every 10 mg

DAT powders. Gelation of DAT matrix onto microcarriers was performed by
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incubating in DAT solution at 4 °C and 37 °C overnight. Figure 14 shows the SEM

images of microcarriers coated at two different temperatures.

As seen from Figure 14(a), microcarriers were coated with a thin shiny layer of
DAT. However, Pati et al., showed that gelation ability of DAT tissue started to
increase beyond 15 °C and significantly increased when the temperature was 37 °C
(Pati et al., 2014). Therefore, gelation was tried at 37 °C in our study to obtain a
stable coating structure. Figure 14(b) shows that DAT coated at 37 °C covered the
microcarriers and provided a rougher surface for the cells to attach easily onto DAT
coated microcarriers (Young et al., 2012).
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Figure 14. SEM images of DAT coated microcarriers at (a) 4 °C and (b) 37 °C.

3.3. Simvastatin Loading and Encapsulation Efficiency

Microcarriers were loaded with SIM with solvent immersion method using 1, 0.5, 0.1
and 0.01 mg/ml drug stock solutions. Microcarriers were immersed into SIM solution
prepared in methanol and loading was carried out at 4 °C for overnight. Loaded drug
amount in the drug solution removed after overnight incubation was determined by
UV-HPLC. The loading experiments were conducted by using two different amounts
of microcarriers and their encapsulation efficiencies are given in Table 5. In the first

loading experiment, 20 mg microcarriers were immersed in 1 ml stock SIM solutions
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in methanol with different concentrations (1, 0.5 and 0.1 mg/ml corresponding to
2389.14, 1194.57 and 23891 uM), respectively) and the initial drug amount
encapsulated in microcarriers were 59%, 61% and 32%, respectively. Zhou et al.
prepared an injectable tissue-engineered bone (ITB) composed of human adipose-
derived stromal cells (hADSCs) and platelet-rich plasma (hPRP) and different
concentrations of SIM in the range of 1 nM-10 uM. They showed that 2 uM (~8.37x
107 g/mL) and higher amounts of SIM slowed down the cell growth and
proliferation when injected to bone. The group reported that 1 uM was optimal SIM
concentration for local bone applications (Zhou et al., 2010). Due to toxicity
concerns, 1 mg/mL stock solution was not used in our study (Table 5). Additionally,
there can be a saturation level of microcarriers for drug loading, which might cause
lower loading of SIM into the microcarriers. As a result, the amount of microcarriers
for further SIM release studies was increased to 50 mg and they were loaded with 0.5
and 0.1 mg/mL SIM (Table 5). Drug loading for stock 0.01 mg/mL could not be
determined since the loaded SIM was not in detectable range by HPLC.
Microcarriers loaded with 10 mg/ml SIM were examined using FTIR in the range of
4000 and 2000 cm™ wavenumbers. FTIR spectroscopy was used to examine the
possible interactions between SIM and hydroxyapatite microcarriers after physical
drug loading process (Wu et al., 2014). Figures 15 and 16 show the FTIR spectra of
SIM loaded and SIM-free microcarriers. Characteristic bands of SIM were observed
only in HAp microcarriers loaded with 10 mg/ml SIM stock solution. The
microcarriers with highest SIM content showed similar bands to those observed in
pure SIM at 2955.04 and 2872.10 cm™ (Alkene C—H stretching vibrations) (Amsa et
al., 2014) (Figure 15). Characteristic bands of HAp were also observed 1041cm™
and 570 cm™ assigned to (PO4)* groups (Figure 16).
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Figure 15. FTIR spectra of pure SIM and SIM free and SIM loaded HAp
microcarriers in 4000-2000 cm-1 range. Arrows at wavenumbers 2955 and 2872 cm-

1 are assigned to C-H stretchings of SIM.
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Figure 16. FTIR spectra of pure SIM, SIM free and SIM loaded HAp microcarriers
in 2000-400 cm™ range. Dashed boxes show the mean (PO4)* bands.
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Table 5. SIM loading and encapsulation efficiencies of HA microcarriers (n=4).

Drug Loading Encapsulation

Stock Solution The amount of

(ng drug/mg Efficiency microcarriers
(ng/mL) microcarriers) (%)
(mg)
1000 29.51 £ 1.36 59+2.72 20
500 15.18 £ 0.80 61 +3.23 20
100 1.64 +£0.41 32+82 20
500 4.52 £0.12 34 +6.27 50
100 0.045 +£0.01 45 +£1.76 50

3.4. In Vitro Release Profiles of SIM Loaded Microcarriers

In order to study the release profiles of SIM loaded microcarriers, 20 mg
microcarriers with loadings of 1.64, 4.52 and 0.045 pg drug/mg (Table 5) were
immersed in 10 ml PBS, pH 7.2 in a dialysis tube. Samples were collected at
different time points namely 1, 6, 24, 72, 120 and 144 hours. The amount of SIM
released could not be determined which could be due to amounts released were lower
than the detectable range with HPLC. The amount of microcarriers added to release
media was increased to 50 mg and release media were decreased to 5 ml. However,
SIM amounts could not be determined. In literature, it was reported that bioceramic
based micro or nanospheres that was loaded with drugs such as bisphosphonate,
simvastatin or gentamicin show relatively slow local release for extended periods
(Nissan, 2014). Chou et al. also reported the results of release study in SBF solution
of SIM loaded B-TCP particles (prepared using 4 mg/ml stock solution). The authors
obtained the amount of drug release by measuring absorbances with a UV-

spectrophotometer (Chou et al., 2013). The solubility of SIM was reported to be
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0.0013 mg/ml at 25 °C (Serajuddin et al., 1991). This hydrophobic drug has a very
poor solubility in aqueous media. In order to study the release profiles of SIM
delivery systems, several modifications were performed for enhancing the solubility
of the drug such as increasing the initial loading concentration of SIM. For
modification of release media, studies reported that SDS or ethanol can be added to
the release media (Diramio, et al., 2008). Regarding the solubility of SIM in ethanol,
release media were prepared as ethanol and PBS buffer (20:80 v/v). However, SIM
released could not be determined by HPLC or UV spectrophotometry. It was thought
that the drug loading and the amount of microcarriers used in the release studies were
too low so the amount of drug released could not be determined. For studying the

release profile of SIM drug loading, the amount of microcarriers can be increased.

3.5. In Vitro Cell Culture Studies
3.5.1. Proliferation of Cells on HAp Based Microcarriers

The main problem for hydrophobic drugs is their low bioavailability and side effects
when administrated at high doses (Roberts and Zhang, 2013). Simvastatin, an
osteoporotic drug, whose osteogenic potential has been also shown on stem cells, is a
hydrophobic drug with such concerns (Lupattelli et al., 2004). In this study, we
aimed to develop SIM loaded HAp microcarriers for bone tissue engineering
applications. In order to see the effect of released SIM amount on viability of cells,
DAT coated and uncoated HAp microcarriers were cultured with ASCs and Saos-2
cells for 10 days. Presto Blue assay was used to study the proliferation of hASCs and
Saos-2 cells seeded onto microcarriers. Initial seeding density was same for both cell
types (25000 cell/ cm?). In the first day of the incubation period, the percent
reduction values varied among groups for Saos-2 cells (Figure 17). Higher cell
attachment on DAT coated microcarriers was observed compared to uncoated ones.
The lowest cell attachment was observed for HAp-0.5, which could be due to higher

amount of SIM release from uncoated HAP-0.5 microcarriers. However, such result
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was not observed for hASCs cells and the percent reduction values were similar for
these cells among all groups on day 1 (Figure 18). This could be due to cell type or
seeding errors. In general, a time dependent increase in cell number of Saos-2 cells
was observed in all groups. Such time dependent increase was also not observed for
hASCs. Percent reduction values remained approximately same, pointing out that
these cells did not proliferate much upon seeding. For all microcarriers, SIM
loadings were all at cytotoxic level. However a time dependent increase in percent

reduction was observed indicating that cells proliferated on the microcariers.
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Figure 17. Cell proliferation of Saos-2 cells on microcarriers. The groups were: HAp
microcarriers (HAp), DAT Coated HAp microcarriers (DAT-HAp), HAp
microcarriers loaded with 0.01 mg/ml SIM (HAp-0.01), DAT coated HAp
microcarriers loaded with 0.01 mg/ml SIM (DAT-HAp-0.01), HAp microcarriers
loaded with 0.1 mg/ml SIM (HAp-0.1), DAT coated HAp microcarriers loaded with
0.1 mg/ml SIM (DAT-HAp-0.1), HAp microcarriers loaded with 0.5 mg/ml SIM
(HAp-0.5), DAT coated HAp microcarriers loaded with 0.5 mg/ml SIM (DAT-HAp-
0.5).
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Figure 18. Proliferation of ASCs on HAp based microcarriers in growth media.
Experimental groups were hydroxyapatite (HAp), DAT coated HAp microcarriers
(DAT-HAp), HAp microcarriers loaded with 0.01 mg/ml SIM (HAp-0.01), DAT
coated HAp microcarriers loaded with 0.01 mg/ml SIM (DAT-HAp-0.01), HAp
microcarriers loaded with 0.1 mg/ml SIM (HAp-0.1), DAT coated HAp
microcarriers loaded with 0.1 mg/ml SIM (DAT-HAp-0.1), HAp microcarriers
loaded with 0.5 mg/ml SIM (HAp-0.5), DAT coated HAp microcarriers loaded with
0.5 mg/ml SIM (DAT-HAp-0.5).
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3.5.2. SEM Analyses of Cell Seeded HAp Based Microcarriers

Studies showed that the attachment of the cells on materials varies with surface
characteristics and topography of the materials. On the other hand, higher cell
attachment was observed on biological materials like DAT coated carriers or
scaffolds and cells spread on these scaffolds (Fiedler, et al., 2001). From SEM
images it was found that higher ASCs attachment was observed compared to Saos-2
cells (Figures 19 and 20). Saos-2 cells did not form a lawn of cells on the
microcarriers. From these images it was observed that microcarriers seeded with
hAScs were covered with cells. This was also in agreement with the finding that cells
did not increase in number for these cells. This coverage difference could be the size
difference between these two cell types since percent reduction values were similar

at the same incubation periods.

100 ym

Figure 19. SEM images of Saos-2 cell seeded microcarriers after 24 hours of

incubation Cells are shown by arrows.
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Figure 20. SEM images of ASCs seeded on (a) DAT-HAp-0.5 (b) DAT-HAp-0.1 (c)
DAT-HAp-0.01 (d) DAT-HAp (e) HAp-0.5 (f) HAp-0.1 (g) HAp-0.01 (h) HAp after
1 day of incubation. Abbreviations used are HAp microcarriers (HAp), DAT Coated
HAp microcarriers (DAT-HAp), HAp microcarriers loaded with 0.01 mg/ml SIM
(HAp-0.01), DAT coated HAp microcarriers loaded with 0.01 mg/ml SIM (DAT-
HAp-0.01), HAp microcarriers loaded with 0.1 mg/ml SIM (HAp-0.1), DAT coated
HAp microcarriers loaded with 0.1 mg/ml SIM (DAT-HAp-0.1), HAp microcarriers
loaded with 0.5 mg/ml SIM (HAp-0.5), DAT coated HAp microcarriers loaded with
0.5 mg/ml SIM (DAT-HAp-0.5).
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3.5.3. Laser Confocal Microscopy of Cell Seeded HAp based Microcarriers

SEM analyses revealed that the prepared microcarriers were porous; therefore the
available surface for cell attachment was increased. The cell attachment on
microcarriers was also confirmed with CLSM. In CLSM, non-specific FITC staining
of HAp microcarriers was observed. Only nuclei of attached cells were stained
(Figure 21). Cell growth on microcarriers was also observed in Z-stack analyses
with CLSM (Figure 22). Since the nuclei of cells can be seen when the laser goes
deeper, the cells surrounded the microcarriers showing that the cells attached and

migrated homogenously on the surface of the microcarriers.

Figure 21. Z-stack images of cells attached on microcarriers after 24 hours of

incubation.
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Figure 22. Z-stack images of microcarriers that were (a) non-specifically stained
with FITC, (b) nuclei of Saos-2 cells stained with Pl and (c) cells (stained with PI-

red) attached on the microcarriers (stained with FITC—green).
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3.5.4. Osteoblastic Differentiation of Saos-2 cells Seeded on HAp Based
Microcarriers

Osteogenic differentiation of Saos-2 cells on SIM loaded HAp based DAT coated
and uncoated microcarriers was conducted in osteogenic induction medium for 14
days. Detailed surface characterization was examined on day 7 by SEM and SEM-
EDX spot analysis (Figures 23 and 24). According to SEM images, precipitated
calcium phosphate particles were observed on the surfaces of cells that were attached
onto microcarriers. Attached cell density on DAT coated microcarriers was observed
to be higher than uncoated microcarriers. In order to see atomic ratio difference of
Ca/P between DAT coated and uncoated microcarriers surface, SEM observations
were supported with EDX spot analysis. Carbon (C) amounts shown in EDX graphs
of DAT coated microcarriers were higher than uncoated HAp microcarriers. This can
be attributed to organic compounds of DAT; however, the carbon content also differs
in between each sample thatwere coated with DAT. It can be due to attached cell
density difference. In Figure 23 (a), carbon amount of DAT-HAp-0.5 were lowest
among DAT-coated group. In viability studies, we have seen that when SIM
concentration in microcarriers was lowered, attached cell density was shown to be
increased. Therefore, it can be said that SIM concentration in DAT-HAp-0.5
decreased the cell attachment with respect to other DAT-coated microcarriers.
Semiquantitative analysis of Ca/P ratios can be used to indicate the phase of Ca-P
present on the cell layer with SEM-EDX (Lickorish et al., 2004). Average Ca/P
atomic ratio determined according to coating difference by EDX analysis. Data were
collected from top of the cell layers on DAT coated and uncoated microcarriers
groups were averaged for (HAp and DAT-HAp microcarriers) 1.65 + 0.08 and 1.44 +
0.29, respectively. Compared to stoichiometric HAp (Ca/P=1.67), uncoated
microcarriers were shown to have lower than stoichiometric HAp ratio and was
closer to Ca-deficient hydroxyapatite (Ca/P~1.5) (N. Zhang et al., 2013). However,
microcarriers were HAp microsphere as it has been shown from the XRD analyses of

starting powders and calcined microcarriers (Figure 5 and 6) and EDX analysis did
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not provide enough data for deciding the effect of SIM on cell differentiation. It must

be supported SEM and ALP specific enzyme activity analyses.
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Figure 23. SEM images and EDX-SEM analysis results of Saos-2 seeded on (a)
DAT-HAp-0.5 (b) DAT-HAp-0.1 (c) DAT-HAp-0.01 (d) DAT-HAp after 7 days of
incubation in osteogenic media. Spotted areas for EDX analysis were shown by

arrows.
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Figure 24. SEM images and EDX-SEM spot analysis of Saos-2 seeded on (a) HAp-
0.5 (b) HAp-0.1 (c) HAp-0.01 (d) HAp after 7" day of incubation in osteogenic

induction media. Spotted areas for EDX analysis were shown by arrows.
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CHAPTER 4

CONCLUSIONS

Spherical microparticles have been widely used form of biomaterials, generally used
for cell and drug delivery purposes in tissue engineering applications. In this study,
porous hydroxyapatite based microcarriers were formed by w/o emulsification
method and loaded with 0.01, 0.1, 0.5 mg/ml simvastatin, respectively. Coated with
decellularized adipose tissue increased cellular attachment and proliferation on the
microcarriers. Although, the loaded amount of SIM was determined in cytotoxic
level in literature, microcarriers were not shown to be cytotoxic on both saos-2 cells
and human adipose-derived stem cells. In vitro experiments suggest that SIM loaded
and DAT coated microcarriers can be applied to improve osteogenic activity and
regeneration at the defect site. However, firstly, SIM loaded and coated microcarriers

long term effect should be evaluated in vivo.
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APPENDIX A

HPLC CALIBRATION CURVE
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Figure Al. Calibration curve of SIM with HPLC UV-HPLC for determining drug
amounts.
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