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ABSTRACT

DEVELOPMENT OF HYPOXIA-INDUCIBLE FACTOR-1 ALPHA AND
GHRELIN-LOADED CORE/SHELL FIBROUS SCAFFOLDS FOR
IMPROVING VASCULARIZATION AND OSTEOGENESIS

Kiigiik, Eren
Master of Science, Biomedical Engineering
Supervisor: Prof. Dr. Dilek Keskin
Co-Supervisor: Prof. Dr. Aysen Tezcaner

December 2023, 89 pages

The purpose of bone tissue engineering is to develop biocompatible materials, that
have adjustable durability depending on the area to be applied, and promote cell
adhesion and growth to improve the bone regeneration process. There are still some
restrictions and risks in the clinical treatments used today. In this thesis, the focus is
on increasing vascularization, one of the limitations of bone tissue engineering, by
using a special protein and enhancing regeneration using a bone regenerative peptide.
The basic approach is stimulating the necessary pathways by local controlled release
of two proteins: Hypoxia Inducing Factor-1 a; HIFla (a transcription factor) and
ghrelin(a peptide hormone) to support vascularization and bone regeneration,
respectively. To investigate the potential of these biological molecules in a local
delivery system a new scaffold was developed with cellulose acetate (CA),
polycaprolactone (PCL), and gelatin (GEL) polymers. Scaffolds of double-layered
fibers (core/shell fibers) were formed with CA in the shell and PCL-Gel in the core

using the coaxial wet electrospinning method.



The shell layer of the scaffold was loaded with HIF1-a protein to provide early
release of this protein from the scaffold to start angiogenesis earlier when applied in
vivo. To support bone regeneration throughout the healing period Ghrelin was loaded
to the inner (core) layer of the fibers (PCL-GEL) of the scaffold for more sustained
and controlled release. Initial structural characterizations by SEM analysis and
observations on the final solid form were used to select the best scaffold composition
and production parameters. Upon optimization studies, the best composition for
fibrous scaffold production was found as CA (12 %) and PCL: Gel (80:20 ratio) with
10 % total polymer concentration which presented homogenous fiber diameters and
durable 3D form. For 14 days of degredation, the dry weight of the scaffold did not
change. As a result of 14-day swelling analysis, 1200% swelling was observed.
Release experiments with a single protein/peptide loaded to different layers of the
fibers of scaffolds provided the fast release of HIF1 o (within 2 days) from scaffolds

and slower release of Ghrelin (extending up to 10 days) as initially aimed.

In vitro experiments with scaffolds were performed both with an endothelial cell line
(HUVEC) and a bone osteoblast cell line (HFOB). In vitro, scaffold cell culture
studies with HUVEC cells showed that HIF1-a increases VEGF production. In vitro,
scaffold cell culture studies with HFOB cells showed that ghrelin hormone increases
cell viability. The effect on osteogenic differentiation investigated by Alkaline
phosphatase enzyme (ALP) activity analysis showed no significant effect of ghrelin
on the 7th-day results, but the ALP activity results of the cells exposed to ghrelin

were approximately 2.5 times higher than the control group on the 14th day.

The developed dual protein/peptide delivery system is found to have the potential

for bone tissue regeneration and can be suggested for further in vivo studies.

Keywords: Bone tissue engineering, Angiogenesis in bone tissue, Coaxial
electrospinning, Hypoxia-inducible factor 1-alpha, Ghrelin.
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VASKULARIZASYON VE OSTEOGENEZIN IYILESTIRILMESI iCIN
HiPOKSI iLE INDUKLENEBILIR FAKTOR-1 ALFA VE GHRELIN
YUKLU CEKIRDEK/KABUK FiBROZ DOKU iSKELELERININ
GELISTIRILMESI

Kiiciik, Eren
Yiiksek Lisans, Biyomedikal Miihendisligi
Tez Yoneticisi: Prof. Dr. Dilek Keskin
Ortak Tez Yoneticisi: Prof. Dr. Aysen Tezcaner

Aralik 2023, 89 sayfa

Kemik doku miihendisliginin amaci, biyouyumlu, uygulanacak bdolgeye gore
ayarlanabilir dayanikliliga sahip ve hiicre yapigsmasini ve biiyiimesini tesvik eden
malzemeler gelistirerek kemik rejenerasyon siirecini iyilestirmektir. Giiniimiizde
kullanilan klinik tedavilerde hala bazi kisitlamalar ve riskler bulunmaktadir. Bu tez
caligmasi, kemik doku miihendisliginin simirlamalarindan biri olan yetersiz
vaskiilarizasyon iizerine odaklanmaktadir ve lokal uygulama i¢in giivenli bir kemik
rejeneratif peptid kullanimi konusunu ele almaktadir. Temel yaklagim, iki proteinin,
Hipoksi Indiikleyen Faktor-1oa (HIF1o; bir transkripsiyon faktorii) ve ghrelinin (bir
peptid hormonu) lokal kontrollii salimimi ile gerekli yolaklari uyararak kemik
rejenerasyonunu ve vaskiilarizasyonu desteklemektir. Bu proteinlerin lokal
uygulama sistemindeki potansiyelini arastirmak icgin selilloz asetat (CA),
polikaprolakton (PCL) ve jelatin (GEL) polimerlerinden olusan yeni bir iskele
gelistirilmistir. Koaksiyel 1slak elektro-egirme yontemi kullanilarak dis katmanda
CA ve i¢ katmanda PCL-Jelatin igeren ¢ift katmanl lifler (¢ekirdek/kabuk lifler)

olusturulmustur.
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Iskelelerin kabuk tabakasi, in vivo uygulandiginda anjiyogenez siirecini daha erken
baslatmak i¢in HIFI-a proteini ile yiiklenmistir. Ghrelin ile kontrollii salinimi
destekleyen bir kemik doku miihendisligi iskele gelistirmek i¢in, i¢ (cekirdek)
katmana PCL-Jelatin polimer karisimi yiiklenmistir. SEM analizi ve nihai kat1 form
iizerinde yapilan gozlemler, en iyi iskele bilesimini ve iiretim parametrelerini segmek
icin kullanilmistir. Optimizasyon ¢alismalar1 sonucunda, lifli iskele iiretimi i¢in en
iyi bilesim, homojen lif ¢aplar1 ve dayanikli 3 boyutlu form sunan CA (%12) ve
PCL:Jelatin 80:20 oraninda %210 toplam polimer konsantrasyonu olarak
belirlenmistir. iskelelerin bozunma ve sisme analizi, iskelelerde kuru agirlikta 14
giinliik bozunma deneylerinde agirlik degisimi gézlemlenmemistir. Sismenin %1200
oldugunu goriilmiistiir. In vitro salinim deneyleri, iskelelerden hizli bir HIFla
salinimi (2 giin i¢inde) ve amaclandigi gibi daha yavas bir ghrelin salinimi (10 giine

kadar uzayan) saglamistir.

Iskelelerle yapilan in vitro deneyler hem endotel hiicre hatti (HUVEC) hem de kemik
osteoblast hiicre hatti (HFOB) ile gergeklestirilmistir. HUVEC hiicreleriyle yapilan
in vitro iskele hiicre kiiltiirii ¢alismalari, HIF1-a’nin VEGF {iretimini arttirdigini
gostermistir. HFOB hiicreleriyle yapilan in vitro iskele hiicre kiiltiirii ¢caligmalari,
ghrelin  hormonunun hiicre canliligini arttirdigin1  gdstermistir. Osteoblastik
farklilagma tizerindeki etki, 7. ve 14. giinlerde ALP analizi ile arastirilmistir.
Ghrelin'in osteoblastik farklilagsma iizerinde 7. giin sonuglarinda 6nemli bir etkisi
gozlenmese de, 14. gilin ghrelin uygulanan hiicrelerin osteoblastik farklilagma

sonuglar1 kontrol grubundan yaklasik 2,5 kat daha yiiksek olmustur.

Gelistirilen ¢ift protein/peptid salinim sisteminin kemik doku rejenerasyonu i¢in

potansiyele sahip oldugu ve ileri in vivo ¢alismalar i¢in 6nerilebilecegi bulunmustur.

Anahtar Kelimeler: Kemik doku miihendisligi, Kemik dokuda damarlasma, Es-

eksenli elektro-egirme, Hipoksi ile indiiklenebilir faktor 1-alfa, Ghrelin.
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CHAPTER 1

INTRODUCTION

1.1 Bone Structure and Function

Bone is a complex tissue composed of inorganic and organic components that work
together to provide strength, flexibility, and support to the body. The osseous matrix,
also known as the extracellular matrix of bone tissue, comprises the intercellular
substance of the bone tissue, encompassing both organic and inorganic constituents.
It represents the bulk of bone mass, playing a crucial role in bone's structural integrity
and functionality. The organic component of the osseous matrix predominantly
consists of collagen fibers and a ground substance, while the inorganic component is
composed primarily of hydroxyapatite, a mineral salt, along with other minerals (Lin

et al., 2020). It is shown in more detail in Table 1.1.

Table 1.1 Bone matrix components and their function

Fibrillar collagens are
responsible  for imparting
tensile strength, flexibility,

Collagen Fibrillar ~ type | and a scaffold for mineral

(Type | deposition  during  bone

Organic Type 1l Type V) | formation, remodeling, and
components repair (Lin et al., 2020).

Non-fibrillar Nonfibrillar collagens occur

type (Type IV | in relatively smaller amounts

Type XIII) but are nevertheless essential




for maintaining the integrity
and function of bone tissue.
Type IV collagen, a major
component of  basement
membranes, forms the bone
lining cells covering bone
surfaces, while Type XIlI
collagen is involved in cell
and

adhesion signaling

processes (Lin et al., 2020).

The ground | Nonfibrillar Filling the space between
substance amorphous collagen fibers and
material hydroxyapatite crystals within

the bone matrix. Composed of

glycoproteins, proteoglycans,

and glycosaminoglycans, the

ground substance contributes

to the structural integrity of

bone tissue (Lin et al., 2020).

Other  organic | Osteocalcin Involves  cell  adhesion,
components Osteopontin signaling, bone

Bone
Sialoprotein
Matrix Gla
Protein
Proteoglycans
Glycoproteins
Growth Factors
(transforming

growth  factor-

mineralization, and calcium
ion binding, regulating the
interaction between cells and
the bone matrix during bone
remodeling or  renewal,
inhibiting the calcification of
soft tissues, maintaining the
extracellular matrix structure,

regulating bone cell activities,




beta (TGF-B),
fibroblast
growth
(FGFs),

bone

factors

and

morphogenetic
proteins
(BMPs))

including proliferation,
differentiation, migration, and
new bone formation (Lin et

al., 2020).

Inorganic

components

Hydroxyapatite

Existing in crystalline form

and represents the
predominant component of
the bone matrix, accounting
for a significantly greater
proportion than other matrix
constituents, including Type |
collagen, which contributes
approximately 35% to the
bone’s dry weight (Lin et al.,

2020).

Other minerals

Calcium (Ca?")
Phosphate
(PO4)
Magnesium
(Mg®)
Sodium (Na*)
Potassium (K*)

Playing a critical role in bone
mineralization, contributing to
the regulation of calcium
levels, maintaining the body's
electrolyte balance, playing a
vital role in  overall
homeostasis, maintaining the
acid-base balance in the bone,
and ensuring proper bone

function (Lin et al., 2020).




1.2 Bone Regeneration

The healing process of bone injuries occurs in three stages: inflammation, repair, and
remodeling (Figure 1.). There is a lot of overlap between these phases, though.
Mesenchymal stem cells are essential to the healing process, which is facilitated by
principal cells and their secretions. The periosteum and endosteum are the two main
sources from which they are delivered. Inflammatory cells, endothelial cells,
fibroblasts, osteoblasts, and osteoclasts are among the other entities implicated
(Bahney et al., 2019; Marsell & Einhorn, 2011).

The first stage, lasting one to five days, begins immediately after the injury. The
blood vessels that feed the bone are torn, causing a hematoma to form at the site
of the injury. This hematoma provides a temporary environment for healing
(Marsell & Einhorn, 2011). The injury also causes the release of tumor necrosis
factor-alpha (TNF-a), bone morphogenetic proteins, and interleukins. These
proteins attract macrophages, monocytes, and lymphocytes to the area. While the
damage is being cleared by these molecules, vascular endothelial growth factor
(VEGF) is released, which is essential for the initiation of the healing process
(Sheen et al., 2023).

The second stage, lasting from the 5th to the 28th day of healing, is the repair
phase. VEGF release initiates angiogenesis, the process of forming new blood
vessels that are necessary to nourish the area (Glowacki, 1998; Hausman et al.,
2001). This allows the tissue within the hematoma to begin to develop. More
mesenchymal stem cells are recruited to the area and begin to differentiate. As a
result of this stage, chondrogenesis begins and a collagen-rich fibrocartilage
network covered with hyaline cartilage forms at the ends of the injury. This
cartilaginous structure begins to ossify. RANK-L is released, which stimulates the
further differentiation of osteoclasts and osteoblasts. The cartilaginous callus
begins to mineralize. New blood vessel formation allows for the arrival of more
stem cells in the area. At the end of the repair stage, a hard, calcified callus made
of immature bone is formed (L. Claes et al., 1997; L. E. Claes et al., 1998).



The remodeling phase, which begins on the 18th day of the repair phase and then
varies in duration depending on the individual, begins to remodel the hard callus.
This process involves resorption by osteoclasts and new bone formation by
osteoblasts. The central part of the callus is replaced by compact bone, while the
edges of the callus are replaced by lamellar bone. Vascular remodeling also

redevelops in this process (Sheen et al., 2023).
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Figure 1. Diagram showing the many stages of cellular activity, biological
processes, and the normal healing process for fractures (Wang & Yeung, 2017).

1.3 Bone Defects and Diseases Requiring Biomaterial Use

Bone defects are structural losses in the bone that can arise from various causes such
as injuries, surgical procedures, infections, or underlying medical conditions (Figure
2.) These defects can lead to discomfort, impaired stability, and compromised

functionality, and may not readily heal on their own (Zhou et al., 2021).
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Figure 2. Primary reasons for bone loss. (Zhou et al., 2021).

1.4 Bone Tissue Engineering

Bone tissue engineering (BTE) is a research field that aims to develop new
implantable biocompatible materials to overcome the limitations of clinical
applications for the treatment of challenging segmental and limited skeletal defects
(Dixon & Gomillion, 2021). Three key areas of study in bone tissue engineering are
matrix, stem cells, and growth factors, often known as bioactive substances (drugs,
proteins) (Figure 3) (Kneser et al., 2002). The ECM (3D scaffold) plays a crucial
role in tissue engineering by providing mechanical support, cell attachment sites, and
signaling molecules (Kneser et al., 2002). Growth factors play a critical role in bone
formation by stimulating osteogenic cell proliferation and differentiation, and two

important factors include bone morphogenetic proteins (BMPs) and basic fibroblast



growth factor (bFGF), which can be incorporated into tissue engineering constructs

for sustained release and improved efficacy (Kneser et al., 2002).
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Figure 3. Three main components of BTE (Dixon & Gomillion, 2021).

1.4.1 Biomaterials Used in Bone Tissue Engineering

Biomaterials are engineered materials designed to interact with living organisms
predictably and beneficially. They can repair bone defects by providing a framework
for new bone growth, delivering therapeutic agents to promote bone healing, and
preventing infections (Lalwani et al., 2016). Many different biomaterials as natural
polymers, synthetic polymers, bioceramics, and composite biometarials can be used
to repair bone defects. Each biomaterial has its advantages and disadvantages
(Lalwani et al., 2016; Yang et al., 2023; Yue et al., 2020).

1411  Synthetic Polymers

Synthetic polymers offer excellent control over their properties, making them
attractive for bone tissue engineering (Shi et al., 2016). Aliphatic polyesters like
PLA, PGA, and PLGA are widely used due to their biodegradability and tunable
degradation rates. However, surface modifications are often needed to improve cell

recognition and osteoconductivity (D. X. Wang et al., 2013). PCL, with higher



crystallinity and hydrophobicity, also requires surface modifications or
copolymerization to enhance its performance (Baker et al., 2012a). PVA, with its
water solubility and crystallinity dependent on the degree of hydroxylation, finds
applications in bone regeneration (Baker et al., 2012b). PPE, with potential
osteoinductive capacity, can be used to modify other polymers and promote bone
formation (Benoit et al., 2008). PTMC, an amorphous biocompatible polymer, shows
promising results in guided bone regeneration (Van Leeuwen et al., 2012).
Biodegradable PUs, with tunable properties and high mechanical strength, are
gaining attention in bone tissue engineering, often combined with inorganic
materials and bioactive substances (Huang et al., 2009). Polypeptides like y-PGA
and polylysine contribute to bone regeneration through their specific properties and
are often used in combination with other materials (Hsieh et al., 2005). Overall,
synthetic polymers offer a versatile and promising toolkit for designing and

engineering bone tissue.

1.4.1.1.1 Polycaprolactone (PCL)

PCL is a biodegradable polyester (Figure 4.). It is a semi-crystalline aliphatic
polymer with a glass transition temperature of -60°C and a melting temperature that
ranges from 59 to 64°C, or above body temperature. As a result, the semi-crystalline
PCL reaches a rubbery state at physiological temperature, giving it exceptional
mechanical properties (high strength, elasticity depending on its molecular weight)
and high toughness (Bezwada et al., 1995). Due to its non-toxicity and tissue
compatibility, it is frequently utilized in drug delivery applications, resorbable
sutures, and scaffolds for regenerative medicine. Under physiological conditions,
PCL is broken down by microorganisms or by the hydrolysis of its aliphatic ester
linkage, with a longer degradation time of two to three years. PCL degrades the
slowest among these materials because its repeating units contain five hydrophobic
—CHa2 moieties (Engelberg & Kohn, 1991).



PCL-based composites are promising materials for bone tissue engineering.
PCL itself has several beneficial properties, including biocompatibility, low
cost, and a slow degradation rate. However, its hydrophobicity, low bioactivity,
and slow degradation rate can limit its applications. Combining PCL with other
materials can address these limitations and improve its properties for bone
regeneration (Gharibshahian et al., 2023).

e PCL/ceramic composites: Ceramics like hydroxyapatite and f-
tricalcium phosphate can improve the mechanical properties,
bioactivity, hydrophilicity, and biodegradability of the composite
(Gharibshahian et al., 2023).

e PCL/polymer composites: Polymers like PLA, PLGA, and gelatin can
improve the mechanical properties, biocompatibility, and degradation
rate of the composite. Decellularized tissues can also be combined with
PCL to promote bone regeneration, cell adhesion, and osteoblast
proliferation (Gharibshahian et al., 2023).

e PCL/metal composites: Metals like magnesium and zinc can improve
the mechanical properties, bioactivity, degradation rate, and

osteogenesis of the composite (Gharibshahian et al., 2023).
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Figure 4. Chemical structure of PCL (McKeen, 2021).

1412 Natural and Natural Origin Polymers

Naturally derived polymers such as collagen, gelatin, silk fibroin, and chitosan hold

significant promise for bone tissue engineering due to their similarity to the



extracellular matrix and their ability to support cell adhesion and function (Pina et
al., 2015). Collagen, the major protein component of bone tissue, can be processed
into various forms including hydrogels, sponges, and fibrous scaffolds (L. Wang &
Stegemann, 2010). Gelatin, its denatured form, offers high water solubility and lower
cost (Visser et al., 2015). Silk fibroin possesses remarkable mechanical properties
and its degradation rate can be easily controlled (Liu et al., 2015). Chitosan, a
positively charged polysaccharide, can electrostatically interact with negatively
charged molecules and membranes (Dhivya et al., 2015). These polymers are often
combined with inorganic materials like calcium phosphates (CaPs) to enhance
mechanical strength and osteoconductivity. Studies have shown that these composite
scaffolds promote cell proliferation, differentiation, and bone regeneration,
demonstrating their potential for clinical applications in bone tissue engineering (Shi
etal., 2016).

1.4.1.2.1 Gelatin (Gel)

Gelatin, a naturally derived polymer obtained by hydrolyzing collagen, has found
widespread application in the field of 3D cell culture and tissue engineering. Its
suitability arises from its unique properties, which provide the necessary chemical
and biological cues for supporting diverse cell populations. This makes gelatin a
valuable material for creating matrices for 3D cell culture and as a component of
tissue-engineering scaffolds (Alipal et al., 2021). However, certain limitations
associated with gelatin, such as its weak mechanical properties, rapid enzymatic
degradation, and limited solubility in concentrated aqueous solutions, hinder its
broader use. To overcome these limitations and enhance its performance, researchers
have explored strategies such as combining gelatin with synthetic polymers like
polycaprolactone (PCL), polyethylene glycol (PEG), and poly(lactic-co-glycolic
acid) (PLGA). This allows for the creation of advanced biomaterials with tailored
properties that can more effectively support cell growth, differentiation, and tissue
regeneration (Afewerki et al., 2019).
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1.4.1.2.2 Cellulose Acetate (CA)

Cellulose acetate (CA) is a biodegradable and biocompatible synthetic compound
derived from the acetylation of natural cellulose (Janmohammadi et al., 2023). Its
advantageous properties, including excellent chemical resistance, tunable
mechanical strength, versatility in processing, and biodegradability, make it a
promising candidate for scaffold materials in tissue engineering (Seddiqi et al.,
2021). However, certain limitations need to be addressed before CA can be widely
adopted in this field. Its limited thermal stability restricts its application in specific
scenarios, and its mechanical strength, while tunable, can be insufficient for load-

bearing applications (Seddiqi et al., 2021).
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Figure 5. Chemical structure of CA (Janmohammadi et al., 2023).

1.4.2 Scaffold Production Methods in Bone Tissue Engineering

Methods used to produce scaffolds for bone tissue engineering can be classified as

traditional methods and additive manufacturing methods.

Traditional methods use physical or chemical processes to create porous

structures from biocompatible materials. Common traditional methods include:
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i) Solvent casting/particulate leaching: A polymer solution is poured into a
mold containing a porogen (such as salt or sugar). The solvent is then
evaporated, leaving behind a nonporous scaffold. The porogen is then removed
with a suitable solvent, leaving behind a porous scaffold with interconnected
pores (Mikos et al., 1994; Nasr-Esfahani & Mehrabanian, 2011).

i) Gas foaming: A polymer solution is saturated with a gas (such as carbon
dioxide or nitrogen). The solution is then heated or depressurized, causing the
gas to expand and create pores in the polymer. The gas then escapes, leaving
behind a porous scaffold (Eltom et al., 2019a).

iii) Electrospinning: A high voltage is applied to a polymer solution, causing it
to form a jet of nanofibers. The nanofibers are then collected on a collector to
form a porous scaffold (Roseti et al., 2017).

iv)Freeze-drying: A polymer solution is frozen and then lyophilized
(sublimated) to remove the ice. This leaves behind a porous scaffold with
interconnected pores (Eltom et al., 2019b; Thavornyutikarn et al., 2014).
Additive manufacturing methods use computer-aided design (CAD) and
computer-aided manufacturing (CAM) software to create three-dimensional
(3D) objects from digital models. Common additive manufacturing methods
used for scaffold production are:

Stereolithography (SLA): uses UV light to cure photo-sensitive resin, building
structures layer-by-layer. Offers high resolution and detail, but requires specific
resins and has limited material choices.

I.  Fused deposition modeling (FDM): melts and extrudes a thermoplastic
polymer filament to build structures layer-by-layer. Offers high porosity
and ease of processing, but limited materials and requires high
processing temperatures (Suamte et al., 2023).

ii.  Selective laser sintering (SLS): uses a laser to sinter powder particles
into solid structures layer-by-layer. Offers good mechanical strength and
control over pore size and interconnectivity, but requires high

temperatures and post-processing (Suamte et al., 2023).
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Vi.

Vii.

Binder jetting: deposits a binding agent onto a powder bed to selectively
solidify layers, building the structure layer-by-layer. Offers low cost and
rapid fabrication, but requires post-processing to remove unbound
powder (Suamte et al., 2023).

Inkjet printing: deposits droplets of biocompatible inks containing cells
and materials onto a substrate. Offers high resolution and cell viability,
but limited materials and potential for nozzle clogging (Suamte et al.,
2023).

Laser-assisted bioprinting (LAB): uses a laser to create pressure pulses
on a ribbon, ejecting bioink droplets to build structures layer-by-layer.
Offers high cell viability and resolution, but requires specialized
equipment (Suamte et al., 2023).

Direct cell writing: extrudes a continuous filament containing cells and
biomaterials through a micro nozzle to build structures layer-by-layer.
Offers high cell density and compatibility with various materials, but
limited resolution and potential for nozzle clogging (Suamte et al.,
2023).

Metal-based additive manufacturing: uses energy sources like laser or
electron beam to melt and fuse metal powder into structures layer-by-
layer. Offers patient-specific customization, and control over porosity
and microstructure, but requires specialized equipment and expertise
(Suamte et al., 2023).

Electrospinning

Electrospinning is a method for producing nanofibrous scaffolds with extremely thin
fibers having diameters in the nanometer range. This method is versatile and
scalable, so it can be used to produce nanofibers from a variety of materials and in
large quantities. The process involves applying a high voltage to a polymer solution,
which causes the solution to form a jet (Figure 6.). The jet then breaks up into a

13



stream of nanofibers that are collected on a collector. Electrospun materials have a
wide range of potential applications, including filtration, drug delivery, tissue
engineering, energy storage, environmental remediation, and food packaging
(Sharma et al., 2022).

Polymer Solution

Collector

High Voltage Power Supply

Figure 6. Illustration of electrospinning setup

As shown in Figure 6 an electrospinning setup typically consists of the A high
voltage power supply that provides a high-voltage electric field to the polymer
solution, which causes it to form a jet, a syringe pump that pumps the polymer
solution through the needle or nozzle at a controlled rate, a needle or nozzle to
dispenses the polymer solution into the electric field and a solid or liquid collector

for collecting the electrospun nanofibers (Long et al., 2019).

151 Co-axial Electrospinning

Coaxial electrospinning stands as a sophisticated technique for producing
nanofibers, characterized by their intricate morphologies and diverse

functionalities. It represents an advancement over conventional electrospinning,

14



where two or more polymer solutions are simultaneously extruded from a

coaxial spinneret. The core solution resides within the inner capillary, while the

shell solution encases it within the outer capillary. This unique arrangement

enables the fabrication of nanofibers with a core-shell structure, allowing for the

incorporation of diverse materials and functionalities (Pant et al., 2019; Qu et
al., 2013).
Coaxial electrospinning offers several distinct advantages over its conventional

counterpart, including:

Fabrication of Core-Shell Nanofibers: Coaxial electrospinning
facilitates the creation of nanofibers with a layered structure, enabling
the encapsulation of materials and the controlled release of drugs or
active agents (Pant et al., 2019; Qu et al., 2013).

Enhanced Mechanical Properties: The core-shell structure imparted by
coaxial electrospinning often results in nanofibers with improved
mechanical properties, enhancing their durability and applicability (Pant
etal., 2019; Qu et al., 2013).

Tailored Release Profiles: Upon varying the core and sheath materials
and thicknesses, coaxial electrospinning enables the fabrication of
nanofibers with tailored release profiles, allowing for controlled release
of drugs or active agents over extended periods (Pant et al., 2019; Qu et
al., 2013).

Enhanced Biocompatibility: The ability to incorporate biocompatible
materials into the core or sheath of nanofibers enhances their
biocompatibility and suitability for tissue engineering and biomedical
applications (Pant et al., 2019; Qu et al., 2013).

Versatility in  Material ~ Selection:  Coaxial electrospinning
accommodates a wide range of materials, including polymers,
bioceramics, and metals, enabling the fabrication of nanofibers with
diverse properties and functionalities (Pant et al., 2019; Qu et al., 2013).
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In conclusion, coaxial electrospinning emerges as a powerful tool for fabricating
nanofibers with intricate morphologies and differing functionalities, propelling
advancements in various fields, including tissue engineering, drug delivery,

biofiltration, sensor technology, and energy storage (Qu et al., 2013).

1.6 Challenges of Bone Tissue Engineering Approaches in Bone Healing

While bone tissue engineering holds immense potential, several key challenges
impede its widespread application. These can be broadly categorized into
fundamental, knowledge-related, evaluation, and clinical hurdles (Amini et al.,
2012).

Table 1.2 Challenges of Bone Tissue Engineering

Component Selection: Determining the
ideal combination of cell type, scaffold
material with appropriate mechanical
and porosity properties, and growth
factors for each specific bone defect
remains a significant challenge (Amini
etal., 2012).

Vascularization: Ensuring adequate

Fundamental Challenges and sustained blood flow throughout
the engineered tissue is vital for its
long-term  survival and function,
posing another critical hurdle (Maia et
al., 2022).

Host Integration: Seamless integration

of the engineered bone with
surrounding native tissue is crucial for

optimal  function and stability,
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presenting a major obstacle to

overcome (Maia et al., 2022).

Knowledge-Related Challenges

Cell Contribution: Understanding the
relative contributions of donor and host
cells to bone regeneration is crucial for
optimizing cell-based therapies (Amini
etal., 2012).

Immunomodulation: Developing
effective strategies to suppress the
immune response and prevent rejection
of the engineered tissue is essential for
successful bone tissue engineering
(Amini et al., 2012).

Side Effects and Complications:
Carefully evaluating the potential side
effects and complications related to
various therapeutic agents used in bone
tissue engineering is critical (Maia et
al., 2022).

Animal Models: Selecting the most
appropriate animal models, particularly
large animals that better represent
human bone properties and healing, is
crucial for pre-clinical testing (Amini
etal., 2012; Maia et al., 2022).

Bone Quality: An accurate assessment
of the regenerated bone tissue's quality,

including composition, structure, and

17




Evaluation Challenges

mechanical properties, is essential for
evaluating its success (Amini et al.,
2012; Maia et al., 2022).

Bone Functionality: Assessing the
functionality of the regenerated bone
tissue, particularly its ability to
withstand loads and support normal
bone function, is vital for determining
its effectiveness (Amini et al., 2012;
Maia et al., 2022).

Long-Term Tracking: Monitoring the
long-term performance and stability of
the engineered bone tissue over time is
crucial for ensuring its long-term
success (Amini et al., 2012; Maiaet al.,
2022).

Clinical Challenges

Regulatory  Approval:  Obtaining
regulatory approval for clinical use of
bone tissue engineering approaches,
especially those involving multiple
components or complex technologies,
presents a significant hurdle (Amini et
al., 2012; Maia et al., 2022).

Multi-Component Strategies:

Developing cost-effective and
efficient methods for manufacturing
and implementing multi-component
bone tissue engineering strategies is
essential for their clinical viability
(Amini et al., 2012; Maia et al., 2022).
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Patient Specificity: The high cost
associated with patient-specific bone
tissue engineering approaches limits
their accessibility and affordability
(Amini et al., 2012; Maia et al., 2022).

Alternatives  to  Patient-Specific

Approaches: Exploring  patient-
independent methods for bone tissue
engineering is crucial for increasing the
accessibility and affordability of this
technology (Amini et al., 2012; Maia et
al., 2022).

16.1 Vascular Endothelial Growth Factor

Vascular endothelial growth factor (VEGF) is a signaling protein that plays a
fundamental role in angiogenesis, the formation of new blood vessels, and
vasculogenesis, the development of the initial blood vessel network during
embryonic development (Ferrara, 2009). It promotes the differentiation of
endothelial cell precursors and their assembly into functional blood vessels (Ferrara,
2004). Produced by a variety of cell types, including endothelial cells, macrophages,
and platelets, VEGF exerts its effects by binding to two main receptors, VEGFR1
and VEGFR2, expressed on the surface of endothelial cells (Shibuya & Claesson-
Welsh, 2006) VEGF is the most potent stimulator of angiogenesis known. It
promotes the proliferation, migration, and survival of endothelial cells, the building
blocks of blood vessels (Ferrara et al., 2003). VEGF increases vascular permeability,
allowing fluid and macromolecules to leak out of blood vessels. This can be
beneficial in some cases, such as wound healing, where it facilitates the delivery of

immune cells and growth factors to the injured area (Ferrara, 2009). However,
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excessive vascular permeability can also be harmful, as seen in diabetic retinopathy,
where it contributes to retinal edema and vision loss (Ferrara, 2004). VEGF has been
implicated in neurogenesis, the formation of new neurons. Studies have shown that
VEGF promotes the proliferation and survival of neural stem cells and enhances their
differentiation into neurons (Ferrara, 2004). VEGF is a key factor in tumor growth
and metastasis. It promotes angiogenesis, allowing tumors to develop new blood
vessels to obtain oxygen and nutrients, which results in their growth and increased
potential for spread (Ferrara, 2004).

Due to its critical roles in angiogenesis and vascular permeability, VEGF is involved
in a variety of diseases such as cancer, diabetic retinopathy, age-related macular
degeneration (AMD), rheumatoid arthritis (RA), and psoriasis (Ferrara, 2004). HIF1

Alpha and Its Role in Vascularization

1.6.2 HIF1 Alpha and Its Role in Vascularization

HIF-1a, a crucial transcriptional regulator, plays a pivotal role in cellular adaptation
to low-oxygen environments. Under hypoxic conditions, HIF-1a stabilizes and binds
with HIF-1p, activating the transcription of numerous genes involved in various
cellular processes, including angiogenesis, metabolism, and cell survival (Semenza,
2003).

HIF-1a has emerged as a master regulator of angiogenesis, orchestrating a complex
network of angiogenic factors and signaling pathways to promote the formation of

new blood vessels (Semenza, 2010).

16.2.1 Mechanisms of HIF-1a-mediated Vascularization

HIF-1a regulates vascularization by inducing the expression of several pro-
angiogenic factors, including vascular endothelial growth factor (VEGF), platelet-

derived growth factor (PDGF), and angiopoietins. VEGF, a potent stimulator of
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endothelial cell proliferation and migration, is considered the primary mediator of

HIF-1a-induced angiogenesis (Carmeliet & Jain, 2000).

Beyond its direct role in regulating angiogenic factors, HIF-1a also indirectly
influences vascularization by modulating the expression of genes involved in cell
metabolism, extracellular matrix remodeling, and immune cell recruitment
(Semenza, 2010).

HIF-1a-mediated vascularization plays a critical role in various physiological and
pathological processes:

-Embryonic development: HIF-1a is essential for proper vascular development
during embryogenesis, ensuring adequate oxygen delivery to the growing embryo
(Semenza, 2010).

-Wound healing: HIF-1o. promotes angiogenesis during wound healing,
facilitating the formation of new blood vessels to supply oxygen and nutrients to
the healing tissue (Semenza, 2000).

-Tumor angiogenesis: HIF-1a is overexpressed in many types of tumors, where it
contributes to tumor growth and metastasis by promoting angiogenesis (Semenza,
2010).

Vascular endothelial growth factor (VEGF) and hypoxia-inducible factor 1 alpha
(HIF-1a) play pivotal roles in orchestrating angiogenesis, the intricate process of
forming new blood vessels. Under normal oxygen conditions, HIF-1a undergoes
rapid degradation. However, when oxygen levels decline (hypoxia), HIF-1a
stabilization occurs, enabling its translocation to the nucleus. Within the nucleus,
HIF-1a binds to hypoxia-response elements (HREs) located in the promoter
regions of genes involved in angiogenesis, including VEGF. VEGF exerts a
potent mitogenic effect on endothelial cells, the cellular constituents of blood
vessel linings. It stimulates the proliferation, migration, and survival of
endothelial cells, ultimately leading to the formation of new blood vessels. The
intricate relationship between VEGF and HIF-1a is characterized by bidirectional
signaling. HIF-1a induces VEGF expression, and in turn, VEGF contributes to

HIF-1a stabilization. This positive feedback loop ensures that angiogenesis is
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effectively activated under hypoxic conditions when it is most crucial.
Dysregulation of the VEGF-HIF-1a pathway is implicated in a wide spectrum of
diseases, encompassing cancer, cardiovascular diseases, and inflammatory
disorders. In the context of cancer, tumor cells frequently secrete elevated levels
of VEGF, which can stimulate the growth of new blood vessels, providing the

tumor with essential oxygen and nutrients (Forsythe et al., 1996; Semenza, 2003).

1.6.3 Hormones Involved in Bone Growth and Regeneration

Hormones are signaling molecules produced by endocrine glands and travel through
the bloodstream to exert their effects on target tissues. Some hormones play a role in
bone healing by regulating the overall metabolic environment and coordinating the
activities of different cell types, some hormones may directly act on Bone cells for

their purpose. Some of the key hormones involved in bone healing include:

« Parathyroid hormone (PTH): PTH regulates calcium levels in the blood and
by affecting bone cells stimulates bone remodeling, promoting the breakdown
of old bone and the formation of new bone (Marsell & Einhorn, 2011).

« Vitamin D: Vitamin D enhances calcium absorption from the intestines and
is essential for bone mineralization, the process by which bone tissue becomes
hardened (Dimitriou et al., 2011).

» Growth hormone (GH): GH is responsible for overall growth and
development. It also contributes to bone growth and healing by stimulating the
production of IGF-1 (Einhorn, 1996).

The understanding of the role of growth factors and hormones in bone healing
has led to the development of new therapeutic approaches for treating fractures
and other bone injuries. These approaches either local application of growth
factors in which growth factors can be applied directly to the fracture site to
promote bone healing using a variety of methods, such as injections, gels, and
scaffolds (Sheikh et al., 2015) or by Systemic administration of hormones that
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is typically done with medications that mimic the effects of natural hormones
(Sheikh et al., 2015).

These therapeutic approaches have shown promise in clinical trials and are now
being used to treat patients with a variety of bone injuries.

In recent years there were new studies on another hormone, Ghrelin. Ghrelin, an
orexigenic hormone primarily produced by the stomach, has emerged as a
potential therapeutic agent in bone tissue engineering due to its multifaceted
effects on bone metabolism. Studies have demonstrated that ghrelin directly
stimulates osteoblast proliferation, differentiation, and mineralization, leading
to enhanced bone formation (Fukushima et al., 2005; Kim et al., 2005a).
Additionally, ghrelin promotes angiogenesis, the formation of new blood
vessels, which is crucial for bone regeneration (L. Wang et al., 2012).
Furthermore, ghrelin has anti-inflammatory properties, which can contribute to
a favorable environment for bone healing (Delhanty et al., 2014).

Ghrelin exerts its effects on bone cells through the growth hormone
secretagogue receptor (GHS-R), which is expressed in osteoblasts, osteoclasts,
and bone marrow stromal cells (Delhanty et al., 2014). Activation of GHS-R by
ghrelin triggers a signaling cascade involving mitogen-activated protein Kinases
(MAPKS) and phosphatidylinositol 3-kinase (PI3K) /Akt pathways, leading to
the upregulation of bone-forming genes and the suppression of bone-resorbing
genes (Kim et al., 2005b).

Ghrelin administration has been shown to promote bone healing in animal
models of fracture and osteoporosis. In a study by Erener et al., ghrelin treatment
significantly accelerated bone fracture healing in rats, with increased bone mass,
callus formation, and bone mineral density (Erener et al., 2021).

The potential therapeutic application of ghrelin in bone tissue engineering is
further supported by its ability to enhance the osteogenic potential of
mesenchymal stem cells (MSCs), which are multipotent cells that can
differentiate into various cell types, including osteoblasts. Ghrelin treatment has

been shown to increase the proliferation, differentiation, and mineralization of
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MSCs, suggesting its potential to promote bone regeneration in vitro and in vivo
(Barre et al., 2020; L. Wang et al., 2012).

1.7 Aim of The Study

Inbone tissue engineering, as of the main challanges onsuccess, it is proosed that the
tissue scaffold should support osteogenesis while also supporting angiogenesis. The
use of stem cells and growth factors, which are the most suitable solution approaches
for this purpose, also have unique restrictions and problems. Therefore, the main
purpose in this thesis is to develop a new bone tissue engineering scaffold
biomaterial that will support regeneration and angiogenesis by providing the
necessary pathways with local controlled release of a peptide hormone (ghrelin), and
a transcription factor (HIF-1 a), besides a being suitable for cell adhesion and

proliferation.

Considering the studies in the literature developed scaffold was designed with the
aim to prevent the failure of the treatment due to the fact that osteogenesis starts
immediately after the damage but angiogenesis starts later. Thus,to develop a bone
tissue scaffold that can support the angiogenesis with the early release of the HIF1-
a protein from the shell layer of the fibers of 3D tissue scaffold and the long-term

and controlled release of Ghrelin from the core layers of the fibers.

The materials selected for the production of tissue scaffolds are very important in
terms of providing osteoinductive niches for cells and the rate of degradation. In the
literature research, natural and synthetic polymers were investigated. In this thesis,
cellulose acetate, which is biocompatible, biodegradable, and has regenerative
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properties, is chosen as the shell layer for the fibers in the tissue scaffolds to be
created. In addition, it has been observed that molecules loaded on cellulose acetate
exhibit an immediate release profile in the literature studies. Since it is desired for
the rapid release of HIF1-a , it was loaded to cellulose acetate as outer layer (shell)
of the fibers. PCL is a hydrophobic material and is therefore often preferred in
controlled drug delivery systems. On the other hand, gelatin is a highly hydrophilic
material. Therefore, PCL was preferred to be used together with gelatin to modify
the degradation rate of PCL as the core layer material of the fibers of scaffold to
create a slow and longer-term release profile for ghrelin. In this thesis, a study on the
controlled release of the ghrelinand HIF1-a were conducted for the first time. As a
result of the literature reviews, as far as we know, tissue scaffold with these polymer
compositions and organizations was realized firstly in this thesis using the coaxial
electrospinning method by using PCL, gelatin, and cellulose acetate polymers

together.
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CHAPTER 2

MATERIAL AND METHODS

2.1 Materials

Cellulose acetate (CA, 39.8 wt. % acetyl, Mw=30,000 by GPC), gelatin
from porcine skin (gel strength 300, Type A), and Polycaprolactone (PCL,
Mw:80000), sodium carbonate (Na.COs,), sodium bicarbonate
(NaHCOs,), cupric sulfate (CuSO45H20 ), 4-Nitrophenyl phosphate
(pNPP) and bicinchoninic acid solution (BCA) were purchased from
Sigma-Aldrich (Germany). Hexafluro-2-propanol (HFIP) from Interlab
(Turkey) was used as a solvent for electrospinning of all polymers. Human
Hypoxia-inducible Factor 1 Alpha (HIF 1A) and recombinant Ghrelin
(GHRL) proteins were obtained from Prospec (Israel). HIF 1A ELISA
(Enzyme-Linked Immuno Sorbent Assay), Ghrelin ELISA, and VEGF
ELISA kits were purchased from BT LAB (China). HUVEC basal media
was Sigma-Aldrich (Germany), supplement from Zeydanli (Turkey),
Dulbecco's Modified Eagle Medium F12 (DMEM F12), Fetal bovine
serum (FBS) from Serox (Turkey) were bought for cell culture

experiments.
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2.2 Methods

2.2.1  Composition of Polymer Solutions for Single Electrospinning

To find a suitable solvent sytem for CA and PCL-Gel solutions, optimization
studes with solvents in Table 2.1 were carried out. The polymer solutions were
prepared at room temperature and stirred at 400 rpm with a magnetic stirrer.

Table 2.1 The list of solvents and concentrations tested.

Polymer | Solution Solvent Ratio | Polymer Polymer
Concentration Ratio

PCL-Gel | AA/FA 9:1v,v 20% w,v 50:50(w,

w)
PCL-Gel | CHCIls/ MeOH 31lvyv %20% PCL 4:1 (v,v)
CH3COCHz3/dH20 4:1vv 8% Gel

PCL-Gel | HFIP - 10% 80:20

PCL-Gel | HFIP - 12% 80:20

PCL-Gel | HFIP - 15% 50:50

PCL-Gel | HFIP - 20% 50:50

CA Aceton - 8% -

CA Acetone - 12.5% -

CA Acetone/DMac 31lvyv 4% -

CA Acetone/DMac 31lvy 6% -

CA Acetone/DMac 50:50 v,v 16% -

CA Acetone/DMac 70:30 v,v 16% -

CA Acetone/DMac 31vyv 16% -

CA DCM/Acetone 31vyv 7.5% -

CA DCM/Acetone 31lvyv 10% -

CA AA/ dH20 75:25v,v 17% -
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CA AA/ dH20 3lvyv 18% -
CA AA/ dH20 2:1 v,v 15% -
CA AA/ dH20 4:1vyv 17% -
CA Acetone/DCM/DMF | 2:1:1v,v,v 12% -
2.2.2 Compositions of Polymer Solutions for Coaxial Electrospinning

Hexafluoroisopropanol (HFIP) was used as the solvent for all three polymers;
cellulose, gelatin, and PCL. For optimization studies, PCL-GEL solutions at ratios
of 70:30 and 80:20 (w/w PCL-Gel) with a total polymer concentration of PCL-Gel
solution of 10% (w/v) were prepared to be used in the inner (core) fiber phase along
with CA solutions at concentrations of 10%, 15%, and 20% (w/v) for the outer
(Shell) fibers.

2.2.3 Coaxial Electrospinning for 3-D Fibrous Scaffold Production

The setup utilized for wet co-axial electrospinning comprised of two NE-1000
syringe pumps (New Era Pump Systems, Inc. USA), an ES30 Gamma High Voltage
Source (Gamma High Voltage Research, Inc. USA), an immobile metal collector, a
rotating collector stand (Go6zeler Elektronik, Turkey), and a plexiglass cabinet (Kesit
Pleksi, Turkey).

The configuration was adjusted to a vertical orientation, leveraging gravitational
forces to augment jet formation along its trajectory. The rotational collector stand
was positioned at the lower section of the enclosure. The formed fibers accumulated
in a petri dish containing 100% absolute ethanol, positioned on this collector as

shown in Figure 7.

For optimization studies, voltage values ranging from 5 to 22 kV and distance values
between 5 and 10 cm were tried. To determine the optimal solution concentration,
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scaffolds were produced with each solution via their single electrospinning.
Subsequently, scaffolds with core-shell fiber structure were produced as shown in

Table 2.2 using co-axial wet electrospinning at the determined concentrations.

Table 2.2. Groups of scaffold (%10 PCL-Gel (8:2), %12 CA, 22kV, 8 cm, 1/5mL/h
(PCL-Gel/CA), ethanol)

Number | Groups

1 PCL-GEL/CA (without Ghrelin and HIF1 alpha)
2 Ghrelin-PCL-GEL/CA (without HIF1 alpha)

3 PCL-GEL/CA-HIF1 alpha (without Ghrelin)

.Syringe Pump 1|

Shell Fluid

Syringe Pump 2'

High
Voltage

Nanofibres o €—

A

Figure 7. Co-axial electrospinning setup (Han & Steckl, 2019).

To obtain scaffolds loaded with two proteins; HIF-1 alpha (5000 ng) and Ghrelin
(5000 ng), They were added to polymer solutions and mixed with a a magnetic
stirrer. According to the purpose of use of these proteins for enhancement of Bone
regeneration capacity of the scaffolds HIF-1 alpha was added to cellulose asetate
solution that will be for the shell and ghrelin protein was added to PCL-GEL
solution that will make the core of the fibers. The scaffolds were obtained by
spinning these solutions according to the above settings. Subsequently, the

electrospun scaffolds were lyophilized using a freeze-drier (Labconco Corporation
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USA) following freezing at a temperature of -80°C refrigerator (Nuaire, USA).
After freeze-drying, all scaffolds were stored at -20 °C.

224 Characterization of Scaffolds

2.2.4.1. Scanning Electron Microscopy (SEM) Analysis

The morphology and structural characteristics of electrospun scaffolds were assessed
through scanning electron microscopy (SEM). Samples were prepared for analysis
by coating with a layer of gold using a sputter coating apparatus. The fibrous
structures were scrutinized utilizing SEM devices (FEI Quanta FEG SEM 650,
USA), in the Center of Biomaterials and Tissue Engineering (BIOMATEN) at
METU, Turkey. Fiber morphologies and distributions of fiber diameters of scaffolds
were examined from images obtained from different areas on the scaffolds.

2.2.4.2. Degradation and Swelling Experiments of Scaffolds

In degradation experiments, scaffolds were cut to have similar weights with
avg:15mg+2 mg. Separate sets of samples were prepared for each time point of
degradation experiments. Each sample was immersed in a 5 ml solution of
phosphate-buffered saline (PBS, 0.1 M, pH: 7.4) and incubated at 37°C while stirring
at 66 rpm in a water bath (Niive Bath NB, Turkey) for 14 days. The samples were
collected at predetermined time points, washed with distilled water, and first, their
wet weights were measured for evaluation of water holding property. Subsequently,
they underwent lyophilization using a freeze-drier (from Labconco Corporation
located in Kansas City, USA), following freezing at a temperature of -80°C for
measurements of dry weights at the end of the 1%, 7", and 14" days. To quantify the
weight loss, we applied the formula provided below:

Weight loss (%) = % x 100
0
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Wo: Initial dry weight of the scaffold

W1: Dry weight of the scaffold at each time point
Swelling (%) = 2= %o 5 100
Wo

Wo: Initial dry weight of the scaffold

Wi1: Wet weight of the scaffold at each time point

2.2.4.3. Creating a Calibration Curve for Proteins

HIF1 a was prepared in PBS to final concentrations of 8, 4, 2, 1, and 0.5 ng/ml. Also,
ghrelin was prepared in PBS to final concentrations of 0.78, 1.56, 3.17, 6.25, 12.5,
35, 50,70, and 100. The prepared samples and PBS were scanned over a 600-190 nm
wavelength via a spectrophotometer (Molecular Devices, USA).

OD correction = ODprotein- ODpas

2.2.4.4. Protein Loading and Release Experiments

A wavelength scan was performed to create a calibration curve for ghrelin and HIF1-
a because of elisa kit failure. PBS was used as the background in the experiment.
Figures 20, 21, and 22 at appendices show the absorbance graphs obtained at the
highest protein concentrations and the absorbance graphs obtained for PBS. The
absorbance values obtained for proteins from the wavelength scan were subtracted
from the absorbance value of PBS. Consistent results were obtained at 220 nm

wavelength for HIF1a, and at 200 nm wavelength for ghrelin.

Photons with a wavelength maximum shorter than 210 nm are absorbed by the
peptide bond. Nonetheless, there may be advantages in terms of instrumentation and
measurement sensitivity when determining the peptide bond's broad absorption peak
at longer wavelengths. Absorbance at 214 and 220 nm is frequently used as an

alternative to 210 nm when measuring proteins and peptides due to the possible
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interference of components in biological buffers and solvents. Proteins with a high
number of peptide bonds can improve the accuracy of Abs205 nm measurements and

show less variation between proteins than Abs280 nm measurements.

Different scaffolds were prepared with the compositions given in Table 2.3 samples
weighing 10 mg (scaffold loaded with HIF1-a) and 2.6 (scaffold loaded with
Ghrelin) were taken from the scaffolds and placed in sealed tubes containing 5 ml of
PBS (0.01 mM, pH 7.4 with 0.022% Sodium Azide). These tubes were then left in a
water bath at 37°C for 7 days (Niive ST30, Turkey). To determine HIF1l-a and
Ghrelin release amounts, samples were collected at time points: Day 1, 3, and 7. The
results of the release samples were cumulatively calcuulated according to the
equation provided below:

Cumulative release amount (%) =Y (%) x 100,

Mg): The quantity of Protein-Peptide determined at each measurement point

M (0): The initially loaded amount of Proteins HIF 1 Alpha and Ghrelin Release

2.2.4.5. Cell Attachment Properties of Scaffold

After 1, 3, and 7 days of incubation, the attachment properties of the cells on the
scaffolds were investigated using an SEM (Quanta 200 FEG, The Netherlands). Cells
were fixed in 4% paraformaldehyde solution in PBS after each period. Before being
stored in a refrigerator, fixed samples were first cleaned with PBS, then dried in
hexamethyldisilazane for 20 minutes. Dehydration was achieved by gradually
increasing the ethanol series (50-100%). Before SEM analysis, batches were imaged
using scanning electron microscopy (Stereoscan S4-10, Cambridge, UK, and JSM-
6400 Electron Microscope, Jeol Ltd., UK), which was outfitted with NORAN
System 6 X-ray Microanalysis System & Semafore Digitizer (Thermo Fisher
Scientific Inc., USA). The batches were coated with an ultrafine (10 nm) gold layer

using a precision etching coating system (682 PECS, Gatan, Inc., USA).
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2.25 Cell Culture Studies

For the cell culture experiments, the human fetal osteoblast (hFOB) cell line and
human umbilical cord vein endothelial cells (HUVEC) were used. HFOB was
cultured in a growth medium consisting of DMEM/F-12 nutrient medium,
supplemented with 10% (v/v) fetal bovine serum (FBS) and 5% penicillin-
streptomycin and L-glutamine. HUVEC was cultured in a growth medium (Endogo
XF Basal Medium) consisting of 0.5% supplement (Endogo XF Supplement Mix).
The cell culture was maintained at 37°C in a 5% CO2 atmosphere within a carbon
dioxide incubator (5215 Shel Lab., Cornelius, OR, USA). Once they reached 80%
confluency, the cells were subcultured using a 0.1% Trypsin/EDTA solution. The
experiments utilized HFOB in the 4" and HUVEC in the 5" passage.

Before conducting in vitro cell culture experiments, the scaffolds were sterilized.

This was achieved by exposing them to UV irradiation for 30 minutes for each site.

2251 Ghrelin Dose Studies

To determine the effective dose of Ghrelin on Bone cells, Ghrelin dose-response
studies were conducted. Ghrelin solutions were prepared at the concentrations
specified which were 1, 5, 10,20, and 40 nM. For dose experiments, 10 000 HFOB
cells (n=3) were seeded to each well of 96-well plates, and 250 uL of growth media
was added. After incubating for one day at 37°C, the cell media was collected and
the wells were washed with sterile PBS. Then DMEM F12 media involving different
amounts of Ghrelin were added to the wells, and the total media volume was adjusted
to 250 ul to achieve the final doses of Ghrelin mentioned above. The cells were

incubated with Ghrelin for one day in a carbon dioxide incubator.

At the end of 24 hours and 3 days, media was collected from the cells, and 100 pL
of Alamar Blue, diluted in DMEM without phenol red (at a concentration of 10%),
was added. The results were recorded at 570 nm and 600 nm via microplate
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spectrophotometer (uOuantTM, Biotek Instruments Inc., USA) after 4 hours of
incubation at 37°C. (Please refer to sec. 2.2.4.3 Cell viability.)

After the 7th and 14th days of Ghrelin exposure, an alkaline phosphatase assay was
performed on the cells to examine osteogenic differentiation. (Please refer to sec.

2.2.4.4 Alkaline phosphatase activity.)

2.25.2  HIF1 Alpha Dose Studies

To determine the effective quantity of HIF-1 alpha on endothelial cells, 10000
HUVEC cells were seeded to each well of a 96-well plate, and 250 uLL. HUVEC basal
media was added. After a one-day incubation at 37 °C, the media was removed from
the cells and replaced with a new 250 pL solution containing a mixture of HIF1-a
and HUVEC media diluted with basal media to obtain final HIF1-a concentrations
of 2, 8, 16, and 32 ng/ml.

The cells were then cultured for 24 hours at 37°C in a CO2 incubator. At the end of
24-hour and 48-hour periods, the media were collected from each well to examine
the VEGF levels via ELISA kit according to the kits’ protocol. Additionally, cell
viability was assessed at 24 and 48 hours using the Alamar Blue assay. (Please refer
to sec. 2.2.4.3 Cell viability.)

2.25.3  Cell Viability

For cell viability, Alamar Blue was diluted with phenol-red-free DMEM to a

concentration of 10%.

In the dose-response experiments, 24 and 72 hours after providing Ghrelin to HFOB
cells and 24 and 48 hours after giving HIF-1 alpha to HUVEC cells, the media on
top of the cells were collected, and 100 pL of Alamar Blue was added. The cells
were then incubated with Alamar Blue for 4 hours at 37°C in an incubator containing

5% atmospheric CO». Following this, absorbance readings were taken using a
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microplate reader (uLQuant, BioTek®, Winooski, VT, USA) at primary and reference
wavelengths of 570 nm and 600 nm, respectively. The results were analyzed

according to the formula provided below.

(R(1)xN(2))-(R(2)xN(1))

Percentage reduction of AlamarBlue =

O(1): Molar extinction coefficient of oxidized AlamarBlue (blue) at 570 nm
0O(2): Molar extinction coefficient of oxidized AlamarBlue (blue) at 600 nm
R1 = Molar extinction coefficient of reduced alamarBlue (red) at 570 nm
R2 = Molar extinction coefficient of reduced AlamarBlue (red) at 600 nhm
Al = Absorbance of test wells at 570 nm

A2 = Absorbance of test wells at 600 nm

N1 = Absorbance of negative control well (media plus alamarBlue but no cells) at
570 nm

N2 = Absorbance of negative control well (media plus alamarBlue but no cells) at
600 nm

2.25.4  Alkaline Phosphatase Activity

After exposing ghrelin for 7 days, media is collected from the cells, and the well
plates are washed with phosphate buffer saline solution (PBS). Then, 200 uL of lysis
buffer (bursting solution) is added to the cells, and they are placed at -80°C. The
frozen well plates are rapidly thawed with hot water to burst the cells. The burst cells
from each well are transferred to Eppendorf tubes, and the tubes are centrifuged at
8000 rpm for 5 minutes to precipitate cell residues. The liquid remaining above the
Eppendorfs (50 pL) is taken and transferred to 48-well cell plates. To these, 350 uL.
of bicinchoninic acid working solution (BCA) is added, and they are incubated at

37°C for 30 minutes before measuring at 562 nm wavelength.

36



50 uL from the Eppendorf is transferred to a 96-well cell plate, mixed with 100 uL
of PNPP, and incubated at 37°C for 60 minutes before measuring at 405 nm
wavelength. The enzyme activity of the cells is calculated as uMol (ALP)/g Protein
(BCA).

To prepare 0.2 M carbonate buffer, 4.240 g of sodium carbonate (Na>COs:
Mw=105.99 g/mol; p=2.54 g/cm?) was dissolved in 200 ml of distilled water (dH20).
A different beaker dissolved 1.680 g of sodium bicarbonate (NaHCO3; Mw=84.01
g/mol; p=2.2 g/cm?) in 100 ml of dH20. Afterward, the sodium bicarbonate solution
was mixed with the 200 ml sodium carbonate mixture. To achieve a pH level of 10.2
for the carbonate buffer, NaOH (1M) was added to the mixture last.

To create a 0.1% Triton X 100 solution, Triton X 100 was blended with distilled
water. To formulate the burst solution, a mixture of 1% Triton X 100 and carbonate

buffer in a 1:9 ratio was prepared.

To make a 100 mM Mg-ClI solution, 0.203 g of magnesium chloride hexahydrate
(MgCl2-6H20; Mw=203.3 g/mol) was thoroughly mixed in 10 ml of distilled water

using vortex.

The PNPP working solution is prepared by mixing PNPP substrate solution,
Magnesium-Chlorine solution, and dH20 in a ratio of 10:1:20 (v:v:v).

To obtain the bicinchoninic acid working solution, bicinchoninic acid is mixed with

4% cubric sulfate in a 50:1 (v:v) ratio.

2.25.5  Evaluation of Ghrelin and HIF1Alpha loaded PCL-GEL/CA
Scaffolds for In vitro Angiogenesis and Osteogenes Properties

For angiogenesis studies, 10 mg (n=3) of tissue scaffolds loaded with i) only HIF1
alpha in the shell, and ii) protein-free scaffolds were used. Those samples were put
into ethanol (%70) for 1 hour and then they washed twice with sterile PBS. Sterilized

tissue scaffolds were placed in 96-well cell culture plates and incubated into 250 uL
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huvec media for 1 day at 37 °C. At the same time, 10.000 HUVEC cells were seeded
in a 96-well cell culture plate and incubated for 1 day at 37 °C. After 1 day media
which was incubated with scaffolds transferred Huvec cell. Media from the wells
were collected on the 1st, 3rd, and 7th days, and VEGF levels were measured via
ELISA Kit.

For osteogenic differentiation, 10 mg (n=3) of tissue scaffolds loaded with i) only
Ghrelin in the core, and ii) protein-free scaffold were examined. Sterilized tissue
scaffolds were placed in 96-well cell culture plates and incubated into 250 uL HFOB
media for 1 day at 37 °C. At the same time, 10.000 HFOB cells were seeded in a 96-
well cell culture plate and incubated for 1 day at 37 °C. After 1 day media which was
incubated with scaffolds transferred HFOB cell. ALP activity was measured on the
7th and 14th days to calculate and compare osteogenic differentiation enzyme

activities. (Please refer to sec. 2.2.4.4 Alkaline phosphatase activity.)

2.2.6 Statistical Analysis

Statistical analysis of the data was conducted using SPSS software (version 23.0;
IBM Corporation, NY, USA) with One-Way Analysis of Variance (ANOVA) and
Tukey's post hoc test for multiple comparisons. Statistical significance was
determined at p < 0.05, and the results were presented as the mean + standard
deviation (SD).
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CHAPTER 3

RESULTS AND DISCUSSION

3.1  Electrospun Scaffold Production and Characterization

3.11 Optimization of Solvent System for PCL-GEL and CA

In order to obtain scaffolds with double-layered (Core/Shell) fibers (by coaxial
electrospinning, first optimizations of core and shell components as single fiber
forms were done using various solvent systems.

Polycaprolactone (PCL) and gelatin (GEL) polymers are selected to be used in the
core layer owing to specific properties of theese polymers compatible with the aim
of the study. PCL is a synthetic polymer that is biocompatible, and biodegradable
providing good control on the release of drug/bioactive agents due to its
hydrophobicity. However, it lacks specific cell recognition domains and it is
degrading slowly even in in vivo conditions. To overcome these limitations and
reduce the degradation time, it is often mixed with natural polymers such as gelatin
or collagen. Various solvents and solvent combinations were tried to prepare PCL-
Gel solutions. Here, results showed that the major problem of the solvent systems
used in the PCL/Gel solution was the inability to obtain a homogeneous solution.
Upon testing these solvents (Table 2.1), best complete dissolution of both polymers
was achieved with HFIP which provided a homogeneous solution. HFIP or TFE
(trifluoroethanol) are generally preferred solvents in PCL like highly hydrophobic
synthetic or natural polymers (Jeong et al., 2008). In a study by Zhang et al, HFIP
and TFE solvents were suggested as the best option because homogeneous
dissolution could not be achieved with other organic solvents (Zhang et al., 2007).
The Shell layer component was decided as cellulose acetate which is also a

commonly used polymer in in tissue engineering studies due to its being
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biocompatible and biodegradable (Angel et al., 2020). The main problem
encountered in optimizations study of the cellulose acetate polymer electrospinning
part was the failure of most of its good solvents in electrospinning trials.

In CA solutions using acetone, the needle tips were constantly clogged by rapid
evaporation of the solvent. Scaffolds could not be obtained in acetic acid because the
solvent evaporated quickly. When acetone and DCM were used, excessively viscous
solutions were obtained and thus, clogging occurred at the needle tip. When the
solvent system of DMSO and DMac were applied, fibers were excessively brittle,
thus, continuous fibers were not obtained in wet electrospinning. In solutions using
HFIP, no fibers could be produced with 20% polymer concentration but 15% and
12% cellulose acetate concentrations of HFIP gave positive and similar results. There
has been some debate concerning the creation of CA fibers in which acetone is the
only solvent used. Continuous fibers could not be produced by CA in solitary
acetone, according to reports by Liu and Hsieh and Tungprapa et al (Liu & Hsieh,
2002; Rodriguez et al., 2012; Tungprapa et al., 2007). To facilitate the synthesis of
CA nanofibers, an additional solvent may need to be added, according to both
studies. Tungprapa et al. look into the inclusion of DMAc, which is suggested by Liu
and Hsieh (Liu & Hsieh, 2002; Rodriguez et al., 2012; Tungprapa et al., 2007). Son
et al. showed that CA can be spun with success utilizing a water-acetone mixed
solvent system, with 10% and 15% (w/w) being the ideal water content (Son et al.,
2004; Tungprapa et al., 2007)

In conclusion, HFIP was the only solvent that could produce a homogeneous solution
for PCL-Gel among the solvent systems and provided good solubity and
electrospinnability for CA polymer. Additionally, it was thought that in the coaxial
electrospinning method, using the same solvent in the core and shell solution helps
to reduce the interfacial tension, which supports the development of a uniform core-
shell fiber (Yu et al., 2004). Due to the problems experienced with other solvents

selected for CA, as well as to reduce the surface interfacial tension between the two
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solutions in coaxial electrospinning, it was decided to use HFIP as the solvent for

both the core and shell solutions.

3.1.2 Optimization and Characterization of Wet Electrospinning Process
to Obtain PCL-Gel/CA Scaffolds

To find the optimal coaxial electrospinning parameters (voltage, flow rate, distance,
and collector) with the selected solvent, single electrospinning experiments were
performed using solutions with different concentrations of the core and shell
components separately. In optimization experiments; the flow rate was in the interval
of 0.01-9 mL/h, the distance was between 5-12 cm, the voltage range was 8-22 kV,
and water, water+tween80, and ethanol were tested as collection media of wet
electrospinning. First, the shell phase component, CA was optimized for
electrospinning parameters. When 10% CA solution was collected for 15 minutes at
1 mL/h and 5 mL/h flow rates, 15-18 kV voltage range, and using tween80+water
collector set at 8 and 12 cm distances, brittle fibers were obtained in all conditions.
The 10% CA mixture was durable enough to be collected at a flow rate of 5 mL/h
under 18-20 kV voltage at a distance of 5 cm. The reason for this is thought to be
that the voltage and surface tension applied to low-concentration solutions cause
breaks in the polymer fiber before it reaches the collector. No fiber production
occurred for the 20% CA solution because of its’ viscosity which was also reported
in literature as high solution concentrations, the solution can block the flow from the
needle tip and dry there, causing clogging in the needle (S. Haider et al., 2013). In
the 15% CA solution, 3-D scaffolds could be collected at three collection media;
ethanol, water, and tween80+water (using flow rates: at 10 cm, 22-18 kV, and 1-9
mL/h, respectively) and SEM analysis could be performed (Figure 8). In Figure 8.
A, B, C, D, and G, no beads were observed, and continuous fibers could be produced.
Although a smooth fiber structure was obtained in the experiment with water (Figure
8 G) it was not preferred because it might dissolve the peptide/protein molecules
loaded in final form.

41



Table 3.1 Experiment groups and parameters used in optimization studies of

electrospinning of CA.

Sample Concentration Paramaters | Collector Result
CA+HFIP | 15% 9 mL/h, 22 | Ethanol Good fiber
kV, 10 cm
CA+HFIP | 15% 9 mL/h, 18 | Ethanol Good fiber
kV, 10 cm
CA+HFIP | 15% 5 mL/h, 22 | Ethanol Good fiber
kV, 10 cm
CA+HFIP | 15% 5 mL/h, 18 | Ethanol Good fiber
kV, 10 cm
CA+HFIP | 15% 9 mL/h, 22 | Tween80+H,0 | Fused fiber
kV, 10 cm
CA+HFIP | 15% 5 mL/h, 18 | Tween80+H,0 | Fused fiber
kV, 10 cm
CA+HFIP | 15% 1 mL/h, 18 | H20 Not choosen
kV, 10 cm because of

proteins
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Figure 8. SEM images at 300x (left) and 2400x (right) of (A) CA in ethanol (15%
w,V, 22 kV, 9 mL/h, 10 cm), (B) CA in ethanol (15% w,v, 18 kV, 9 mL/h, 10 cm)(C)
CA in ethanol (15% w,v, 22 kV, 5 mL/h, 10 cm), (D) CA in ethanol (15% w,v, 18
kV, 5 mL/h, 10 cm), (E) CA in Tween80+sH20 (15% w,v, 22 kV, 9 mL/h, 10 cm),
(F) CAin Tween80+sH20 (15% w,v, 18 kV, 5 mL/h, 10 cm), (G) CA in dH20 (15%
w,v, 18 kV, 1mL/h, 10 cm.
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Table 3.2 Figure 8. A, B, C, and D scaffolds fiber diameter measurements

(performed using ImageJ).

Sample | Min Value (um) | Max Value (um) | Average (um) | Standard Deviation (um)
A 0.71 1.76 1.25 0.32
B 0.33 0.64 0.44 0.11
C 0.34 0.86 0.51 0.15
D 0.36 0.86 0.45 0.14

In the electrospinning method, the current from the voltage source is transferred to
the solution with a metal needle, forming a spherical Taylor cone, thus producing
nanofibers. The critical voltage level required for the formation of a Taylor cone
varies from polymer to polymer (A. Haider et al., 2018) . According to Deitzel et al.,
nanofibers with smaller diameters are formed with increasing voltage (Deitzel et al.,
2001) . On the other hand, a voltage increase can also lead to an increase in the
diameter of the nanofibers due to the formation of a longer Taylor cone (Baumgarten,
1971). Another parameter that affects fiber morphology is flow rate. As the flow rate
increases (as long as it does not exceed the critical level), the fiber diameter
increases. As the flow rate exceeds the critical level, bead-like structures or ribbon-
like fibers are observed (A. Haider et al., 2018). When Figure 8. A and C are
examined separately, the fiber diameter increases due to the increase in flow rate. On
the other hand, when the fiber diameter measurements of Figure 8. B and D are
examined, and no change is observed in the average fiber diameter despite the flow
rate. So change in flow rate is compensated by voltage as voltage is 18kV in these
groups compared to 22 kV in A and C. Finally, cracks were observed in the fibers in
Figure 8. D. At low flow rates, the reduction in fiber diameter could not be tolerated
by the voltage reduction, and cracks occurred 10 cm away. In the wet electrospinning
method, the coagulation bath affects the fiber morphology. The coagulation bath
must not be a solvent for the polymers (Mejia Suaza et al., 2022) . Although cellulose
acetate is a polymer that is insoluble in water, fiber dissolution occurred in the

collection fluid added with tween80 as seen in Figure 8. E and F.
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CA nanofibers offer additional benefits for various applications, such as high surface
area, high porosity, and lightweight, in addition to being biodegradable and
biocompatible. The performance of CA nanofibers is directly influenced by their
quality, which is defined by the fiber diameter, pore size, and fiber defect prevalence.
The parameters of the electrospinning process, in turn, directly impact the quality of
the fiber (Angel et al., 2020).

Core phase (PCL/Gel) electrospinning optimization studies were done with groups

and conditions presented in Table 3.3.

Table 3.3 Experiment groups and parameters of PCL-Gel.

Sample Concentration | Parameters | Collector Results
PCL- 10% (80:20) 1 mL/h, 18 | Ethanol Fiber
Gel+HFIP kV, 10 cm obtained
PCL- 10% (80:20) 1 mL/h, 22 | Ethanol Fiber
Gel+HFIP kV, 10 cm obtained
PCL- 10% (80:20) 9 mL/h, 22 | Ethanol No smooth
Gel+HFIP kV, 10 cm fiber

PCL- 10% (80:20) 9 mL/h, 18 | Ethanol No  smooth
Gel+HFIP kV, 10 cm fiber

PCL- 10% (80:20) 5 mL/h, 18 | Ethanol Insufficient
Gel+HFIP kV, 10 cm voltage value
PCL- 10% (80:20) 5 mL/h, 22 | Ethanol Insufficient
Gel+HFIP kV, 10 cm voltage value
PCL- 15% (1:1) 1 mL/h, 22 | Ethanol Ribbon-
Gel+HFIP kV, 10 cm shaped fibers
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PCL- 15% (1:1) 0.5 mL/h, | Ethanol No
Gel+HFIP 22 kv, 10 homogeneous
cm fiber
PCL- 15% (1:1) 0.7 mL/h, | Ethanol Fracture in
Gel+HFIP 18 kV, 10 fibers
cm

As mentioned in the comparison of the fibers prepared with cellulose acetate
solution, when Figure 9. A and B, C and D, and E and F are compared to each other,
fiber diameters have decreased as the voltage increased. When Figure 9. C and D are
compared to other flow rates (Figure 9. A, B, E, and F), it was not possible to obtain
smooth fibers at a flow rate of 9 ml/h because the amount of solution was too high
and the solvent did not evaporate completely. In addition, when Figure 9. C and D
are examined, it is seen that the fiber morphology changes even with the high flow
rate, and fibers begin to form under high voltage. In the same way, when Figure 9. E
and F are examined, and it is seen that the solution and fiber appear together because
the solution at a flow rate of 5 ml/h is not sufficiently electrified under low voltage.
When the voltage is increased, the solution at the needle tip can be more electrified,
so thicker fibers (thicker because the flow rate is increased) can be produced in
Figure 9. F than in A and B. As mentioned above, ribbon-shaped fibers can be seen
when the critical flow rate is exceeded. As the gelatin amount in the solution
increases, a more fluid solution is obtained. In Figure 9. G, H, and I, 15%
concentration and 1:1 ratio PCL-Gel solution were used. In Figure 9. G, ribbon-
shaped fibers were produced because the flow rate exceeded the critical flow rate.
When the flow rate is reduced, the fiber diameters decrease (Figure 9. H and I). In
addition, when Figure 9. | am examined, beads are formed because the flow rate is
increased and the voltage is reduced.
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Figure 9. SEM images at 2400x of (A) PCL-Gel in ethanol (10% w,v (ratio 8:2), 18
kV, 1 mL/h, 10 cm), (B) PCL-Gel in ethanol (10% w,v (ratio 8:2), 22 kV, 1 mL/h,
10 cm), (C) PCL-Gel in ethanol (10% w,v (ratio 8:2), 22 kV, 9 mL/h, 10 cm), (D)
PCL-Gel in ethanol (10% w,v (ratio 8:2), 18 kV, 9 mL/h, 10 cm), (E) PCL-Gel in
ethanol (10% w,v (ratio 8:2), 18 kV, 5 mL/h, 10 cm), (F) PCL-Gel in ethanol (10%
w,V (ratio 8:2), 22 kV, 5 mL/h, 10 cm), (G) PCL-Gel in ethanol (15% w,v (ratio 1:1),
22 kV, 1 mL/h, 10 cm), (H) PCL-Gel in ethanol (15% w,v (ratio 1:1), 22 kV, 0.5
mL/h, 10 cm), (I) PCL-Gel in ethanol (15% w,v (ratio 1:1), 18 kV, 0.7 mL/h, 10 cm).

Co-axial electrospinning experiments were performed with the parameters obtained
from the results of these single electrospinning experiments. Optimization
experiments were done and scaffolds with core/shell fiber structure were collected

with the parameters shown in Table 3.4.

When the SEM images of the samples (Figure 10) were examined it was observed
that core/shell fibers could not be produced at flow rates of 12 mL/h and above. A

voltage value of 18 kV was also insufficient for fiber production. Since the 15% CA
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concentration was not fluid enough for co-axial electrospinning, optimization studies
were carried out on the 12% CA concentration. Since fibers could not be collected
at a 10 cm distance, the distance was reduced to 6 cm. When the co-axial
electrospinning images were examined, the flow rate of 12 mL/h prevented the
formation of cellulose acetate fibers. When Figure 10. (A) and (B) are examined, it
is thought that the fibers formed are from the core solution, and a homogeneous core-
shell structure could not be seen. When the flow rate of cellulose acetate was
decreased, non-uniform and beaded fiber production occurred (Figure 10. (C)). Due
to reducing the voltage from 22 kV to 18 kV, it could not create the electrical field
that would allow cellulose acetate to form fibers at a flow rate of 5 ml/h. (Figure 10.
(D)). As a result of these experiments, it was concluded that a flow rate of 5 is the
critical level for cellulose acetate. The effect of distance and voltage is thought to be
among the reasons for the image formed in Figure 10. D, fibers shown in Figure 10.
E was produced by keeping the flow rate of 5 ml/h constant and changing the distance
and voltage. According to SEM images, scaffold production parameters were
selected as 8 cm distance, 22 kV voltage value, | mL/h flow rate of core polymers’
solution (%10;80:20 w:w) w:v PCL-Gel) and 5 mL/h flow rate of shell polymer
solution (%12 w:v CA)) which had the desired final core/Shell fiber structure in SEM
Figure 10. E.

Table 3.4 Optimization groups and parameters for dual layer (core/shell)

electrospinning experiments.

Sample Flow Flow | Voltage | Collector | Results
Concentration PCL- CA and

GEL distance
12% CA (w,v) ImL/h |12 22 kV, 6 | Ethanol No fiber
10% PCL-GEL mL/h | cm
(80:20 w,v)
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12% CA (w,v) 1mL/h |12 18 kV, 6 | Ethanol No fiber

10% PCL-GEL mL/h | cm

(80:20 w,v)

12% CA (w,v) ImL/h |9 22 kV, 6 | Ethanol Solvent

10% PCL-GEL mL/h | cm evaporation
(80:20 w,v) insufficent
12% CA (w,v) ImL/h |5 18 kV, 6 | Ethanol Insufficient
10% PCL-GEL mL/h | cm voltage value
(80:20 w,v)

12% CA (w,V) 1mL/h |5 22 kV, 8 | Ethanol Good and
10% PCL-GEL mL/h | cm homogeneous
(80:20 w,v) fibers
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Figure 10. SEM images of core shell scaffold produced in optimization studies: A)
PG/C 1 12% CA (w,v)/10% PCL-GEL (80:20 w,v) in ethanol ( 22 kV, 12/1 mL/h, 6
cm, 300x), B) 12% CA (w,v)/10% PCL-GEL (80:20 w,v) in ethanol ( 18 kV, 12/1
mL/h, 6 cm, 300x)PG/C 2, PG/C 3 (C) 12% CA (w,v)/10% PCL-GEL (80:20 w,v)
in ethanol ( 22 kV, 9/1 mL/h, 6 cm, 2400x), PG/C 4 (D) 12% CA (w,v)/10% PCL-
GEL (80:20 w,v) in ethanol (18 kV, 5/1 mL/h, 6 cm, 300x), (E) 12% CA (w,v)/10%
PCL-GEL (80:20 w,v) in ethanol ( 22 kV, 5/1 mL/h, 8 cm. at 500x and 2000 x).
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3.1.3 In vitro Water Uptake and Degradation of Scaffolds

Synthetic polymers and composites of synthetic polymers with natural polymers are
widely used in controlled drug delivery and tissue engineering applications due to
their improved degradation rates. The degradation rate is important for cellular
activities such as cell proliferation, tissue regeneration, and host response (Sung et
al., 2004).

As a result of the 14-day degradation experiments, the dry weights of the samples
were not changed (Figure 11 (A)). However, when the degradation SEM images of
the samples were examined (Figure 12), it was observed that deformations and small
degenerations indicated that degradation in the form of surface erosion had started
on fibrous structures of scaffolds.

The water retention percentage of the scaffold is important for cell distribution,
nutrient, and waste transfer (Sung et al., 2004). In the experiment, it exceeded
1200%. It is thought that gelatin increases the water retention capacity due to its
hydrophilic structure.

In a study by Nosar et al., cellulose acetate showed significant degradation in vitro
after 30 days (Nosar et al., 2016). In another study by Sung et al., PCL was found to
undergo a significant 39% degradation in vitro in 28 days (Sung et al., 2004).

[
o~ N

Weight of Scaffold
00

] I,

o

1st Day 7th Day 14th Day
Day

Figure 11. Degradation (A) result of PCL-Gel/Ca (10% (8:2),12%, 22 kV, 1/5 mL/h,
8cm) for 14 days in PBS.
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Figure 12. SEM degredation images at 500 and 2000 x of PCL-Gel/Ca (10%

(8:2),12%, 22 kV, 1/5 mL/h, 8cm) for 14 days. (A) 1st day, (B) 7th day, (C) 14th
day.

3.14 Protein/Peptide Release Results of Scaffolds

In drug delivery studies, electrospinning methods are one of the preferred ways for
developing drug delivery systems that can be designed according to the release rate
requirements; immediate release, sustained release, and continuous release (Yan et

al., 2014). Drug release can occur immediately with the bursting effect as a result of
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loading the drug on/close to the surface of fibers, or the drug can be released in a
controlled and longer period by eliminating the immediate release effect with the
core-shell method in which drug that will be released is loaded in the core and
covered with an outer shell barrier (Yan et al., 2014). In a study by Yu et al., the
release of the drug spun with cellulose acetate loaded separately on the shell and core
were compared. The same drug (Ferulic acid) was loaded separately into both the
shell and the core. While the drug loaded in the shell region was released
immediately, the drug loaded in the core was released for a longer period without
being affected by the immediate release effect (Yu et al., 2013). In another study,
researchers developed a drug delivery system produced by the coaxial
electrospinning method with a shell of PCL, and core from Gel with a lawsone
(hennotannic acid). Thereby, reducing the immediate release effect of the drug and
releasing it for a longer period was achieved (Adeli-Sardou et al., 2019).

In this thesis, HIF1-a alpha was loaded on the shell because its immediate release
was desired. On the other hand, the ghrelin molecule was loaded in the core of the
scaffold for a longer period of controlled release. As seen in release studies (Figure
13 (A)) of single protein/peptide loaded core/shell fibrous scaffolds, the HIF1-a
protein in the shell part of the scaffold made of CA has been released immediately.
The ghrelin peptide which is loaded in PCL-Gel (the core of the scaffolds) to support
both osteogenesis and angiogenesis has shown less immediate release effect and its
controlled and extended release profile was achieved (Figure 13 (B).

To the thesis goal, the HIF1 a protein was loaded onto the shell of the double-layered
scaffold. According to the release results of this scaffold (Figure 13) there was a
burst release on 1st day which continued with a slower release profile on the 2nd
day. The release of HIF1- a was much slower for the following days. This fast-
release profile was expected as the loaded molecules were at the shell of the fibers
of the scaffold and HIF1 a is a water-soluble protein. The ghrelin peptide, which
was loaded into the core of the double-layered scaffold was expected to show a

slower release over a longer period. This was seen in the ghrelin release profile which

53



was in a controlled and prolonged manner, thus providing an extended release

duration continuouing throgh 10 days.
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Figure 13. Cumulative HIF1 a release (A), cumulative Ghrelin release (B) for 10
days in PBS (pH 7.4, 0.01 M).

3.15 Cell Attachment Properties of Scaffold

The adhesion and proliferation of cells (HUVEC and HFOB) to the produced
scaffold and protein-loaded scaffolds (scaffold loaded with HIF1 a and scaffold
loaded with ghrelin) were investigated by taking SEM images on 1st, 3rd, and 7th
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day (Figure 14 and 15). It was observed that both cell types adhered to the scaffolds
at the end of day 1 (Figure 14. (A), (D) and 15. (G), (J)). By the end of day 3, it was
observed that the cells were gradually proliferating on the scaffolds (Figure 14. (B),
(E) and (H), (K)). By the end of day 7, they had covered some parts on the surface
of the scaffolds (Figure 14. (C), (F) and (1), (L)). In conclusion, the scaffolds (loaded
and unloaded with protein) adhered to both cell types and provided a suitable

environment for their growth over time.
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Figure 14. SEM images showing HUVEC cell attachment on the scaffolds. Scaffold
(w/o ghrelin and HIF1-a with HUVEC cell 1st day (A), Scaffold (w/o ghrelin and
HIF1-a) with Huvec cell 3rd day (B), Scaffold (w/o ghrelin and HIF1-a) with Huvec
cell 7th day (C), Scaffold (w/o ghrelin, with HIF1-a in shell) with Huvec cell 1st day
(D), Scaffold (w/o ghrelin, with HIF1-a in shell) with Huvec cell 3rd day (E),
Scaffold (w/o ghrelin, with HIF1-a in shell) with Huvec cell 7th day (F)
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Figure 15. SEM images showing HFOB cell attachment on the scaffolds. Scaffold
(with ghrelin in the core, w/o HIF1-a) with HFOB cell 1st day (G), Scaffold (with
ghrelin in the core, w/o HIF1-a) with HFOB cell 3rd day (H), Scaffold (with ghrelin
in the core, w/o HIF1-a) with HFOB cell 7th day (1), Scaffold (w/o ghrelin and HIF1-
a) with HFOB cell 1st day (J), Scaffold (w/o ghrelin and HIF1-a) with HFOB cell
3rd day (K), Scaffold (w/o ghrelin and HIF1 a) with HFOB cell 7th day (L).
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3.2  Cell Culture Experiments

3.21 Dose Studies

3.2.11 HIF1-a

Literature studies on HIF1-o have generally examined the increase in HIF1-a levels
in response to hypoxic conditions, depending on the amount of VEGF. When the
study conducted by Xie et al. was examined, it was seen that the HIF1-a level in the
cells was 2 ng for the minimum amount of VEGF required to initiate angiogenesis
(Xie et al., 2014). Therefore, it was decided to study the dose range 2-8 ng for in
vitro experiments. To determine the effective dose of HIF1-a, 10,000 HUVEC cells
were exposed to different amounts of HIF1-a on the first day. The effect of HIF1 a
on HUVEC cells was examined for 7 days. As seen in the cell viability assay results
(Figure 16. A), HIF1 a was found to increase cell viability after 24 and 48 hours of
exposure. In addition, to find the effective dose amount that increases the amount of
VEGF in HUVEC cells, VEGF amount measurements were performed with the
ELISA kit after 24 and 48 hours of exposure to HIF1-a. As a result of these
measurements, all doses showed a significant increase in VEGF production amount
compared to the control group (p<0,001) after 24 h HIF1-a and 48 h HIFl-a
exposion (Figiire 16. (B)). However, with the insight to give the body the smallest
amount of a foreign and potential protein, a 2 ng dose of HIF1-a protein was selected
as the effective dose and considered as the target dose in further experiments.
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Figure 16. Cell culture experiments with HUVEC cells exposed to different doses of
HIF1-a. A) Analysis of Cell Viability in Cells Treated with Different Doses of HIF1
a, B) Average amounts of VEGF produced by cells exposed to different amounts of
HIF1-a. Control group; HUVEC Cells. * denote statistically significant results with

p<0.01 according to control.
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3.21.2 Ghrelin

A literature review found that ghrelin was studied in the dose range of 1-10 nM (Li
et al., 2007). Therefore, to determine the effective ghrelin dose, 10 000 HFOB cells
were seeded and incubated for 24 hours at 37 °C in media containing different
amounts of ghrelin (5, 10, 20, 40 nM). After 24 hours of ghrelin exposure, cell media
changed with ghrelin-free media. Cell viability measurements were performed 24
and 72 hours after ghrelin exposure. After 24 hours of ghrelin exposure, the cell
culture experiment continued with ghrelin-free HFOB media. As seen in Figure 17.
(A), when the viability percentages were calculated relative to the control group, no
improvement effect of ghrelin on viability was observed at different doses; 5,10, 20,
and 40 nM.

As early osteogenic differentiation marker ALP (alkaline phosphatase enzyme
activity of osteoblast cells was measured after exposing cells to the above doses of

ghrelin.

In the dose experiment, there were observed significantly differences in the ALP
results of cells exposed to 5 nM and 20 nM (p<0,05) ghrelin on the 14th day
compared to control cells (Figure 17. (B)). Although the ALP results of the 20 nM
ghrelin group were also good, this group was not chosen due to its slightly lower cell
viability results. Considering the ALP results and cell viability results, 5 nM was

chosen as the effective dose.
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Figure 17. Cell culture experiments with HFOB cells exposed to different doses of
Ghrelin A) Ghrelin doses effect on cell viability), B) Ghrelin effect on ALP result
after 7th and 14th days (with 5,10,20 and 40 nM). * denote statistically significant
results with p<0.05 according to control. (Control group: HFOB cells with growth
media.)
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3.2.2 HIF1-0/Ghrelin Loaded Scaffolds

Scaffolds loaded with HIF1-a or Ghrelin and without any protein/peptide loading
were grouped as shown in Table 3.5.

For evaluation of the biological activity of HIF1-a loaded scaffolds; scaffolds loaded
with HIF1-a, w/o ghrelin and scaffold without any protein were prepared and
incubated in 250 ul of cell culture media for 24 hours, and then the media was
transferred to cell culture plates of HUVEC cells that were incubated at 37°C for 24
hours. The cells that were exposed to the media (in which the scaffold was incubated
for 24 hours) were evaluated for cell viability at days 1, 3, and 7, and the amounts of
VEGF that the cells released were measured at the same time points. As shown in
Figure 18. (A), there was a slight decrease in cell viabiliteis in the 1st day, but the
cell viability results after the third day was similar with was no significant differance

among groups and with control.

When, the VEGF levels taken at three different times (1st, 3rd and 7th days) were
examined (Figure 18 B), significant increase in the VEGF levels of the cells exposed

to HIF1-a was observed compared to the control cells (p<0.01).

In the literature, many studies have been conducted to investigate the effects of the
HIF1-a molecule on angiogenesis. In a study by Chen Li and colleagues, they
investigated the function of HIF-1 o in angiogenesis in the region of bone defect
under normoxic (normal oxygen level in the blood) conditions. It was observed that
HIF1-a significantly increased VEGF production and also supported osteogenesis
(C. Lietal., 2013). Jingyi Li and colleagues placed hydroxyapatite scaffolds seeded
with mesenchymal stem cells stimulated with 3A and HIF-1 o in the calvarial defect
region of mice and investigated the effects of HIF1-a and SEMA3A on angiogenesis
and osteogenesis. By the end of eight weeks, there was a significant increase in the
expression of genes involved in the osteogenic and angiogenic processes (J. Lietal.,
2020).
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For evaluation of the biological activity of scaffolds (w/o ghrelin and loaded with
HIF1-a)), and scaffolds (loaded with ghrelin) (Table 3.5) were incubated in 250 ul
volume of media at 37°C for one day, and then the media was transferred to wells
containing HFOB cells. Cell viability was evaluated at 1 and 3 days after transfer.
As shown in Figure 19. (A), ghrelin had a positive effect on cell viability (p<0.01).

Osteogenic differentiation analysis was performed by ALP assay on the same

samples at 7 and 14 days after transfer.

As seen in Figure 19. (B), although ALP activities of scaffolda and control were
comaprable at fay 7, there was a consideravle (about 2.5 fold) incresase in ALP
activity for ghrelin loaded scaffolds compared to control and only scaffold group.
(p<0.01). Research on the ghrelin hormone has shown that ghrelin, a 28-amino acid
hunger-stimulating peptide hormone produced in the stomach fundus and pancreas,
supports angiogenesis and osteogenesis. In a study conducted by a research group,
the effect of ghrelin on the healing of femur shaft fractures was investigated.
According to the results obtained after ghrelin was injected daily into mice, it was
shown that it directly contributes to fracture healing (Erener et al., 2021). Yuan et
al., on the other hand, injected ghrelin to the experimental group and saline to the
control group for 4 weeks to investigate the effect of ghrelin on angiogenesis in a
myocardial infarction mouse model. In the results, higher alpha-SMA positive vessel
formation was observed in the group treated with ghrelin, and a significant increase

was observed in the expression of VEGF in the infarction region (Yuan et al., 2012).

Table 3.5 Groups of scaffolds for cell culture experiments

Scaffold Core Shell Protein amount
PCL-Gel/CA - - -

PCL-Gel/CA - HIF1 o 5000 ng
PCL-Gel/CA Ghrelin - 5000 ng
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CHAPTER 4

CONCLUSION

Co-axial electrospinning is a simple and widely used scaffold production method in
tissue engineering. This method enables the production of scaffolds from double-
layered fibers that allow the loading of different polymer compositions in the outer
and inner layer of fibers besides loading different bioactive agents/molecules to
different parts of fibers. This approach can also provide control of release profiles in
dual molecule loaded scaffolds, In this thesis, 3D double-layered scaffolds were
successfully produced by wet co-axial electrospinning with cellulose acetate (CA)
shell layer and poly-caprolactone (PCL)/gelatin (Gel) polymers core layer of the
fibers forming the scaffold. The rapid release of HIF-1 o protein which was loaded
to the outer (Shell) polymer was achieved as initially aimed in the study for induction
of angiogenesis for early start of vascularization at the defect site. In vitro studies
supported the increase in VEGF production in HUVEC cells. The release of HIF1 o
alpha protein from a carrier to stimulate VEGF production with the ultimate aim of
overcoming the problem of insufficient vascularization, which is one of the
limitations of bone tissue engineering, has not been tried before in the literature. The
ghrelin peptide, known as the hunger hormone, had more slower release owing to its
being loaded in the inner (core) component of the fibers. This was also to have a
prolonged effect on this peptide as it is known to stimulate bone regeneration in
literature. In vitro studies with ghrelin doses were also done for the first time in
literature with HFOB cells. Besides that ghrelin loading and release were also not
examined in another study. Ghrelin release from scaffolds was shown to have a
positive effect on ALP activity on the 14th day. The dual release of HIF1 a and
ghrelin hormone together from the same scaffold has also not been studied in the
literature. This will be the continuation of this research in future studies. This study
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focused on the dual loading and release of a newly optimized coaxial electrospun
scaffold for generating a bone tissue engineering scaffold that will improve both
osteogenic activity and vascularization when used in vivo. For the thesis duration
therefore it was not possible to add components like a bioceramic which is mainly
used in BTE scaffolds for its importance in improving mechanical and the properties

of scaffolds for bone regeneration. This concept is the limitation of this study.
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APPENDICES

A. Calibration Curve
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Figure 20. PBS wavelength scanning result.
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Figure 21. 100 nM ghrelin wavelength scanning result.
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Figure 22. 8 ng/mL HIF1 a wavelength scanning result.
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Figure 23. Calibration curve for VEGF using kit’s standards at 450 nm (n=2).
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Figure 24. Calibration curve of HIF1 aconstructed with different concentrations of

HIF1 alpha protein in PBS (7.4 pH) at 220 nm.
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Figure 25. The calibration curve of Ghreline was constructed with different

concentrations of Ghreline in PBS (7.4 pH) at 200 nm.
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B. ALP Calibration Curve
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Figure 26. ALP calibration curve at 405 nm using various 4-nitrophenol

concentrations in dH20 (n=4).
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C. Calcium Calibration Curve
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Figure 27. Calcium calibration curve using standard CaCl; values at 562 nm (n=5).
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