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ABSTRACT

NATURAL ORIGIN SILICA REINFORCED DUAL FIBER MATRICES
FOR BONE TISSUE ENGINEERING

Dalgig, Ali Deniz
Doctor of Philosophy, Engineering Sciences
Supervisor: Prof. Dr. Dilek Keskin
Co-Supervisor: Prof. Dr. Ayten Yazgan Karatas

October 2020, 140 pages

Graft therapy is used to treat bone tissue loss, which has drawbacks; donor scarcity,
risk of disease transmission and immune reaction. Tissue engineering scaffolds can
overcome these drawbacks. In this study, a 3D scaffold that will support tissue
regeneration at defect site was developed using mainly natural materials. Scaffold
was produced by co-electrospinning and had two distinct fiber phases; first fiber
phase was produced from a bacterial origin polymer, Poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV), and small amount of Polycaprolactone (PCL) to support
fiber structure, second fiber phase was formed by pullulan (PUL) polymer and
diatom silica shells (DS) from single cell algae origin. Also, in the study, PHBV
production by Cupriavidus necator bacterial strain was optimized and used to
produce scaffold groups. PHBV/PCL/CA:PUL/DS scaffold group was produced as
dual fiber matrix and a new crosslinking method for PUL was developed for
crosslinking through electrospinning. Cefuroxime Axetil (CA) antibiotic was loaded
into hydrophobic PHBV fibers to sustain antibiotic release from scaffold.
Characterization studies revealed that, in aqueous environment scaffold degrade
slowly, take less water and has stable structure, support controlled release of

antibiotic and improved compressive strength due to incorporated DS and double



fiber structure. In vitro studies revealed that DS bearing groups improved Saos-2 cell
viability and co-electrospun groups that have hydrophilic PUL fibers supported L.929
cell viability. Scanning electrone microscopy and confocal laser scanning
microscopy analyses showed that cells distributed through co-electrospun scaffold
with healthy morphology. In the study, a novel, 3D, dual fiber scaffold was produced
with natural origin base materials and has potential to be used for bone tissue

engineering applications.

Keywords: Bone Tissue Engineering, Diatom, Co-Electrospinning, Pullulan, Poly(3-
hydroxybutyrate-co-3-hydroxyvalerate)
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0z

KEMIK DOKU MUHENDISLIGI ICIN DOGAL KOKENLI SILIKA
TAKVIYELI CIFT FIBERLI MATRISLER

Dalgig, Ali Deniz
Doktora, Miihendislik Bilimleri
Tez Yoneticisi: Prof. Dr. Dilek Keskin
Ortak Tez Yoneticisi: Prof. Dr. Ayten Yazgan Karatas

Ekim 2020, 140 sayfa

Kemik doku kayiplarinin tedavisinde kullanilan greft terapilerde, donor kisitliligi,
hastalik bulagma riski ve immiin reaksiyon dezavantajlar1 bulunmaktadir. Doku
miihendisligi tasiyicilar: bu dezavantajlarin 6niine gegmektedir. Bu ¢alismada, hasar
bolgesindeki doku rejenerasyonunu destekleyecek, 3 boyutlu hiicre tasiyici, temelde
dogal malzemeler kullanilarak gelistirilmistir. Hiicre tastyici, birlikte elektroegirme
yontemiyle tretilmistir ve iki farkli fiber faz1 bulunmaktadir; birinci fiber fazi1 bakteri
kokenli polimer Poli(3-hidroksibiitrat-ko-3-hidroksivalerat) (PHBV) ve yapiy1
desteklemek icin az miktarda Polikaprolakton (PCL) polimerlerinden tretilmistir,
ikinei fiber yapisi pullulan (PUL) polimeri ve tek-hiicreli bir alg kokenli diatom
silika kabuklarindan (DS) olusturulmustur. Calismada ayrica, Cupriavidus necator
bakteri susu’'ndan PHBV tiretimi optimize edilmistir ve hiicre tasiyici gruplari
tiretiminde kullanilmistir. PHBV/PCL/SA:PUL/DS hiicre tastyici grubu ikili fiber
matrisi olarak {iretilmis ve PUL’1n elektroegirme sirasinda capraz baglanmasi igin
yeni bir caprazbaglama yontemi gelistirilmistir. Hiicre tasiyicidan antibiyotik
salimini saglamak ic¢in hidrofobik PHBV fiberlerine Sefuroksim aksetil (SA)

antibiyotigi yiiklenmistir. Karakterizasyon calismalari, hiicre tastyicinin su igeren
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ortamda yavas hizda bozundugunu, az su emdigi ve sabit yapisinin oldugunu,
kontrollii antibiyotik salimini destekledigini ve icerdigi DS ve ¢ift fiber yapisi
sayesinde gelismis basma dayanimina sahip oldugunu ortaya ¢ikarmistir. In vitro
caligsmalar, DS iceren gruplarin Saos-2 hiicre canliligini arttirdigini ve hidrofilik PUL
fiberleri igeren birlikte elektroegirilmis gruplarin 1929 hiicre canliliginm
destekledigini ortaya ¢ikarmistir. Taramali elektron mikroskobu ve konfokal lazer
taramali mikroskobu analizleri, hiicrelerin birlikte elektroegirilmis tasiyici icerisinde
saglikli morfolojiyle yayildigini gostermistir. Calismada, yeni, 3 boyutlu, ikili fiberli
hiicre tasiyici, temelinde dogal kokenli malzemeler ile tiretilmistir ve kemik doku

mithendisligi uygulamalarinda kullanilma potansiyeli bulunmaktadir.

Anahtar Kelimeler: Kemik Doku Miihendisligi, Diatom, Birlikte Elektroegirme,
Pullulan, Poli(3-hidroksibiitirat-co-3-hidroksivalerat)
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significant difference of PHBV/PCL/CA:PUL/DS and B-PHBV/PCL/CA:PUL/DS
from PHBV/PCL and PHBV/PCL/CA groups after 4 day of incubation (p<0.05). B3:
Statistically  significant difference of PHBV/PCL/CA:PUL/DS and B-
PHBV/PCL/CA:PUL/DS from PHBV/PCL/CA group after 7 day of incubation
(p<0.05). ©: Statistically significant difference of PHBV/PCL/CA:PUL/DS and B-
PHBV/PCL/CA:PUL/DS groups from other groups after 7 and 14 days of incubation
(DF0.05). ettt ettt ettt et ae e b et e tteteenteeneenneas 102
Figure 3.32. SEM images of Saos-2 cells after 7 days of incubation on scaffold
groups (a) PHBV/PCL, (b) PHBV/PCL/DS, (c) PHBV/PCL/CA and (d)
PHBV/PCL/CA:PUL/DS. Images were taken at 2500X magnifications while scale
bars show 40 um length. Red circles show cells on fibers. .........c..ccceevreriennnne. 103
Figure 3.33. SEM images of Saos-2 cells proliferating for 7 days on B-PHBV/PCL
(a and b) and B-PHBV/PCL/CA:PUL/DS (c and d) scaffold groups. (Arrows: Cells
on fibers). The scale bars on the images show 20 pm length. ............ccocceenenn. 104
Figure 3.34. Saos-2 cell ALP activity after 7 and 14 days of incubation on
PHBV/PCL scaffolds containing different concentrations of DS. Saos-2 cells grown
as PHBV/PCL scaffold without DS was the control group (a). ALP activities of Saos-
2 cells grown on scaffold groups after 7 and 14 days of incubation (b). As a result of
the ALP activity assay, intracellular calcium levels of Saos-2 cells proliferated on
SCATTOLA ZIOUPS (C). cuvveeurieiieeiieiie ettt ettt et ettt e enee e 106
Figure 3.35. Laser-scanning confocal microscopy images of Saos-2 cells grown for
7 days on PHBV/PCL (a), PHBV/PCL/DS (b), PHBV/PCL/CA (c),
PHBV/PCL/CA:PUL/DS (d), B-PHBV/PCL (e) and B-PHBV/PCL/CA:PUL/DS (f)
scaffold groups. The cell cytoplasm was labeled with FTIC (Green) and nuclei was
labeled with Draq5 (Red) fluorescent dyes (CSLM, Leica DM2500, Germany).
Average cell spreading areas of Saos-2 cells that were proliferated on scaffold groups

after 7 days of incubation (g). Scale bars (a-f) show 50 um length. *: Statistically
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CHAPTER 1

INTRODUCTION

1.1 Functions of Bone

Bone has many different roles in our body other than being the base of mechanical
support. Physical functions of bone tissue include protection of vital organs from
external forces, locomotion and support of the body. Bone tissue stores calcium and
phosphate minerals and plays important role on regulation of mineral balance. Large
bones in the body contains bone marrow which produces blood cells. There are two
types of bone marrow; red marrow (Myeloid tissue) produces red blood cells,
platelets and most of the white blood cells and yellow marrow (Fatty tissue) that
produces some of the white blood cells. Red marrow is located inside spongy bone
and contains hematopoietic stem cells that can differentiate into blood cells.
Hematopoietic stem cells can differentiate into cells from myeloid and lymphoid
lineages by hematopoiesis to produce monocytes, macrophages, neutrophils,
basophils, eosinophils, erythrocytes, dendritic cells, and megakaryocytes or platelets,
as well as T cells, B cells, and natural killer cells. Yellow marrow is present in central
cavities of long bones and yellow marrow contains mesenchymal stem cells that can
differentiate into stromal linages of chondrocytes, osteoblasts, osteoclasts,
adipocytes, myocytes, macrophages, endothelial cells and fibroblasts (David B.
Burr, 2019).

1.2 Structure of Bone

Bone structure is hierarchical and formed by highly organized micro-nano structures.

At the micron level, bone has haversian system that carry, blood vessels, nerves and



lymphatic canals. Osteons contain lamellae layers that surround one another in
circular formation. Bone tissue is formed by organization of organic and inorganic

phases (Figure 1.1).
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Figure 1.1. Nano to micro size structural organization of bone tissue (Y. Liu et al.,

2016).

The organic part of the bone forms 25 wt% of the bone tissue. The main organic
component of the bone is type I collagen and forms 90 wt% of the bone’s organic
phase. Type III and type V collagen also can be found at trace amounts. Remaining
approximately 10 wt% organic components of the bone are metabolic proteins that
are mandatory for collagen metabolism, regulation of bone modeling and cellular
metabolism. The inorganic phase of the bone is mainly carbonated hydroxyapatite
that forms 65 wt% of bone. Carbonate is deposited in the form of calcium carbonate
alongside with amorphous calcium phosphate. Carbonate ratio of the bone varies
with age and is roughly between 4-8 wt% (Landi et al., 2003). Bone mineral,
carbonated hydroxyapatite, has low crystallinity. Carbonated apatite minerals fill the
gaps at the ends of collagen fibrils and also forms alongside collagen fibrils parallel
to their longitudinal axis. This orientation of apatite minerals and collagen fibrils
forms the unique mechanical properties of bone. The mineral phase gives stiffness
to bone structure while collagen fibrils distribute stress along the structure and
support ductility of tissue. Remaining 10% weight of the bone is occupied by water

(David B. Burr, 2019; Y. Liu et al., 2016). The bones of adult skeletal system are



formed by 80% of cortical bone and 20% of trabecular bone. Cortical bone tissue is
denser than trabecular bone tissue and surrounds the marrow space in bones. While
trabecular bone has a network of trabecular plates that forms a porous sponge like
structure which contains bone marrow. Cortical bones have less than 5% porosity
which increases with the remodeling through aging. A fibrous connective tissue,
periosteum sheath, surrounds the surface of cortical bone which contains blood
vessels and nerve fibers. Collagenous fibers bind periosteum to the outer surface of
bone. Periosteum has higher bone formation than resorption which increases bone
thickness in time. The inner surfaces of cortical and trabecular bones are covered by

endosteum membrane which contains blood vessels and bone cells (Clarke, 2008).

1.3  Bone Development by Growth, Modelling and Remodeling

Longitudinal and radial growth of bone occurs in childhood and adolescence periods
in human life. Longitudinal growth of the bone occurs through growth plates at the
epiphyseal and metaphyseal areas of long bones. During growth, initially cartilage
proliferates in the growth plates and primary new bone is formed by mineralization
of the newly formed tissue. Bone can change structure by modelling in response to
physiologic influences or mechanical forces. In adulthood bone remodeling is more
frequent than bone modelling (Kobayashi et al., 2003). In order for bone to maintain
its strength and mineral homeostasis, bone remodeling occurs. Bone remodeling is
also needed for fracture healing (Florencio-Silva et al., 2015). Through bone
remodeling, old bone is removed and replaced by synthesized proteinaceous bone
matrix which is later mineralized to form bone tissue. Remodeling of bone removes
micro damages and preserves bone strength. Osteoclasts and osteoblasts work as a
group and remodeling is sustained by resorption of old bone by osteoclasts and
formation of new bone by osteoblasts. Remodeling of bone mainly occurs randomly,
and targeted remodeling occurs at damaged sites. Biomechanical forces can trigger
independent actions of osteoblasts and osteoclasts which initiate widening of bone

or surface modification by removing and addition of bone. The independent actions



of osteoblasts and osteoclasts show that there is no tightly coupled bone formation

and resorption cycle in bone modelling contrary to bone remodeling (Clarke, 2008).

Remodeling cycle can be divided into four phases; activation, resorption, reversal,
and formation (Figure 1.2) (D. B. Burr, 2002; Florencio-Silva et al., 2015; Parfitt,
2002). Activation phase starts by arrival and activation of mononuclear monocyte-
macrophage osteoclast precursors cells (Roodman, 1999). Initially, bone surface
layer, endosteum, lift up and multinucleated preosteoclasts form by fusion of
multiple mononuclear cells. The pH of the area decreases around 4.5 as osteoclasts
secrete hydrogen ions. Low pH helps to mobilize the bone mineral (Silver et al.,
1988). Osteoclasts start to secrete tartrate-resistant acid phosphatase, cathepsin K,
matrix metalloproteinase 9, and gelatinase enzymes in order to degrade bone matrix
(Delaissé et al., 2003). Preosteoclasts bind to bone matrix and seal the resorption
area. Resorption by osteoclasts completes in 2 to 4 weeks. Multinucleated osteoclasts
undergo apoptosis as the resorption phase is completed (Clarke, 2008; ERIKSEN,
1986; Reddy, 2004). Reversal phase follows the completion of resorption. In reversal
phase, preosteoblasts become present at resorption cavity and necessary signaling
takes place to start bone formation phase. Some of signals known to link bone
resorption phase to formation phase are growth factors like TGF-, IGF-1, IGF-2,
PDGF and cytokines like bone morphogenetic proteins. The osteocalcin and alkaline
phosphatase levels known to be related with TGF- concentration. As the bone
formation stage starts, osteoblast deposit collagenous bone matrix and matrix is
mineralized by release of calcium, phosphate bearing vesicles. As the new bone
tissue forms, osteoblasts become trapped in bone matrix and turn into osteocytes. At
the end of bone formation step, over 50% of the remaining osteoblasts undergo
apoptosis leaving the cell population in the matrix to osteocytes and bone lining cells.
Bone lining cells can later differentiate into osteoblasts through chemical or

mechanical signaling (Clarke, 2008).
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1.4  Bone Tissue Engineering

Bone tissue loss can occur after an incident like accident, tumor removal, bone
infections or osteoporosis. If the defect is larger than a certain size, which can differ
for different bone type and defect location, the bone tissue fails to regenerate and
heal the defect. This type of defects are called as critical size defects and cannot heal
unless there is a planned reconstruction and a second surgery (Schemitsch, 2017).
The average size of the defect to form a critical size defect is reported to be 3 cm in
radius and ulna, 5 cm in femur and tibia and 6 cm in the humerus (Stewart et al.,
2015). In order to fill the place of lost bone and ensure tissue healing, one of the
treatment approaches is to take bone tissue from another healthy site of patient or
donor to replace the lost tissue. Bone tissue transplantation can be performed in two
ways as allograft and autograft. Treatment with allograft means transplantation of
bone tissue from another individual. When transplanted, the damaged area is
mechanically supported with new bone tissue and bone repair is initiated. With this
method, the patient undergoes only one operation and enters the healing process.

However, allograft therapy may have negative results as; giving a genetically



different tissue to the patient may cause an immune system. In addition,
transplantation of tissue from another individual may cause the transport of diseases.
Low number of donors is another problem in the treatment of allograft. Autograft
treatment may be preferred to prevent these problems. In autograft treatment, tissue
is taken from another bone of patient to be transferred to the damaged area; thus, the
risk of rejecting the tissue disappears. However, this process will create a second
bone tissue damage in the patient and may cause extra complications as well as need

of a second operation (Samorezov & Alsberga, 2015).

Tissue engineering combines interdisciplinary approaches to create treatment
options that will perform the function of lost tissue or regenerate the damaged tissues
and organs (Meijer et al., 2007). In bone tissue engineering, tissue-like cell carriers
are used for therapeutic purposes and it is desirable to develop biomaterials that are
close to the properties of bone tissue and/or support bone regeneration. Although
there are many new developments, there is still a need for new three-dimensional
cell carriers that are biocompatible, contain bioactive components, can be degraded
in accordance with tissue regeneration while providing the necessary support after

implantation (Lim et al., 2010; Uppal & Ramaswamy, 2011).

A scaffold for bone tissue engineering need to meet some fundamental requirements
of biological and structural properties. Biocompatibility of a scaffold is a must;
scaffold material itself and scaffold’s degradation products must be nontoxic. The
bioresorbable and biodegradable materials of the scaffold will release products and
body should be able to excrete these materials without any serious side effects and
toxicity on other organs (Henkel et al., 2013). The scaffold should be able to integrate
with the host tissue without creating an active chronic inflammatory response that
will prevent healing (Amini et al., 2012). Alongside with biocompatibility,
bioactivity of the scaffold is important for scaffold host interaction and promotion of
regeneration. The biological and chemical cues would improve scaffold bioactivity

and increase osseointegration by improving cell response via scaffold-host



communication. Osteoinduction would be sustained as inducing osteogenic
differentiation of migrated cells on scaffold (J. R. Porter et al., 2009; Roseti et al.,
2017). The release of osteoinductive factors from biomaterials to improve cell
response or release of calcium phosphate ions from calcium-phosphate biomaterials

to trigger osteogenic differentiation are examples (Motamedian, 2015).

The structural properties of biomaterial are another important parameter that will
affect biomaterial fate in body. First of all, biomaterial should provide adequate
mechanical support to tissue and gradually transfer mechanical support to
regenerating bone tissue as the scaffold degrades. The biodegradation rate of the
scaffold should be compatible with regeneration rate of the tissue; scaffold should
sustain its stability and mechanical support mainly on the early healing stages and
the time of healing can vary with age of a person. For young, fracture can heal around
6 weeks up to a point where tissue can bear weight stress (O’Brien, 2011). In terms
of micron sized properties, the porosity of the scaffold should be at a level which
creates interconnectivity along scaffold. Interconnectivity of pores enable migration
of cells and tissue ingrowth while sustaining necessary nutrient flow through
scaffold. Porous scaffold is also needed for creating voids for vascularization
(Karageorgiou & Kaplan, 2005). For bone tissue engineering scaffolds, 200-500 pm
pore size was reported to be optimal for cell colonization and vascularization
(Thavornyutikarn et al., 2014). In terms of nanostructure, when the materials became
nano sized, materials show different properties than their micro sized or bulk
properties which would be advantageous. For example, nano sized structures possess
high torsion and tensile modulus. The ceramics lose their brittleness when the size
decreased to nano (Gong et al., 2015). The scaffolds can be doped with nanomaterial
at desired concentrations to promote bioactivity and create micro-nano structures for

adequate cell response.

In order to increase scaffold-cell and scaffold-host interaction and communication,

several bioactive molecules can be combined in scaffold structure. Bioactive



molecules can be incorporated to scaffold surface by physical/chemical links or by
doping into scaffold components. Growth factors can be used to initiate osteogenic
differentiation, anti-inflammatory drugs can be used to limit inflammatory host
reaction or ECM mimicking materials can be incorporated to improve cell response
(Matassi et al., 2011; J. R. Porter et al., 2009). The search for optimum scaffold
characteristics and modifications continue for bone tissue engineering as new
materials and developments arise. The materials used for bone tissue engineering can
be classified in tree groups; polymers, bioactive ceramics and composites of these
materials. Polymers can be classified as natural and synthetic. Natural polymers have
advantages like better biocompatibility, cytocompatibility and low immunogenicity
but have disadvantages like fast degradation and low mechanical stability. On the
other hand, synthetic polymers have controllable slow degradation which doesn’t
cause fast decrease in mechanical strength. The mechanical properties of synthetic
polymers and degradation rates can be tailored to match with desired application.
Their production can be done in large batches with less batch to bath variation and
cost-effectively. However, synthetic polymers have lower interaction with cells
compared to natural polymers that have higher bioactivity potential (Matassi et al.,
2011). Bioactive ceramics can also be obtained from natural or syn thetic sources.
Examples of bioactive ceramics are calcium-phosphate based hydroxyapatite and
tricalcium phosphate (TCP), coralline (CaCO3), calcium silicate and bioactive glass.
Scaffolds prepared from ceramics show high compressive strength which improves
its stability under load but ceramic scaffolds also show high brittleness (Gao et al.,
2014). In order to overcome limitations of polymers and ceramics, composites of
polymer/polymer or polymer/ceramic are used to form scaffolds. Some of the
scaffold compositions in recent studies are summarized in Table 1.1. Bone itself has
two main phases; organic collagen fibers that mineralized with inorganic
hydroxyapatite. Composites of polymer/polymer or polymer/ceramic, with
natural/synthetic polymers and bioceramics, are used to tailor properties like,
controllable biodegradation, hydrophilicity, mechanical strength, surface

morphology and bioactivity (Roseti et al., 2017).



Table 1.1 Components and methods used in some recent bone tissue engineering

studies.

Material Class Materials Production Method  Reference

poly(€- (Zamani et
Polymer (Synthetic) caprolactone) 3D Printing al., 2020)
Polymer

(Synthetic)/Inorganic
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Selective laser
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Composite MgO nanoparticles sintering 2020)
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Composite elatin spinning al., 2019)

Inorganic Calcium Hydroxyapatite/Tri (Xiangjia Li

Phosphate Composite calcium phosphate 3D Printing etal., 2019)




1.5 Silicone in Bone Tissue Engineering

Silicone (Si) is one of the elements that plays crucial roles on the bone health. Studies
have showed the benefits of dietary Si on bone tissue health and its possible effects
on collagen synthesis and stabilization, and matrix mineralization (Jugdaohsingh,
2007). The effect of Si is concentrated on mineralization of growing bone. The
human exposure of Si is depended mainly on dietary uptake. Si can be taken from
food and drinking water and contribute to our metabolism. Higher dietary intake of
Si has associated with improved bone mineral density by human studies
(Jugdaohsingh et al., 2004). In the literature, Si deprivation studies were conducted
on animals and concluded that Si deprivation causes abnormal and immature skeletal
growth. Si deprivation in chicks was reported to cause undeveloped legs and beaks
that are easily fractured (Carlisle, 1972). In the studies with rats, similar results were
observed with defective skull formation (Schwarz & Milne, 1972), and decrease in
bone mineral density was reported by additional studies. The obvious effect of Si
deprivation on decreased bone mineral deposition and increased collagen breakdown
was proven (Nielsen & Poellot, 2004; Seaborn & Nielsen, 2002). The positive effect
of Si on osteogenesis of bone related cells was approved in terms of proliferation,
alkaline phosphatase activity, matrix deposition levels and osteocalcin synthesis.
These findings have motived the use of silicon in bone implants and cements. Silicon
substituted hydroxyapatite and bioglass showed that silicon substitution improves
binding of the implant to the bone. Silicon substitution have been shown to induce a
biologically active layer deposition on to the surface of the implant (Hench et al.,
2004). The Si in the implants partially dissolves and released Si creates an
amorphous Si layer on the surface. The released Si ions that are interacting with cells,
reported to incline gene upregulation that will trigger osteogenesis by osteoblast
proliferation and then differentiation. The Si substituted hydroxyapatite was reported
to increase the order of collagen fibrils and create more complete bone structure (A.
E. Porter et al., 2004). The toxicity of silica/silicate species have reported to be

parallel to long term exposure and/or high doses. In the toxic levels, silica can cause

10



kidney inflammation and renal stone formation that will damage the kidney. In order
to create toxic effect, the exposed level of silicon should be high and perpetual. By
normal dietary uptake of silicon and by a silicon containing implant it is unlikely to

reach a toxic level (Jugdaohsingh, 2007).

1.6 Diatom Silica Shells as Silicone Source

Diatom algae are single-celled eukaryotic organisms that can survive in all aquatic
environments; they play a role in most of the biosilica production in the oceans. The
cell walls of the diatoms are composed of amorphous silica involving shells, which
are supposed to be created for protection purposes, show high mechanical strength
owing to its unique geometry. There are 100 000 different types of diatoms known
in nature, each with different forms. Diatom algae produce silica nanoparticles with
silicic acid in the cell cytoplasm and take them out of the cell for inclusion in the
extracellular shell structure (Nassif & Livage, 2011). Diatom shell is a smooth
geometric structure made of amorphous silica, which can be of different sizes with

symmetrical and regular nano-sized pores (Figure 1.3).

Figure 1.3 Morphology of silica frustules of different diatom species (Frazer, 2016).

11



This biosilica structures that diatoms synthesize naturally and under normal
conditions, possess high mechanical strength and unique geometry; thus are
promising for many applications (Aw et al., 2011). Diatoms are now used in oil
exploration, toxicity testing, and for the source of biological silica. Diatoms are also
used in many industrial areas due to their unique silica geometry as; Water and food
filter, building material and chromatography material (Jamali et al., 2012). Diatoms
can be easily cultured in a simple aquarium environment. Diatoms can multiply in a
very short time and produced diatoms can be collected from by filtering.
Nevertheless, the diatomaceous earth is the cheapest and effortless way to obtain

silica structures of diatoms.

1.6.1 Diatom Silica Shells in Biotechnology

In the field of biotechnology, diatoms are used as drug delivery systems and in bio-
identification and molecular selective separation processes (Dolatabadi & de la
Guardia, 2011). The wide surface area, optically active geometry, nano-sized pores,
high melting point and the mechanical strength of the DS, support their use in many
areas of biomaterials field. The Si-OH groups on the surface of the silica structure
are active points for chemical reactions and create a surface that can easily undergo
chemical changes. Antibody-modified diatom biosilica structures have been reported
as biosensors in the literature (Bismuto et al., 2008; De Stefano et al., 2009;
Dolatabadi & de la Guardia, 2011). In recent years, the production of mesoporous
silica-based nanoparticles and formation of drug release systems in nano or micro-
sizes are highly studied (Bharti et al., 2015; Brunella et al., 2016; Butler et al., 2016).
Although mesoporous silica particles have biocompatibility, biodegradability and
positive effect on drug solubility by high drug loading capacity with chemical surface
modifications, mesoporous silica particles have been highlighted with their long

duration of production, high cost and requirement of use of toxic materials in
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production cycles limit their use. For these reasons, biosilica structures where

diatoms are synthesized naturally, come to the fore (Aw et al., 2011).

In literature, these silica shells were proposed as carriers for controlled drug delivery.
Aw et al. (2011) investigated the encapsulation efficacy of indomethacin, an anti-
inflammatory drug, and its release behaviour from diatom silica shells. In their
studies, they have successfully increased the availability of hydrophobic
indomethacin in a hydrophilic environment by diatom shell encapsulation (Aw et al.,
2011). In another study, the surface of the diatom silica shells was modified in two
different ways to obtain hydrophilic and hydrophobic surfaces. Then, loading and
release of drugs of different properties were investigated. While the rate of
confinement and controlled release of hydrophilic drugs was more successful with
hydrophobic diatom surface, the confinement rates and controlled release of
hydrophobic drugs were more successful when the surface of the diatoms was
hydrophilic (Bariana et al., 2013). The smallest size of the silica shell structures is
about 10 microns in average, so, their controlled drug delivery systems are generally
studied for oral administration or local implantation routes. In the study of Zhang et
al. (2013), the encapsulation and release of mesalamin and prednisone, drugs for
treatment of gastrointestinal diseases, from diatom shells were examined separately.
It has been reported that the Caco-2/HT-29 co-culture monolayer permeability of the
drugs trapped in the diatom shell increased as DS have decreased TEER charge of
the monolayer and improved permeation. In addition, the study reported that silica
based diatom shells did not cause toxicity in Caco-2, HT-29, HCT-116 cell lines (H.
Zhang et al., 2013).

1.6.2 The Use of Diatom Silica Shell in Bone Tissue Engineering

The use of silica based local drug delivery systems in the concept of bone tissue
engineering includes controlled and long-term releases of antibiotics, growth factors,

anti-inflammatory and anticancer drugs (Simovic et al., 2011). Alongside to be used
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as drug delivery systems, silica-based materials has been widely investigated as
biomaterials for bone tissue engineering. In the study of Lopez-Alvarez et al. (2009),
the interaction between bone cells and silica was investigated via silica and
hydroxyapatite (HA) based coating. It was reported that the Silica/HA coated surface
increased the adhesion and proliferation of Saos-2 cells compared to HA coated one.
It is stated that this effect is due to the silicon in the silica structure. In the study,
silicon-containing, synthetic silica and diatom earth (kizelgur) were used as two
different sources of silicon. Diatom/HA surface coating has been reported to increase
cell attachment and proliferation relative to the synthetic silica/HA surface coating.
The results of this study also demonstrate the potential for the use of diatom in
composite polymeric carriers in bone tissue engineering applications. A small
amount of silicone released from the diatom or silica structure is thought to cause
the improvement in cell viability. Also the presence of other basic elements in the
structure of silica diatom shells was likely to trigger osteoblastic cell behavior

(Lopez-Alvarez et al., 2009).

In recent years, the idea of the use of diatom silica shells in bone tissue engineering
studies has started to find more space in the literature. Le et al. (2018) investigated
the compatibility of DS with cells (Le et al., 2018b). To date, only a few studies have
investigated the use of DS in scaffold for bone tissue. These diatom shell fragments
or diatomaceous earth scaffolds or biomaterial were; silk fibroin carrier (Le et al.,
2018b), chitosan membrane (Tamburaci & Tihminlioglu, 2017, 2018) and bone
cement (Xiang Zhang et al., 2018). In these studies, the main role of DS added to the
carrier structure was being the natural source of silicon. The contribution of silicon
to bone formation is explained by increasing the proliferation of bone cells, alkaline
phosphatase activity, bone matrix formation and osteocalcin production

(Jugdaohsingh, 2007).
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1.7 Electrospinning

Electrospinning is a widely used and versatile method to produce tissue engineering
fibrous scaffolds. The main working principle of electrospinning is the formation of
polymer jet flow towards the collector that is connected to the ground, via the charge
transfer with the applied voltage. Mass flow of the polymer from the syringe tip
depends on increasing or decreasing the current (Blackwood et al., 2008; Canton et
al., 2010). Two important features of the electrospun scaffolds that improve their
suitability for tissue engineering applications are the similarity of the fibers obtained
by electrospinning to the randomly positioned collagen fibers found in the majority
of extracellular matrixes in the body and the high porosity provided by the
electrodeposition of fibers, a suitable structure for both cell transplantation and
migration, as well as for the transfer of nutrients and cell wastes (Meng et al., 2007).
Electrospinning enables control on fiber diameter and orientation. Formation of
fibrous scaffolds provide high surface area which can improve cell attachment,
spreading and proliferation. Scaffold properties can be tuned by changing several
parameters of the electrospinning system such as polymer molecular weight,
polymer concentration, solvent type, flow rate, applied voltage and collector
distance. Polymer concentration and solvent type have high impact on the success of
electrospinning by affecting viscosity and surface tension. Decrease in the viscosity
and surface tension will result in thinner polymer fibers. If the viscosity is too low,
fiber will not form and polymer solution will come out as droplets and if the viscosity
is too high, polymer solution can block the syringe tip with decreased ejection rate.
Concentration of the solution needs to be enough to sustain chain entanglement to
form fiber structure (Husain et al., 2016; Xue et al., 2019). Volatility of the solvent
should be high enough to prevent wet fiber deposition onto collector and low enough
to prevent possible solidification of the jet on the solvent drop. The evaporation rate
of the solvent can also be affected by ambient conditions like temperature and
humidity. Solutions have different dielectric constants and dielectric constant

determines the electrostatic repulsion among the surface charges residing on the jet
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(Luo et al., 2012). For chain entanglement, polymer molecular weight should also be
high enough to create fibers. Lower polymer molecular weight could result in bead

formation since chain entanglement will be low (Xue et al., 2019).

Conventional electrospinning uses single hallow needle and produces 2D, sheet like,
polymer fibrous mat that is collected on a solid conductive collector. In order to
increase thickness and obtain a 3D fibrous mat wet electrospinning can be used
(Figure 1.4). In wet electrospinning, electrospun fibers are collected into a collector
bath which contain solution that does not dissolve polymer fibers. Wet electrospun

fibers will have increased distance in between fibers thus forming 3D scaffolds.

Wet Electrospinning

—> Polymer Solution
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(————=)=>> Collector bath
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Figure 1.4 Schematic illustration of wet electrospinning.

Co-electrospinning system can be built up with two distinct syringe pumps and two
separate voltage supply while using a mutual collector for both. This method enables
production of a fibrous mat from randomly oriented fibers of two different polymers.
Distinct polymer fibers are produced from different syringe systems that type of the
polymer solvent, flow rate, voltage amount and distance from the collector can be

optimized separately thus enabling production of electrospun scaffold from two

16



different polymer fibers with distinct morphology. By this means separate
advantages and preferred properties of polymer fibers can be brought together in a
single scaffold (Dalgic et al., 2019). Hydrophilic and hydrophobic random fibers can
be created to tailor hydrophobicity and create different surface characteristics with
distinct polymers. By tailoring these properties protein adhesion mechanisms can be
altered which will have direct control on the cell-scaffold interaction and cell fate
(Bacakova et al., 2011). In literature, different methods were used to tailor
hydrophobicity of electrospun polymer fibers; bringing together different polymers
in a fibrous scaffold by electrospinning of polymer blend solution or coating of

polymer fibers that was reported to sustain low stability (C. H. Kim et al., 2006).

1.8  Natural Origin Polymers for Tissue Engineering Applications

Natural origin materials have several advantages over synthetic materials like
tolerable biodegradation rates and better biocompatibility. These properties make
them suitable components for tissue engineering applications (Rehm, 2010). The
production of wide range of natural polymers can be achieved using microorganisms.
The cultivation of microorganisms for polymer production is accepted as an
environmentally friendly method (Bhattacharya & Gupta, 2005). However, some of
the natural production methods can become costly since the purification steps of the
polymer increases the cost compared to synthetic production of a polymer. On the
other hand, some polymers can be obtained at fairly low costs by natural production
methods with optimized industrial production systems (Basnett & Roy, 2010;
Sionkowska, 2011). One of the biggest advantages of using natural origin polymer
in tissue engineering over chemically synthesizing the polymer is the ability of
sustainable production of natural origin polymers from renewable resources. The
optimized industrial production methods, inherent biocompatibility and
biodegradability makes natural origin polymers preferred constituents of tissue

engineering scaffolds (Rehm, 2010).
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1.8.1 Polyhydroxyalkanoates

Poly-hydroxyalkanoates (PHA) are biodegradable and biocompatible thermoplastic
polyesters produced by intracellular energy and carbon deposition by soil bacteria,
blue green algae and some genetically modified microorganisms (Sombatmankhong
et al., 2007; Suwantong et al., 2007). Bacteria store PHAs as granules with a size
between 0.2 to 0.5 um in cytoplasm. PHA producing bacteria can be divided into
two groups as bacteria need to be under specific nutrient limitation to produce PHA
and bacteria which do not require nutrient limitation (Muhammadi et al., 2015).
Bacteria like Ralstonia eutropha, Pseudomonas oleovorans and Pseudomonas
putida do not produce PHA in growth phase and need to be under nutrient limitation
to trigger PHA production. On the other hand, bacteria like recombinant Escherichia
coli can produce PHA in growth phase, so, does not need nutrient limitation to trigger
PHA production (Nitschke et al., 2011; Raza et al., 2018). PHAs are seen as potential
materials to be used in the health industry since they can be obtained from natural
origin. Poly-3-hydroxybutyrate (PHB) and hydroxyvalalate (HV) are used in various
ratios to produce the co-polymer PHBV (Figure 1.5). In addition, as a result of the
co-polymerization of PHB with HV, the crystallinity glass transition and melting
temperatures can be reduced, and flexibility can be increased, and thus, it can be
made into a material that can be processed more easily (Lii et al., 2012; Suwantong
etal., 2007). Among PHAs, PHB and PHBV can spontaneously be degraded in blood
and tissues to form a natural molecule d, I-B-hydroxybutyrate that is readily available
in the body and create less inflammatory response since degradation products are
readily available in body (Naznin Sultana & Khan, 2012; Suwantong et al., 2007).
PHBYV hydrolyses by acid-base catalysis for esters and normally hydrolysis rate can
be low at natural pH and body temperature. However, in body, PHBV degradation
can happen at a faster rate compared to in vitro with the effect of nonspecific
esterases and lysozyme enzymes secreted by immune cells (H. Li & Chang, 2005;
Naznin Sultana & Khan, 2012). In the literature, biocompatibility of PHBV based

scaffolds produced by film-cast and solute-leaching methods have been reported in
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many in vitro studies with various cell types; osteoblasts, epithelial cells and
chondrocytes (Lii et al., 2012; Sombatmankhong et al., 2007; Suwantong et al.,
2007). Healthy osteoblast proliferation was reported in PHBV foams for bone tissue
engineering (Kose et al., 2003). In literature, PHBV composite cell carriers are mixed
with other materials, such as hydroxyapatite, gelatin and collagen, in order to
improve their physical and chemical properties. In addition, cell adhesion and
proliferation properties of PHBV scaffolds were attempted to be improved by
modifying surface properties of PHBV (Lii et al., 2012). In the literature, fibrous
scaffolds produced from PHBYV and similar polymers and their various composites
are mostly in two dimensions like membrane structures (Bai et al., 2015; Kouhi et
al., 2018; Sajesh et al., 2016; Zou et al., 2016). Production of a PHBV based 3D
fibrous scaffolds with adjustable thickness would improve the application areas for

bone tissue engineering.
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Figure 1.5 Chemical formula of PHB, PHV and PHBV polymers (Ross et al., 2017).
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1.8.2 Poly(€-caprolactone)

Poly(€-caprolactone) (PCL) is a biodegradable, semi-crystalline polyester that has
main route of synthesis by ring-opening polymerization of cyclic e-caprolactone.
Other less common synthesize methods are radical ring opening polymerization of
2-methylene-1,3-dioxepane and condensation of 6-hydroxycaproic acid (Figure 1.6)
(Ross et al., 2017). As the molecular weight of the synthesized polymer decreases,
its crystallinity increases. PCL is a hydrophobic polymer that has high stability in
body. The degradation of PCL under physiological conditions occurs by random
hydrolysis ester cleavage and complete degradation of PCL can prolong up to two
years (Sabir et al., 2009). PCL polymer is highly used to form bone tissue
engineering scaffolds due to its biocompatibility, biodegradability and mechanical
stability. The high mechanical strength of PCL can be used to improve overall
mechanical properties of scaffolds as used in blends with other polymers (Patricio et

al., 2013).
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Figure 1.6 Chemical synthesis routes of PCL (Guarino et al., 2002).
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1.8.3 Pullulan

PUL is a netural polysaccharide produced and secreted out of the cell by
Aureobasidium pullulans, a fungal species (Figure 1.7). This natural polymer, which
is widely used in areas such as tissue engineering and drug release, is not toxic,
immunogenic or mutagenic and has no carcinogenic effects. PULs’ properties like
high solubility, biodegradability, ability to form thin transparent film in water,
adhesion to surfaces etc. make this polysaccharide preferable for tissue engineering
applications (Cheng et al., 2011; Mishra et al., 2011). In the literature,
polysaccharides are divided into three groups according to their electrospinning
characteristics; 1) which can create jet and fiber, i) cannot form a jet and iii) cannot
create fiber. It was determined that PUL was a highly electrospinnable
polysaccharide. It is also known that it can be subjected to electrospinning by using
only water as a solvent (Islam et al., 2010; Stijnman et al., 2011). In addition, it has
been seen in previous studies that PUL, which can be transformed into thick fibers
by electrospinning, increases the thickness of the electrospun fiber matrix and adds
3 dimensions to the structure (Atila et al., 2016). In order to ensure that the structure
does not deteriorate very quickly due to the PUL fibers to be used in scaffold, the

cross-linking methods with have been proposed in the literature.
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Figure 1.7 Chemical formula of Pullulan (Ferreira et al., 2015).
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Studies have shown that PUL does not affect calcium absorption and bone mineral
content in mice (Tsukimura et al., 2009). Also a porous scaffold bearing crosslinked
PUL was shown to sustain necessary porosity for bone tissue growth (Lalande et al.,
2011). In addition, in vivo studies of nano-hydroxyapatite loaded PUL composite
matrices have been shown to induce high mineralization in tissue and higher bone
regeneration in direct contact with the matrix (Fricain et al., 2013). Therefore, the
use of PUL polysaccharide in bone tissue scaffold is promising to obtain improved

bone regeneration and bone tissue formation.

1.9 Local Treatments of Bone via Drug Delivery from Bone

Implants/Scaffolds

Local delivery of osteoinductive agents is a strategy that is used to improve treatment
potential of synthetic bone tissue scaffolds. Biomaterials releasing compounds like
growth factors, hormones and drugs have been developed and aimed to be an
effective alternative to autogenous bone grafts. Local delivery of a compound enable
delivery of high doses/amounts at the target site while eliminating the risk of
systemic overdose and minimizing systemic side effects (Martin & Bettencourt,
2018). Growth factors like bone morphogenetic proteins (BMPs) are compounds of
interest for local delivery at bone tissue for increasing osteogenic activity. BMPs
belong to transforming growth factor-beta (TGF-B) superfamily and BMP-2, BMP-
3, BMP-4 and BMP-7 are the ones mostly studied (Anusuya et al., 2016). Vascular
endothelial growth factor (VEGF) which has role in upregulation of BMP-2 was also
explored for local delivery (Khojasteh et al., 2016). Platelet lysate which contains
growth factors and bioactive molecules that induce bone repair is another compound
that was investigated for local delivery (Babo et al., 2016). Hormones and
phytohormones as estrogens, growth hormones and thyroid hormones that has direct
effects on bone metabolism are being used to improve regeneration of bone by local

delivery (Martin & Bettencourt, 2018). Drugs with specific activity on bone cells
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and metabolism have been used for local delivery in many studies. Some of the
examples are; Alendronate, that inhibits the osteoclasts activity on bone and
increases osteoblastogenesis while upregulating BMP-2, ALP, COL1 and
osteocalcin (OCN) gene expression (Tenenbaum et al., 2002), Simvastatin, known
to increase BMP-2 expression (Y. S. Liu et al., 2014), and Raloxifene, which has
effects similar to estrogen on bone (Maximov et al., 2013). Antibiotics are another
important class of drugs used for local therapy for bone tissue against infections and
some antibiotics also have direct effect on bone metabolism (Martin & Bettencourt,
2018). Antibiotic treatment prior to and after a surgery is necessary to prevent any
possible infection. Systemic antibiotic application is the main route of antibiotic
therapies. In order to improve local concentration and effect of antibiotics, local
antibiotic delivery is applied alongside with systemic antibiotic therapy. Antibiotic
loaded biomaterials as local antibody delivery systems were used to prevent and treat
bone infections. As an example, many studies have confirmed that the use of
antibiotic loaded cement alongside systemic antibiotic treatment is reducing the risk
of infection compared to only systemic antibiotic treatment (Chiu et al., 2002; Uckay
et al., 2013). In the study of Logoluso et al., effectiveness of gemcitabine and
vancomycin loaded calcium phosphate bone substitutes as an implant coating was
evaluated with a clinical study and reported successful prevention of infection
(Logoluso et al., 2016). Collagen sponges loaded with antibiotics like Gemcitabine
have reported to be used in the treatment of chronic osteomyelitis (van Vugt et al.,
2018). Antibiotics can be easily loaded into electrospun fibers by electrospinning of
antibiotic dissolved polymer solutions. Local delivery of antibiotics from antibiotic
loaded electrospun fibers as an implant coating surface was reported as a method to
prevent possible infections and improve implant tissue interaction by improved cell
viability and bone regeneration by electrospun mat surface (Puppi et al., 2011; L.
Zhang et al., 2014). The chronic infection of bone tissue, chronic osteomyelitis, can
cause serious bone tissue damage and tissue loss. In the treatment of chronic
osteomyelitis, surgery is necessary to eradicate bone infection. In order to remove

infection and support the dead space in the infection site, antibiotic loaded grafts,
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beads and ceramic systems are necessary (Ikpeme et al., 2010). Especially in the
treatment of this disease, a local antibiotic releasing scaffold would improve the
treatment completely. Some antibiotics have very short serum half-life and low oral
absorption which results in low tissue accumulation and loss of effect in vivo (Finn
et al., 1987; Scott et al., 2001). Local delivery of such antibiotics would improve the
bioavailability and local dose of antibiotic in the target location that achieves
therapeutic concentration at the disease site and prevents possible systemic side

effects.

1.10 Aim of the study

In this thesis, a novel 3D scaffold for bone tissue engineering was produced by co-
electrospinning of hydrophilic and hydrophobic fibers (Figure 1.8). This natural and
synthetic polymer combination (PUL, PHBV and PCL) was used together for the
first time in a scaffold system. The aim of using hydrophilic PUL and hydrophobic
PHBV/PCL fibers was to tailor degradation and bioactivity of the scaffold. The PUL
fibers dissolve faster and gradually opens spaces for tissue ingrowth and circulation
of nutrients/wastes while PHBV/PCL fibers stay undissolved maintaining
mechanical stability and structure of the scaffold for longer period. One of the aims
was to use materials with natural origin; PHBV, pullulan polymers and Diatom silica
shells (DS) in order to benefit from biocompatibility of natural materials. For the
first time DS was electrospun within a polymer solution to be incorporated in a
scaffold by this study. DS was achieved to be covered by polymer coating and
encapsulated by polymer in line with the electrospun fiber. As part of the study,
PHBYV was produced by Cupriavidus necator bacterial strain and used to produce
co-electrospun scaffold for comparison with scaffolds produced by commercially
obtained PHBV. In the literature, PUL was electrospun in polymer blends to prevent
its fast dissolution and loss. In order to produce stable singular PUL fibers, a novel
crosslinking strategy is proposed and for the first time stable singular PUL fibers

used to form a scaffold. PHBV/PCL fibers were used as a platform for loading and
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release of a hydrophobic antibiotic and showed that scaffold with duel fiber

characteristics can enable loading of drugs with the specific character in individual

fibers.
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Figure 1.8 Schematic illustration of electrospinning systems of scaffold groups;
PHBV/PCL (a), PUL/DS (b), PHBV/PCL/DS (c), PHBV/PCL/CA:PUL/DS (d).
Schematic illustration of co-electrospun PHBV/PCL/CA:PUL/DS scaffold (e). SEM
image of co-electrospun PHBV/PCL/CA:PUL/DS scaffold (f).
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CHAPTER 2

MATERIALS AND METHODS

2.1 Materials

Poly (e-caprolactone) (PCL) were used in the commercial form for the preparation
of scaffolds. Commercial PHBV (8 mol%) polymer was purchased from Aldrich
(Missouri, USA) for optimization studies and also synthesized by Prof. Dr. Ayten
Karastas Yazgan’s lab group for other studies. PUL (200 kDa) was gift from
Hayashibara Inc. (Okayama, Japan). PCL (Mn: 80000), glutaraldehyde, DMSO,
Triton x-100, LB medium, bacteriological agar, yeast extract, citric acid and glucose
solution were taken from Sigma (Missouri, USA). Fresh water diatom silica shells
were originated from Peru (Food grade). Cefuroxime axetil was kindly supplied by
Bilim Pharmaceutical Co. (Istanbul, Turkey). 1,1,1,3,3,3-Hexafluoro-2-propanol
(HFIP) and ethanol absolute were the products of Merck (Darmstadt, Germany).
PHBYV was synthesized by Cupriavidus necator (DSMZ 428) bacterial strain. For in
vitro cell culture studies, human osteosarcoma (Saos-2) cell line and mouse
fibroblast cell line (L929) were used. For in vitro studies, Dulbecco serums modified
eagle medium, (DMEM, high glucose), trypsin-EDTA, penicillin streptomycin, L-

ascorbic acid, L-glutamine and fetal bovine serum were used.
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2.2 Production, Purification and Characterization of Synthesized PHBV

2.2.1 PHBY Production by Cupriavidus necator

The production studies of PHBV from bacterial strains were conducted by study
group of Prof. Dr. Ayten Yazgan Karatas at Istanbul Technical University and sent
to Middle East Technical University for purification and characterization of the
polymer. PHBYV production potential of Cupriavidus necator (DSMZ 428) was
investigated. The growth conditions were adopted from the study of El-Sayed et al
(Azhar et al., 2009). C. necator was incubated both in broth (Shaking at 150 rpm)
and agar media for 48 h at 30°C. Inaculus (5%) from the bacteria grown in broth was
transferred into polymer production medium (Glucose, 10 g/L; (NH4)2SO4, 1 g/L;
KH;PO4, 1.5 g/L; Na;HPO4.12H>0, 9 g/L; MgS04.7H20, 0.2 g/L; minimum
essential elements solution, 1 ml. 10 mg/L. ZnSO4-7H>0; 3 mg/L MnCl>-4H>0; 30
mg/L H3BO3; 20 mg/L CoClz-6H20; 1 mg/L CuClz-6H20; 2 mg/L NiCl,-6H20; 3
mg/L NaMo704-2H>0) and incubated for 48 h while shaking at 150 rpm at 30°C.
Then the pellet was precipitated by centrifugation at 13 000 rpm for 5 min and dyed
with 0.003% Sudan Black B solution. Pellet was washed with dH>O and dried for 2

days at 80 °C followed by 2 days incubation under vacuum.

2.2.2 Optimization of PHBV Production by Cupriavidus necator

PHBYV production with Cupriavidus necator (DSMZ 428) strain was successfully
achieved by using a mineral medium (Mineral Medium: 6.7 g/LL Na,HPO4.2H>0; 1.5
g/L KH2POs; 1 g/l (NH4)2SO4; 0.2 g/ MgS04.7H20; 0.01 g/ CaCl2.2H>0; 0.06
g/L Fe(NH4)2(SO4)2; 1 ml/L minimum essential elements solution. minimum
essential elements solution: 0.3 g/L H3BO3; 0.2 g/ CoCly; 0.1 g/L ZnS0O4.7H20;
0.03 g/L MnCl,.4H20; 0.02 g/ NaMo00O4.2H>0; 0.02 g/L NiClL.6H2O; 0.01 g/L
CuS04.5H,0) that was reported in the literature was used (Berezina, 2012). Briefly,

an inoculum of 5% from C. necator that was grown on nutrient agar petri was

28



transferred to rich mineral medium (100 ml) that has additional 10 g/L glucose and
10 g/L glutamate and incubated for 24 h while shaking at 150 rpm at 30°C. A 5%
inoculum was transferred into mineral medium that contains additional 1 g/L sodium

propionate and incubated for 48 h at 30°C. The pellet was collected as described.

2.2.3 Isolation and Purification of Synthesized PHBV

The purified PHBV polymer was obtained after separation and purification steps
(Figure 2.1). In order to completely disintegrate bacterial cells, pellet was incubated
overnight in 0.1% SDS solution while stirring. After collecting of pellet by
centrifugation at 8000 rpm for 12 min, pellet was transferred in (30%) sodium
hypochlorite solution and incubated in 60 °C water bath for 3 min. Then pellet was
precipitated by centrifuge and washed with dH>O and acetone:ethanol (1:1) solution
for 2 times. Then for PHBV extraction pellet was dissolved in chloroform and boiled
at 50 °C for 5 h in condensation system, followed by stirring at RT for 16 h.
Undissolved materials were removed by filtration and cold methanol was added drop
wise to chloroform solution to precipitate purified PHBV. This step was repeated to
collect purified PHBV (Rambo et al., 2012; Shishatskaya & Volova, 2004;
Wilkinson, 2015).
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Figure 2.1. Schematic illustration of separation and purification steps of PHBV

polymer which produced by bacteria.
224 Characterization of Produced Synthesized PHBV

2.24.1 Hydrogen Nuclear Magnetic Resonance (H-NMR) Analysis

The chemical structure of commercial and produced PHBV was investigated by H-
NMR analysis. Experiment was performed with high performance super conductive
magnet with active shield (UltrashieldTM 300 MHz), 5 mm BBO 1H prob and 300
MHz high definition digital H-NMR spectrometer device (Bruker Biospin, USA).
Analysis was performed on 40 mg of PHBV polymer sample that dissolved in
deuterated chloroform (CDCI3).
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2.2.4.2 Calculation of Valerate Percentage

Percentage of valerate content of produced PHBV was calculated from H-NMR
graph of PHBV by using areas under the peaks of valerate specific group (CHzs; at
0.9 ppm) and butyrate specific group (CHs; at 1.3 ppm). The basic steps of the
method are as follows: The relative mole percentage of valerate groups are calculated
by dividing integral value of valerate specific CH3 group to the number of protons of
that group, which is 3. The same calculation was done for the butyrate specific CH3

group. The valerate percentage was calculated with the formula:

(Relative moles of valerate copolymer) 00 (l)
(Sum of relative moles of valerate and butyrate)

Mole % of valerate in PHBV =

2.243 Determination of Molecular Weight by Static Light Scattering
Analysis

PHBV stock solutions were prepared in chloroform (30 mg/mL) for static light
scattering analysis. Samples were analyzed at four different dilutions between 30 to
150 degree angles with steps of 10 degrees at 20°C. Analysis was performed as
triplicates for 10s at each angle point. Refractive indexes of the samples were

measured, and dn/dc values were calculated. Results were obtained by Guinier plot.

2.2.44  Fourier Transform Infrared Spectrophotometer (FTIR) Analysis

FTIR analysis was performed with PerkinElmer L1050002 series spectrophotometer
(PerkinElmer, Inc., UK, METU, Central Laboratory). The software program was run
in the 100/100 N spectrum in transmission mode. The analysis was carried out in
between 4000-400 cm™ wavenumbers, with a resolution of 4 cm™', with a total of 50
scans per sample. The samples were pounded with mortar and mixed with KBr at a
ratio of 1:10 to measure. Samples spectrum were corrected for background and

atmosphere.
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2.24.5 Differential scanning calorimetry (DSC) Analysis

The thermogravimetric analyzes of the synthesized and commercially available
PHBV samples were performed at the DSC instrument (Perkin Elmer DSC
Diamond, USA) in the METU Central Laboratory at a temperature range of -20 ° C
to 240 ° C and at a heating rate of 10 ° C / min.

2.3 Purification and characterization of DS

2.3.1 Purification and Pulverization of DS

In order to separate original size DS from fragmented shells, several washing steps
were applied. Briefly, DS were dispersed in dH>O and heavier particles that formed
by aggregation of DS fragments were precipitated by 3 minincubation. After
removal of bigger particles, DS in original size and shape were precipitated by 30
min incubation. After 30 minutes, floating particles were removed with supernatant
leaving original sized DS as precipitated. In order to sterilize DS and remove any
possible organic material, DS were incubated 200 °C for 1h. Morphology of

collected DS were examined under light microscopy to verify purification.

In order to decrease the size of DS and obtain DS particles with different size
diameters two different methods were used. First method was to dismember DS by
chemical fractionation method. The DS were regularly stirred in the NaOH solution
(0.2 M, 20 mL) at 95 °C for 3 h and DS sizes were reduced (Suroy et al., 2014). In
the second method, agate grinder (RETSCH RS-200 Disc Agate Grinder, Germany)
in METU Central Laboratory was used to disintegrate DS skeletons in different sizes.
Samples were milled in the apparatus for 1, 5, 10 and 15 min to obtain different size

ranges.
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2.3.2 Morphology and Size Analysis of DS

Scanning electron microscopy (SEM, Quanta 400 F Field Emission, FEI, USA) was
used to examine morphology of DS. Gold and palladium coating were applied by
sputter coating (Anatech Hummle VII, Istanbul, Turkey). Daimeter of randomly
selected DS particles were measured from SEM images to calculate average diameter
of DS. Measurements were performed using ImagelJ software (National Institutes of
Health, Bethesda, USA). After the grinding of DS, particle size distribution was
analyzed with laser scattering method using Zeta sizer (Nano ZS90, Malvern

Instruments, METU Central Laboratory).

2.3.3 Chemical Characterization of DS

Energy Dispersive X-Ray Analyzer was used to determine elemental composition of
DS during scanning electron microscopy imaging. The instrument used for imaging
has electron probe micro-analyzer (JEOL, JXA — 8230, U.S.A.) Elemental analysis
was also carried out with Electron Spectroscopy for Chemical Analysis (ESCA) at
METU Central Laboratory. Surface elemental composition was determined with PHI
5000 VersaProbe. As the X-Ray source, Al Ko anode was used at 26 W power and
200 um beam size. Measurements were taken at 45 degree starting angle. In order to

prevent charge build up, 187.85 eV electron cloud blaster was used.

24 In Vitro Cytotoxicity Analysis of DS

Human osteosarcoma cell line (Saos-2) was used for in vitro cell viability analyses.
In vitro cytotoxicity analysis of DS was performed in several different experimental
designs. MTT assay was used to measure cell viability for direct contact cytotoxicity
experiment of DS. In this experiment DS particles at determined concentrations were
placed at the bottom of the wells. MTT method was chosen since no replacement or

rinsing step that may lead to removal of DS, was needed. Groups were incubated in
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regular cell culture medium (High glucose Dulbecco’s modified Eagle medium,
DMEM, 10% FBS, 1% penicillin/streptomycin) overnight at 37°C, prior to cell
seeding. Cells were incubated in carbon dioxide incubator with 5% CO> and 95%
humidity at 37°C. Cells were passaged at 8§0-90% confluency with 0.1% trypsin-
EDTA solution. DS were sterilized by dry heat at 200°C for cell culture experiments.

2.4.1 MTT Cell Viability Assay

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide) (Sigma
Aldrich, USA) assay was used to determine cell viability in direct contact
experiments of DS. In this test, metabolically active cells produce dehydrogenase
enzyme at their mitochondria and turn yellow tetrazolium salt into purple formazan
crystals. Experimental groups were incubated with cells and at determined time
points MTT solution (5 mg/ml) that was prepared in DMEM without phenol red was
added at 10% concentration to wells. Following incubation for 4 h media was
removed and formazan crystals that were formed in cells cytoplasm were dissolved
in DMSO. The optical density change was quantified with microplate reader
(uOuantTM, Biotek Instruments Inc., USA) at 570 nm wavelength.

2.4.2 Indirect Cell Viability Assay of DS

The cell seeding density was 3000 cells/well in 96 well plate. Both ground and
original DS were incubated in regular medium as a stock at 50mg/mL concentration.
Stock was incubated at 37 °C for 1, 3 and 7 days. After incubation period extract was
filtered by 0.22 um syringe filter. The concentration groups 3.12, 6.25, 12.5 and 25
mg/mL DS were prepared from the medium that was incubated with DS and cells
were cultured in these media. Through the experiment media were replenished with
the media that was in contact with DS. MTT analysis was performed to compare cell

viability.
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243 Direct Cell Viability Assay of DS

In order to determine optimum dose of DS that will be incorporated into scaffolds
and best polymer combination, a direct contact cell viability experiment was
conducted. PHBV and PHBV/PCL polymer films with different DS concentrations
(0, 3, 6, 12 and 25 pg/mL) were prepared by firstly dissolving polymers in
1,1,1,3,3,3-Hexafluoro-2-propanol  (HFIP) and adding and mixing DS
homogenously. After evaporating HFIP solution formed polymer films were
incubated in 70% ethanol for 2 h and subjected to UV light for 30 min. prior to cell
culture experiment for sterilization. Before cell seeding, polymer films were
incubated in regular growth media in 48 well plate overnight to check sterility. Film
groups were seeded with Saos-2 cells (3x10* cells/0.95 cm? film) and incubated for
1, 4 and 7 days. Cell viabilities were determined with Alamar Blue Assay (Alamar
blue assay, Invitrogen, USA). Briefly, Alamar Blue solution (10%) was prepared in
DMEM without phenol red. At determined incubation time points, media were
removed from wells and films were incubated in 0.5 mL Alamar Blue solution for 6
hours. Then, Alamar blue solution of each sample was transferred into a new well
and the optical densities were determined with microplate reader at 570 and 600 nm
wavelengths. Membrane groups were then washed with sterile phosphate buffered
saline (PBS, 0.01M, pH: 7.4) and incubations continued in regular growth medium.
Percentage reduction of Alamar Blue solution for experimental groups was
calculated according to manufacturers’ guidelines. The results are presented as
relative Alamar Blue reduction in graph as percentage Alamar Blue reduction of TCP

group was accepted as 100%.
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2.5 Production of 3-D Fibrous Bone Tissue Engineering Scaffold Groups

2.5.1 Electrospinning of Control Group Scaffolds

The groups with single fiber phase (PHBV/PCL, PHBV/PCL/CA and
PHBV/PCL/DS) were prepared by wet electrospinning (Figure 2.2). Polymer
solution (14% wt/v) of PHBV/PCL (7/3 wt/wt) was prepared in HFIP solution and
polymer to DS ratio was 20/1 in DS containing PHBV/PCL/DS group. All groups
were collected in ethanol bath which was placed at a distance of 15 cm from the tip
of needle and under 13-15 kV electric field. Polymer solutions were delivered at 4
ml/h flow rate. The scaffold was rinsed with dH,O until the ethanol was replaced

and lyophilized at —80 °C for 2 days.

PHBV/PCL PHBV/PCL/DS

Figure 2.2. Schematic illustration of wet electrospinning system for production of

electrospun PHBV/PCL (Left) and DS bearing PHBV/PCL/DS fibrous scaffolds.

2.5.2 Co-electrospinning of PHBV/PCL/CA:PUL/DS Scaffold

Co-electrospinning of PHBV/PCL/CA:PUL/DS was fully optimized by the
development of an in situ crosslinking technique. Unlike electrospinning mentioned

above co-electrospinning system is composed of two syringe pumps (NE-1000, New
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Era, USA), two high voltage power supplies (Gamma High Voltage Source ES30)
and one rotating bath collector. The system is built up vertically that enables

collecting of fibers into an ethanol bath (Figure 2.3).

PHBV/PCL/CA PUL/DS

Figure 2.3. Schematic illustration of wet co-electrospinning system for production

of PHBV/PCL/CA:PUL/DS scaffold.

The first polymer solution was prepared by dissolving PUL (15%) in dH2O. The
crosslinking agent glutheraldehyde (GTA) was added to PUL solution; at 1/3 wt ratio
of PUL and p-toluene sulfonic acid (0.1%) was added to sustain acidity (pH: 4). GTA
and p-toluene sulfonic acid were also added into the collector ethanol bath in order
to sustain same concentrations of crosslinking agents after fiber formation. The PUL
solution was stirred for 1 h at 60 °C to initiate crosslinking prior to co-
electrospinning. Then DS were added into PUL solution (PUL/DS, 10/1, wt/wt) and
distributed homogeneously just before the co-electrospinning. The second solution
was prepared by dissolving PHBV/PCL (7/3, wt/wt) (Total Polymer concentration:
14%) in HFIP solution. The CA was added to this solution at 2.5 mg/mL
concentration. Distance between syringes and ethanol bath collector was set to be
18 cm. PUL/DS solution was electropun with 3 ml/h flow rate at 15 kV and
PHBV/PCL/CA solution was electropun with 3 ml/h at 13kV into same ethanol bath
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collector. The scaffold was rinsed with dH>O until the ethanol was replaced and
lyophilized at —80 °C for 2 days. Excess GTA was removed from scaffolds by

mounting mats in laminar flow hood at RT for 24 h.

253 Production of B-PHBV/PCL/CA:PUL/DS Scaffold Using B-PHBV

The three-dimensional scaffold containing two fiber bearing CA and DS were re-
prepared with B-PHBV according to method described above (Co-electrospinning
of PHBV/PCL/CA:PUL/DS Scaffold) which was produced and characterized by
synthesized PHBYV in place of commercial PHBV. The first polymer solution was
prepared using the same PUL and DS components and ratios. As the second polymer
solution, a blend of B-PHBV/PCL (7/3, wt/wt) polymers was prepared at a
concentration of 10% in HFIP. For the production of antibiotic loaded fibers, CA
was added to the B-PHBV/PCL polymer solution.

2.6 Characterization of Scaffolds

2.6.1 Scanning Electron Microscopy Analysis

The morphology of produced scaffolds was observed by SEM analysis. Prior to
analysis, scaffolds were coated with 10 nm gold/palladium layer with sputter coating
(682 PECS, Gatan, Inc., USA). Then images were taken with SEM (FEL, Nova Nano
SEM 430, USA, METU Central Laboratory).

2.6.2 Pore Size Distribution and Porosity Analysis

Pore size distribution and porosity analysis of scaffold groups were performed in
METU Central Laboratories (Ankara, Turkey). Mercury Porosimeter (Coremaster
60, Qunatochrome Coorporation, Florida, USA) and Helium Ultrapycnometer 1000

(Quantachrome Corporation, Florida, USA) were used to determine pore size
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distribution and overall porosity of scaffolds. Measurements were performed under

low pressure at 0-50 psi per 200—4 um diameter.

2.6.3 Weight Loss, Enzymatic Degradation and Water Retention
Analysis

For the weight loss analysis, scaffold groups were prepared to have similar weights
and shapes (Cylindrical, 1 x 1 cm?, diameter x height). Samples were incubated in 4
mL PBS (0.01 M, pH 7.4, with 0.1% sodium azide); in shaking water bath (Niive
Bath NB 5, Turkey) for 21 days at 37 °C. At determined time points, samples were
rinsed with dH>O and dried by freeze-drying (Labconco Corporation, Kansas City,
USA). The weights of the dried samples were also measured. The percent weight

loss was calculated according to their initial weights.

The weight loss of scaffolds were also analyzed under enzymatic degradation.
Scaffold groups were prepared to have similar weights and shapes. Samples were
incubated in lysozyme solution (1 mg/mL) prepared in PBS (0.1 M, pH 7.2, 0.01%
sodium azide); in shaking water bath (Niive Bath NB 5, Turkey) for 14 days at 37°C.
In determined time points, samples were rinsed with dH>O and dried by freeze-
drying. The weights of the dried samples were measured, and percent weight loss
was calculated according to their initial weights. The SEM images of degraded
samples were observed to identify the structure of polymer coating on DS. The

formulations that were used for calculation of weight loss:

. (Initial dry wt.— dry wt.at time t)
0 —
Weight loss (%) = CInitial dry wo) x 100 2)

For the water retention analysis, scaffold groups were prepared to have similar
weights and shapes (Cylindrical, 1 x 1 cm?, diameter x height). Samples were
incubated in 4 mL PBS (0.01 M, pH 7.4, with 0.1% sodium azide); in shaking water
bath (Niive Bath NB 5, Turkey) for 21 days at 37 °C. At determined time points, the
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wet weights of samples were measured. Then, samples were rinsed with dH>O and
dried by freeze-drying (Labconco Corporation, Kansas City, USA). The weights of
the dried samples were also measured. The percent water retention was calculated

with following equation:

) __ (Wetwt.at time t— dry wt.at time t)

Weight retention (% x 100 3)

(dry wt.at time t)

2.6.4 Water Contact Angle Analysis

Water contact angle measurements of samples were made with sessile drop method
using goniometer (Attension, Biolin Scientific, Sweden) at RT. Drop of dH>O (7 puL)
was placed on three different spots on each sample. The contact angle measurements
on samples were made for both sides of the drop and average contact angle values

were reported.

2.6.5 Calcium Adsorption on Scaffolds

Scaffolds were cut into similar size and shape (Cylindrical, 1 X 1 cm diameter x
height) and incubated in 3 mL of simulated body fluid (SBF) (Na* 142.0, K" 5.0,
Mg?>" 1.5, Ca*" 2.5, CI” 148.8, HCO5~ 4.2, HPO4*~ 1.0, SO4*~ 0.5 mM, pH:7.4) in a
shaking water bath at 37 °C (L. Li et al., 2004). The samples were taken from the
SBF that was surrounding the scaffold groups after 7 and 14 days of incubation and
calcium in these SBF samples was determined with calcium assay. Briefly, o-
cresopthalein complexone (0.024% w/v) and 8-hyroxyquinone-5-sulfonic acid
(0.25% w/v) solutions were prepared in dH>O. Two solutions were mixed in equal
volumes. A third solution was prepared by dissolving 2-amino-2-methyl-1,3-
propandiol (0.5 M) in dH>O and added to previously prepared mixture at the same
volume of the mixture solution to form the reaction solution for calcium detection
assay. Prior to Ca®" detection, sample solutions (100 pL) were mixed with 0.1 M HCI
solution (900 uL) in Eppendorf tubes and incubated for 1 h. Then incubated solutions
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(25 uL) were mixed with reaction solution (125ulL) in 96 well Dplate.
Spectrophotometer (Hitachi U-2800A, Japan) was used to measure optical density
of samples at 560 nm wavelength. The decrease in the SBF calcium content was
compared to zero day of incubation and the difference was considered to be due to

calcium deposition amounts of the groups.

2.6.6 Cefuroxime Axetil Loading and Release Studies

The specific absorbance value for CA detection was determined by UV
spectrophotometer (Hitachi U-2800, Japan) as 270 nm wavelength in ethanol. The
CA release from DS only, PHBV/PCL, CA loaded DS bearing PHBV/PCL and co-
electrospun PHBV/PCL/CA:PUL/DS scaffolds was compared. The loading of CA
into the PHBV/PCL fiber phase of the scaffold groups was determined indirectly by
measuring the unloaded CA that dissolved in the collector ethanol bath. After
electrospinning of each group, samples were taken from collector bath and unloaded
CA amount was determined by absorbance measurement at 270 nm wavelength
microplate reader. Amount of CA was determined from CA calibration curve that
was plotted with known CA concentrations in ethanol (Appendix A. Fig.1). The
loaded CA amount was found by subtracting this unloaded CA amount from the
initially added CA amount. CA release study was performed by placing scaffold
samples into dialysis bags and incubating samples in PBS (pH: 7.4, 0.01 M, 4 mL
with 0.1% sodium azide).