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ABSTRACT

WET SPUN PCL SCAFFOLDS FOR TISSUE ENGINEERING

Malikmammadov, Elbay
M.Sc., Department of Micro and Nanotechnology
Supervisor: Prof. Dr. Nesrin Hasirci
Co-supervisor: Dr. Tugba Endogan Tanir
September 2017, 106 pages

Scaffolds produced for tissue engineering applications are promising alternatives to
be used in healing and regeneration of injured tissues and organs. In this study,
fibrous poly(e-caprolactone) (PCL) scaffolds were prepared by wet spinning
technique and modified by addition of B-tricalcium phosphate (B-TCP) and by
immobilizing gelatin onto fibers. Meanwhile, gelatin microspheres carrying
Ceftriaxone sodium (CS), a model antibiotic, were added onto the scaffolds and
antimicrobial activity of CS was investigated against Escherichia coli (E. coli),
chosen as a model gram-negative bacterium. B-TCP and gelatin were added to
enhance mechanical properties while directing the scaffold towards osteogenic
infrastructure; and to increase hydrophilicity by activating cell attachment via protein
molecules, respectively. Modifications with B-TCP and gelatin enhanced
compression modulus about 70%, and attachment of Saos-2 cells for 60%,
respectively. Presence and release of CS demonstrated effective antimicrobial
activity against E. coli. Bioactive scaffolds prepared in this study can be good

candidates for bone tissue engineering applications.

Keywords: Bone tissue engineering, poly(e-caprolactone), PCL, wet spinning,
scaffold, gelatin immobilization, drug release



Oz

DOKU MUHENDISLIGI iCiN ISLAK EGRILMIS$ PCL iSKELELER

Malikmammadov, Elbay
Y. Lisans, Mikro and Nanoteknoloji Bolumu
Tez Yoneticisi: Prof. Dr. Nesrin Hasirci
Ortak Tez Yoneticisi: Dr. Tugba Endogan Tanir
Eylil 2017, 106 sayfa

Doku miihendisligi uygulamalari i¢in tiretilen iskele yapilar, zarar gormiis doku ve
organlarin 1iyilesmesinde ve yenilenmesinde kullanilmak {izere umut verici
alternatiflerdir. Bu ¢calismada, 1slak egirme teknigiyle poli(e-kaprolakton) (PCL) fiber
iskele yapilar hazirlanmis, B-trikalsiyum fosfat (B-TCP) eklenerek ve fiberlerin
yiizeyine jelatin immobilize edilerek modifiye edilmistir. Ayn1 zamanda, model bir
antibiyotik olarak Ceftriaxone sodium (CS) tasiyan jelatin mikrokiireler de iskele
tizerine eklenmis ve CS'nin antimikrobiyal aktivitesi model bir gram negatif bakteri
olarak secilen Escherichia coli’ye (E. coli) kars1 arastirilmistir. B-TCP ve jelatin,
sirasiyla, iskeleyi osteojenik altyapiya dogru yonlendirerek mekanik ozellikleri
guglendirmek ve protein molekiilleri araciligiyla hidrofilisiteyi ve hiicre etkilesimini
arttirmak icin eklenmiglerdir. B-TCP ve jelatin ile yapilan modifikasyonlar, sirastyla
basma modiiliis degerini %70 ve Saos-2 hiicrelerinin tutunmasini %60 arttirmistir.
CS varhigr ve salimi, E. coli'ye kars1 etkin antimikrobiyal aktivite gostermistir.
Hazirlanan biyoaktif iskele yapilar, kemik doku miihendisligi uygulamalari i¢in

uygun adaylar olabilirler.

Anahtar kelimeler: Kemik doku miihendisligi, poli(e-kaprolakton), PCL, islak

egirme, iskele yapi, jelatin immobilizasyonu, ilag salimi
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CHAPTER 1

INTRODUCTION

1.1. Tissue Engineering

Tissue engineering is a field, where scaffolds, cells and biologically active molecules
are used to heal or augment a tissue. By combining porous scaffolds with different
cells and active molecules, it is possible to form tissue engineered constructs for
various number of applications. In the preparation of these types of constructs,
various materials can be used and different methods can be applied to achieve
different properties. With these structures, it is possible to mimic microenvironment
of different tissues in body. Success of tissue engineered construct lies in proper
integration of construct with the targeted tissue and high activity of attracting the cells

in that tissue for colonizing the interior of the scaffold.

Main challenge of tissue engineering is imitating the natural environment in the body.
That is crucial, since it determines whether the cells will be populated in the scaffold
and that the scaffold will be integrated into tissue. A tissue engineered construct
should be able to do three functions, 1) form the required three-dimensional (3D)
structure, 2) integrate cells into the structure and 3) integrate itself into the live tissue.
Upon completing these three properties, the construct can be called as tissue

engineered construct (Figure 1.1).

Cells used in tissue engineering can be obtained from three different sources:
autogenic (from the patient), allogeneic (from another human) and xenogeneic (from
different species). These three cell sources have different characteristics as described

below.



Figure 1.1. Tissue engineering. (1) Cells are taken from patient, (2) grown in tissue

culture flasks, (3) cells and bioactive molecules are put into tissue
engineering construct, (4) cells are allowed to grow and populate the

construct and (5) construct with cells is introduced back to patient.

Autogenic: These cells are taken directly from the patient. They provide the
highest acceptance by patient’s immune system. But they are scarce. Most
commonly used autogenic cells are stem cells, which are mostly bone marrow
stem cells and obtained from long bones (such as femur) using invasive
surgical entrance into bones. This may not comply with the ill or older patient.
Other procedures for stem cell extraction are also present, as taking them from
urine (urine derived stem cells (Zhang et al., 2014)), fat tissue (adipose
derived stem cells (Frese et al., 2016))

Allogenic: These cells are taken from other humans. They have lower

acceptance by patient’s immune system but they are more abundant than



autogenic cells. There are also many successful end products made of
allogenic cells; examples are Apligraf® and Transcyte®, both skin tissue
engineered end products (Lanza et al., 2007)

- Xenogeneic: These are the cells taken from other species. They are more
abundant than other two cell sources but provide lowest acceptance by

immune system.

The source of the cells, which is going to be applied to the patient, is very important.
Because if the cells other than autogenic are used, then, a dosage of immune
suppressant is required to suppress the rejection of cells by the host body. In general,
cells used in tissue engineering studies are cancer cell lines or undifferentiated cells.
Cancer cell lines are actively reproducing and stop only when the environment is
unfavorable. Undifferentiated cells are cells that have not reached their lineage. They
are also actively reproducing, but the rate of proliferation decreases when they finally
start to differentiate to their cell lineage. Different undifferentiated cell types are
present in body, including hematopoietic stem cells, bone marrow stem cells etc.
However, for medical applications, cancer cells cannot be used. Thus, the cell types
used in medical applications are stem cells or progenitor cells (Tevlin et al., 2016).
Stem cells are totipotent, which means they can differentiate into any cell type;
whereas progenitor cells are pluripotent, which means they have a limited number of
cell types they can differentiate. Examples of progenitor cells used in tissue

engineering are human fetal osteoblast cells, endothelial progenitor cells etc.

There has been an important development for increasing the amount of cells that can
be captured from patient (Takahashi and Yamanaka, 2006). The autogenic pluripotent
stem cells were produced by reprogramming the differentiated cells. Differentiated
cells are the stromal cells (e.g. skin cells), where only a small part of their genetic
code are actively used, to perform the functions of cell lineage to which they have
differentiated into (contraction for muscle cells, protection for skin cells etc.). The
part of the genes that is not used by these differentiated cells is being disabled. By

reprogramming the genetic code, and re-enabling the inactive genes, it is possible to



reprogram a differentiated cell into an undifferentiated cell. Such cells produced by

reprogramming, are called induced pluripotent stem cells (iPSCs). Undifferentiated

cells can give rise to many different cells, depending on environment (nearby cells,

chemical signals and tissue properties), like stem cells. Possibility of forming iPSCs

from these differentiated stromal cells gives hope for usage of high number of

autogenic cells in tissue engineering applications.

Preseeding cells into construct provides some advantages:

1-

2-

3-

Preseeded cells produce extracellular matrix and form a construct required by
cells of tissue to attach and populate.

Preseeding provides easier integration of construct into live tissue of the
patient.

Preseeding direct the differentiation lineage of patient’s cells.

3D constructs produced for tissue engineering applications should be compatible for

cells to colonize and heal/regenerate tissues. These constructs should have the

following major properties:

Interconnected porosity — for cells to migrate inside the constructs and for
deeper fluid & gas exchange; mostly a porosity value of higher than 50% is
required.

Microenvironment — to mimic the in vivo environment of cells; including
soluble molecules, extracellular matrix and the required physical forces for
the cells.

Mechanical properties — to be compatible with the tissue; where some tissues

require elasticity and some require toughness.

3D construct has the integrity to hold and provide environment for regeneration/repair

of the tissue. Different methods and materials can be used for the preparation of tissue

engineered 3D constructs. The shape, surface topography and chemistry of the

scaffolds are decisive factors for their application to different tissues.



Another important element of tissue engineering is usage of bioactive molecules.
They can be as simple as minerals (B-tricalcium phosphate (Li et al., 2017a),
hydroxyapatite (HAp) (Lee et al., 2016) and etc.), or complex as hormones
(thyroid/parathyroid hormones (Gentile et al., 2015)), proteins (bone morphogenic
proteins (Yilgor et al., 2009; Mitsak et al., 2011), etc.) or drugs (antibacterial (Sezer
etal., 2013; Ashbaugh et al., 2016)). Their choice depends on the requirements of the
host tissue. Bioactive molecules can be integrated within the scaffold (as HAp) or can
be immobilized on the surface of the scaffold (as proteins) or can be loaded in nano
or microparticles and released from the surface of construct (Ucar et al., 2016) or
from vesicles/spheres incorporated in structure (Ossa et al., 2012; Sezer et al., 2014b).
Adjusting the release behavior and selecting a molecule assists the work of 3D

construct and improves its function.

The last step is integration of construct into target tissues. At this step, the physical,
chemical and biological properties are very important to be similar to the integrated
host organ/tissue. Inability to do so, may end up with forming a barrier/grain between
live tissue and the construct, leading to delayed regeneration and repair of the tissue.
After the preparation of a proper tissue engineered construct, it is essential to examine
its integration into live system. This step is generally achieved on animal subjects. In
this stage, it is known whether the construct is being accepted by the living system or
not. If it is not compatible and not accepted, it can lead to “foreign body response”,
which means that the construct will be enclosed in a collagen sack to keep it away
from the other parts of body (Murdock and Badylak, 2017). Success in animal studies
leads to human trials (clinical trials). All these studies are evaluated by presented
value systems, for their immune response, inflammatory response, integration into

tissue etc.
1.2. Bone Tissue Engineering

Bone tissue engineering has received a significant attraction due to increased traffic
accidents, active lifestyle and expended lifespan, which causes diseases, damages and

malfunctions in bone tissue. The importance of bone tissue engineering is in the



belated healing of the damages in bone tissue, due to its relative rigidity and less
complexity with respect to other tissues. Due to rigid property and presence of small
numbers of blood vessels, the cell and tissue fluid movement is slower in bones. This
brings the need for constructs to fill the void in the bone caused by damage. Bone
tissue engineering applications are supported by scaffolds, which ensure the
integration of cells, provide interconnected porosity for nutrients and waste flow and

enhance the healing of bone tissue.

Requirements of a functioning bone tissue engineering construct are:

- Around 70% interconnected porosity (Polo-Corrales et al., 2014)

- Modulus of elasticity in at least 100-500 kPa range (Murphy et al., 2013)

- Slow degradation (Yildirimer and Seifalian, 2014)

- Providing osseointegration, osteogenesis, osteoconduction and osteoinduction
(Albrektsson and Johansson, 2001)

Interconnected porosity is required for cells to be able to infiltrate to inner parts and
colonize scaffolds. It is also vital to have the nutrient, metabolic waste and gas flow
in and out of the scaffold. Porosity of 70% is reported to be sufficient for bone tissue
integration and regeneration (Ghanaati et al., 2010; Tang et al., 2016). This value is
also good to keep the mechanical properties of scaffold high enough to be used in
bone tissue. Mechanical properties of scaffolds have to be at least in 100-500 kPa
range to have the bone tissue integration. This value is also important to provide
mechanical differentiation cue towards bone tissue by mechanosensing mechanism,
which works by interaction of cells’ with substrate and sensing its stiffness (Plant et
al., 2009; Lange and Fabry, 2013; Smith et al., 2017). Degradation is an important
property for the materials used in the preparation of scaffolds. In tissue engineering
it is expected that the rate of degradation of the material should be similar to the tissue
regeneration rate. If degradation is slower than the tissue regeneration rate, it hinders

the growth of tissue and if it is faster, then leads to loss of connection between the



tissue and the scaffold and delay the healing process (Yildirimer and Seifalian, 2014).

Degradation of scaffolds should be at similar rate as the formation of new tissue.

Bone tissue regeneration is a slow process due to its rigidity, thus the scaffold aimed
to be used in bone tissue engineering application should also have slow degradation
rate to keep up with the pace of bone regeneration. Integration of scaffold into the
bone tissue is called as osseointegration. This is an important phenomenon, since it
defines the success of regeneration. If poor integration is present, it will affect the
integrity of bone and will cause fragmentation, which will lead to weak link in
mechanical durability. Presence and levels of osteogenesis and osteoinduction, which
are formation of new bone tissue and driving osteogenic differentiation for stem cells
nearby, respectively, affects the success of construct in bone tissue engineering

applications (Albrektsson and Johansson, 2001).

1.2.1. Materials Used for Scaffold Production

Any material, which is aimed to be used in scaffold production, should be a
biomaterial, which means it has to comply with the biocompatibility rules. In most
body parts, to be biocompatible is enough, whereas for tissues having blood
circulation and have high blood contact, hemocompatibility is also required. The
requirements of biomaterials are listed in Figure 1.2 given below:
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Figure 1.2. Tests and requirements for biomaterials (Billiet et al., 2012).

Biocompatibility requires that, a material:

Should not elicit an acute systemic toxicity.

Should not be cytotoxic (killing cells).

Should not be mutagenic (generate genetic mutations).

Should not produce any toxic material when it is degraded and degradation
products should not be toxic either.

Should not be pyrogenic (inducing fever).

Should not elicit sensitization (progressive amplification of a response after

repeated administrations).

Different materials, like bioceramics, natural/synthetic polymers, metals and

composites have been used in scaffold production. Each material has its own

advantages and disadvantages. The tissue of interest has a big impact on decision of

material to be used. Scaffolds should have similar biological, chemical and physical

properties with the tissues they are going to be applied. It is important for scaffolds



to integrate to tissue as easily as possible and accelerate the healing process.

Properties and examples of different biomaterial groups are listed below:

Bioceramics — Advantages: inert materials; have superior mechanical (compressive)

properties.

Disadvantages: have high density (stress concentrating region); are
very brittle.

Examples: tricalcium phosphate, hydroxyapatite, etc.

Synthetic Polymers — Advantages: easy processing; low batch-to batch variation;

easy modification.

Disadvantages: can initialize immune/inflammatory reactions; cannot

resist harsh processing steps.
Examples: poly(e-caprolactone), poly(lactic acid), etc.

Natural Polymers — Advantages: similar properties with living tissues; presence of

cell attractant residues; low cost; abundance in nature.

Disadvantages: can initialize immune/inflammatory reactions; cannot

resist harsh processing steps.

Examples: gelatin, collagen, chitin, chitosan, cellulose, etc.

As we can observe above, many advantages and disadvantages are present for
different material types. By using different materials from different groups together
as a composite, it is possible to overcome some disadvantages. For example, by using
bioceramics with soft polymers, it is possible to overcome low mechanical strength

of soft polymers whilst reducing brittleness and high density of bioceramics.



1.2.1.1. Bioceramics

The most commonly used minerals in bone tissue engineering are bioceramics. Due
to the ions present in their structure, they can mimic the bone tissue environment and
with the property of inertness, it is possible to integrate bioceramics into every
structure. They have been used in tissue engineering applications for osteogenesis
(Albrektsson and Johansson, 2001) or improving mechanical properties (Sharma et
al., 2016; Tong et al., 2016).

1.2.1.1.1. Calcium Phosphates

Calcium phosphates are minerals present in hard tissues to enhance mechanical
properties of the tissue. There are many different forms of calcium phosphates,
ranging from tricalcium phosphates (with three calcium ions) to hydroxyapatites (that
occurs naturally in bone tissue, with ten calcium ions). Their presence does not only
enhance mechanical properties, but also provide environment for differentiation of
stem cells to bone cells. Bioceramics have been used as additives into the scaffolds

in order to enhance both of these properties in bone tissue engineering.

Calcium phosphates have been used either as is, or in addition to polymers to help to
treat bone damages and help bone regeneration. Cobalt-doped hydroxyapatite was
prepared by wet chemical precipitation method for production of bone tissue
engineering scaffold, where cobalt provided pro-angiogenesis and hydroxyapatite
provided osteogenesis (Kulanthaivel et al., 2016). Poly(e-caprolactone) (PCL) and
poly(ethylene glycol) (PEG) crosslinked scaffolds with addition of hydroxyapatite
were prepared by using thermal polymerization method (Koupaei et al., 2015).
Incorporation of hydroxyapatite increased porosity and compressive mechanical
strength and decreased degradation rate of the scaffolds. Addition of hydroxyapatite
also increased ALP activity in osteosarcoma cell line. In another study, electrospun
PCL/hydroxyapatite scaffolds were prepared to be used in bone tissue (Derakhshan
et al., 2015). Methacrylated chondroitin sulfate was blended with hydroxyapatite to
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form photocrosslinkable cell encapsulating gels. Inclusion of hydroxyapatite into gels
vastly increased osteogenesis in adipose derived stem cells. The increased
hydroxyapatite percentage lead to formation of calcium phosphate droplets in mats
and increased mechanical properties. Fayyazbakhsh et al prepared gelatin-
hydroxyapatite blend solution, crosslinked with glutaraldehyde and freeze dried for
bone tissue engineering purposes, where addition of hydroxyapatite increased
porosity but also made the scaffolds brittle (Fayyazbakhsh et al., 2017). Aragon et al
prepared core/shell PCL/PCL and PCL/poly(vinyl acetate) scaffolds by
electrospinning with or without hydroxyapatite addition for bone tissue engineering
applications (Aragon et al., 2017). In another study, foaming technology was used for
formation of chitosan-gelatin-alginate-hydroxyapatite scaffolds, which were
crosslinked with glutaraldehyde and applied for bone tissue engineering (Sharma et
al., 2016). In all these studies, mechanical superiority of hydroxyapatite containing
scaffolds was reported, including high cell attachment to the scaffolds and fast

healing in the treatment of bone defects in in vivo experiments.

One of the frequently used bioceramics in bone tissue engineering is B-tricalcium
phosphate (B-TCP), which has the chemical formula of Cas(PO4).. It has been used
as osteogenic material and to increase the mechanical properties of scaffolds. By
using electrodeposition method, B-TCP was deposited onto reduced graphene oxide
nanosheets with a needle-like appearance in acidic environment, and immersion into
simulated body fluid resulted in high mineralization of particles (Metoki et al., 2016).
Such construct showing high biomineralization was effective in bone tissue
engineering due to its osteogenic activity. Effects of scaffolds present in market as
Genderm® was studied for the treatment of critical size bone defects either with (-
TCP, or magnesium doped B-TCP and compared to control group of Genderm®
(Costa et al., 2016). In vivo study lasting for 6 months lead to 4-5 fold increase in
bone regeneration for B-TCP and B-TCP-Mg group, where 3-TCP-Mg group could
filled both the sides and the central region of defect, reaching closer to whole
regeneration of bone tissue. In another study, PCL was mixed with gentamicin loaded

B-TCP/gelatin microspheres were added into PCL to form freeze dried scaffolds for
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bone tissue engineering (Sezer et al., 2013). Addition of B-TCP containing
microspheres significantly decreased degradation rate of scaffolds in lipase
containing environment (Sezer et al., 2014b) and significantly increased both post-
implantation push-out mechanical results and post implantation histological scores
(Sezer et al., 2014a). Injectable B-TCP microspheres were prepared for healing of
irregular bone defects and the presence of microspheres proved to be osteogenic, and
in vivo studies showed the microspheres can gather osteoblasts and enhance

regeneration of bone tissue (Li et al., 2017a).

1.2.1.2. Synthetic Polymers

High number of synthetic polymers were used in bone tissue engineering studies up
to this time. Their advantage of easy processing and toleration to harsh chemicals
makes them preferable materials because it is easier to provide additional properties
on to these materials. Meanwhile, it is also easy to produce same properties from

different batches of synthetic polymers rather than the natural polymers.

Synthetic polymers have been used for their ease of control over mechanical
properties (Patricio et al., 2013; Narayanan et al., 2015; Felfel et al., 2016;
Vashaghian et al., 2016; Yao et al., 2016), degradation (Dong et al., 2005; Lam et al.,
2009; Diaz et al., 2014; Gleadall et al., 20144, 2014b; Sabbatier et al., 2015; Felfel et
al., 2016) and surface chemistry (Ozcan et al., 2008; Xu et al., 2010; Al Meslmani et
al., 2014; Kara et al., 2014; Kim et al., 2014; Chi et al., 2016, Petisco-Ferrero et al.,
2016). Synthetic polymers can be used with strong chemicals (Chandy et al., 2002;
Sabzi and Boushehri, 2005; Shalumon et al., 2010; Bajpai et al., 2015; Prabhakar et
al., 2016) and in harsh environments (Seyednejad et al., 2011; Lou et al., 2014; Cafias
etal., 2016). These properties provide ease of manipulation of polymer properties for

modification with respect to requirements.
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Cui et al prepared melt spun poly(L-lactide-co-glycolide) (PLGA) scaffolds with
addition of hydroxyapatite into polymer solution (Cui et al., 2015). Supercritical CO2
treatment was done to pressurize and mold the scaffolds. ALP activity in vitro studies
and bone markers in vivo studies showed that the setup was successful for usage in
bone tissue engineering. In another study, electrospun PLGA:PCL mat was prepared
for coating implants used in bone tissue engineering to escape bacterial infections
(Ashbaugh et al., 2016). Drugs were added into polymer solution and release was
observed in vitro on the implants and in vivo in tissue. Effective zone of inhibition of
bacterial growth was observed even after storage in freezer. Lou et al combined two
methods, thermally induced phase separation and salt leaching for preparation of
PLLA- B-TCP scaffolds (Lou et al., 2014). The scaffolds prepared by combination of
these two methods were porous, had increasing compressive properties with
increasing B-TCP percentage and had higher cell affinity with incorporation of -TCP
into polymer solution. In another study, B-TCP scaffold was prepared by solvent
evaporation and sintering, which was then coated with PLLA solution by dipping the
scaffold into polymer solution and dry in room temperature (Arahira et al., 2015).
Pores in scaffold were homogeneous and the prepared scaffolds had increasing
compressive modulus with increasing PLLA content.

1.2.1.21. PCL

Poly(e-caprolactone) (PCL) is a material that is frequently used in tissue engineering
and other biomedical applications. PCL can be degraded by hydrolytic, enzymatic, or
intracellular mechanisms under physiological conditions. However, PCL degrades at
a much slower rate than poly(lactic acid) (PLA), poly(glycolic acid) (PGA), and
poly(lactic-co-glycolic acid) (PLGA), which makes PCL less attractive for soft tissue
engineering applications but more attractive for bone tissue engineering, long-term

implants and drug-delivery systems (Guo and Ma, 2014).

PCL is one of the non-hazardous polyesters obtained by ring-opening polymerization

of e-caprolactone monomers, which can proceed via anionic, cationic, coordination
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or radical polymerization mechanisms (Hoskins and Grayson, 2009). Different
methods were described for the polymerization of caprolactones; which used
different catalysts as stannous octoate (Woodruff and Hutmacher, 2010; Azimi et al.,
2014) or aluminum alkoxides (Alexandru, 2011). These reactions were performed
under different conditions such as polymerization temperature and duration,
presence, type and concentration of catalysts, monomer to solvent ratio, etc. By
changing one or more of these variables, it was possible to produce PCLs having
different number average molecular weights (My) and polydispersity indices (PDI)
(Huang et al., 2016), which in turn led to differences in the degradation behavior and
mechanical strength. Solubility of PCL is high in benzene, carbon tetrachloride,
chloroform, cyclohexanone, dichloromethane, toluene, and 2-nitropropane. Its
solubility is lower in acetone, acetonitrile, 2-butanone, dimethylformamide, ethyl
acetate, and it is insoluble in water, ethyl alcohol, diethyl ether and petroleum ether
(Sabzi and Boushehri, 2005; Woodruff and Hutmacher, 2010; Ossa et al., 2012; Sezer
etal., 2013, 2014a, 2014b; Azimi et al., 2014; Tong et al., 2016).

PCL is semicrystalline at room and human body temperatures. Its glass transition
temperature (Tg) is about -60 °C and melting temperature (Tm) is about 60 °C (Huang
et al., 2002; Murphy, 2011; Schéler et al., 2013; Feng et al., 2015). At ambient
temperatures amorphous chains are in rubbery state which gives PCL chains free
movement at the body temperature, and thus increases its permeability for the body

metabolites when replaced into the body (Herman, 2007).

PCL is biodegradable but more stable compared to polylactides because it has less
frequent ester bonds per monomer, and therefore, degradation takes longer for PCL
chain fragments to be enzymatically hydrolysed in the body. Degradation depends on
the molecular weight, shape, residual monomer content, autocatalysis in addition to
other factors. In general, complete degradation of PCL occurs in 2-3 years in the
biological media having a constantly changing interstitial fluid (Abedalwafa et al.,
2013; Diaz et al., 2014; Gleadall et al., 2014a, 2014b). Enzymatic degradation takes
place by the action of lipase enzyme (Martins et al., 2009; Murphy, 2011). The
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enzyme is present in the interstitial fluid secreted by cells, and function by cleaving
the ester bonds of PCL (Tietz and Shuey, 1993). The pH of the medium is influential
on the degradation rate. In the alkaline environment degradation of PCL is faster than
in the acidic environment (Hernandez et al., 2013). The degradation product of this
step is 6-hydroxycaproic acid which is released into the medium (Edlund and
Albertsson, 2002). This molecule can be taken up by cells and undergo 2- oxidations
to form 3-acetyl CoA molecules, that are further metabolized in the citric acid cycle
(Buchanan, 2008; Migonney, 2014) as shown in Figure 1.3, and get cleared by renal
excretion (Diaz et al., 2014). The degradation products do not accumulate in the body.
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Figure 1.3. Biodegradation of PCL (Woodruff and Hutmacher, 2010).

PCL has many good qualities for being considered as a biomaterial. Although its
biocompatibility is very low, its rubbery property, adjustable biodegradability, ease
of forming blends, composites and copolymers make it a desirable material for use as
supporting device especially for hard tissue, a good scaffold material to be used in
tissue engineering, and a desirable material for surgical sutures and micro and nano
drug delivery vesicles (Woodruff and Hutmacher, 2010; Abedalwafa et al., 2013;
Azimi et al., 2014). Also its tailorability of surface roughness and hydrophilicity
provides preferable surfaces and interfacial characteristics for cell attachment (Shah

and Amiji, 2006; Xu et al., 2010). Some of the devices composed of PCL have already
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been approved by the Food and Drug Administration (FDA) to be used in human. For
example “Monocryl” sutures (Paulson, 1996), prepared by copolymerizing glycolide
and e-caprolactone to form a monofilament absorbable surgical suture (trademarked
by Ethicon), “Capronor” (Maquet et al., 2006), consisting of PCL rods that releases
a progestin-like hormone for birth control purposes, and “SynBiosys” drug release
spheres made of multi-block copolymers of g-caprolactone lactide and ethyl glycol
(Hissink et al., 2005) are examples for the FDA approved PCL containing medical

systems.

1.2.1.3. Natural Polymers

Natural polymers are either taken directly from the natural environment (as cellulose,
chitin, collagen, etc.) or modified afterwards (like gelatin, fibroin, chitosan, etc.).
Natural polymers should be handled and processed under mild conditions, since they
are not as durable and resistant to harsh chemical and physical environments as
synthetic polymers. However, natural polymers create compatible environment and
provide the increased cell interaction, which helps to the integration of the constructs
into the living tissue. Natural polymers have different effects on chemical, physical
and biological environments. Chitosan, for example, is used for its mechanical
integrity (Yilgor et al., 2009; Cooper et al., 2011; Hong and Kim, 2011; Isikli and
Hasirci, 2012; Cafias et al., 2016; Khan et al., 2017), as is collagen (Fuse et al., 2015;
Wu et al.,, 2017; Zhang et al., 2017) and silk fibroin (Lee and Kim, 2010;
Bhattacharjee et al., 2015; Zhang et al., 2015; Li et al., 2017b). Other natural
polymers like starch (Tuzlakoglu et al., 2010; Phromsopha and Baimark, 2014) are

used as plasticizer.

1.2.1.3.1. Gelatin

Gelatin is the natural polymer formed by heat denaturation of triple-helix collagen
and forming random coils in the structure. Collagen is one of the main substituents

of extracellular matrix that contains cell-binding domains, which are composed of
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three amino acid chains, known as RGD sequence. Attachment proteins called
integrins on the cell surface, bind to the RGD sequence on collagen for the movement
and integration of the cells into structure. Gelatin, which is polymer of amino acids,
also has these domains and can provide similar binding residues. Gelatin is a polymer
of amino acids (i.e. a protein). It has been used both as a backbone and as an add-on
in many tissue engineering constructs. A solution of chitosan-gelatin blend was fed
with PLGA microparticles loaded with simvastatin and freeze dried for scaffold
formation (Gentile et al., 2016). Cell proliferation results showed high
biocompatibility of scaffolds, while mechanical test results were lower than synthetic
polymers due to natural polymer backbone. Another chitosan-gelatin blend was
prepared by freeze drying (Cafias et al., 2016). In this study, highly porous (90-95%)
structures demonstrated higher compressive moduli with increasing amounts of

chitosan and more cell viability with increasing amounts of gelatin.

Electrospun PLGA scaffolds showed significantly lower water contact angle and
mean fiber diameter after blending with gelatin (Mehrasa et al., 2015). This shows
the hydrophilicity of gelatin residues that changes the surface chemistry of constructs.
Gelatin-hydroxyapatite blend solution which was crosslinked with glutaraldehyde
and freeze dried for bone tissue engineering purposes, showed that presence of gelatin
significantly increased cell number and osteogenesis (Fayyazbakhsh et al., 2017).
Increase in cell proliferation is due to presence of cell-binding RGD residues on
gelatin. This sequence enhances cell binding and proliferation. Foaming technology
was used for formation of chitosan-gelatin-alginate-hydroxyapatite scaffolds for bone
tissue engineering and it was reported that presence of gelatin led to increase in
hydrophilicity and increase in swelling ratio (Sharma et al., 2016). These properties

of gelatin make it so attractive and frequently used in tissue engineering studies.

1.2.2. Methods Used for Scaffold Production

Scaffolds are man-made environments for cells to divide, grow and differentiate in

tissue engineering applications. The main principle of scaffolds is to provide an
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environment inside body that would help to the cells to proliferate so that it would
lead to healing or replacing and/or forming an organ or tissue. Scaffolds are the
imitations of living tissues. Different methods that use various properties of materials
are employed for scaffold production. Non-fibrous polymers are produced by freeze
drying, particulate leaching and phase separation methods. Freeze drying has been
adapted for bone tissue engineering for its simplicity and compliance with large
number of different natural and synthetic polymers (Algul et al., 2015; Frydrych et
al., 2015; Serra et al., 2015), since it requires a soluble polymer and volatile solvent.
A more sophisticated method is salt leaching, which requires an extra sacrificial
substituent, that produces pores as it leaves the structure (Hou et al., 2003; Lou et al.,
2014; Cui et al., 2015).

Another technique of non-fibrous scaffold production is phase separation. It uses the
interaction of solvent/non-solvent for production of hardened polymer chains. In
general, these methods were studied separately, but sometimes were used in
combination for production of more complex units for tissue engineering. Fibrous
scaffolds on the other hand, have been produced mainly by electrospinning, additive
manufacturing or wet spinning. Electrospinning relies on voltage difference between
two plates, which drives the movement of polymers from the solution either into a
metal wall or a rolling drum (Rajzer et al., 2014; Liao et al., 2015; Mehrasa et al.,
2015; Chaudhuri et al., 2016; Yao et al., 2016; Correia et al., 2016; Gozutok et al.,
2016; Minchow et al., 2016; Russo et al., 2016; Aragon et al., 2017; Wu et al., 2017;
Savelyeva et al., 2017). Additive manufacturing is achieved by extrusion of melt
polymer solution based on CAD drawing (Mondrinos et al., 2006; Yilgor et al., 2008;
Elomaa et al., 2013; Kim and Kim, 2014; Hsieh et al., 2015; Kiziltay et al., 2015;
Goyanes et al., 2016; Qu et al., 2016; Yi et al., 2016). Another example of fibrous
scaffold production method is wet spinning.
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1.2.2.1. Wet Spinning

This process is based on the idea that if a solvent of polymer will be extruded into a
non-solvent of the polymer, the polymers in the solution would try to escape from the
non-solvent by decreasing their surface area (as in pouring a hydrophobic solution
into water), thereby forming fibrous structures. The extrusion has to be precisely
controlled for fine-tuning of fiber diameter and homogeneity. In addition, to evade
the sticking of concurrent fibers onto each other, the non-solvent bath should be
rotated periodically. There are many wet spinning setups discussed and prepared in
the literature (Tuzlakoglu et al., 2010; Ucar et al., 2013, 2016; Puppi and Chiellini,
2017). Basic wet spinning setup is composed of following components as shown in
Figure 1.4 (Ucar, 2012):

Extruder — A device that functions as a reservoir of polymer solution and can inject

its content through a needle.

- Pump System — A machine that can press the plunger top of the extruder in the

given velocity invariably.
- Polymer Solution — A solution of polymer(s) prepared for extrusion.

- Needle — A thin metal injector for extrusion of polymer solution, to give it a finite

radius.

- Coagulant (Non-solvent Solution) — A solution that is repellent to polymers for

them to form coagulant structures.

The fiber formation setup is as explained above. However, for scaffold formation,
these extruded fibers should be molded to give a desired shape and form. A basic
setup is to form a meshwork by randomly mixing fibers onto each other. Examples
of traditionally wet spun scaffolds are shown in Figure 1.5.a,b (Puppi, Dinucci,
Bartoli, Mota, & Migone, 2011), where such random mixing can be observed. For
the scaffolds produced with computer-aided wet spinning setup this action is not
required (Figure 1.5.c-e) (Puppi et al., 2012, 2016; Dini et al., 2015).
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Figure 1.4. Components of wet spinning method (Ucar, 2012).

Li et al. obtained elastic chitosan wet spun fibers by introducing different reaction
temperatures (Li et al., 2016). Formed fibers had smooth surfaces and increasing
elongation at break with higher temperature. In another study, wet spun chitosan
scaffolds were fabricated with biomineralization on their surface (Ucar et al., 2013,
2016). After wet spinning, immersion into simulated body fluid attached calcium
phosphate minerals onto chitosan fibers. The inorganic coat was also loaded with an
antibiotic. Cell viability and apoptosis assays showed that the scaffolds could perform
as functional tissue engineering constructs and function as local antibiotic release
systems. By using wet spinning methods, it is possible to decrease the fiber diameters
from millimeters down to ~8 um by adjusting the setup characteristics (Zhang, Wang,
Zhu, Wang, & Xiao, 2014). Wet spun PCL scaffold was fabricated using this setup
for muscle tissue. For that case, a different setup has been provided, where a spinning
rod reduces the produced fibers’ diameters by stretching motion. This makes the
formed fibers very thin. It is also possible to automate wet spinning by making the
spinning motion and direction being controlled by a computer. A setup like that for
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wet spinning was made for PCL and hydroxyapatite blend solution, where not only
feeding rate, but X-Y motion of needle is also controlled (Puppi et al., 2012). This
setup provided scaffolds that were mechanically durable and osteogenic with
MC3T3-E1 cell line. Wet spinning of PCL was conducted for regeneration of annulus
fibrosus (Xu et al., 2015). Circumferential rotation of microfibers resulted in a
cylindrical scaffold that was seeded with cells. In vivo tests showed high expression

of marker genes and superior compressive properties after day 21.

Figure 1.5. Wet spun scaffolds. Using traditional wet spinning setup a) (Puppi
et al., 2011a), b) (Puppi et al., 2011b); using computer aided wet
spinning setup ¢) (Puppi et al., 2016), d) (Puppi et al., 2012), ) (Dini
etal., 2015).

Microfluidic systems are also used for the preparation of wet spun constructs where
input of more than two solutions are required simultaneously. Alginate, calcium

chloride and gelatin were introduced into a microfluidic channel (Hiramatsu et al.,
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2016). The wet spinning of alginate was achieved by mixing it in calcium chloride
solution, which ends up in gelated alginate fibers, containing gelatin. A step of
glutaraldehyde immersion was administered to crosslink gelatin inside the alginate.
Lastly, alginate layer was removed using alginate lyase enzyme to retrieve the fibers
composed of crosslinked gelatin. Another study conducted for preparation of wet
spun vertebra disc scaffold was carried out by using polysaccharide and silk fibroin
(Zhangetal., 2015). Silk fibroin moieties formed globular structures when introduced
into non-solvent solution of ethanol, which affected the morphology of fibers. The
lowest concentration of introduced silk fibroin (1% w/v) provided highest stress
resistance in this study. To modulate the degradation profile, alginate fibers were
formed by submerging it into solution with calcium chloride in either distilled water
or isopropyl alcohol (Mun et al., 2016). Spinning into isopropyl alcohol resulted in
denser, more compact and aligned fibers, due to entrapment of more calcium ions
into alginate fibers. Fibers spun into isopropyl alcohol showed less swelling and
slower degradation profile too, in addition to showing a higher cell proliferation with

respect to fibers spun into distilled water.

1.3. Drug Release in Bone Tissue Engineering

Release of biologically active molecules into bone tissue can be applied to (a) provide
antibiotic effect, (b) provide cell differentiation cue, (c) provide cue for
anabolism/catabolism of bone tissue constituents, etc. The idea behind release
systems is to provide a prolonged release rather than having only initial burst release.
Prolonged release of:

(a) Antibiotics — will eliminate any present germs in the region of interest, or any
germs that may come from outside of region of interest (e.g. from neighboring
tissues) (Diaz and Newman, 2015).

(b) Cell differentiation cue — will drive the differentiation of stem cells nearby

towards osteogenic lineage (e.g. BMP-2, BMP-7, etc.).

(c) Provide cue for anabolism/catabolism — will help regeneration by presence of

hormonal cues (i.e. thyroid/ parathyroid hormones, etc.).
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Type of the released agent is as important as the release kinetics. There are different
kinetic approaches for different requirements; zero order, first order, sustained release
and burst release. Drugs that should not be introduced in large quantity (i.e. growth
hormones) should be kept at low release rate with zero order release. The difference
in Kinetics of zero order and first order is that the zero order is expressed by drug
quantity per time interval, whereas first order release is expressed as drug
percent/ratio per time interval. In real life cases, generally zero order release occurs
after an initial first order release. As an example, a drug reservoir of 100 mg, will
start the release with first order kinetics (i.e. releasing 2% drug per min). This is done
until the drug concentration has met the saturation/equilibrium. After the equilibrium
is met, the drug release will be continued, but with zero order Kinetics (i.e. releasing
1 mg drug per min). Sustained release has a slightly relaxed zero order kinetics, with
less control over continuous steady drug release. Whereas burst release is release of
high quantity of drug in the first seconds or minutes and then continued with less
amount of released drug for following time points. Burst release is mostly used for

drugs that can be administered in high quantity and do not have adverse effects.

Because of being a hard tissue with stiff structure, bone tissue remodeling and repair
takes longer than other tissues. Even though it has a much expanded vessel network,
the evading infection or fighting with it requires some remodeling in the occurring
tissue. Antibiotics are drugs that are administered to fight infection. Bacterial
infection can result in many different scenarios, where it ends in biofilm formation as

shown in Figure 1.6 (Johnson and Garcia, 2015).
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Figure 1.6. Biofilm formation (Johnson & Garcia, 2015).

The formed biofilm protects itself from the environmental conditions and grows to
infect more sites. For bone tissue, this is a threatening situation, since growth of
biofilm on bone tissue would end up in weakening of bone structure. As numbers
represent, 2-5% of implant procedures may end up with infection (Darouiche, 2004)
and presence of open fractures will bring this number up to 30% (Trampuz and
Widmer, 2006). Germs coming from neighboring tissues can manifest a surgical site
infection, too (Diaz and Newman, 2015). Thus, it is important to provide an

antibacterial regimen to the bone tissue that has been damaged or could be infected.

Microspheres are good delivery systems due to their high capacity carriage and high
surface area to volume ratio. Gelatin microspheres have been used for their natural
origin, swelling ability and controllable degradation kinetics by adjusting their
crosslinking degree. Gelatin microspheres have already been tested in situ, in vitro

and in vivo, previously (Sezer et al., 2013, 2014a, 2014b). Release kinetics of gelatin
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microspheres depend on many factors, like chemistry and size of particles, types and

amounts of the drugs and the crosslinkers:

(a) Kinetics of release from gelatin microspheres is faster if there is direct interaction
of microspheres with release medium, rather than if the microspheres are entrapped

inside a matrix material (Sezer et al., 2013),

(b) Smaller microspheres result in shorter release duration than larger microspheres
(Ulubayram et al., 2005),

(c) Crosslinkers that hold the gelatin structure tighter (like genipin) result in longer

release duration (Garcia Cruz et al., 2013; Phromsopha and Baimark, 2014),

(d) Kinetics of release is directly proportional to the hydrophilicity of the drug used
(Ulubayram et al., 2005).
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1.4. Aim of Thesis

In this study, PCL-TCP wet spun scaffolds were prepared and modified by
immobilizing gelatin and by adding antibiotic loaded gelatin microspheres onto the
scaffolds, so that enhancement of cell attachment and prevention of bacterial invasion
would be provided. Although there are some studies reported about wet spun PCL
and HAp containing scaffolds (Puppi et al., 2011b, 2012), to best of our knowledge
there is no PCL-TCP system modified with gelatin immobilization and with gelatin
microspheres carrying an antibiotic. The scaffolds prepared were characterized for
their morphology using scanning electron microscopy (SEM) imaging; mechanical
properties using compressive force; chemistry using X-ray photoelectron
spectroscopy (XPS); drug release abilities using UV-visible spectrophotometer and
antimicrobial efficacies against Escherichia coli (E. coli), using disk diffusion test.
Enhanced attachment of Saos-2 cells (human osteosarcoma cell line) and effective
antimicrobial efficacy of these multifunctional scaffolds were expected in order to
prove their suitability in bone tissue engineering and possible translation to in vivo

applications.
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CHAPTER 2

MATERIALS AND METHODS

2.1. Materials

Poly(e-caprolactone) (PCL, Mx=80.000) (Aldrich, UK) and B-tricalcium phosphate
(B-TCP) (Riedel-de Haen, Germany) were used in the preparation of scaffolds. B-
TCP was ground, sieved and stored in a desiccator. Acrylic acid (AAc) (Fluka,
Belgium), gelatin (Scharlau, Spain), N-hydroxysuccinimide (NHS) (Merck,
Germany) and N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride
(EDAC) (Sigma Aldrich, USA) were used for surface modification processes.
Glutaraldehyde (GA) (Sigma, USA) was used as crosslinking agent. For in vitro
degradation studies, lipase enzyme (Sigma, Switzerland) was used. As a model
antibiotic, Ceftriaxone sodium (CS) (Nobel Kimya, Turkey) was used. Human
osteosarcoma cell line (Saos-2) (ATCC, HTB-85), cultivated in McCoy’s SA medium
(Lonza, Belgium), penicillin-streptomycin solution (pen/strep) (Hyclone, USA) and
fetal calf serum (Hyclone, USA) were used for in vitro analysis. For storage and
retrieval of cells, trypsin-ethylenediaminetetraacetic acid (Trypsin-EDTA) (Lonza,
Sweden) and dimethyl sulfoxide (DMSO; Sigma Aldrich, USA) were used. In vitro
characterization of biological samples were carried out by using cacodylic acid
(Sigma, USA), para-formaldehyde (PFA) (Sigma Aldrich, USA), DAPI (Sigma,
USA), Alexa 532 - Phalloidin and DRAQ5 (Sigma Aldrich, USA), Triton-X
(AppliChem, USA) and Bovine Serum Albumin (BSA; Sigma, USA). For cell
counting assays, Nucleocounter was used with its reagent A and reagent B
(Chemometec, Denmark). Cell attachment and proliferation tests were carried out by

AlamarBlue® (Invitrogen, USA) assay.
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2.2. Preparation of Wet Spun PCL Scaffolds

In the preparation of PCL wet spun scaffolds, PCL solutions (20% w/v in acetone)
were used (optimization of wet spinning setup can be found in Table A.1). For
composite scaffolds, PCL solutions of same concentration (20% w/v in acetone) were
mixed with B-TCP (10% or 20% w/w with respect to PCL) particles. The average
size of B-TCP particles were found from particle size analysis (Malvern Mastersizer
2000, UK) (Appendix B) and SEM image analysis (FEI Quanta 400F; Holland).

Polymer solutions (PCL or B-TCP containing PCL) were degassed for 5-10 min in
ultrasonic bath prior to wet spinning process, then spun with a syringe pump (New
Era Pump Systems NE-300, USA) using glass syringe (Birgi, Turkey) and metal
needles (gauge number of 23) (Hamilton, Switzerland). Wet-spinning system was

prepared by placing the pump system in a vertical position in an elevated site as

shown in Figure 2.1.

Figure 2.1. Wet spinning setup. Spinning of fiber (a) overall view, (b) zoomed side
view and (c) zoomed top view.
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Polymer solution was extruded into the coagulation bath (ethanol at 4 °C). For this
process, the tip of the needle was placed in to the coagulation bath so that the tip was
inside the solution ~3 mm. Flow rate of the polymer solution was adjusted to 0.8
mL/h and needle diameter was selected as 12.02 mm in syringe pump. The wet
spinning process was preceded by rotating the beaker holding the coagulant solution
of 80 mL to gather up the polymer poured through syringe needle. Volume of
extruded polymer was detected by “dispensed volume” mark on the syringe pump.
The produced fibrous meshes were placed in Teflon molds having two different
heights (4 mm or 6 mm) with diameter of 10 mm. Produced scaffolds were kept in
ethanol overnight at —20 °C and then dried under vacuum. After removing the remains
of ethanol and acetone from the scaffolds, they were kept in a vacuum desiccator till
further usage. Pure PCL scaffolds and the ones having 10% or 20% B-TCP particles
were labelled as PCL, PCL-T1 and PCL-T2o, respectively, and pure PCL scaffolds
were used as control group in all experiments. Mechanical analysis were carried out
using scaffolds having 6 mm height. All the other tests were achieved by using

scaffolds having 4 mm height.

2.3. Characterization of the Wet Spun PCL Scaffolds
2.3.1. SEM Imaging

The microstructures and chemical structure of scaffolds were studied by Scanning
Electron Microscope (SEM, FEI Quanta 400F; Holland) and Energy dispersive X-
ray spectroscopy (EDX), respectively. To examine and quantify fiber thickness
(n=40) and microsphere diameters (n=200), ImageJ software program (NIH, USA)

was used.

2.3.2. Mechanical Analysis

Compression tests were performed on the scaffolds (h:6 mm; d:10 mm) using
LLoyd® LRX 5K testing machine (LLoyd Instruments Limited, UK) with a cell load
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of 100 N by the help of computer interface program of WindapR. Compression tests
were applied with a speed of 1 mm/min. At least 5 samples were tested per each
group. After each test, load (N) versus displacement (mm) graphs were obtained from
which compressive strength at 50% strain (CSso) and modulus of elasticity (Mg)
values were calculated. Mechanical testing setup is shown below (Figure 2.2).

LLOYD)}

Figure 2.2. Mechanical test setup. (a) Mechanical tester, (b) sample holder and
control panel, and (c) sample in compression test.

2.3.3. Invitro Degradation Studies

Enzymatic degradation of the scaffolds was investigated in lipase solution (0.18
U/mL) prepared in PBS (0.01 M, pH=7.4) according to ASTM standard
no.F1635.5246 (Martins et al., 2009). Sodium azide (0.02% w/v) was added into the
medium to inhibit any bacterial growth. The scaffolds (h=4 mm; d=10 mm) were
incubated in 5 mL of this solution (having 0.18 U/mL lipase and 0.02% w/v sodium
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azide) at 37 °C in a shaking water bath. The average weights of the samples were 32.5
+ 2.5 mg. At certain time points, the scaffolds were removed from the solution,
frozen, lyophilized and weighed. Percent weight loss was calculated from the

gravimetrical measurements, using equation 1:
, W, - W.
Weight loss (%) = —————

Where Wy = Initial weight; and W1 = Weight after degradation

Degradation analyses were performed with 4 samples for each group. Meanwhile, the
samples were examined with SEM at the end of 30 days of lipase treatment.

2.4. Surface Modification of Wet Spun Scaffolds

The scaffolds were activated with acrylic acid (AAc) to link gelatin covalently on the
surfaces of the fibers. After the immobilization of gelatin on the surface of the fibers,
gelatin microspheres loaded with drug were attached on the scaffolds.

2.4.1. Surface Activation with Acrylic Acid

Surface activation with AAc and further gelatin immobilization was applied only to
PCL-T2o scaffolds. These samples were activated with oxygen plasma by applying
100 W power for 5 min with a flow supplying 50 mTorr inside pressure (Advanced
Plasma Systems Inc. SerenR300, 13.56 MHz RF Power Generator, USA) as
described previously (Yildirim et al., 2005; Endogan et al., 2012). The plasma reactor
is a cylindrical parallel plate chamber with a 15 cm distance between two electrodes
(Figure 2.3).
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Figure 2.3. Oxygen plasma instrument.

Samples were placed inside the reactor, vacuum was applied till the inside pressure
drops to 50 mTorr and then glow discharge was applied having 100W power. After
5 min, the power was turned off and samples were kept inside the chamber subjected
to Oz environment for 15 more minutes. Then, the samples were immersed in acrylic
acid (AAc) solution (prepared in methanol:dH>0:AAc = 7:28:15 v/v) for 1 h while
nitrogen gas was purged through the solution. The scaffolds were left overnight in
this solution at 37 °C, then washed with distilled water and dried at room temperature
(RT) (Guptacetal., 2012). The scaffolds treated with AAc were labelled as PCL-T20A.
Schematic view of grafting steps are shown in Figure 2.4 and the setup in Figure 2.5.

i 140

g i’/ § oél‘
OOC g (C) OOOY\
- cOOH
E-&
PCL-T,, Plasma AAc Grafting PCL-T, A

Treatment Solution

Figure 2.4. Acrylic acid grafting procedure on PCL-T»g scaffolds.
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Figure 2.5. Acrylic acid grafting setup. (a) Thermometer, (b) tube for nitrogen gas
purging, (c) samples in grafting solution, (d) nitrogen gas bubbles, (e)
water bath, and (f) heater.

Degree of AAc grafting was determined by Toluidine Blue O (TBO) assay (Gupta et
al., 2012). For this purpose, the scaffolds were treated with TBO (Sigma Aldrich,
USA) solution (1 mL; 0.5 mM TBO prepared in deionized water (DI H.Q0)), pH 10
was adjusted with NaOH (0.1 M), and scaffolds were kept in this solution for 4 h at
50 °C. Then, the scaffolds were removed, washed with NaOH solution (1 mL; 0.1 M
NaOH prepared in DI H20; pH=9) to remove unbound TBO. Later on, scaffolds were

treated with 1 mL 50% v/v acetic acid solution in order to remove the grafted acrylic
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acid from the scaffolds, and the absorbance of this solution was measured at A=624
nm with UV-Vis Spectrophotometer (Agilent, Germany). Grafting degree was

calculated by referring to the constructed calibration curve.

Calibration curve was constructed by firstly preparing 50 mM TBO in DI H20 (pH=9
adjusted by NaOH) at 50 °C. After that, the solution was diluted to several different
concentrations as 2.5 mM, 5 mM, 10 mM and 20 mM TBO in DI H;O. Then, the
absorbance of the solutions was measured at A=624 nm with UV-Vis
Spectrophotometer. After constructing curve, the slope of the curve was calculated
by creating a trendline over the curve. The equation of the curve was used for
calculation of molarity of TBO in the samples (APPENDIX C, Figure C.1).

2.4.2. Surface Modification with Gelatin

Gelatin immobilization was applied only to PCL-T20A scaffolds following the
procedure described earlier by Krishnanand et al (Krishnanand et al., 2013) (Figure
2.6). Briefly, scaffolds were immersed into citrate buffer (CB; 1 mL; pH=4.8)
solution having EDAC (1% wi/v) and NHS (1% w/v) for 24 h at 4 °C. Then they were
removed, rinsed with distilled water, and incubated in gelatin solution (1 mL; 0.3%
w/v) prepared in phosphate buffer (PBS, 0.01 M, pH=7.4) for 24 h. Later on, scaffolds
were removed, rinsed with distilled water and dried in vacuum oven at RT. These

gelatin immobilized scaffolds were labelled as PCL-T20G.
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Figure 2.6. Gelatin immobilization. (a) lllustration of EDAC/NCS coupling and
(b) scheme of gelatin coupling onto PCL-T20A scaffolds.

2.4.3. XPS Analysis

X-Ray Photoelectron Spectroscopy (XPS, PHI 5000 VersaProbe; Chigasaki, Japan)

was used to determine the presence of nitrogen due to gelatin immobilization on the

scaffolds. After the survey analysis of 1 cps/eV, regional scanning with 10 cps/eV

was applied. Carbon (Cl1s) and Oxygen (O1s) peak fitting was performed on

regionally scanned XPS spectra by using XPSPEAK 4.1 software (Informer

Technologies) and corrected with respect to aliphatic carbon levels at 285 eV.
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2.4.4. Porosity of Wet Spun Scaffolds

For calculation of porosity of the scaffolds two different approaches were used; (a)
using Mercury Intrusion Porosimetry (Quartachrome Poremaster 60; Florida, USA)
and Helium Pycnometer (Quantochrome Ultrapycnometer 1000; Florida, USA), (b)
using Micro-CT (micro-Computed Tomography) (Bruker microCT, SkyScan 1172;
Belgium).

Since direct porosity calculation of soft samples is not possible using mercury
intrusion porosimetry, a formula estimating the percent porosity was applied in
approach (a). For this approach, first the ‘actual density’ (AD; in g/cm?®) of the sample
was obtained from helium pycnometer, and then ‘visible density’ (VD) was evaluated
from mercury intrusion porosimetry data. Percent porosity of the sample was

calculated by using the following formulas 2 and 3:

sample weight (g)

D e — e S 2
VD (g/cm’) Volume of mercury in the sample (cm3) o

Porosity (%) = [1 — (g)] X100, . .o [3]

For approach (b), microCT (Bruker microCT, SkyScan 1172; Belgium) evaluation
was achieved by calculating porosity of 250 um sections obtained from top, center
and bottom of the scaffolds and combining them in one average porosity value.
Porosity values were determined by the device for each section by calculating the

void areas inside scaffold.
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2.45. Preparation of Gelatin Microspheres (GM) and GM Containing
Scaffolds

Gelatin microspheres (GM) were prepared by following the procedure reported
previously by our group (Ulubayram et al., 2005; Sezer et al., 2013, 2014b). Shortly,
aqueous gelatin solution (1 mL; 10% w/v) was added dropwise into corn oil (60 mL)
with continuous mechanical stirring (2200 rpm) for 30 min. Then, glutaraldehyde (2
mL, 2% v/v) was added dropwise as crosslinker agent, mixed for further 20 min,
cooled to 4 °C, washed with acetone, filtered and the obtained microspheres were
dried at RT. For the preparation of Ceftriaxone sodium (CS) containing microsphere,
CS was added into the gelatin solution to get the final drug concentration of 80 mM.

Three values as; (a) Percent yield , (b) Percent drug loading and (c) Percent
entrapment efficiency were calculated for the drug loaded microspheres from the
following formulas 4, 5 and 6 (Ding et al., 2010; Petkar, 2013):

Weight of microspheres recovered

. o) —
a) Yield (%) Weight of drug + polymer added initially x1

b) Drug Loading (%) = Weight of drug in microspheres % 100 .
) Drug Loading (%) = Weight of microspheres =777 5]

Ent ¢ Effici %) = Weight of drug in microspheres 100 .16
¢) Entrapment Efficiency (%) = Weight of drug fed initially -+ 16]

Afterwards, particles were examined with SEM (FEI Quanta 400F; Holland), light
microscopy (Zeiss Axio Imager M2, Germany) and particle size analyser (Malvern
Mastersizer 2000, UK).

For the preparation of GM containing scaffolds, 10 mg of these microspheres were

dispersed in pure ethanol and added dropwise on PCL-T20G scaffolds with
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application of vacuum-pressure cycle after each drop. Scaffolds having gelatin

microspheres are labelled as PCL-T20GM (Figure 2.7):
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Figure 2.7. Microsphere preparation, loading and adsorption on the scaffolds.

Percent attachment efficiency (AE, %) of microspheres on to scaffolds was calculated
from the released CS amounts. For this purpose, ratio of released CS values from 10
mg of drug loaded gelatin microspheres (GM) and PCL-T20GM scaffolds treated with
10 mg of microspheres were considered in the equation 7 given below:

AE (%) = {[Release from PCL-T,,GM] / [Release from GM]} x 100. . [7]

2.4.6. Invitro Drug Release

Amount of the Ceftriaxone sodium (CS) released from microspheres was determined
by UV-Visible Spectrophotometer (Agilent, Germany). For release experiments, CS-
loaded microspheres (10 g) and PCL-T20GM (scaffolds carrying 10 g CS-loaded
microspheres) were put in separate dialysis bags (dialysis tubing, 8.000 MWCO;
Thermo scientific, USA) and immersed in 5 mL of PBS (0.01 M, pH=7.4) solution.

The overall setup was placed in a water bath at 37 °C. At certain time points, the
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dialysis bags were removed and immersed in 5 mL of fresh PBS medium. The
released amount of drug was determined by measuring the absorbance of the solution
at 270 nm (calibration curve of Ceftriaxone Sodium can be found in APPENDIX D,
Figure D.1). Percent release values were calculated by assuming the maximum
released amount as the total drug amount. Drug release studies were carried out as

triplicates for each group.

For constructing calibration curve, 50 mg/mL CS solutions was prepared in PBS
solution. After dissolution, different concentrations of CS solutions were prepared as
1 mg/mL, 2.5 mg/mL, 5 mg/mL, 10 mg/mL, 20 mg/mL and 25 mg/mL. Then, the
absorbance of these solutions were measured using UV-Vis Spectrophotometer at
A=270 nm. After constructing a curve, its trendline was found and equation of

trendline was used to find out amount of CS in sample solutions.

2.4.7. Antibacterial Test

To evaluate the antibacterial efficacy of the drug released from scaffolds, disc
diffusion method was conducted as explained in our previous studies (Ucar et al.,
2013, 2016). For this test, ceftriaxone sodium (CS), a potent gram-negative
antibacterial agent, was used and its antibacterial efficiency on E. coli, model gram-
negative bacteria, was determined. For this test, first, E. coli was spread on culture
plates by cotton swabs and the prepared scaffolds (10 mm in diameter) were placed
onto the plates as shown in Figure 2.8. The antibacterial efficiency was estimated by
the diameter of the area of inhibition of bacterial growth around samples. As positive
control, standard CS susceptibility discs (6 mm in diameter); as negative control,

PCL-T2o scaffolds (having no microspheres and drug) were used.
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Figure 2.8. An example of disk diffusion result. Here, we can see #1: negative
control (without drug), #4: positive control (antibiotic susceptibility
disc), #2 and #3: samples loaded with different amount of antibiotics.

2.5. Invitro Cell Culture Tests

Scaffolds (h: 4 mm, d: 10 mm) were placed in 24-well plates and 70% ethanol was
added. They were kept in 70% ethanol for 2 h for disinfection and then washed 3
times with PBS and left to dry under laminar flow. Two cell culture mediums were
prepared, as (i) proliferative cell culture medium; containing McCoy’s 5A medium
(89%) supplemented with fecal calf serum (10%) and 100 U/mL penicillin and 100
pg/mL streptomycin (1%), and (ii) osteogenic cell culture medium; having additional
B-glycerophosphate (2.16 g/L), dexamethasone (10 nM) and L-ascorbic acid (50
mg/L). Saos-2 cells (p.23) at confluence were harvested from tissue culture flasks
with 0.1% trypsin / 10 mM EDTA, centrifuged, and resuspended in medium prior to
cell seeding. After counting cells (cell number/mL) by nucleocounter, a cell
suspension containing 2.5 x 10° cells were seeded on each sample and incubated for
30 min at 37 °C to allow cell attachment. Then, after 30 min, 50 pL of proliferative
cell culture medium was added on each well. This was repeated 5 more times for each
30 min after seeding. After 3 h, cell culture medium was completed to 1 mL by
addition of 700 pL proliferative cell culture medium. After 3 days of incubation,
medium was changed to osteogenic cell culture medium and the cells were incubated
for another 25 days in osteogenic cell culture medium (cell culture mediums were
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changed every 2 days). Cells attached on scaffolds were evaluated by SEM analysis

and Confocal Laser Scanning Microscopy (CLSM) (Leica DM2500, Germany).

2.5.1. Cell Viability

Cell proliferation efficiency was determined by AlamarBlue® assay using Elisa Plate
Reader (Molecular Devices, USA). When entering cells, active part of Alamar Blue
dye, resazurin, is getting reduced inside the cells to resorufin (Figure 2.9.a), due to
the redox chain in oxidative phosphorylation cascade in mitochondria of cells
(Markaki, 2009). AlamarBlue® does not harm cells, because it does not stop the
electron transport chain as shown in Figure 2.9.b.

a o Reducing
| . environment
N . N
RN in viable x
‘ cells »
0 o o] © o] o]
Resazurin Resorufin
. Reduction
b Half Reactions Potential (V)
NAD+ 2H* + 2e” <> NADH + H* -320
NADP+ 2H* + 2e” <> NADPH + H* -320
FAD+ 2H* + 2e” <> FADH, -220
FMN+ 2H* + 2 <> FMNH, -210
cytochromespyq +1 € <> cytochromesggp +80 to +290
alamarBlue®gy + 2H* + 2e” <emee> alamarBlue®rgp 380
Oy + 4H* + 4e <> 2H,0 820

Figure 2.9. AlamarBlue® mechanism. (a) AlamarBlue® reduction inside cell, (b)
reduction potential of alamarBlue® and other steps in oxidative

phosphorylation.
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To be able to correlate the absorbance values to the cell number on the scaffolds,
firstly a calibration curve was constructed. Calibration curve of Saos-2 cells was
conducted by treating the seeded cells 10.000 to 120.000 with Alamar Blue solution
(1% pen-strep, 10% Alamar Blue, 89% colorless DMEM high modified medium).
The solutions were left in CO> incubator at 37 °C for 1 h. After 1 h of incubation, 200
uL of solution from each well was transferred to 96 well plate in dark environment
and immediately the well plate was transferred to Elisa Plate Reader. The percent
reduction of resazurin was calculated from the absorbance values at 570 nm (A,) for

resazurin and 595 nm ();) for resorufin and putting the results into the equation 8

shown below:
((eox)az * A1) — ((eox)a1 * Ax2)
Reduced % = *100 ........... 8
* T ((Ere)rs * Axz) — ((Erea)nz * A'21) 8]
Where;

A — Absorbance of the sample solution
A’ - Absorbance of negative control well solution (blank)
€ox — Molar extinction coefficient of oxidized Alamar Blue

€req — Molar extinction coefficient of reduced Alamar Blue

After getting the percent reduced Alamar Blue for the groups, the calibration curve
was constructed (APPENDIX E, Figure E.1), and its slope was calculated from

trendline for measuring cell number.

Same Alamar reduction test was conducted for the samples. For this purpose,
scaffolds were treated with Alamar Blue solution for 1 h in a CO> incubator at 37 °C
and then the same procedure given for calibration groups were followed. After
calculating the percent reduced Alamar Blue, cell number was quantified from the

slope value attained from the calibration curve.
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2.5.2.  Morphological Characterization of In vitro Cell Culture Tests

To examine the morphology of the cells on the scaffolds, SEM images were obtained
from the fixated scaffold samples. To find out the cytoskeletal state and nuclear

location of attached cells, also CLSM imaging was done.

25.2.1.  SEM Imaging

Cells attached on scaffolds were evaluated by SEM analysis. For this purpose,
scaffolds were removed from the cell growth culture media after 28 days of
incubation, washed once with PBS and once with cacodylate buffer (0.1 M sodium
cacodylate, pH 7.4) and cell fixation was performed by treating the samples with GA
(0.5 mL, 2.5% v/v in cacodylate buffer) for 45 min. Later on, the scaffolds were left
in -80 °C freezer overnight and then lyophilized by freeze dryer (Labconco, USA) the
next day and the dry scaffolds were coated with gold/palladium prior to SEM
analysis.

2.5.2.2.  Confocal Laser Scanning Microscopy

Scaffolds were examined by confocal laser scanning microscopy (CLSM; Leica TCS
SPE, Turkey) to detect cells’ conformation using Alexa Fluor 532-phalloidin (for
cytoskeleton) and DRAQS (for nucleus) dyes. For these studies, scaffolds were firstly
washed with PBS (0.01 M, pH = 7.4) twice and fixed with PFA (4% w/v in dH20)
for 30 min at RT. Then, scaffolds were washed again with PBS. To permeabilize
cells, samples were treated with Triton X-100 solution (0.5 mL; 1% v/v in dH.O) for
5 min at RT. Then, scaffolds were again washed with PBS, and treated with 1 mL of
1% w/v BSA: PBS solution for 30 min at 37 °C, to block non-specific binding of
phalloidin (added in next step). Scaffolds were then put in 1 mL of 1:100 Alexa-
labeled phalloidin solution and kept in the solution for 1 h at 37 °C. Then, scaffolds
were washed with 1 mL PBS twice and treated with 0.5 mL of 1:1000 DRAQ5
solution for 30 min at 37 °C. Later on, the samples were washed with 1 mL PBS twice
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again, and put into 0.5 mL of 1:5000 DAPI: BSA solution (prepared in PBS) and left
at RT for 5 min. DAPI was used to color the nuclei and to detect it with fluorescent
microscopy. Afterwards, scaffolds were washed with 1 mL PBS twice again and kept
in 0.5 mL of PBS solution (to keep the scaffolds moist before proceeding to confocal
microscopy). Excitation wavelengths of 350, 532 and 633 nm were used for DAPI,
Alexa, and DRAQ5 dyes, respectively. Auto florescence signals caused by gelatin
were gathered with the one coming from Alexa in two separate channels and overlaid
with LAS AF software.

2.6. Statistical Analysis

The quantitative results throughout the study were expressed as mean and standard
deviation from at least three repetitions. Statistical analysis of data was performed
with significant values defined as p<0.05, based on one-way analysis of variance
(ANOVA) followed by Tukey’s post-hoc HSD test for determination of the

significance of difference between the groups examined.
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CHAPTER 3

RESULTS and DISCUSSION

3.1. Optimization of Wet Spinning Process

In the preparation of wet spun scaffolds, several parameters such as different polymer
concentrations, molecular weights of PCL, temperature, solvent/non-solvent pair
were tested. Output was evaluated by the gross morphology, uniformity and elasticity
of the extruded fibers. Two poly(e-caprolactone) (PCL) were used with different
molecular weights, My=60.000 and M»,=80.000. Many solvent/non-solvent pairs were
tested. As plasticizer, to increase the solubility and homogeneity of polymer solution,
three different polymers were tested: poly(ethylene glycol), poly(L-lactic-co-glycolic
acid) and chitosan. Two ambient temperature for coagulation bath was tested, room
temperature and in ice bath (at 4 °C). Different flow rates were tested to get long and
smooth fibers. All these optimization studies of wet spinning process are given in
APPENDIX A, Table A.1. At the end of all these studies, PCL (M,=80.000), acetone,
ethanol, 4 °C and 0.8 mL/h were chosen as the polymer, solvent, non-solvent,

ambient temperature and flow rate, respectively.

3.2. Characterization of Scaffolds

In this study, PCL based wet spun fibrous scaffolds were prepared by using either
PCL solution, or PCL solution containing B-TCP particles (10% and 20% w/w).
Properties such as morphological, physical, chemical, mechanical, degradation and

porosity were determined by using SEM, XPS, mechanical tester and micro-CT.
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3.2.1.  Morphological Analysis

B-TCP particles obtained from Riedel-de-Haen were ground and sieved while their
size decreased from millimeters to nanometers (Figure 3.1). Nano size particles
mixed with polymer homogenously and extruded easily through needle used in
injection of the polymer solution. B-TCP was chosen since this mineral would provide
an osteoinduction activation in the scaffolds (Albrektsson and Johansson, 2001). The
osteoinduction of B-TCP particles was observed and reported by several researchers
(Choi and Kim, 2012; Polo-Corrales et al., 2014; Metoki et al., 2016). This shows
that as the amount of calcium phosphate mineral increases, osteoinduction effect also
increases. In order to examine the effect of B-TCP on fiber structure and on
mechanical properties, scaffolds were prepared as follows: (a) no B-TCP (control
group), (b) maximum amount of B-TCP possible for extrusion (20% w/w), and (c)
moderate amount of B-TCP (10% wi/w, having half the concentration of that of

maximum possible).

] cmm.

Figure 3.1. Morphology of B-TCP particles. (a) Before and (b) after grinding and
sieving procedure.
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The average size of grinded and sieved B-TCP particles was found to be 4.95 pum
when measured by particle size analyser on aqueous media. Particle size analysis
results of ground and sieved B-TCP particles are shown in APPENDIX B (Figure
B.1). Before grinding it by pestle and mortar, sizes of B-TCP particles were in
millimeter scale. After grinding and eliminating big particles by sieving through 125
pm sieve and then a 53 um sieve, the B-TCP particles were in several um scale. Due
to their small size, they would distribute homogeneously through wet-spun fibers,
and would not be entrapped in the nozzle of needle, thus providing a smooth drop of

the fiber into the coagulation bath.

Wet spun scaffolds (PCL, PCL-T1o and PCL-T20) and B-TCP particles were examined
by SEM and EDX. Scaffolds had proper accumulation of fibers with smooth surfaces
as shown in Figure 3.2, where photograph (Figure 3.2.a) and SEM images (Figure
3.2.c) are given. Average diameter of wet spun fibers were 200 = 15 pm (n=40)
obtained by application of ImageJ analysis. Meanwhile, the average size of B-TCP
particles obtained from SEM images (using ImageJ, n=120) was found to be 145 +
26 nm (Figure 3.2.b). On the other hand, the average size (D[4,3]; volume-weighted
average size) was found as 4.95 pum when measured by particle sizer (Malvern
Mastersizer 2000, UK) using the aqueous dispersion of the particles. This high value
(about 34 fold increase) is most probably due to aggregation of the particles in
aqueous medium. As it can be seen clearly in SEM image, the particles were much

smaller than micron size and they were in nano size.

Fibers of B-TCP containing PCL scaffolds also had very smooth surfaces and
presence of nanometer size -TCP particles did not cause significant roughness on
the surfaces (Figure 3.2.d-e). EDX analysis showed that calcium ions, which proves
the existence of B-TCP particles in the scaffolds, were not present in PCL scaffolds
(Figure 3.2.1), but detected in PCL-T10 and PCL-T2o scaffolds, as expected (Figure
3.2.g-h).
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The diameter of the fibers were found to be around 200 pm (n=40) for wet spun
scaffolds. In literature, diameters in the range of 100-350 um were reported for wet
spun fibers of PCL, starch-PCL, and PCL-HAp (Tuzlakoglu et al., 2010; Puppi et al.,

2011a, 2011b) depending on the composition as well as the preparation process.

CKa Element Wt % CalKa Element Wt %
CKa 79.17 C Ka Element Wt % CKa 49.85
OKa 20.83 CKa 75.84 OKa 32.81
OKa 2241 ~ PK 444
PK o 5 cak 1291
CaK 1.26

O Ka

O Ka
] lPKaEaKa

2.00 4.00 6.00 8.00 10.00 12.00 keV 2.00 4.00 6.00 8.00 10.00 12.00 keV 2.00 4.00 6.00 8.00 10.00 12.00 keV

Figure 3.2. Images and elemental compositions of scaffolds. (a) Photograph of wet
spun scaffolds. SEM images of (b) B-TCP (100000x), (c) PCL (100x, inset
500x), (d) PCL-T1o (100x, inset 500x), (e) PCL-T2o (100x, inset 500x)
scaffolds. EDX analysis of (f) PCL, (g) PCL-Tio and (h) PCL-T2o
scaffolds (scale bar for insets is 200 pm).
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3.2.2.  Mechanical Analysis

For bone tissue engineering applications, mechanical properties of the implant has
utmost importance, since any inconsistency in this issue and in the pressure that the
implant creates on the bone results in break of implant, necrosis and loss of tissue.
Therefore, addition of inorganic materials as hydroxyapatite (HAp) or B-tricalcium
phosphate (B-TCP) into the polymeric structures is commonly applied to enhance

mechanical properties as well as affinity for the cells.

In this study, incorporation of B-TCP particles into the PCL solution increased
mechanical strength and modulus of elasticity of PCL scaffolds obtained by wet
spinning process (Figure 3.3.a). Compression tests were carried out for PCL
scaffolds, and compressive strength at 50% strain (CSso) and modulus of elasticity
(ME) values were found as 360 + 40 kPa and 205 + 40 kPa, respectively. These values
increased about 1.2 fold (~20%) for PCL-T1o (440 + 60 kPa and 250 = 15 kPa,
respectively) and about 1.5 fold (~50%) for PCL-T2o (485 £ 60 kPa and 355 + 10 kPa,

respectively) scaffolds as shown in Figure 3.3.b and Table 3.1.

Statistical analysis showed that PCL-T2o scaffolds had significantly higher Mg than
both PCL-T1o and pure PCL scaffolds (p<0.05 for both), whereas the increase in Mg
for PCL-Tyo scaffolds was not significantly higher than that of pure PCL (p>0.05).
PCL-T2 scaffolds also had significantly higher CSso than pure PCL scaffolds
(p<0.05), whereas that difference was not significant between PCL-T1o and pure PCL
or PCL-T10 and PCL-T2o scaffolds (p>0.05 for both).

Table 3.1. Mechanical test results.

Samole Compressive Strength at | Modulus of Elasticity
P 50% Strain (CSso) (kPa) | (Me) (kPa)

PCL 360 + 40 205 £ 40

PCL-T1o 440 + 60 250 £ 15

PCL-T2o 485 + 60 355+ 10
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Figure 3.3. Mechanical test results. (a) Representative mechanical curves (dotted
line is a representative slope of PCL-T2) and (b) Compressive
mechanical properties of PCL, PCL-T1o and PCL-T2o scaffolds (NS

means ‘not significant’, p>0.05; * means p<0.05).

In literature it was reported that addition of 10% and 20% B-TCP into PCL scaffolds
prepared by solid freeform fabrication, increased Mg value 1.1 and 1.3 fold,
respectively, compared to pure PCL scaffolds (Mondrinos et al., 2006). Similarly,
these values were reported as 2.1 and 2.6 folds for 3D printed PCL scaffolds (Lu et
al., 2012). The increase in Mg values by addition of B-TCP in our study was not as
high as it was reported for 3D printed scaffolds (Lu et al., 2012). This can be

explained by the less ordered organization of wet spun fibers compared to highly
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organized 3D printed ones. Meanwhile, the increase in Mg values in our study was
higher than solid freeform fabricated scaffolds, due to more integrated structures
compared to freeform fabricated scaffolds. Mechanical moduli of scaffolds applied
for bone healing purposes were proposed to have values at least in 100-500 kPa range
(Murphy et al., 2013; Polo-Corrales et al., 2014), for cells to differentiate towards
osteogenic lineage due to effect of mechanical stimulation. Thus, the PCL (205 kPa),
PCL-T10 (250 kPa) and PCL-T2o (355 kPa) samples prepared in this study match the
required moduli for mechanical stimulation. Compressive strength of scaffolds at
50% strain was in the range of 360-485 kPa, which shows higher values than
previously reported freeze dried PCL scaffolds (Sezer et al., 2013) and coincides with
the ones for additive manufacturing-wet spun PCL scaffolds, which were found to be
in the range of 260-470 kPa (Puppi et al., 2012). For insignificant difference in
mechanical properties between PCL-Ti0 and the control group PCL, further
experiments (as surface modification, gelatin immobilization and microsphere

addition) were performed with PCL-T»g scaffolds.

3.2.3. Invitro Degradation Results

PCL is quite stable in aqueous media but degrades slowly in biological media. The
enzyme, which is effective in biodegradation of PCL, is Lipase. Lipase is an abundant
enzyme present in tissue fluids that cleaves ester bonds of PCL. After 30 days of
incubation in lipase solution (0.18 U/mL), loss of weight was determined as 2.5 + 0.7
% and 1.3 + 0.4 % for PCL and PCL-T2o scaffolds, respectively (Figure 3.4.a).
Meanwhile, there was not a significant difference in the morphology of PCL and -
TCP containing fibers before (Figure 3.2.c and Figure 3.2.e) and after (Figure 3.4.b
and Figure 3.4.c) the degradation due to enzyme effect. After degradation, EDX
analysis showed a decrease in weight percent ratio of Ca/P, from 2.91 (Figure 3.2.h)
to 1.41 (Figure 3.4.e). Our results indicated that incorporation of p-TCP into PCL
scaffolds caused a delay in degradation of PCL fibers. Degradation kinetics depend
on the scaffold chemistry and shape as well as the incubation media. Enzyme

concentration in this study was derived from its serum concentration which is given
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in literature as 0.03-0.19 U/mL (Tietz and Shuey, 1993; Frydrych et al., 2015). In
literature it is also given that PCL-starch fibers with 200 um diameters lost about 5%
weight after 30 days of incubation when the enzyme concentration was 0.18 U/mL
(Martins et al., 2009). Faster degradations as 50% - 90% loss in one day were reported
for freeze-dried PCL scaffolds when 0.1 mg/mL lipase was used (Sezer et al., 2014b).
Similarly, when 1 mg/mL lipase was used, 40% weight loss was reported in 7 days
for 3D printed PCL scaffolds (Seyednejad et al., 2012). Depending on the preparation
technique and the organization of fibers in PCL sacffolds, the time required for

complete degradation may take place years in biological media.
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Figure 3.4. Degradation results. (a) Mass loss graph of PCL and PCL-Tzo in Lipase
solution. SEM images of (b) PCL (100x, inset 500x) and (c) PCL-T2o
(100x, inset 500x) and EDX analysis of (d) PCL and (e) PCL-T2o
scaffolds after 30 days of incubation in Lipase solution (scale bar for
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3.3. Surface Modification of Wet Spun Scaffolds

Surfaces of the scaffolds were modified by immobilizing gelatin after the surface
activation with acrylic acid (AAc) grafting. AAc is one of the chemicals used for
biofunctionalization of synthetic materials, such as methacrylate (Yue et al., 2015) or
amine (Kim et al., 2014), which results in formation of free carboxyl (COO") end
groups (Gupta et al., 2012). The amount of available free carboxyl groups shows the
maximum possible functional points available for immobilization of gelatin via
EDAC/NHS coupling reactions.

The degree of grafting on these scaffolds was determined by Toluidine Blue analysis
and found to be 110+4 pg/cc (calibration curve of Toluidine Blue can be found in
APPENDIX C, Figure C.1). In literature for PCL films, the values of 20 pg/cm? and
6-18 pg/cm? were reported (Gupta et al., 2012; Krishnanand et al., 2013). The AAc-
grafted scaffolds were labelled as PCL-T20A. XPS analysis confirmed AAc grafting
on PCL-T20A scaffolds upon administration of peak fitting on bonds of O atom. After
the treatment of scaffolds with gelatin solution, presence of gelatin immobilized on

the surface was detected by observing nitrogen and carbon peaks on XPS data.

3.3.1.  XPS Analysis

Chemical structures of PCL, PCL-T2o, PCL-T20A and PCL-T20G scaffolds were
examined by XPS (Figure 3.5). Figure 3.5.a shows the modification steps and
functionalization of the surfaces of the scaffolds. In general XPS survey (Figure
3.5.b), an expected change of C/O ratio after AAc grafting and after gelatin
immobilization was obtained. Presence of calcium ions was observed in the general
survey but phosphate ions were not, most probably due to the steric hindrance created
on these groups. Peak fitting and deconvolution of XPS data are also presented in
Figure 3.5.c-j. For Cl1s fitting, the bonds observed were aliphatic carbon (C-C-C at
285 eV) (used as reference for curve fitting of XPS data), aliphatic ether (C-C-O at
286.35 eV), and aliphatic ester (O=C-O at 288.96 eV) (Louette et al., 2006). Amide
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carbon (O=C-N at 287.8 eV) was observed only in PCL-T2oG scaffolds indicating
presence of nitrogen due to the presence of gelatin (de Luca et al., 2013). Oxygen
atoms were observed for all samples as seen in O1s fitting curves as carbonyl oxygen
(C=0, at 532 eV) and as ether oxygen (C-O, at 533.3 eV). Carboxyl oxygen (O=C-
OH at 534.5 eV) was present in PCL-T20A (free acrylic acid groups) and PCL-T2G
(free 5’COOH ends and acidic R groups of amino acids) (Chen et al., 2012; Li, 2012;
Yu et al., 2014). Presence of carboxyl in PCL-T20A shows proper incorporation of

acid groups needed for gelatin immaobilization.

Table 3.2. Electron binding energy values (in eV) of atoms present in structure.

Atom Electron Binding Energy (eV)
Carbon (C) | Aliphatic 285

Aliphatic Ether 286.35

Aliphatic Ester 288.96

Amide 287.8
Oxygen (O) | Carbonyl 532

Ether 533.3

Carboxyl 534.5
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Figure 3.5. Surface modification steps and XPS results. (a) Surface modification
steps; I-AAc grafting after oxygen plasma, Il-gelatin immobilization.
The numbers on the atoms define; 'C-aliphatic, >?C-Ether, 3C-Ester, “C-
Amide, O-carbonyl, 20-ether, 30-carboxyl. (b) XPS general survey
results of PCL, PCL-T20, PCL-T20A and PCL-T2G scaffolds. (c-f) C1s
fitting of (c) PCL, (d) PCL-T2o, (e) PCL-T20A, (f) PCL-T20G. (g-j) O1s
fitting of (g) PCL, (h) PCL-T2o, (i) PCL-T20A and (j) PCL-T20G.
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3.4. Characterization of Activated and Modified Scaffolds
3.4.1. Morphological Analysis

Surface modifications by AAc grafting (Figure 3.6.a) and gelatin immobilization
(Figure 3.6.b) created micron-level roughness on the surface of the fibers. After these
steps, gelatin microspheres containing ceftriaxone sodium (CS) inside were added
and attached on to the gelatin immobilized fibers. Gelatin microspheres were about
40.2+6.4 um in diameter (Figure 3.6.c) determined from the SEM images (ImageJ,
n=250). Microspheres affect two parameters; (i) increase possibility of cell
attachment onto fibers, (ii) provide high surface area-to-volume ratio for prolonged
drug release. In this study, gelatin microspheres were attached onto the gelatin
immobilized fiber surfaces without using a crosslinker to avoid adverse effects of
crosslinkers (Gendler et al., 1984). Presence of drug containing microspheres can be

observed on the fibers (Figure 3.6.d).

57



Figure 3.6. SEM Images of surface modified scaffolds. (a) PCL-T20A (100x, inset
500x), (b) PCL-T20G (100x, inset 500x), (c) gelatin microspheres (500x,
inset 2000x) and (d) PCL-T20GM (100x, inset 500x) (scale bar for insets
is 200 um; scale bar for ¢ part is 50 um).

3.4.2. Porosity Analysis

Porosity of scaffolds was measured by two techniques, using 1) Mercury Intrusion
Porosimeter and Helium Pycnometer, and 2) micro-CT analysis. Mercury Intrusion
Porosimeter and Helium Pycnometer calculations (as described in section 2.3.4)
resulted in 68%, 65% and 69% porosity for PCL, PCL-T2 and PCL-T20G,

respectively. Meanwhile, evaluation of porosity using micro-CT resulted in 72+3,

58



70x£1 and 75x1 percent porosity for the same samples, respectively. Micro-CT
sections obtained from the scaffolds demonstrate high amount of void spaces, which
can be filled with cells and the ECM (Figure 3.7.a-c). 3D images of micro-CT scan
results of the scaffolds are also given in Figure 3.7 (d-f). The optimum porosity of
the scaffolds for bone tissue engineering are estimated to be about 70%, even though
lower or higher porosities have also been reported in literature (Ghanaati et al., 2010;
Tang et al., 2016). Fibrous nature of the scaffolds enables fluid, nutrient and
metabolite transfer owing to the presence of interconnected voids, as can be observed
from SEM and pCT images (Baker and Chen, 2012). Interconnected pores ensure the
improved cell-to-cell interaction in scaffold for better communication and increased
fluid and gas flow inside the scaffold for nutrient delivery, waste disposal and gas
exchange (Hutmacher, 2000; Polo-Corrales et al., 2014).

Figure 3.7. uCT analysis results of the scaffolds. (a,b,c) Sections obtained from
the middle point of the PCL, PCL-T2 and PCL-T20G scaffolds and
(d,e,f) total images of the scaffolds.
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3.4.3. Invitro Drug Release and Antibacterial Efficacy

Gelatin microspheres were prepared by water-oil dispersion method. The aqueous
gelatin solution was poured into corn oil with vigorous spinning. Then the crosslinker
was added to and solution was put into +4 °C for cooling. Afterwards, the solution
was washed with acetone to remove oil from microvesicles whilst using filter to
eliminate everything smaller than microvesicles. Figure 3.8.a,b shows the light
microscopy images of the dry and the swollen microspheres. Due to the aqueous
medium, gelatin microspheres were swollen significantly. The sizes were determined
as 40 um from SEM images (Figure 3.6.c) by applying ImageJ analysis (n=250),
determined as 30 um and 50 pum (n=8 for both) for dry and wet microspheres in light
microscopy (Zeiss Axio Imager M2, Germany) (Figure 3.8.a,b) and determined as 85
um (D[4,3]; volume-weighted average size) from particle size analyser (Malvern
Mastersizer 2000, UK) when dispersed in water (Figure 3.8.c). The reason for almost
doubling in size between SEM and particle size analysis results is due to swelling and
coagulation of the particles in agueous media as explained above. The differences in
light microscopy results with respect to others is most probably because of small

sample size.

Yield, drug loading and entrapment efficiency percentage values of microspheres
were calculated to be 52%, 37% and 80%, respectively as explained in section 2.4.5.
Attachment efficiency of microspheres onto the scaffolds was calculated as ~77%.
Release graphs of Ceftriaxone sodium (CS) from gelatin microspheres (GM) and GM
containing scaffolds (PCL-T20GM) demonstrated an initial burst release followed by
limited delayed release up to 7 days (Figure 3.8.d). Release was consistent till the end
of first week and ended in about 15 days (calibration curve of Ceftriaxone Sodium is
given in APPENDIX D, Figure D.1).

For an effective application, it was shown that (Diaz and Newman, 2015), the release
of antibiotics should have an initial burst effect with progressing slower but effective

release into the host tissue. This factor enables the protection of the tissue at time
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zero, with substantial prolonged effect for the time interval of possible bacterial
manifestation (Diaz and Newman, 2015). The results of disk diffusion tests (t=24 h)
showed a direct relevancy of antibacterial efficacy of drug loaded microspheres
(Figure 3.8.e-g). The level of antibacterial efficacy was observed to be >30 mm,
which is in the range of acceptable antibacterial effect (=29 mm for E. coli (Benex
Limited, 2011)). Meanwhile, this effect is a function of drug loaded into microspheres
and the amount of microspheres attached on the scaffold. By changing these factors
it would be possible to arrange antimicrobial efficiency of the scaffolds. It was also
shown that release from gelatin microspheres was faster than that of the ones
embedded in PCL matrix. This is due to direct interaction of microspheres with
release medium (Sezer et al., 2013). Also, a delayed release for larger size of
microspheres and a less water soluble drug was reported previously (Ulubayram et
al., 2005). Meanwhile, entire drug release in 2-12 h from gelatin/starch microparticles
with size of 60-100 um (Phromsopha and Baimark, 2014), and effects of crosslinking
type used for stabilization of gelatin microspheres on the release kinetics (Garcia
Cruz et al., 2013) were reported. Studies show that, chemistry and size of particles,
as well as the types of drugs and crosslinkers are all effective in controlling the rate
of release of the bioactive agents.
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Figure 3.8. Gelatin microspheres and release results. (a and b) Dry and wet gelatin
microsphere images obtained by light microscopy. (c) Particle size
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3.4.4. Invitro Cell Culture Tests

Saos-2 cells were used for the cell attachment studies. Cell viability tests, which were
carried out by AlamarBlue® assay, showed that the number of cells on the scaffolds
having gelatin microspheres (PCL-T20GM) were significantly higher (63%) than
PCL-T20 group (p<0.05) in the first day. However, for the proceeding time points
there were no significant difference among the scaffolds and they demonstrated
almost similar cell attachment behavior (Figure 3.9). From day 1 to day 14, cells have
almost doubled in number in a week period, but starting from day 14, they did not
show a significant increase. One reason for it might be the confluency and missing
interconnectivity between PCL fibers, which prevents migration of cells towards

unpopulated spots in the scaffold.
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Figure 3.9. Cell viability of PCL, PCL-T20 and PCL-T20GM scaffolds (*p<0.05).
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Figure 3.10. Characterization of Saos-2 seeded scaffolds at the end of day 28. (a)
PCL, (b) PCL-T2o, (c) PCL-T20GM; (d-f) SEM results (1000x), (d)
PCL, (e) PCL-Tao, (f) PCL-T20GM. (g-i) CLSM results, (b) PCL, (d)
PCL-T20, (f) PCL-T20GM (red: nuclei, green: cytoskeleton, pink
(overlap of red and green): microspheres).

Cells attached and spread on fibers of all scaffold groups can be observed on the SEM
micrographs (Figure 3.10.a-f). Confocal images also showed that cells were spread
and proliferated on the surfaces of the fibers (Figure 3.10.g-i). It can be concluded
that the presence of gelatin microspheres enhanced the cell attachment and did not
cause any toxic effect on the cells, as it was observed from SEM and confocal images.
This also proves that glutaraldenyde used in crosslinking of gelatin did not
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demonstrate any toxicity on the cells. In literature it is also given that gelatin
microspheres in PCL structure have no toxic effect both in vitro (Sezer et al., 2014b)
and in vivo (Sezer et al., 2014a) applications. Cell spreading is important for the
formation of extracellular matrix (ECM) and for the migration and proliferation of
the cells leading to tissue regeneration. In our case, in in vitro experiments, cells were
proliferated on the fibers and the number of cells attached on the scaffolds

significantly increased in two weeks.

Due to the absence of bridges among fibers, cells could not easily move from one
fiber to another. They could only move between adjacent fibers. Filopodia extensions
from one fiber to another can occur at the points where the fibers are quite close to
each other (Figure 3.11). Because they could not move freely between the fibers apart
from each other and therefore cells could not fill the void volume of the scaffold.
Colonization of the cells were observed on the fibers at their attachment points
(Harley et al., 2008).

Figure 3.11. Movements of cells between fibers. (a) Without and (b) with the
presence of microspheres.
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One solution to this may be to create extra interconnection between the fibers so cells
could migrate throughout the scaffold. A similar result was obtained by wet spun
three-arm star branched PCL scaffolds, which exhibited an increase in cell number
of pre-osteoblast cells till 14 days and cells mostly covered the outer layer of scaffolds
(Puppi et al., 2011a). Calcified wet spun chitosan fibers were tested for viability of
Saos-2 cells and the results suggested that fibers with diameter of about 100 um can
provide environment for migration of cells and formation of ECM between fibers
(Ucar et al., 2016). It is also important that, gelatin microspheres attached strongly
on the fibers and they demonstrate two functions as; 1) carrier for the antibiotic (or
any drug loaded in); and 2) points for the cells to attach (since they have protein

structure simulating the attachment and proliferation of the cells).
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CHAPTER 4

CONCLUSION

Bone tissue damages get slower healing than other regions in the body due to the hard
structure of bone with less amount of blood circulation. In the treatment of bone
defects, one promising way is application of tissue engineering technique and support
the defected area. Scaffolds are one of the essential parts of tissue engineered
constructs. They provide the environment for cells to colonize, proliferate and form
the required matrix. Scaffolds of different forms obtained by using various methods
have been introduced into tissue engineering studies. Wet spinning is one of those
methods, which produces fibrous scaffolds with interconnected porosity. The
material of scaffold is also very important and the ones having high biocompatibility,
low batch-to-batch variation and easy modification make them preferable materials.
Some synthetic polymers have fulfilled these requirements and therefore have shown
their superiority. Meanwhile, in order to prevent any possibility of surgical site

infections, a drug release regimen can be introduced to the prepared scaffolds.

In this study, wet spun PCL and PCL-TCP scaffolds were prepared. To decide on
whether to use 10% w/w (PCL-T1o) or 20% w/w (PCL-T2o) B-TCP, mechanical tests
with application of compression force were carried out. Based on the results of these
compression tests, we eliminated PCL-Tio scaffolds from the proceeding
modifications due to their inferior mechanical properties with respect to PCL-T2o.
Further experiments were carried out on PCL and PCL-Tzo scaffolds. Both PCL and
PCL-T2o scaffolds exhibited enzymatic degradation in the media containing lipase
enzyme. The rate of degradation of PCL-T2 was significantly slower than that of

PCL group, which is favorable in case of bone tissue engineering.
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PCL-T2o scaffolds were treated further by surface modification and by grafting of
acrylic acid groups onto fiber surfaces (PCL-T20A) to make them functionalized for
gelatin binding. After acrylic acid grafting, the scaffolds were treated with gelatin and
gelatin was immobilized onto fibers of the scaffolds (PCL-T20G). XPS studies proved
the existence of calcium phosphate ions in PCL-To scaffolds, acrylic acid in PCL-
T20A scaffolds and gelatin in PCL-T20G scaffolds after introducing peak fitting into
XPS graphs. PCL, PCL-T2 and PCL-T20G had around 70% interconnected porosity.
Analyses, which were achieved by micro-computed tomography, also proved that the

interconnected porosity was present throughout the scaffold.

Meanwhile, gelatin microspheres were prepared and loaded with Ceftriaxone sodium
(CS). The size of these microspheres were found to be 40 um by SEM images, 30 um
and 50 um for dry and wet microspheres by light microscopy and 85 pm by particle
size analyser. Gelatin microspheres loaded with CS were attached onto PCL-T20G
scaffolds, forming (PCL-T20GM). Release of CS was observed from both drug-
loaded GM and PCL-T2GM scaffolds where they demonstrated an initial burst
release followed by a limited delayed release for up to 7 days. Antibacterial efficacy
of these scaffolds was tested against a model gram negative bacterium, E. coli and
effective results were obtained in the disk diffusion tests.

In order to examine the material-cell interactions, PCL, PCL-T2 and PCL-T20GM
scaffolds were put through in vitro cell culture tests with human osteosarcoma cell
line (Saos-2). In first day, cell viability of PCL-T20GM scaffolds were significantly
higher than that of PCL-T2o group due to immobilized gelatin and attached gelatin
microspheres. For upcoming days, no significant differences were observed on cell
viability among PCL, PCL-T2 and PCL-T20GM scaffolds. Significant increase in the
cell population up to 2 weeks indicates sufficiency of porosity providing
metabolite/nutrient transfer throughout the scaffold. As can be observed from SEM
and confocal microscopy images, cells populated on the surfaces of the fibers and

also in the vicinity of the microspheres.
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These results demonstrate that these wet spun scaffolds prepared in this study can be
good candidates for bone tissue engineering applications. Mechanical properties of
scaffolds were complying with the requirements for bone tissue engineering
constructs. The degradation profile of scaffolds also showed that the scaffolds are
quite stable and degrade slowly in the presence of lipase enzyme. This slow
degradation is preferable for healing of bone tissue. Lastly, release of antibacterial
drug releasing from the microspheres can provide the required protection against

surgical site infections.

For future studies, a modification will be introduced to scaffolds that can form bridges
between fibers. This would enhance cell migration and distribute cells all over the
scaffold. Increase in cell number will also provide a faster ECM formation, which in

place will improve healing process of scaffold.
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APPENDIX A

Optimization of Wet Spinning
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APPENDIX B

Particle Size Analysis Results of B-TCP

7 4
0 -
5_
)
o 3
=
=
o 3
S 3
2 -
14
0 ||||||I||||'|||I|||'||||I||||||||I||||||||I||||‘|'|Il|||'l'|||'||'|||I||||||||I

0.5 1 2 4 8 16 32 64 128
Particle Size (um)

Figure B.1. Particle size analysis of B-TCP after grinding and sieving.

97



98



Absorbance

1.0

APPENDIX C

Calibration curve of Toluidine Blue
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Figure C.1. Calibration curve of Toluidine Blue (at 624 nm).
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APPENDIX D

Calibration curve of Ceftriaxone Sodium
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Figure D.1. Calibration curve of Ceftriaxone Sodium (at 270 nm).
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APPENDIX E

Calibration curve of Saos-2 cells
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Figure E.1. Calibration curve of Saos-2 cells with AlamarBlue® analysis (at 570
and 595 nm).
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